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Fig. 45. Relative change in resistance versus time for a chemiresistive
flow-cell exposed to a 1 ppb concentration of DMMP. Reprinted with
permission from [70], J. P. Novak et al., Appl. Phys. Lett. 83, 4026 (2003).
© 2003, American Institute of Physics.

served as a back gate while two electrodes were working
as drain and source. Moreover, one designed chemiresis-
tor flow cells, in which the inner surface of a quartz tube
served as a background for in sifu growth (over and iron
catalyst) of CNTs. The ends of the SWCNTs were then
metallised to create electric contacts for end-to-end resis-
tance measurements (Fig. 45). The deposited network of
CNTs behaved like p-type semiconductor. According to
the authors, the application of the SWCNTSs-network made
the sensors more stable than the devices employing single
CNTs. The adsorption of DMMP (a strong electron donor)
on the p-semiconductor CNTs resulted in a substantial
increase of their electric resistance. It was attributed to
the donor interaction of a DMMP molecule on the major-
ity current carries in SWCNTs i.e., the capture of holes
was expected due to the transfer of a negative charge from
adsrobate to CNTs. It was also discovered that setting of
a positive potential at the back gate (Si-background) was
necessary to offset the negative charge induced in CNTs
by the bonded DMMP molecules. The interaction between
the negative charge on the phosphate oxygen atoms (in
DMMP) and CNTs helps to explain the observed electric
effects. The positive bias at the gate electrode was very
helpful for the recovery of the starting resistance of the
CNTs-based transistor. Simple recovery attempts by the
exposure to pure air were not successful since the removal
of residual DMMP molecules lasted for hours, however
positive bias at the back gate shortened the recovery pro-
cess. The sensors exhibited no response to some contam-
inants, such as vapours of water and hexane. Novak and
co-workers presented another spectacular effect achieved
by the application of a strong hydrogen-bonding polymer
as pre-filter which differentiated the response of sensor to
specific substances.

Cui and co-workers’! reported a side wall osmylation
of SWCNTs, i.e., immobilisation of an osmium tetraoxide
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Fig. 46. Reaction scheme illustrating the cycloaddition of osmium
tetroxide (OsO,) to the sidewall of a Single-Walled Carbon Nanotube
(SWCNT) leading to an osmyl ester of a 5-membered ring structure.
Arrows indicate the flow of electrons during bond formation. Reprinted
with permission from [71], J. Cui et al., Nano Lett. 3, 613 (2003). © 2003,
American Chemical Society.

on the tubes. The reaction was performed by cycloaddition
of OsO, to double bonds in the rolled graphene sheets as
presented in Figure 46. The sidewall functionalization of
SWCNTs was achieved in the gas phase in the presence
of oxygen. UV irradiation was necessary to initiate the
reaction. The osmylation decreased the conductance of the
SWCNTs by several orders of magnitude. The process of
osmylation was found to be a reversible phenomenon, in
which the simultaneous action of three factors caused the
effect of enhanced sensitivity. That were: The presence of
OsO,, the presence of O, and UV irradiation (Fig. 47).
When the action of one of them was terminated the process
of osmylation was frozen (the lack of UV) or reversed
(no contact with OsO,). No reaction with O, was noticed
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Fig. 47. Two-terminal resistance of the metallic SWCNT measured in
situ for different gas-phase compositions. Regions I and II correspond
to the tube in the OsO, + O, atmosphere without and with UV light
irradiation (254 nm), respectively. Within region III, no UV light was
used. After the removal of OsO,, the sample was again irradiated with
UV light, this time in a pure O, atmosphere (region IV). Reprinted with
permission from [71], J. Cui et al., Nano Lett. 3, 613 (2003). © 2003,
American Chemical Society.
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Fig. 48. Schematic of PDMA conducting polymer wrapped up around
MWCNTs. Reprinted with permission from [72], V. Bavastrello et al.,
Sens. Actuators B 98, 247 (2004). © 2004, Elsevier.

even if the treated sample was under UV irradiation. The
experiment showed that some sidewall functionalisations
could be reversible and might be employed for chemical
sensing as in the case of volatile metal oxide (OsO,).

Another non-conventional CNTs- based sensor was
presented by Bavastrello et al.”> They synthesized a
nanocomposite consisting of poly(2,5-dimethylaniline) and
MWCNTs. The authors suggested an interaction between
the component that was characteristic because of chains of
the conducting polymer (PDMA) wrapped around pack-
ages of aligned MWCNTs as it is depicted in Figure 48.
The material was obtained in a multi-step procedure and
was sensitive to the presence of acidic vapour like HCI.
The adsorption of HCI strongly influenced the equilibrium
between the doped and undoped form of the polymer. The
doping-undoping transition affected electric conductivity
of the investigated nanocomposite. In this study, the
polymer was recognized to fulfill two roles: adsorption of
the detected acidic vapours, and change its electrical prop-
erties upon adsorption of HCI.

2.2. Carbon Nanotubes as Sensitive
Electrode Material

Carbon nanotubes have been investigated as a material for
the construction of selective electrodes. Electrodes inter-
act not only with the molecules of detected substances but
can react with the solvent (in most cases water) partic-
ularly at high or low pH. Therefore electrode manufac-
turing that ensures long-term stability in liquid solutions
is challenging task. The following section is focused on
the preparation of carbon-based electrodes with particular
emphasis on applications. Generally, carbon based elec-
trodes can be fabricated in one of the following basic
forms:

(1) A complex system consisting of a conductive back-
ground covered by a sensing carbon layer by means of a
chemical glue or hardening agent.

(2) A complex system consisting of a conductive foun-
dation being in contact with a powder of carbon mate-
rials (active carbon, carbon black, carbon nanotubes,
graphite etc.).
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(3) Monolithic carbon electrodes prepared in form of a
rod or film where no separate carbon-based layer exists.
(4) Soft or solid carbon electrode consisting of small car-
bon particles assembled by means of an inert media (oil,
polymer etc.).

Thus, in some electrodes one can expect two phases: a pas-
sive part that is responsible for charge transfer (carbon-
based conductor, metal or conducting polymer) and an
active carbon phase that is responsible for the electrode
processes. Despite the role ascribed to carbon materials,
all such electrodes are usually called carbon-electrodes
with a little regard if the carbon component is passive or
active.

Carbon in any of the mentioned forms can be applied
as-prepared or in a chemically modified form, i.e.,
by means of some additional chemical treatments like
oxidation, reduction, metallization, deposition of chemi-
cally active substances (or mixing with). In addition, the
form of the active carbon phase can be very different
and one may use active carbon, carbon black, graphite,
fullerenes, or carbon nanotubes. Writing a complete survey
on the application of carbon-based electrodes for chemi-
cal sensing seems to be quite a complicated matter due
to the variety of possible electrode constructions, chemi-
cal treatments, and forms of carbon. Therefore, we present
only selected problems with respect to electrode design
and application.

Generally, CNT-containing electrodes may utilize them
in form of a loose powder or as a solid deposit where
single tubes are constrained by means of an inert sub-
stance. Gavalas et al.”> immobilized MWCNTs (obtained
by decomposition of methane over a dispersed iron cata-
lyst) using the sol-gel method. Since the conventional sol—
gel pathways like hydrolysis of a silane precursor require
extreme pH conditions, Gavalas et al.”* elaborated a modi-
fied method to avoid undesired reactions of CNTs in alka-
line solution. The method relied on the application of
sodium silicate solution (of strong base reaction) but
it was stepwise neutralized by an acidic ion-exchange
resin, HCI solution, and finally stabilized by a phosphate
buffer containing a biologically active substance, the
enzyme L-Aminoacid Oxidase (L-AAOx). At this stage,
MWCNTs were added and the whole mixture was left until
gelation. The resulting homogenous CNTs-based com-
posites were packed into a Teflon tube affixed with a
metal contact. Such fabricated electrodes were tested for
the determination of the concentration of an amino acid
(L-Phenylalanine). The overall electrode reaction was
expressed by: L-Amino-Acid + H,0 + O, — (L-AAOx)
2-Oxo-Acid + NH; + H,0,. The H,0, molecules under-
went electrocatalytic oxidation on the MWCNTs yield-
ing current when the sensing electrode was included into
an amperometric experimental set-up and the potential of
4800 mV versus Ag/AgCl electrode. Thus, one ascribed
an active role to CNTs assuming their catalytic activity in
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oxidation of hydrogen peroxide. Moreover, CNTs incorpo-
rated in the composite were responsible for current con-
duction within the electrode what was summarized in the
expression “CNTs facilitated fast electron transfer.”

Another approach to CNT-immobilisation was elab-
orated by Sotiropoulu et al.,”* who worked on novel
carbon materials for the construction of amperometric sen-
sors for glucose detection. The background idea for the
reported study was the combination of positive features
of fullerenes and porous glassy carbon. Glassy carbon
is a good candidate for electrode fabrication since it is
mechanically stable, chemically resistant, effective cur-
rent conductor. Fullerenes and CNTs offer unique electric
and catalytic properties (frequently investigated and under-
stood in part only) that have been utilized for the fabrica-
tion of chemically sensitive materials. Both materials i.e.,
porous glassy carbon and fullerenes are able to accommo-
date biologically active substances like proteins (particu-
larly enzymes). The authors reported that the application
of porous glassy carbon electrode loaded with fullerenes
and glucose oxidase resulted in an enhanced electrode per-
formance. Glucose detection in solution and oxidation of
hydrogen peroxide were the test reactions to evaluate the
performance of the electrodes. One attributed the immobi-
lization of the enzyme to the properties of glassy carbon
particularly to the presence of mezopores and to the pres-
ence of oxygen-containing surface functional groups. The
sensitivity of the electrodes to the detection of dissolved
glucose increased with the fullerene amount packed in the
glassy carbon background.

Two basic factors rule the process of organic molecule
immobilisation on carbons, geometrical (pore structure),
and chemical (surface functionalization). The presence of
micropores and mezopores means the existence of spaces
on the carbon surface where the adsorption potential is
high since the attraction forces cumulate inside the pores.
The non-specific adsorption forces resulting from the cur-
vature of the solid surface can be supported by specific
interaction resulting from the existence of surface func-
tional groups (also in the pores). Thus, the groups of
various chemical compositions (containing oxygen, nitro-
gen, hydrogen, sulphur, etc.,) contribute significantly to
the complex adsorption forces. Contrary to other porous
materials, pores in carbon are slit-like ones what ease the
adsorption of large molecules of organic substances. More-
over, all carbons are good electric current conductors and
can work as an excellent mediator for processes involv-
ing charge transfer. The carbon matrix transmits electrical
signals like electron capture (or release) to the encapsu-
lated molecules (like enzymes) what would by extremely
difficult in the case of insulating matrices.

Using water-based solutions of PTFE and MWCNTs
Weinecke et al.” fabricated membrane-electrodes exhibit-
ing an increased electrode sensitivity for gas sensor appli-
cation. The composite electrode material was prepared by
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Fig. 49. Schematic presentation of an amperometric gas sensor with
two electrodes. Reprinted with permission from [75], M. Wienecke et al.,
Synth. Met. 138, 165 (2003). © 2003, Elsevier.

mixing water-based PTFE solution with MWCNTs aiming
at the target CNTs concentration from 0.5 to 10% wt. The
mixture was filtrated through a PTFE membrane and the
whole material was sintered for 15 minutes at 150-300 °C.
Metal particles were deposited by immersing of CNTs
containing membranes in a solution of AgNO; and SnCl,.
Sintering and the presence of CNTs with metal particles
provided low electrical resistance of the whole electrode.
The membrane was in contact with gas and with liquid
electrolyte in which a counter electrode was immersed.
One could measure the current intensity and its changes
versus the concentration of traced gas being in contact with
the membrane-electrode (Fig. 49). The PTFE matrix was
responsible for gas molecule separation, while the CNTs
and metal particles ensured electrode conductivity and
acted as an active catalyst. The membrane-electrode geom-
etry helped to upgrade sensitivity from ppm to ppb level.

Male et al.”® describe an electrode consisting of a glassy
carbon conducting support covered by SWCNTSs on which
Cu particles were present (Fig. 50). The metal particles
were deposited via the chemical reduction of cupper dode-
cyl sulphate (Cu(DS),). The cyclic voltammetry and TEM
images confirmed that Cu particles were in contact with
the glassy carbon background through SWCNTs. The elec-
trodes were examined for the determination of glucose
concentration in water up to 250 uM. The electrodes
worked in an amperometric mode (+0.65 V put on the
sensing electrode versus Ag/AgCl reference) and exhibited
four-fold increase in the sensitivity when compared to a
bare Cu disk electrode. One assumed a synergistic effect in
the Cu-SWCNTs system that resulted in an enhanced sen-
sitivity of the electrodes. Authors claimed that the repro-
ducibility within a series of electrodes consisting of 30
elements was 5.7% at 100 uM glucose concentration.
Additionally, some experiments were performed using
monosacharides like galactose, arabinose, xylose, fructose,
and mannose (similar current response as for glucose) and
disaccharides maltose, lactose, sucrose, trehalose (reduced
current response than for monosacharides). The presence
of SWCNTs in the composite sensing layer improved
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Fig. 50. (a) TEM micrograph of untreated SWCNTs dissolved in 0.5%
Nafion, inset: AFM tapping-mode height image (size: 10 um x 10 pum,
data scale: 100 nm) of SWCNTs. (b) TEM micrograph of SWCNT in the
presence of Cu nanoparticles, inset: TEM micrograph of Cu nanoparticles
in the presence of Nafion. Reprinted with permission from [76], K. B.
Male et al., Anal. Chim. Acta 516, 35 (2004). © 2004, Elsevier.

the selectivity of such electrodes to glucose when some
test were performed to find out the influence of selected
electroactive interferents (typical blood components like
uric acid, ascorbic acid, acetaminophen) on the electrode
performance.

Wu et al.”’ examined another way of fabrication of a
CNTs-containing electrode, which later was tested as an
amperometric sensor for indole-3-acetic acid (IAA), that
is a substance known to regulate some basic biological
processes like division, elongation, and differentiation of
cell. MWCNTs were stuck on a glassy carbon background
by means of hydrophobic surfactant dihexadecyl hydro-
gen phosphate (DHP) that was added to water dispersion
of CNTs. After water evaporation the hydrophobic surfac-
tant physically bonded a layer of randomly oriented CNTs
to the surface of glassy carbon. The electrode with the
CNTs layer was stable and its response to a fixed concen-
tration of IAA was reproducible even after 36 measure-
ments. The electrode resisted cyclic voltammetry tests at
pH = 2. The presence of the MWCNTs layer significantly
enhanced the current corresponding to oxidation of IAA
compared to the behaviour of a bare glassy carbon elec-
trode. The sensor found an application to the determination
of TAA in plant leaves and the results were comparable
with the results obtained by HPLC. From the experimental
section of the paper one may assume that MWCNTSs (syn-
thesized by a catalytic pyrolysis) were cut, decapitated,
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Fig. 51. STM (a) and TEM (b) images of carbon nanotubes used to
fabricate the CNTPME. Reprinted with permission from [78], Y. D. Zhao
et al., Micromech. J. 75, 189 (2003). © 2003, Elsevier.

and partially oxidized by HNO; treatment lasting for
10 hours.

Zhao et al.’”® applied CNTs as a sensing material for
fabrication of sensing electrodes. The CNTs were not
immobilised and were utilized as a powder for the electro-
oxidation and electroreduction of nitrite. The CNTs were
prepared by catalytic chemical vapour decomposition of
methane over Co/MgO catalyst. Such obtained CNTs were
placed in a cavity first etched in a Pt microelectrode
(Fig. 51). The sensing electrode was a part of a standard
three-electrode cell (CNTs/Pt—Pt-Ag/AgCl). The test reac-
tions were electro-oxidation and electro-reduction of nitrite
that were found to be either 2-electron oxidation: HNO, +
H,0 — NO; +3H* +2e or l-electron reduction. Reduc-
tion of nitrite was selected to detect its concentration since
that helped to avoid the interference of other ions at high
oxidation potential (above 40.7 V). One observed the
change of limiting current and noticed short response times
(ca. 10 s) when +0.3 V potential was established on the
sensing electrode. The logarithm of limiting current (nitrite
reduction on CNTs) was linearly growing with the growth
of logarithm of the nitrite concentration in solution with
the detection limit of 8 wM. The study demonstrated the
catalytic properties of CNTs and an easy way how to fab-
ricate a sensitive electrode without any binder.

He et al.”® also investigated MWCNTs for the fabrica-
tion of a powder microelectrode. A Pt disk electrode was
applied to ensure a good electric contact with the pow-
der of MWCNTs (catalytic decomposition of methane over
Ni/Mg catalyst). In this study, MWCNTSs were subjected to

83

M3IA3H



REVIEW

Carbon Materials for Chemical Sensors: A Review

Selective permeation membrane

Fig. 52. Scheme of the CO gas sensor. Reprinted with permission from
[79], J. B. He et al., Sens. Actuators B 99, 1 (2004). © 2004, Elsevier.

a chemical pre-treatment consisting of backing at 550 °C
(30 minutes) and a subsequent action of concentrated solu-
tions of HCIO, and HNO;. In this way, the CNTs were
purified, open at the ends and oxidized. The investigated
CO gas sensor was a construction resembling the standard
Clark electrode (Fig. 52). MWCNTs were stuck on a Pt
rod in a small cavity. Additionally, the sensitive material
was separated from the solution by a selective permeation
membrane made of poly(ethylene). The response of the
electrode was investigated towards CO concentration at
constant potential of +0.7 V versus the Ag/AgCl refer-
ence electrode. The linear relationship of current versus
the concentration of CO (in N, stream) was found for the
range from 0.6 to 52 pug/ml. Comparative studies with the
application of a bare Pt electrode confirmed the leading
role of MWCNTs in oxidation of CO to CO,. Overvolt-
age decreased for MWCNTs since some active oxygen
containing species like -OH,4, were easily generated and
bonded to the surface of the tubes. The novel solution
presented in this study consisted in the application of a
selective membrane to solve the problem of selectivity.

Liu and Hu® constructed an electrochemical sensor for
the detection of NO; by means of MWCNTSs encapsu-
lated in a cavity that was etched at the tip of Pt disk. This
concept, i.e., a direct utilization of CNTs powder placed
on a Pt support, is similar to that it the previously men-
tioned studies however the MWCNTSs were oxidised in situ
by anodic polarization of the sensing electrode (+1.4 V
vs. SCE) for 80 minutes in 0.05 M H,SO,. Assuming the
behaviour of CNTs to be similar to glassy carbon, Liu, and
Hu expected to create quinone type functionalities on the
surface of the tubes. Anodically oxidized MWCNTs were
shorter than before the treatment (proven by TEM inves-
tigations), and probably open at the ends since the energy
needed to decapitate the tubes was lower than that one nec-
essary for cutting. The oxidized MWCNTs were soaked
in 5 mM Os(bpy);” to adsorb these ions and modify the
catalytic properties of the tubes towards the reduction of
NO;. They discovered that the adsorption of Os(bpy)i?
catalyst on non-oxidized CNTs was weak and the osmium
catalyst was easy to leach in water. The adsorption of the
ions after anodic oxidation was more durable. The care-
ful analysis of the Os(bpy)i® reduction peak led to the
conclusion that the Os(bpy);”/MWCNT ratio is close to 1
suggesting that the ions were adsorbed at the open ends of
the tubes.
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The synthesis of CNTs created new opportunities for the
construction of biosensors for the detection of biologically
active molecules like DNA or proteins. The application
of bare CNTs, however successful as presented above, is
not the only possibility. A step ahead can be done pro-
vided one subjects CNTs to chemical manipulations. The
detection of DNA is often based on the known ability
of pairing interaction. The process of pairing of DNA
chains is highly selective. Some attempts have been made
towards the immobilization of single DNA molecules on
various backgrounds. He and Dai®' proposed a novel
method of DNA immobilization on aligned SWCNTs.
The problem of DNA attachment is not simple since
the use of aligned CNTs in many chemical manipula-
tions led to the destruction of the parallel alignment of
the tubes. The novel method proposed by He and Dai®
consisted of the synthesis of aligned SWCNTs on a
gold support (thermal decomposition of iron (II) phthalo-
cyanine) by acetic acid plasma treatment. In this way
the CNTs preserved their alignment and underwent car-
boxylic functionalization at the ends in the same time.
That step was followed by grafting single-strand DNA due
to amide formation between —COOH groups and amino
group at the 5'-phosphate end in the presence of [1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride]
as it is depicted in Figure 53. Complementary DNA
(cDNA) marked with ferrocenecarboxalehyde was used as
for hybridization with the immobilized DNA stands. Thus,
double strand DNA helices were formed on the aligned
carbon nanotube electrode. The DNA helices grew not
only at the ends of CNTs but also at the walls. Cyclic
voltammetry studies let to observe a long-range electron
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Fig. 53. A schematic illustration of the aligned nanotube—DNA electro-
chemical sensor. The upper right SEM image shows the aligned carbon
nanotubes after having been transferred onto a gold foil. For reasons of
clarity, only one of the many carboxyl groups is shown at the nanotube
tip and wall, respectively. Reprinted with permission from [81], P. He
and L. Dai, Chem. Commun. 3, 348 (2004). © 2004, Royal Society of
Chemistry.
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transfer from the ferrocene marked DNA to the CNTs-
electrode via the DNA duplex. Additionally, a strong oxi-
dation peak of ferrocene was observed at the potential
+0.29 V. Side effects like non-specific DNA paring and
physical adsorption of marked DNA chains on CNTs-
electrode could be neglected.

Ye and co-workers®? proposed another analytically
important functionalization of CNTs-based electrodes aim-
ing at the fabrication of electrodes sensitive to dissolved
oxygen. They assumed that hemin (iron (III) protopor-
phyrin) being a centre of heme-proteins like hemoglobin
could act as an effective catalyst for dioxygen and hydro-
gen peroxide reduction. One may add that hemoglobin
molecule contains a structure resembling hemin molecule.
The central iron atom is capable (in hemoglobin) of
reversible adsorption of molecular oxygen and CO,. The
important difference between the two substances consists
in the oxidation state of iron, which is (III) in hemin and
(II) in hemoglobin. The method of MWCNTs synthesis
(pyrolysis of organic substances) provided that the tubes
with diameter of 80-120 nm were long (ca. 10 uwm) and
well aligned (Fig. 54). One applied Ta plate covered with
a thin layer of Co particles, with diameters ranging from
8 to 50 nm. The metal support with grown MWCNTSs was
stuck by means of Ag paste on the tip of a glassy car-
bon rod that was separated from the solution by a Teflon
coating.

The hemin-fuctionalization consisted in the immers-
ing of a bare MWCNTs-electrode in the hemin solution

(b) Nanotubes

'
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Fig. 54. (a) Scanning electron microscopy (SEM) images of the well-
aligned MWCNTs. (b) Schematic of details showing the cross section of
the MWCNT electrode. Reprinted with permission from [82], J. S. Ye
et al., J. Electroanal. Chem. 562, 241 (2004). © 2004, Elsevier.
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Fig. 55. Amperometric response of oxygen reduction in pH 7.4 PBS to
the bubbling of N, or O, gas at either (a) the MWCNT electrode or (b)
the hemin-modified MWCNT electrode. Applied potential: O V. Reprinted
with permission from [82], J. S. Ye et al., J. Electroanal. Chem. 562, 241
(2004). © 2004, Elsevier.

in 0.03 M KOH. Authors suggested that the performed
functionalization was non-covalent and proceeded due to
-7 interactions in the hemin—MWOCNTSs system. As-
grown and hemin-modified MWCNTSs electrodes were
subjected to the influence of oxygen dissolved in a phos-
phate buffer (pH = 7.4). Hemin-modified MWCNTS elec-
trodes gave three peaks corresponding to the reduction of
0O, at —0.087, —0.182, and —0.290 V versus Ag/AgCl
(3 M K(lI) reference electrode. The recorded reductive cur-
rent was 4 times higher than for electrodes without hemin
(Fig. 55). The influence of oxygen concentration on the
electrode current was tested in a phosphate buffer solu-
tion when the hemin-modified and non-modified amper-
ometric sensors were exposed to the bubbling N, and
O,. One observed a reversible increase of reducing cur-
rent (at O potential) upon switching to pure oxygen. The
recorded increase of current for the hemin-modified elec-
trode was sevenfold greater than for the non-modified
electrode.

2.3. Mass-Sensitive Devices Incorporating CNTS

Mass sensitive devices can be also constructed employ-
ing CNTs. Their operation requires only the adsorption of
detected species and charge transfer is not necessary for
sensor operation. The signal generated by the mass sen-
sitive devices (a shift of resonant frequency) is usually
caused by extremely small amounts of adsorbed species.
Ono et al.*® reported the construction of a mass sensi-
tive device for H, detection in air, which was designed by
employing CNTs as sensitive material. CNTs are an attrac-
tive candidate for sensing materials because of known
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Fig. 56. Experimental set-up of the vibration measurement system.
Reprinted with permission from [83], T. Ono et al., Rev. Sci. Instrum. 74,
1240 (2003). © 2003, American Institute of Physics.

Vacuum Chamber

CNTs capability to the reversible hydrogen storage. In the
study, thin (170 nm) cantilevers were used a resonant ele-
ment for the deposition of 10712-10~"* g of CNTs. The
CNTs were synthesised by a hot-filament CVD method
using H,/C,H, and iron catalyst. The CNTs were of
2-8 nm diameter. A bundle of separately synthesised
CNTs was trapped by mechanical manipulation with a
sharp tip and the end of silicon cantilever as in Figure 56.
The bundle needed to be cleaned from adsorbed species
by heating up to 1000 °C in nitrogen. The cantilever was
brought to oscillate due to electrostatic forces. Both the
mass of CNTs and the amount of adsorbed hydrogen were
calculated from the observed changes of the resonant fre-
quency of the cantilever. The device exhibited an extreme
mass sensitivity of 5 x 107! g with a 2-3 Hz drift per day
atop the basic signal of ca. 100 kHz. One has to notice that
bare CNTs can reversibly and effectively adsorb molecular
hydrogen. Nevertheless, the results show that the device is
quite far from a practical application.

Wei and co-workers® tried to detect CO, NO,, H,,
and N, in air at the operation temperatures from 25 to
200 °C. It was discovered that temperatures above 100 °C
upgraded the sensitivity of such sensors. The sensors’
response noticed for lower temperatures were significantly
less spectacular. Surprisingly, the adsorption of the inves-
tigated gases increased the resonant frequency of CNTs-
coated crystals. In usual cases, quartz crystal microbalance
sensing devices generate a decrease of its resonant fre-
quency during detection. Due to the unexpected frequency
increase, authors assumed that the sensing mechanism was
more complex and based on the weight lost instead of
increase. The given explanation implied the adsorption of
oxygen prior to the adsorption of detected gases. It seems
to be probably since the elevated temperature of operation
(the best results were achieved at 200 °C) has to ease the
oxidation of CNTs. The adsorbed oxygen molecules were
later competing with detected molecules for occupation
of the same adsorption sites. Thus, the detection mecha-
nism should be seen as a mass change (parallel desorption
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and adsorption) resulting from gas exchange in adsorption
complexes, or change in coating elasticity.

SAW sensors are another class of gas sensitive devices
that can employ CNTs as a sensing material. Penza and
co-workers® demonstrated that such a sensor reacted to
the change in concentration of selected volatile organic
liquids. For this purpose, MWCNTs and SWCNTs were
applied. CNTs were deposited as a sensing layer onto a
substrate by means of spray-painting method. The tubes
were dispersed in ethanol or toluene and overlayed with-
out any binder. Their adherence to the background and
the mechanical stability of the oscillators was provided by
coverage the substrate with a thin SiO, film (sputtered).
The sensor design (Figs. 57, 58) is an example how

CARBON MANCTUBRES
(SWCHT or MWCNT)
01 pm| = a0 2
8.5 3 STX - QUARTZ
Matal Acoustic 1N and OUT
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()

Fig. 57. (a) Cross-sectional view of the SAW sensor coated by carbon
nanotubes; (b) top view SEM image of the SAW sensor coated by carbon
nanotubes in a TO-39 open case; (c) scheme of SAW sensor oscillator
with RF amplifier. Reprinted with permission from [85], M. Penza et al.,
Sens. Actuators B 100, 47 (2004). © 2004, Elsevier.
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Fig. 58. SEM image of (a) SWCNTs and (b) MWCNTs coatings
sprayed onto SAW quartz substrate. Reprinted with permission from [85],
M. Penza et al., Sens. Actuators B 100, 47 (2004). © 2004, Elsevier.

the nanotubes can be immobilized without any particular
binder yielding a coherent layer. The SAW sensors exhib-
ited a substantial downshift of the oscillation frequency
due to adsorption of organic molecules. It has to be noticed
that the adsorption of several organic species (vapours of
ethanol, ethylacetate, and toluene) modulated the resonant
frequency at room temperature. The lowest detection limit
of ca. 1.3 ppm was achieved for toluene vapours that were
interacting with SWCNTSs deposited from the toluene dis-
persion and for ethanol vapour interacting with SWCNTSs
deposited from the ethanol dispersion. The tests were per-
formed for the concentration range from single ppm to ca.
200 ppm (ethyl acetate) or to ca. 100 ppm (ethanol and
toluene). The highest sensitivity was achieved for the sub-
stances that were also used for the preparation of CNTs
dispersions. It was suggested that the phenomenon resulted
from the presence of the solvent residuals on the surface
of the CNTs. Thus, the detection was easier since the
adsorbate and adsorbent surface had a high affinity to each
other. Moreover, it was proven that oxygen chemisorbed
first on CNTs helped to retain quite durably some ethanol
molecules on the surface due the formation of hydrogen
bonds. On the contrary, the chemisorbed oxygen promoted
only weak attraction of non-polar solvents like toluene that
was used for the dispersion of CNTs. The CNTs deposited
from toluene dispersion did not retain toluene molecules
as strongly as ethanol molecules were attracted by the
oxidised carbon surface. It is reasonable that one may
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Fig. 59. (a) Schematic of the resonator sensor used in this study. The
shaded regions represent copper metal on which the nanotube coating is
applied. (b) Cross-sectional view of the resonator sensor. Reprinted with
permission from [86], S. Chopra et al., Appl. Phys. Lett. 80, 4632 (2002).
© 2002, American Institute of Physics.

consider the contact of organic liquids (from a dispersion
of CNTs) as a kind of a non-covalent functionalization of
CNTs. The example points out the key role of CNTs func-
tionalization and their surface state in design of chemical
sensors containing the CNTs.

Chopra et al.3 described a sensing device based on the
downshift in resonant frequency of circular electromag-
netic resonator as depicted in Figure 59. CNTs were stuck
onto a copper resonator by means of a conductive epoxy
resin. The resonant frequency of the sensing element
was determined by the properties of dielectric materials,
i.e., Duroid board and CNTs interacting with electromag-
netic field generated by a RF transmitter. CNTs were
supposed to change their dielectric properties upon adsorp-
tion of gases and vapours as it was presented by means of
NH;. Authors suggested that NH; molecules, when inter-
acted with carbon atoms in CNTs, created surface charges
leading to variations of the dielectric constant value. Thus,
the phenomenon was based on the ability of adsorbed
molecules towards the charge transfer to and from CNTs.
The detection of NH; consisted in the continuous mon-
itoring of the frequency downshift of the resonator by
means of a remote antenna. Thus, the detection system did
not need any direct electric connection between the sen-
sitive element and the electronic device transmitting and
receiving electromagnetic waves. This principle of oper-
ation enables a remote detection of chemical substance
inside packages or other isolated spaces. In the study, one
employed SWCNTs and MWCNTSs as adsorbing material.
The frequency shifts noticed for the NH; adsorption on
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Fig. 60. Cross sectional view of the interdigital capacitor. An electri-
cally insulating 150 wm hick SiO, layer is first applied to protect the
sensor, followed by a 200 um MWNT-SiO, gas sensing layer. Reprinted
with permission from [87], K. G. Ong and C. A. Grimes, Sensors 1, 193
(2001). © 2001, MDPI Publ.

SWCNTs were ranging from 0.5 to 6 MHz when ammo-
nia concentration changed from ca. 100 to 1400 ppm (base
frequency 4 GHz).

The advantages remote-query sensing systems were uti-
lized by Ong and Grimes®’ to trace CO, in isolated spaces;
the resonator is depicted in Figure 60. The sensor structure
has a certain capacitance (C) and inductance (L), which
interact with electromagnetic signals using the resonant
frequency ascribed to the resonators. The LC sensors did
not need to be connected to any power supply. It provided
a long and wireless operation of such sensors even if they
were placed in a quite remote area. The fabricated sensors
consisted of two electrodes deposited onto a substrate. The
whole assembly was first covered with a layer of SiO, and
then by a mixture of SiO, and MWCNTs (3 : 2 ratio). SiO,
played the binding role for CNTs. The sensor’s response
was detected by measuring the impedance spectrum of a
remote antenna that monitored the LC sensors. The anal-
ysis of the antenna impedance let to calculate the value
of complex permittivity of the sensing material i.e., CNTs
incorporated in the sensing layer. The phenomenon was
ascribed to the interactions between the electron pairs in
CO, molecules and CNTs. Authors found that complex
permittivity of MWCNTSs decreased upon the exposure to
pure CO, due to higher adsorption rate of CO, on MWC-
NTs than for other competitive gases like N,. Although
not proven in the experimental way, the last assumption is
fully justified since nitrogen is a poorly adsorbing gas at
room temperatures despite the nature of adsorbing solid.
Nitrogen adsorption increases significantly at liquid nitro-
gen temperature what is conventionally employed for the
determination of pore structure of solids. The sensor’s
response to the changes of CO, concentration was fast
(ca. 50 seconds) in adsorption and desorption cycle. No
sensing hysteresis was noticed. A limited cross sensitiv-
ity occurred towards water vapour but the problem was
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solved by the construction of a sensor array employing
additional sensors: SiO,-coated and uncoated one. The last
two sensors did not respond to CO,. Therefore, the com-
plex response of the array was possible to resolve aim-
ing at the elimination of water vapour influence on the
CO, readings. The MWCNTs used in the study were syn-
thesised by thermal decomposition of ferrocene dissolved
in xylene under Ar/H, atmosphere. Such obtained CNTs
were dispersed in liquide SiO, solution and dropped onto
the substrate forming a porous, 200 wm thick coverage.
Varghese and co workers®® performed comparative stud-
ies on the application of MWCTs to the detection of
humidity, carbon dioxide, carbon monoxide, and ammo-
nia. Two different kinds of sensors we examined. The first
category of sensors had structure identical as the sensor
depicted in Figure 60. The sensing layer contained MWC-
NTs mixed with a silica-based binder. A pair of interdigital
electrodes let to treat the sensor as gas sensitive capaci-
tor. The second type of sensors had a different structure.
A serpentine path of SiO, was created by photolithogra-
phy on the surface of silicon plate (ca. 1.7 cm x 1.7 cm)
first oxidized at elevated temperature. Then, the substrate
with etched serpentine of SiO, served as a background
for MWCNTs deposition from gas phase (pyrolysis of fer-
rocene and xylene, Ar/H, atmosphere, 750 °C). In those
conditions one observed the growth of MWCNTSs only on
the surface of SiO, serpentine which length was close to
45 cm. No deposition of carbon tubes was observed on the
Si surface between the SiO, serpentine. This kind of sensor
was treated as a resistor-type chemical sensor. Impedance
analyzer let to collect impedance data resulting from the
exposure of both types of sensors to the above mentioned
gases and water vapour. The measures total impedance
of both sensors was deconvoluted by means of appropri-
ate theoretical models. In this way, one could determine
equivalent circuits consisting of several capacitances and
resistances. The impedance of the capacitor-type sensor
increased significantly upon the increase of humidity. The
resistances of resistor-type sensors increased upon water
vapour adsorption but the growth was rather minor. The
presence of ammonia, carbon monoxide, and carbon diox-
ide increased the resistance of the sensors, too. The gases
are considered as electron donors. Thus, the electrons may
localize holes in p-type MWCNTs incorporated in the
sensors. The authors indicated that the sensing perfor-
mance of the sensors was strongly affected the composi-
tion of sensing layer. Both type of sensors did react to
the presence of oxygen but it was associated to the instant
and durable adsorption of oxygen after exposure of the
tubes to air. It could not be desorbed by the performed
vacuum treatment at 100 °C. One assumed that ammo-
nia molecules replaced pre-adsorbed oxygen causing irre-
versible changes of electric properties of the tubes and
sensors incorporating MWCNTSs. A similar capacitor-type
sensor was reported by Ong, Zeng, and Grimes.* The sen-
sor exhibited reversible changes of complex permittivity
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(dermined by relative permittivity and conductivity of the
sensing layer) upon adsorption of oxygen and carbon diox-
ide. The adsorption of ammonia caused reversible and irre-
versible effects. When the sensors were cycled between
nitrogen and oxygen one observed an increase of con-
ductivity of MWCNTs due to electron localization of the
p-type tubes. Also in this study it was confirmed that
NH; and CO, were acting as donors of electrons that
could localize majority current carriers. The difference
between the above described studies consisted mainly in
the response of the sensors to oxygen.

2.4. Other CNT Chemical Sensors

Wong and co-workers” fabricated a quite complex struc-
ture in a four-step procedure: sputtering deposition of
a thin palladium film (catalyst for growing CNTs) on
a highly conductive n-type silicon plate, growing of
MWCNTs on the metallized n-Si surface by means of
microvawe plasma enhanced CVD from CH,/H, mixture,
short annealing for better adhesion of CNTs to the silicon
plate (900 °C in argon), sputtering deposition of a thin
Pd-layer on the top of CNTs. The fabricated structure is
presented in Figures 61 and 62. The whole device had the
structure equivalent to a Schottky-diode Pd/CNTs/n*-Si,
in which the Pd/CNTs interface was an ohmic one while
the diode junction existed at the CNTs/n*-Si interface. The
recorded /-V curves were shaped as for typical metal-
semiconductor diodes. The device was sensitive to molec-
ular hydrogen at room temperature. The run of /-V curves
was dependent on the presence of hydrogen. Generally,
the adsorption of H, increased the potential barrier at the
sensitive interface. Pd served as a catalyst for dissotiative
adsorption of hydrogen. Hydrogen atoms penetrated the
outer Pd-layer reaching the sensitive interface. The atoms

\4

| Ground

Fig. 61. Schematic diagram of the experimental setup of the CNTs-
based gas sensor. Reprinted with permission from [90], Y. M. Wong et al.,
Sens. Actuators B 93, 327 (2003). © 2005, Elsevier.
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Fig. 62. SEM micrograph of the carbon nanotubes grown by MPECVD.
Reprinted with permission from [90], Y. M. Wong et al., Sens. Actua-
tors B 93, 327 (2003). © 2003, Elsevier.

introduced dipoles at the interface. The induced voltage
increased the potential barrier the Pd/CNTs interface. At
elevated temperature of 170 °C the device lost its diode
character since all the contacts became ohmic. Room oper-
ation and reversible response to hydrogen gas were the
most important features of the described diode-type sens-
ing devices.

Chen et al.”! described non-covalent functionalization
of CNTs for highly specific electronic biosensors that
were sensitive to proteins. SWCNTs worked as platforms
for the non-specific deposition of proteins. Protein sensi-
tive devices were prepared by in sifu synthesis of inter-
connected SWCNTSs on a quartz substrate covered by an
iron catalyst. The layer of SWCNTs behaved as a typ-
ical p-type semiconductor that bridged two metal elec-
trodes. AFM and QCM studies revealed that 1 hour contact
of CNTs with 10-50 nM buffered solution of a protein
(streptavidin—SA, avidin, staphylococcal protein A-SpA,
a-glucosidase-GCD, human IgG, BSA) resulted in a non-
covalent attachment of some proteins due to hydrophobic
interaction (Fig. 63). Non-specific bonding was found to
be irreversible. Table IV indicates whether the mentioned
proteins can be attached to as grown and modified CNTs.
It is clear that pre-adsorption of some mentioned surfac-
tants prevented the non-covalent bonding of some proteins
that might be utilized for a selective adsorption of the
desired proteins. The conductance of the inter-electrode
layer of CNTs was gated by the voltages created by a Pt
electrode immersed in a buffer solution above the sensi-
tive area of the device (Fig. 64). The adsorption of protein
molecules caused a significant shift in the conductance of
CNTs layer versus gate voltage characteristics. Therefore,
the whole device could be regarded as a FET device sen-
sitive to protein adsorption. All adsorbed protein caused a
decrease in conductance of the sensitive layer of as-grown
CNTs. Authors expected a further progress in the applica-
tion of such biosensitive devices basing on the synthesis
of nanotube micro-arrays capable to detect a number of
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Fig. 63. Proteins tend to bind nonspecifically onto as-grown carbon
nanotubes. (A) Schematic illustration of globular protein adsorption onto
a nanotube. (B) An AFM image showing protein A (bright dot-like struc-
tures decorating the line-like nanotube) nonspecifically adsorbed on a
nanotube. We have also observed a certain degree of NSB of proteins
on regions of the (SiO,) substrate free of nanotubes (data not shown).
(C) QCM data (frequency shift DF vs. time f) revealing NSB of SA onto
nanotubes at increasing protein concentrations. The NSB is irreversible
upon rinsing. Reprinted with permission from [91], J. R. Chen et al.,
PNAS 100, 4984 (2003). © 2003, National Academy of Sciences.
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Table IV. Selective bonding of proteins due to the pretreatment with
some surfactants.

Nanotubes SA  Avidin BSA GCD SpA
As grown Y Y Y Y Y
Tween 20-treated N N N N N
Pluronic P103-tretaed N N N N N
Triton X-100-treated N Y Y Y N
Dextran-treated Y Y Y Y Y

Source: Reprinted with permission from [91], R. J. Chen et al., PNAS 100, 4984
(2003). © (2003), National Academy of Sciences.

various proteins. The device would not need any labeling
of proteins since the problem of selectivity could be solved
by an appropriate pre-treatment with carefully selected
surfactants.

Electric phenomena occurring in CNTs that might be
induced by gas or vapour adsorption are not limited to
the changes in electrical resistance. Sumanasekera and
co-workers” investigated the influence of various gases
and vapours on the thermoelectric power (TEP) gener-
ated in SWCNTs-based materials. The authors found that
the thermoelectric power generated in CNTs was very
sensitive to adsorption of gas even if the gas was inert.
Thus, variation of TEP were observed upon the adsorp-
tion of oxygen, hydrogen, nitrogen, helium, methanol,
ethanol, buthanol, benzene 1,3-cyclohexadiene, cyclohex-
ane, and cyclohexene. A correlation between the number
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Fig. 64. Carbon nanotubes as electronic devices for sensing in aqueous solutions. (A) Schematic views of the electronic sensing device consisting
of interconnected nanotubes bridging two metal electrode pads. An AFM image of a portion of the nanotube network (0.5 mm on a side) is shown.
(B) Schematic setup for sensing in solution. (C) Conductance (G) evolution of a device for electronic monitoring of SA adsorption on nanotubes. The
conductance is normalized by the initial conductance G,. (Inset) Sensitivity to a 100-pM protein solution is shown. (D) Electrical conductance (G)
versus gate voltage (V) for a device in a 10-mM phosphate buffer solution. The gate voltage is applied through a Pt electrode immersed in the solution
(Inset). The green (solid) and orange (broken) curves are the G-V, characteristics for the device before and after SA binding, respectively. The shift
in the two curves suggests a change in the charge environment of the nanotubes. Reprinted with permission from [91], J. R. Chen et al., PNAS 100,

4984 (2003). © 2003, National Academy of Sciences.
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of mr-electrons in the organic rings (if a molecule con-
tained such ones) and the magnitude of the registered TEP
changes was found. The higher the number of m-electrons
the more dramatic (larger) was the change of the TEP.

2.5. Electrodes and Chemiresitors

The physical properties of carbon pastes can differ signif-
icantly from the properties of solid carbon materials like
glassy carbon, polycrystalline carbon, etc. Carbon pastes
are soft substances that can be spread over a selected
spot. The pastes are often self-sticking and do not need
any other binder to stay on a covered spot. One may use
different carbon powders or powdered carbons (grinded
graphite, grinded active carbon, carbon black, CNTs,
fullerenes) for fabrication of carbon pastes. Carbon pastes
can be obtained by mixing of carbons in powdered form
with a liquid component providing adhesion between the
carbon particles and plasticity of the mixture. If the liquid
component can harden upon polymerisation or evaporation
of a solvent, such a carbon paste becomes a conductive
solid preserving properties typical for carbons (good con-
ductivity, chemical composition of the surface, porosity,
and high surface area). The pastes before hardening can
be mixed with other substances that can react more selec-
tively with detected substances offering application to the
construction of chemical and biological sensors. Often the
sensitisation of a carbon paste by the admission of active
substances like enzymes is much more easier and effective
that the deposition of such substances on solid carbons like
glassy carbon electrodes. There are many reports in the
literature announcements on chemical sensors and biosen-
sors fabricated by means of a carbon paste. Many of them
do not consider the role nor pedigree of the carbon parti-
cles, with little attention paid to their chemical properties.

A recent report concerns the electrochemical reduction
and oxidation of nucleic acids at carbon-based electro-
des.”® The electrodes exhibited the ability for interfacial
accumulation of DNA or RNA molecules. Fabricating
the carbon paste electrodes one utilized the possibility of
mixing the paste with an appropriate reagent enhancing
catalytic properties (oxidation/reduction) of bare carbon
particles. As comparative samples one applied non-
modified carbon electrodes believing that carbon particle
also possessed natural ability to run elctrocatalytic pro-
cesses. The addition of an organo-ruthenium catalyst
upgraded significantly the sensing properties of the mod-
ified electrodes if comparing them to the behaviour
of non-modified carbon-paste electrodes. The test reac-
tion was electrocatalytic guanine oxidation of single-
strand DNA in a cyclic voltammetry experimental set
up. The carbon paste was prepared from graphite powder
(not chemically characterized), mineral oil, and organo-
ruthenium catalyst (Ru(Bpy);"). The electrodes worked in
the three-electrode amperometric regime. Easy renewal of
the surface was one the most important features of the
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bulk-modified electrodes. Ruthenium-modified electrodes
exhibited a substantial current enhancement, which was
related to the catalytic guanine oxidation of single-strand
DNA molecules at +0.9 V potential. Calibration plots
(electrode current vs. concentration) for the detection of
single-strand DNA were linear up to 50 ppm. The study is
a good example of an ordinary practice that assumes that
carbon particles (graphite powder) plays only the role of
electric conductor.

In the similar, way one can prepare enzyme-modified
carbon electrodes. In such cases the electrodes are pre-
pared by admission of dissolved enzyme like alcohol
dehydrogenase.”* Such electrodes were tested for measur-
ing alcohol content in some food products like wine, sake,
beers, and soy sauce. The obtained results were compa-
rable with results obtained by widely approved methods.
Authors modified the applied enzyme with poly(ethylene
glycol) aiming at improving electrode lifetime. The suc-
cessful usage of the electrodes needed mediators that were
non-soluble in water. Authors pointed out that the short
lifetime of the enzyme-containing electrodes could be the
biggest drawback of them since many components of car-
bon pastes were water soluble and leached out from the
sensing material. They also proved that a successful design
of such electrodes required numerous components that had
to be selected according to the needs of active organic
species (alcohol dehydrogenase).

The ongoing drive for miniature biosensors turn the
attention towards the application of carbon fibres and
CNTs. Ge and co-workers® presented a series of micro-
scale modifications by means of scanning electrochemical
microscope. According to authors, microbiosensors often
suffer from the imperfect immobilization of enzymes.
Amination can follow the pathway starting from the attach-
ment of nitrophenol (reduction of diazonim salts), and
subsequent reduction to aminophenyl functional groups.
Enzymes can be covalently bonded using biotin-avidin
chemistry. The amine groups acted as anchors for some
organic molecules like enzymes (glucose oxidase). Small
dimensions of carbon fibres and precise chemical/
instrumental methods allow the fabrication micro-
enzymatic electrodes that are capable to direct investiga-
tion of biological objects.

The way in which carbon pastes are manufactured pro-
vides much space for manipulation like changing the
proportions between carbon, hardening agent and chemi-
cally sensitive substance. That allows fabrication of carbon
paste-based materials that can exhibit a wide spectrum of
sensing properties changing gradually according to the rel-
ative compositions. Such a manipulation is hard to achieve
in the case of other carbon-based materials where the
implantation of an active component is not easy to control.
The mentioned advantages of carbon pastes fit the needs
of sensor arrays. It is a key point in the fabrication of sen-
sor arrays that each single sensor differs from the other
sensitive elements in the array, which is relatively easily
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achieved with carbon pastes. Moreover, carbon paste-based
sensitive materials being self-sticking and self-hardening,
are ideal candidates for the deposition of active covers or
layers on the substrates like plates, rods, or wires. The
sensing materials prepared from a carbon paste mixed
with an active (sensitive) substance can be considered as
relatively homogenous. Thus, the bulk and the surface of
such a material exhibit the same chemical properties. The
sensing element surface (particularly electrodes) undergoes
mechanical and chemical deterioration caused by some
undesired by-reactions occurring when the sensors are in
operation or stored for long. Bulk homogeneity of car-
bon paste-based sensors provide an unique opportunity to
renew the original state of the surface by a gentle abra-
sion. Such a possibility does not exist in the case of sensi-
tive electrodes that are not homogenous like glassy carbon
electrodes covered by a thin layer of a sensitive mate-
rial. Diffusion-based side effects that can occur in thick
layers of carbon paste seem to be the main shortcom-
ing of the application carbon pastes for chemical sensor
design.

Sensor arrays fabricated by means of carbon black often
rely on the phenomenon of polymer swelling upon adsorp-
tion of organic vapours. The phenomenon of swelling
influences the geometry of the sensing composite layer
and changes the contacts between carbon black particles.
This affects the transduction of electric current through
the swelled sensor. The presented principle of operation
requires a careful selection of polymers to suite the proper-
ties of the detected species. In such a case the preparation
of the composite material consists in mixing of carbon
black particles with a dissolved polymer until a homoge-
nous paste is obtained. Then the paste can be deposited
on a desired substrate by spraying, spin coating, screen-
printing, dip coating, etc.

Zee and Judy®® investigated arrays of chemiresitors pre-
pared from a carbon black-polymer composite to identify
several organic vapours. The authors tried to find a way
to prepare the composite-base sensors of possibly identical
amount of sensing material between the electrodes. The
problem was solved by a “well” design of each sensor
as it is presented in the following pictures (Figs. 65, 66).
The deposited film of composite after the evaporation of
solvent excess had always a comparable geometry. Six
polymers were applied for the array fabrication, with the
reproducibility of samples’ geometry and their sensing
properties ensured by the injecting of dissolved composite
into the “wells.” Additionally, it was proven that the size
of “wells” did not affect the obtained results. It indicated
that the way of composite film deposition provided high
homogeneity of the sensing films.

Lonergan and co-workers®’ reported an application of
17 polymers for the preparation of a carbon paste contain-
ing carbon black (see Table V). All the polymers were
non-conductive in the pure form but became conductive
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Fig. 65. Fabrication of the gas sensor using bulk-micromachining
techniques: (a) anisotropically etched “well” into a silicon wafer
with patterned silicon nitride/oxide insulation and gold metallization;
(b) polymer-carbon black solution deposited into the “well” with a
syringe, and (c) crust of polymer-carbon black film remains after dry-
ing. Reprinted with permission from [96], F. Zee and J. W. Judy, Sens.
Actuators B 72, 120 (2001). © 2001, Elsevier.

after the admission of carbon particles. The sensor array
was exposed to the action of various vapours. The response
of the array let them distinguish between a variety of
substances (Fig. 67). The exposure to the mixed vapour
of ethanol and methanol gave pathways between the
responses to pure vapours of the alcohols. The response
(increase of electric resistance of the sensors) was linear
versus the concentration of organic vapours.

Uniform distribution of carbon black particle in carbon
pastes, especially in these that were intensively diluted
before use, is a serious problem. Dickson and Goddman®®
indicated that carbon black particles got restructured upon
evaporation of solvent during drying of carbon pastes.
The particles tended to accumulate at the edges of the
drop forming a so called “coffee ring.” After drying, the
edge-accumulated carbon black particles formed highly
conductive pathways between electrodes, which were not
sensitive to the adsorption of detected species. A special
electrode geometry was designed to overcome this prob-
lem. Sensor electrodes in a single chemiresitor had a con-
centric structure consisting of an inner ring-electrode and
an outer square-ring electrode (135 micron on side) as it
is shown on Figure 68 and Figure 69. The exterior part of
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Fig. 66. Fabrication of the gas sensor using surface-micromachining
techniques: (a) Patterned silicon nitride/oxide insulation, gold metal-
lization and SU-8 photoresist to form “well” on silicon substrate;
(b) polymer-carbon black solution deposited into the “well” with a
syringe and (c) crust of polymer-carbon black film remains after dry-
ing. Reprinted with permission from [96], F. Zee and J. W. Judy, Sens.
Actuators B 72, 120 (2001). © 2001, Elsevier.

the sensors was common to all sensors. Thus, the conduc-
tors were shared among all the sensors and aggregation
of carbon black particles at that spots decreased the con-
tact resistance between the sensing material and the outer
electrodes. According to authors, it helped to change car-
bon black agglomeration at the edges “from a problem to
a benefit.” The sensor array was successfully employed
for the detection of some organic vapours (toluene, THF,
acetone, methanol, octanol).

Some of the already reviewed papers were character-
istic because the carbon black particles were considered
as playing a secondary and rather passive role in the
chemical sensing. This ignored the adsorption of the
vapours on carbon black particles in the composite. How-
ever it is well known that carbon blacks exhibit high
affinity towards organic vapours. The affinity of organic
vapour towards carbon black, as well as towards other
kinds of carbon, strongly depends on the chemical com-
position of the carbon surface. The variety of surface
treatments and their resulting chemical properties of their
surface suggests that the application of carbon black-
based pastes or composites for sensing purposes should
consider the fact that carbon blacks are different and are

Sensor Letters 4, 53-98, 2006

Carbon Materials for Chemical Sensors: A Review

Table V. Polymers applied for the fabrication of sensors array.

Sensor no. Polymer
1 Poly(4-vinyl phenol)
2 Poly(styrene-co-allyl alcohol), 5.7% hydroxyl
3 Poly(a-methylstyrene)
4 Poly(vinyl chloride-co-vinyl acetate), 10% vinyl acetate
5 Poly(vinyl acetate)
6 Poly(N-vinylpyrrolidone)
7 Poly(carbonate bisphenol A)
8 Poly(styrene)
9 Poly(styrene-co-maleic anhydride0), 50% styrene
10 Poly(sulfone)
11 Poly(methyl methacrylate)
12 Poly(methyl vinyl ether-co-maleic anhydride),
50% maleic anhydride
13 Poly(vinyl butyral)
14 Poly(vinylidene chloride-co-acrylonitrile),
80% vinylidene chloride
15 Poly(caprolactone)
16 Poly(ethylene-co-vinyl acetate), 80% ethylene
17 Poly(ethylene oxide)

Source: Reprinted with permission from [97], M. C. Lonergan et al., Chem. Mater.
8, 2298 (1996). © (1996), American Chemical Society.

not inert solids especially during adsorption of organic
vapours. Fortunately, several studies were performed that
considered the presence of carbon black surface functional
groups and their role in the fabrication and application of
such carbon black-polymer composites for chemical sens-
ing. Tsubokawa and co-workers” applied the existence
of surface functional groups on carbon black particles
for the initiation of polymerisation of a selected polymer.
Polymer chains were grafted by a direct condensation
of carboxyl groups on the carbon black surface with
terminal hydroxyl groups in polymer chains by means
of a condensing agent. Hydroxyl groups were originally
present on the carbon surface and were quantitatively char-
acterized. In this way one obtained carbon black grafted
with poly(e-caprolactone)—PCL, poly(ethylehe glycol)—
PEG and poly(ethylene adipate)—PEA. Grafting of carbon
black particles provided good affinity of the modified parti-
cles to the same polymers utilized later as binding polymer
for the preparation of sensing composites. It helped to pre-
pare homogenous mixtures of the modified carbon black,
the dissolved polymers and some amounts of THF. After
mixing, the paste was deposited on solid substrates (with
screen-printed interdigitated electrodes) forming after sol-
vent evaporation a chemically sensitive resistor ready for
use. The sensors exhibited rapid and reversible responses
to the presence of organic contaminants added to hex-
ane, which was selected as a basic solvent for tests. As
expected, the polymers applied as binders for grafted car-
bon black particles swelled upon the contact with chloro-
form, trichloroethane and ethyl alcohol but the behaviour
of the samples was significantly differentiated. The type
of grafting polymer played an important role. Composites
containing PCL-grafted carbon black (also PCL as binding
polymer) swelled easily in hexane containing 10% vol. of

93

M3IA3H



REVIEW

Carbon Materials for Chemical Sensors: A Review

Fig. 67. Results from the exposure of the 17-element array to nine sol-
vents as represented in (a) the first three dimensions of principal com-
ponent space and (b) the third, fourth, and fifth dimensions of principal
component space. These five principal components contain over 98%
of the total variance in the data. Reprinted with permission from [97],
M. C. Lonergan et al., Chem. Mater. 8, 2298 (1996). © 1996, American
Chemical Society.

chloroform at 20 °C, while samples that contained non-
grafted carbon particles did not exhibit such a dramatic
reaction. PCL-grafted carbon black/PCL composites were
also sensitive to trichloroethane and ethanol dissolved in
hexane (10% vol.). The logarithm of sensors’ resistance
(PCL-grafted carbon black/PCL) increased spectacularly
in the linear mode versus the concentration of chloro-
form in hexane (test range 0-12%). Other investigations
revealed that chloroform adsorbed by composites upon the
contact with 10% solution of CHCI; was readily released
after rinsing with pure hexane. Moreover, grafting with
PEG changed the carbon black surface from a hydrophobic
to hydrophilic one. PCL- and PEA-grafted carbon black
particles were still hydrophobic. In other studies authors
claimed that PEI- and PEG-grafted carbon black responded
significantly (the change of electric resistance) to the con-
tact with water and alcohol vapours which reacted (high
affinity) with the grafted chains.

The study clearly shows that the chemical state of car-
bon black particles can play a key role in the enhancement
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Fig. 68. Profilometry of a 3 x 3 section of array after the post-
fabrication processing. The plating is approximated 10 microns high,
and each sensor is 135 microns on a side. The internal contact is con-
nected to the switch transistor, while the common perimeter contact
is ground. Reprinted with permission from [98], J. A. Dickinson and
R. M. Goodman, IEEE International Symposium of Circuits and Systems
(ISCAS’2000), Geneva (2000), p. 341. © 2000, IEEE.

or depressing of sensing properties of carbon black-
polymer composites. However, the role of binding polymer
cannot be neglected. Authors ascribed specific sensing
properties of some composites to the phenomena occur-
ring in polymer upon the contact with organic solvents
like the change of crystalline structure of the polymers.
The modelling of carbon black surface properties was
also helpful in successful preparation of the compos-
ites. The problem of the influence of the carbon surface

Fig. 69. Sensor material deposited on a plated chip. The active circuitry
is located underneath each sensor. Reprinted with permission from [98],
J. A. Dickinson and R. M. Goodman, [EEE International Symposium
of Circuits and Systems (ISCAS’2000), Geneva (2000), p. 341. © 2000,
IEEE.
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quality on the performance of enzyme modifies carbon
black-based electrodes was investigated by Razumiene
et al.'® Their electrodes were fabricated from a series of
home synthesised carbon blacks. The carbon black sur-
face properties were modified by means of HNO;, Br, +
Fe, N,H, 2HCI, and H,0,. The treatment influenced the
type and quantity of surface functional groups: carboxylic,
lactone, and hydroxyl which concentration was estimated
using the standard method of Boehm. Carbon black for
electrode manufacturing was additionally modified by
immobilisation of aldehyde dehydrogenase (ADH) and
glucose dehydrogenase (GDH). The synthesis of carbon
black was a complex process consisting of 11 technolog-
ical operations including delamination of graphite struc-
tures, tailoring of surface properties, and particle size. The
enzyme layers were additionally protected by the deposi-
tion of a permeable terylene film. Such electrodes were
examined as amperometric sensors working in the three-
electrode mode for the detection of ethanol and glucose
dissolved in water (a flow-through experimental cell). It
was proven that sensitivity and stability of the sensors were
improved by increasing of the concentration of oxygen-
containing surface functional groups. The authors ascribed
the enhancement of sensing properties to the better contact
between the carbon black particles and enzyme molecules.
The close connection of both components resulted from
the intermolecular binding forces that were more inten-
sive when the polarity of carbon surface became a fact.
Thus, the unique achievement of the study is showing the
importance of the surface quality of carbon black particles
applied for the fabrication of enzyme electrodes. Accord-
ing to the paper, carbon particles can play a complex role
not limited to current conduction. The contacts between
carbon black particles and enzyme molecules seem to be
crucial for charge transfer during the electrode reactions.
Therefore, the concentration and quality of the surface
functionalities must influence the sensing properties of the
electrodes.

Matthews et al.!®! reported the application of a com-
posite consisting of carbon black with attached chains of
poly(alkyl acrylate). The polymer-modified carbon black
particles in solution were sprayed (after dilution) over an
array of 42 pairs of electrodes of different size. In this way,
one could investigate the influence of electrode size on the
sensing performance towards toluene vapours (100, 500,
1000 ppm). The response magnitude, fundamental noise
and signal-to-noise ratio of each sensor were considered
as function of geometry of electrodes. No important influ-
ence of the geometrical factor on the mentioned sensing
parameters was noticed. It suggested that carbon black-
polymer composites were a homogenous resistive material
suitable for fabrication of toluene vapour sensor of dif-
ferent size. Authors modified carbon black to increase its
affinity to organic solvents aiming at easy paste prepara-
tion and improved sensitivity of the sensors.
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Chen and McCreery'® announced a detailed report on
the role of surface oxygen species on glassy carbon elec-
trodes in immobilisation of several organic substances.
Surface modification of glassy carbon included oxidation
(and oxygen removal), derivatization of surface oxides and
adsorption of various organic substances. Some of the
deposited substances were capable to specific interactions
with surface functionalities while other ones were
adsorbed in a non-specific form. Many of them like
methylene blue were capable to form durable monolay-
ers just by the adsorption from solution. One investigated
several complex redox systems observing electron transfer
kinetics. It was found, among other cases, that electron
transfer to a particular redox system was dependent on
oxygen-containing surface functionalities. The smaller the
O/C ratio in the surface region the slower was the charge
transfer. A negative influence on the charge transfer was
noticed if a non-specific monolayer was adsorbed and
if surface oxides were derivatized i.e., chemically trans-
formed in other species. The chemical state of glassy car-
bon electrodes is depicted in Figure 70.

Graphite, which is highly conductive material, can find
an application to chemical sensing not only as an electrode
material. Miremadi and Colbow!® constructed a hydrogen
sensor basing on thin layer of graphite obtained be a two-
step method. The first step started from intercalation of Li
atoms into the pores and among graphite layers of graphite
sample. The intercalation of Li atoms into graphite was run
in two ways. Direct intercalation consisted in the action of
Li vapours on carbon in vacuum while the second path-
way was a “wet” chemical reaction (immersion of graphite
samples in a hexane solution of n-bythyl lithium). The
subsequent immersion of intercalated graphite samples in
water (the second step) resulted in evolution of hydro-
gen due to the reaction: 2Li+ 2H,0— 2LiOH + H,. The
pressure of evolved hydrogen acted as a separation force
causing the exfoliation of single graphite layers. The exfo-
liated graphite sheets were stuck on a solid substrate (glass
or alumina) upon sintering above 300 °C. The obtained
graphite films were highly resistive and their electric resis-
tance depended strongly on the sintering temperature.
Some reactive sites existed in the films and were con-
nected with immobilized Pt (or Pd) particles that served
as adsorption centres for molecular hydrogen and oxygen.
The adsorption of hydrogen led to its dissociation and
the release of electrons: Hy g, +2Pt’ <> 2Pt:H — 2Pt° +
2H" + 2e.

Since the adsorption of hydrogen on Pt particles was a
chemical process, it was accompanied by the formation of
H" ions and the transfer of electrons from hydrogen to
Pt. The fabricated graphite-based sensors exhibited good
sensitivity to the chemical signal consisting of 300 ppm
of hydrogen in air at 110 °C. The relation between sen-
sors sensitivity and the concentration of H, in air was lin-
ear up to 300 ppm. Other reductive gases as CO, CH,,
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propane, alcohol vapours, and H,S did not interfere the
measurements of H, concentration probably since the tem-
perature of operation was too low for the reduction of
the mentioned species. The changes of electric conduc-
tance of the film upon hydrogen adsorption were signifi-
cant since there was no inert “bulk” in the adsorbing film.
In such conditions, the depth of surface zone of increased
conductivity was comparable with the thickness of the
whole film.

—OH «—DXDBC

0 <— DNPH

Fig. 70. Normally polished and desired GC surfaces: (A) normally pol-
ished GC surface, (B) GC surface covered by a monolayer absorber,
(C) oxide-free GC surface, and (D) GC surface on which carbonyl and
hydroxyl groups are derivatized. Reprinted with permission from [102],
P. Chen and R. L. McCreery, Anal. Chem. 68, 3958 (1996). © 1996,
American Chemical Society.
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3. CONCLUSIONS

Chemical sensors are of great importance for improved
medical care, control of industrial processes, and ensuring
environmental safety to name but a few applications. We
review the field of chemical sensors based on the use of
carbon-based materials; selected methods of carbon prepa-
ration are considered, as well as the most recent announce-
ments on application of carbon to chemical sensing. We
review how the chemical properties of the carbon surface
can be controlled, and how these properties influence the
application of carbon materials to the construction and use
of chemical sensors. This paper reviews application of dif-
ferent carbon materials, including graphite, polycrystalline
carbon, carbon black, and carbon nanotubes, to the con-
struction of chemical sensors. Basic chemical properties of
carbons are presented as well as selected synthesis meth-
ods. Different ways of carbon surface functionalization are
considered in relation to chemical sensing properties.

Acknowledgments: The review was prepared based
primarily on a grant by the Rector of Nicholas Copernicus
University of Torun (Poland).
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Electrically conductive, boron-doped diamond (BDD) films, prepared by means of chemical vapor
deposition, have been studied intensively just over the past ten years as electrode materials for
electrochemistry. During this time, it has become apparent that BDD films are in many ways ideal
for high-sensitivity analytical measurements of a wide variety of inorganic and organic species,
opening the door to a host of sensor applications. The techniques for preparing micro-scale and
nano-scale electrodes have also been developed, which will further widen the sensor possibilities.
Preparation and characterization techniques, as well as recent developments in specific inorganic

and organic determinations, are reviewed.
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1. INTRODUCTION

Electrochemical sensors are electrical sensors that usually
involve an interface between a solid or liquid electronically
conducting phase (the electrode) and a solid or liquid ion-
ically conducting phase (the electrolyte).'® The types
of electrical measurements that can be made include
potential, current, charge, capacitance, conductance, and
impedance. In the present review, we will focus on
current-based measurements at solid electrodes in liquid
electrolytes.

In the case of current-based electrochemical measure-
ments, there is usually an electron transfer (ET) process
that can occur at a discrete potential.” Often, the latter
can be related, albeit indirectly at times, to the standard
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potential for the ET that involves the species of interest.
This aspect can provide some chemical information, as
in the oxidative (anodic) stripping of mixtures of metals
deposited on the electrode. In many cases, however, this
aspect is not important, as in the non-specific oxidation
of organic compounds that have already been separated
chromatographically or electrophoretically.

In current-based measurements, the electrode itself
should interfere as little as possible with the measurement.
There are several sources of current that can be traced to
the electrode; these include

(1) oxidation and reduction of the solvent;

(2) oxidation and reduction of the electrolyte ions;

(3) adsorption of ions on the electrode surface accompa-
nied by ET;

(4) bulk oxidation or reduction of the electrode material;
and

(5) charging and discharging of the electrochemical dou-
ble layer at the solid-liquid interface.

All of these sources are more or less electrode material-
dependent. For example, platinum is highly catalytic for
oxidation and reduction processes involving water as a sol-
vent (type 1), processes involving hydrogen and hydroxide
adsorption (type 3), a near-surface oxidation process that
occurs at highly positive potentials (type 4), and double-
layer charging (type 5). In fact, the intrinsic electrochem-
istry of platinum in aqueous solution has been intensively
studied (see, e.g., the work of Clavilier and coworkers.®) In
a second, contrasting example, glassy carbon and pyrolytic
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graphite have little catalytic activity for type 1 reactions
involving water, little activity for type 3 processes,” but
they can undergo progressive type 4 oxidation of the
surface.!® In addition, due to the slightly porous nature of
the material, the current for type 5 (double layer charging)
can be relatively large.

Recently, electrically conductive films of boron-doped
chemical vapor-deposited (CVD) diamond have gained
popularity in a variety of electrochemical applications, in
large part due to the fact that the electrode-based currents
are relatively small.''! In fact, for very high quality films,
the currents can be orders of magnitude smaller than those
for other types of electrode materials.'® The catalytic activ-
ity for water oxidation/reduction (type 1) is very small.!?
The ability to undergo hydrogen adsorption (type 3) is
small. The ability to undergo covalent attachment of
hydroxyl or carbonyl oxygen is significant at highly pos-
itive potentials, but it appears that the surface is not pro-
gressively oxidized (type 4), as in the case of sp’-type
carbons and graphites but stops after the modification of
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the top layer of carbon atoms.'® The currents for double
layer charging (type 5) are quite small, due to the low
number of carriers and the nearly complete lack of poros-
ity. These attributes make conductive diamond well suited
for current-based electrochemical measurements. Recently,
the use of diamond as an electrode material in electro-
chemistry has been extensively reviewed. !

In the next section, we shall briefly review the prepa-
ration and characterization of conductive diamond films,
principally of the boron-doped type. In the subsequent two
sections, we shall review the use of diamond film elec-
trodes as electrochemical sensors for inorganic species and
organic species, respectively.

2. PREPARATION AND CHARACTERIZATION

2.1. Preparation and Availability of Conductive
Diamond Films by CVD Processes

There are several possible methods for preparing CVD
diamond films, which have been reviewed recently.?’
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The principal methods are hot-filament CVD,?! microwave
plasma CVD,? radio-frequency plasma CVD? and arc-
jet.* The hot filament and microwave methods have been
used extensively to prepare boron-doped films. Boron can
be introduced in any of several forms, e.g., solids
that are placed in the CVD chamber, including boron
metal,” boron nitride and boron-containing ceramics,?
gases introduced into the chamber, including diborane®’ or
trimethylborane,?® or as a compound dissolved in a spray
of liquid droplets, e.g., boron oxide, dissolved in a mixture
of methanol and acetone entrained in the hydrogen feed
gas.” Films can be prepared in one of several possible
particle sizes, depending upon the growth conditions, rang-
ing from microcrystalline (MCD), with crystallites typi-
cally in the 1-10 um range® to nanocrystalline (NCD),
with particles in the range below 1 um,””>3! down to ultra-
nanocrystalline (UNDC), with particles in the range down
to 1 nm.*>3 There are several commercial suppliers of
boron-doped MCD films, including Element Six (UK),
Condias (Germany), Sumitomo (Japan) and sp3 Diamond
Technologies (USA).

The most commonly used form of conductive diamond
that has been used for analytical purposes is the boron-
doped MCD CVD film, which we will refer to simply
as boron-doped diamond (BDD). Films typically exhibit a
somewhat random arrangement of crystal grains that are
on the order of 1-10 wm in diameter (Fig. 1). The micro-
crystals usually present either a rectangular (100) or a tri-
angular (111) face on the polycrystalline surface. These
faces are known to incorporate boron from the gas phase
at different rates during the growth process, with the (111)
faces taking up a higher concentration.’ This leads to a
situation in which the ET process may be carried predom-
inantly by the more highly doped (111) faces,* which can
lead to electrochemical behavior that tends toward that of
a microelectrode array, i.e., sigmoidal voltammograms at
slow potential sweep rates.’® 7

The microcrystalline surface can also be polished to
a high degree of smoothness by combined chemical-
mechanical techniques, for example. Not much work has

Fig. 1. Scanning electron micrograph of a microcrystalline, boron-
doped CVD diamond film.
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been published on the electrochemical behavior of these
polished surfaces, although some results have appeared as
part of articles that have dealt with nanotextured sur-
faces.*® In most cases, the analytical techniques that have
been reported do not involve the need to mechanically pol-
ish the electrode surface. The range of possible applica-
tions will probably be greater if polished films are avail-
able. However, NCD and UNDC films are also highly
smooth as deposited and circumvent the polishing process.

One of the attractive attributes of diamond films is that
they have little tendency to adsorb species from solution
and consequently there is little buildup of films,** so that
there is not a strong incentive to physically polish the
electrode. Any films that adhere can usually be removed
by maintaining a positive, oxidizing potential for a few
seconds to minutes.*’

Another type of diamond surface that can be used in
sensor devices is the non-doped, hydrogen-terminated film.
This type of surface possesses surface conductivity that
can be used as the basis for a conductimetric sensor dir-
ectly in the gas phase*"*? or in liquid solution phase, either
as an electrode in a simple electrochemical measurement
or with a fabricated metal-semiconductor field-effect tran-
sistor (MESFET), as described in a later section. Non-
doped CVD films can be used after suitable preparation,
which can involve treatment in strong acid to remove non-
diamond carbon, followed by a brief rehydrogenation in a
pure hydrogen plasma (see, e.g., Refs. [43-45]). Even non-
doped synthetic and natural single crystals can be hydro-
genated by placing them in a CVD chamber and treating
them in a hydrogen-containing plasma.**6 The hydro-
genation step converts the oxygen termination, which is
typical for the acid-treated surface, as well as for polished
diamond, to hydrogen termination. Some authors have
argued that this type of procedure also introduces hydro-
gen into a thin region just below the surface, in a layer
that could be on the order of a few nanometers*>*” up to
several hundred nanometers,*®*-% in which the hydro-
gen acts as a p-type dopant. Others have argued that
the surface termination by itself is sufficient to impart
conductivity.*>3!32 Differences in the various types of pre-
treatments no doubt lead to differences in the resulting
depth distribution or lack thereof. The subject of surface
conductivity will be discussed later in terms of the types
of specific sensors.

Another dopant that can be used to produce conductive
films is sulfur, with n-type conduction. Sulfur is usually
thought to be a deep donor, i.e., one that has an activation
energy that is too large for room-temperature conductivity,
but, after some initial controversy,>° it has become rec-
ognized recently that it can be a shallow donor, i.e., a
room-temperature conductor,’’>% perhaps due to the
formation of sulfur-hydrogen® or sulfur-vacancy pairs.*®
Thus far, sulfur-doped diamond films have not been used
for electrochemistry, with the exception of one report,%
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but there is preliminary work on its use in the surface con-
ductance mode as a sensor (see later).

Modified diamond surfaces are becoming more and
more extensively used recently. The modification tech-
niques, which include chemical, electrochemical, and pho-
tochemical techniques, have been reviewed recently;"!
these include ways of attaching anything from terminating
atoms, such as oxygen,®”%* chlorine,%% nitrogen,®%® or
fluorine,®~% all the way to proteins’® and DNA strands,”!~"3
as well as metal particles’”” and metal oxides.”®%> New
ones are continually being reported. Some of the specific
modified surfaces will be mentioned later in the context of
the analytical methods.

2.2. Characterization of Conductive Diamond Films
2.2.1. Microscopy

The quality of microcrystalline CVD films is conveniently
assessed with SEM, to ensure that the crystallinity is
good. For example, in Figure 1, the presence of vari-
ous types of crystalline morphologies can be seen. Typ-
ically, the (111)-type grains are darker, which correlates
with the previously mentioned tendency of this grain
type to incorporate higher levels of boron; the (100)-type
grains are lighter. This produces a characteristic pattern of
light and dark areas. SEM is also a good technique with
which to examine the surface after the deposition of metal
particles.’*76:83

2.2.2. Raman Spectroscopy

Raman is an essential characterization technique: one of
the routine ways Raman is used is to gauge the presence
of sp? carbon, which shows up typically as a very broad
peak centered at ca. 1600 cm~!, while diamond itself has
a highly characteristic peak, due to the principal phonon
mode, at very close to 1332 cm~! Refs. [84-86]. This peak
is extremely intense for highly crystalline diamond. The
presence of a high concentration of boron as a dopant leads
to an increase in a broad peak at ca. 1200 cm~!. This peak
is thought to be due to the presence of either very small
crystalline domains of diamond or disordered diamond,*
either of which could result from the perturbation of the
structure by the boron dopant atoms.

2.2.3. X-Ray Photoelectron Spectroscopy

The surface termination of the diamond film, whether
hydrogen or oxygen, can affect the electrochemical prop-
erties greatly.®?6+%-0 This can be established through
the use of x-ray photoelectron spectroscopy (XPS). The
O 1s/C 1s peak area ratio typically reaches a maxi-
mum of 0.10 to 0.15 with increased time of oxidizing
treatment, for example, electrochemical oxidation.** This
may correspond approximately to a monolayer coverage
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with oxygen-containing functional groups. It is possible
to attain higher O/C ratios with oxygen plasma treatment,
but this type of aggressive treatment may lead to surface
damage, e.g., graphitization,'® similar to the type of dam-
age observed even with bombardment with light ions such
as D' and He™ Refs. [18, 91]. XPS is a useful technique
for the examination of chemically modified diamond sur-
faces, particularly if the modifier contains characteristic
elements, e.g., N, Si'® or F.%?

3. DETECTION AT BORON-DOPED
DIAMOND ELECTRODES

3.1. Detection of Inorganic Species

The use of BDD films for the detection of inorganic
species makes particular use of the extremely wide poten-
tial range. Such films have been used as working elec-
trodes to detect various kinds of metals, including Pb, Cd,
Cu, Ag, and Hg, typically with the use of anodic strip-
ping voltammetry (ASV). Cations such as Ce** and anions
such as nitrite and azide were also investigated. In the
context of such analyses, new methods, including abrasive
anodic stripping voltammetry, as well as ultrasonic activa-
tion (sonoelectroanalysis) and microwave activation, have
also been introduced.

3.1.1. Detection of Ionic Species and Dissolved Gases

Because of the extended potential range in the positive
direction, the cyclic voltammetric response of Ce** ions in
aqueous sulfuric acid, nitric acid, and perchloric acid solu-
tions was investigated at highly doped BDD electrodes.*®
The concentration dependence was studied voltammetri-
cally, as shown in Figure 2. The diffusion coefficients and
electron transfer kinetic parameters can be conveniently
determined in a way that is not possible with other types
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Fig. 2. Cyclic voltammograms in 0.1 M H,SO, at a BDD electrode for
various Ce,(SO,); concentrations: (a) 0 mM, (b) 1 mM, (c) 3 mM, and
(d) 5 mM; potential sweep rate, 10 mV s~!; temperature, 25 °C.
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Fig. 3. Linear sweep voltammetric i — E curves for freshly polished
glassy carbon and a diamond thin film (D803961) in 1 mM NaN,/0.1 M
phosphate buffer, pH 7.2. The total and background currents are shown
for both electrodes; sweep rate, 100 mV s~

of electrodes, due to the interference of the background
current. It was concluded that highly doped BDD is an
excellent electrode material for the electrochemical anal-
ysis of species with highly positive redox potentials in
aqueous solutions.

The azide anion dissolved in aqueous media was deter-
mined by Xu et al. with high-quality BDD thin-film
electrodes.”* The linear sweep, differential pulse voltam-
metric technique was employed to study the reaction at
neutral pH as a function of the potential sweep rate, ana-
lyte concentration, and electrolyte composition. Figure 3
shows linear sweep voltammetric current-potential curves
for glassy carbon (GC) and BDD in 1 mM NaN,/0.1 M
phosphate buffer (pH 7.2). A peak-shaped oxidation
response was observed for both electrodes, but the back-
ground currents, upon which the Faradaic response is mea-
sured, were dramatically different. The background current
for the GC electrode was significantly larger than that for
BDD, with the difference at 1200 mV being a factor of
approximately 200.

The lower background current for diamond at the poten-
tial for azide oxidation is a great advantage in its elec-
troanalysis. Furthermore, when a BDD-based detector is
coupled with a hydrodynamic system such as that for flow-
injection analysis (FIA) or high-performance liquid chro-
matography, in the amperometric mode, it can be used
to detect azide with very high sensitivity. This idea will
be discussed in greater detail in the section on organic
species. Thus, BDD can serve as an analytically useful
sensor for the detection of azide anion and exhibits supe-
rior performance characteristics compared with GC.

The detection of sulfide through the electrocatalytic oxi-
dation of ferrocyanide to ferricyanide at a BDD electrode
with the use of both cyclic voltammetry and chronoam-
perometry was reported by the Compton group.” The
analytical utility has been compared with that of other
common electrode substrates (Pt, Au, glassy carbon). The
high oxidation potential for the direct oxidation of sulfide
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at a BDD electrode allows clear resolution of the ferro-
cyanide and sulfide oxidation waves, with the result being
a clearly distinguishable analytical signal at the oxidation
peak potential for ferrocyanide. This procedure was used
to determine the % recovery of a sulfide spike in a sewage
effluent (102 +4.5%).

The surface conductivity phenomenon has been used
to develop sensors for ionic species in solution, includ-
ing the chloride ion by the Kawarada group,’®®’ and the
hydrogen ion (pH) by Garrido et al.,”® both with the use
of MESFET devices. For the chloride ion response, the
authors developed essentially an electrostatic model, in
which the chloride ion attracts the majority carrier holes to
the surface, creating higher surface conductivity. Increas-
ingly negative drain-source currents at given drain-source
voltages are observed for increasing chloride concentra-
tions. In contrast, for the pH sensor, the authors report
decreasingly negative drain-source currents for increas-
ing hydrogen ion concentrations (decreasing pH values),
again at given drain-source voltages, because the positively
charged hydrogen ions repel the holes away from the sur-
face. It is interesting to note that the chloride response
requires a hydrogen-terminated surface, whereas the hydro-
gen ion response requires a partially oxygenated surface
(via ozone treatment).

Not only can cations and anions be detected at BDD
electrodes but also gases such as nitrogen oxides (NO
and NO,) dissolved in aqueous solution can be detected
voltammetrically.” The voltammetric curves exhibit well-
defined anodic peaks, with a response that is superior to that
obtained with GC electrodes. In addition, it was found that
the anodic voltammetric peak for the oxidation of the nitrite
anion is well defined and suitable for analytical applica-
tions. The conclusion was that BDD is promising for the
detection of these nitrogenous species.

The surface conductivity effect can also be used to detect
species in the gas phase, with the conductivity being mea-
sured by use of a two-point probe technique. Ri et al. stud-
ied this effect in a series of papers.*!" 1919 In their first
paper, they examined the effects of acidic vapors (HCI) and
basic vapors (NH;) and found that the former increased the
conductivity, whereas the latter decreased it.'”! Their model
was essentially the same as that discussed above, i.e., elec-
trostatic attraction or repulsion of holes from the surface. In
their second paper, they examined a set of oxidizing gases
(NO,, HCl, and O;), finding increased conductivity, and
a reducing gas (NH;), which decreased the conductivity.*!
Here, the model is more complicated, because it is con-
sidered to involve electron transfer; for example, NO, is
reduced to NO; at the surface, whereupon it acts electro-
statically to attract holes to the surface. In a third paper, the
authors support their model with Hall effect measurements
of the carrier concentrations in the presence of NO, and
NH3.100

In recent work by Gonzalez et al., a similar effect has
been studied with oxygen gas dissolved in aqueous
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solution.!®> This work is based on the suggestion by
Chakrapani et al. that oxygen should be an oxidizing
species,*? in the same sense as used by Ri et al. above.*! 1%
Indeed, it was found that dissolved oxygen leads to higher
electrochemical currents for hydrogen evolution for non-
doped (p-type) films, whereas it leads to lower currents
for sulfur-doped (n-type) films. The proposed mechanism
involves the reduction of O, to the superoxide radical anion
O,, which can then electrostatically attract the major-
ity carrier holes toward the surface of p-type non-doped
films, whereas it repels the electrons in sulfur-doped n-type
films. When the carriers are close to the electrode surface,
they are more easily transferred to the protons in solution,
and thus the hydrogen evolution current increases. Clearly,
when the carriers are further from the surface, ET is more
difficult, and the current is smaller. The possible relation-
ship of these results to the surface conductivity effect and
the “transfer-doping model” of Ristein et al.’’+>? has not
been entirely established.

3.1.2. Chemically Modified Diamond Electrodes

The chemical modification of the BDD surface can pro-
vide enhanced sensitivity and selectivity for the detection
of various species. Several approaches for modification
have been developed thus far; these include surface oxida-
tion, attachment of organic functional groups, attachment
of biomolecules and the deposition of metal or metal oxide
particles. These approaches have been reviewed recently.®!
These modified surfaces have been used more extensively
for the analysis of organic and biochemical compounds, but
some have also been used for inorganic species.

For example, hydrous iridium oxide (IrO,) electrode-
position has been used for the modification of the BDD
surface to selectively detect peroxide.!* The electrodeposi-
tion technique allows the amount deposited to be precisely
controlled, and thus highly reproducible electrochemical
behavior can be achieved. The detection limit for H,O, was
ca. 10 times lower than that for bulk platinum electrodes.
It was also found that IrO,/BDD electrodes exhibit excel-
lent, highly stable pH response over a wide pH range. The
idea of using iridium oxide-modified BDD was also later
taken up by the Compton group, for the trace analysis of
As(IIT) 82

3.1.3. Trace Metal Detection

The Fujishima group was the first to utilize unmodified
BDD films for the electrochemical detection of trace
concentrations of lead dissolved in aqueous solution by dif-
ferential pulse anodic stripping voltammetry (DP-ASV).!%
Thus, this was one of the earliest, most successful exam-
ples of anodic stripping analysis of metals carried out with-
out benefit of mercury. The stripping peak current was
observed to increase linearly with increasing lead concen-
tration, as shown in Figure 4. Lead concentrations down to
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Fig. 4. DPASV for Pb(NO;), in 0.1 M KCI (pH 1), obtained for a
highly doped diamond electrode after holding the potential at —1.0 V
versus SCE for 2 min. The concentrations were (a) 2 x 107¢ M; (b) 1.6 x
107° M; (¢) 1.2x 107 M; (d) 8 x 1077 M; (e) 4 x 1077 M; and (f) back-
ground. The sweep rate was 20 mV s~', the pulse amplitude was 100 mV,
and the sampling time was 10 ms.

4 x107° M were detected. It should be noted that Goeting
et al. had already examined lead deposition on BDD, but
the concentrations used were higher, and the particles were
probably larger, so that the stripping was not quantitative,
due to possible problems with adhesion or poor electronic
contact. In the work of Manivannan et al., the stripping
was found to be quantitative, probably because the parti-
cles were small enough to avoid problems with adhesion
or contact.

The Compton group also found that boron-doped dia-
mond can be used for mercury-free lead detection, but they
used a slightly different approach, in which they anodically
deposited the lead as lead dioxide and then cathodically
stripped by reducing the PbO, to soluble Pb** Ref. [105].
These workers also used ultrasonic enhancement of the
mass transport in order to achieve lower detection limits, as
discussed later. The same group also developed a method
for the detection of lead in blood using a bismuth film-
modified BDD electrode.!%

The Compton group examined the simultaneous detec-
tion of lead and copper in solution using ASV with BDD
electrodes.!”” Peaks due to Cu and Pb were identified,
and interactions between the two metals were studied. The
results indicated that this technique could be used for the
independent detection of Cu and Pb via conventional stan-
dard addition procedures. The Fujishima group also exam-
ined the problem of the simultaneous detection of two
metals in solution, first with Pb and Cd'®® and then with Pb
and Cu.'” These workers also concluded that it is straight-
forward to simultaneously quantify two metals if the inter-
actions are specifically taken into account. Foord et al. have
also recently examined the interactions between Pb and Ag
in detail.!'

Sensor Letters 4, 99—-119, 2006
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Interestingly, BDD electrodes were also used for the
detection of mercury itself. Linear behavior was obtained
in the mercury concentration range from 107'° to 107° M
with the use of the co-deposition of a small amount of gold,
which was purposely added to the analyte solution in order
to enhance the deposition of Hg.!!! Thus, the ASV tech-
nique, which makes use of bare polycrystalline diamond
electrodes, shows great promise for the analysis of trace
toxic metals.

3.1.4. Abrasive Stripping Voltammetry

The Fujishima group developed a novel approach for the
electrochemical “fingerprinting” of a wide range of materi-
als using abrasive stripping voltammetry (AbrSV) at BDD
electrodes.!’? The rough, microcrystalline BDD surface
was used to abrade the surfaces of metals and alloys, and
small particles of the material were found to adhere to the
electrode. These were then analyzed with anodic stripping.
The abrasive stripping voltammetry of Pb and Fe samples
and of a brass alloy sample was investigated.

The Compton group also investigated metal samples con-
taining silver and tin using abrasive stripping voltammetry
at BDD electrodes.!'® The mechanical and electrical con-
tact of the abraded particles was dependent on the contact
force used during the abrasion. Silver was found to be yield
useful analytical results from the ASV measurements, but
tin was found to be less reproducible.

3.1.5. Ultrasonic and Microwave Enhancement

The use of ultrasonic agitation of the analyte solution
with BDD electrodes (sonoanalysis) is an interesting new
approach to the enhancement of mass transport. As already
mentioned, it has been used for the determination of lead
via cathodic stripping.'® It has also been used for the deter-
mination of silver, with the use of both cathodic and anodic
stripping.'!* It was found that, after deposition of metallic
silver on the bare BDD electrode surface under ultrasonic
agitation, anodic stripping square-wave voltammetry could
be used for the sensitive analysis of silver ions. The detec-
tion limit for Agt was 10~ M with a deposition time of
300 s.

The same group also determined Pb®* using another
novel technique, i.e., microwave activation.!'> The detec-
tion of Pb** in a 0.1 M HNO, solution was strongly
enhanced by microwave activation of the deposition and
stripping processes at the BDD electrode. The anodic strip-
ping was carried out with square wave voltammetry. Pb
concentrations in a water sediment sample were also mea-
sured; the results agreed well with those of two other inde-
pendent analytical techniques, ICP mass spectroscopy and
sono-cathodic stripping voltammetry.

3.2. Detection of Organic Compounds

BDD electrodes provide a very attractive means of mea-
suring inorganic species; in many cases, these undergo
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reversible electron transfer. In addition, they can be used to
measure a great variety of organic compounds; as well shall
see, these can undergo either reversible or, in many cases,
due to the complexity of the processes, irreversible elec-
trochemical reactions. Many specific examples have been
reported, and those published through 2003 have been sum-
marized in earlier review articles.'! %122 In the present
review, we highlight some important developments and
review more recent work.

3.2.1. Voltammetry, Flow Injection Analysis
and Related Techniques

This section can be separated into separate topics based
on the type of heteroatom contained in the organic
compound: nitrogen, sulfur, and others, including oxygen
and halogens.

3.2.1.1. Detection of Nitrogen-Containing Compounds
Cyclic voltammetry was first used to examine the electron
transfer reactions of organic redox-active analytes such as
dopamine (DA) at BDD electrodes. In an early paper, the
effect of surface pretreatment was studied at as-deposited
and chemically oxidized diamond thin-film electrodes.'?®
The measurement of the background current response and
capacitance of interfaces formed at as-deposited polycrys-
talline BDD thin-film electrodes in contact with aqueous
electrolytes was also performed.

In order to enhance the selectivity for dopamine detec-
tion in the presence of ascorbic acid (AA), cyclic
voltammetric and chronoamperometric measurements were
carried out at anodically treated BDD surfaces in alkaline
solution.'3% 117 These treatments resulted in the incorpo-
ration of substantial amounts of oxygen on the surface and
substantial shifting in the positive direction for the peak
potential for AA oxidation, as shown in Figure 5. Linear
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Fig. 5. Cyclic voltammograms for a mixture of 0.1 mM dopamine and
1 mM ascorbic acid in 0.1 M HCIO, at untreated (dashed line) and
treated diamond electrodes; sweep rate, 100 mV s~'. Inset shows the
calibration curve for dopamine in the presence of 1 mM ascorbic acid.
Reprinted with permission from [11], T. N. Rao and A. Fujishima, Dia.
Rel. Mater. 9, 384 (2000). © 2000, Elsevier Science.
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calibration curves were obtained for both a higher concen-
tration range (1-70 uM DA, 1 mM AA) and a lower range
(0.1-1 uM DA, 0.1 mM AA), respectively. The detection
limit appears to be on the order of 50 nM, which is among
the lowest values reported.

To increase the sensitivity and efficiently eliminate
interferences, highly boron-doped diamond microfiber
electrodes (BDDMF) modified with highly oxidized poly-
pyrrole were successfully fabricated and used as microsen-
sors for the detection of dopamine in the presence of
AA.'?* The limit of detection (signal/noise ratio, S/N = 3)
for dopamine was 0.1 nM, which is one order of magni-
tude lower than that observed for carbon microfiber elec-
trodes (CMFE), and a linear dynamic range was obtained
from 0.5 nM to 100 uM (r* = 0.997). The amperometric
response for 0.5 nM dopamine showed high stability, with
a relative standard deviation (RSD) of 5.4% (n = 5). Highly
reproducible results were obtained with an RSD of 6.2%
for 10 measurements for 1 nM DA obtained over a 10-h
period.

FIA with diamond thin-film detectors was employed to
detect amines such as ethylamine, and ethylenediamine
by the Swain group.'?> These redox reactions were stud-
ied by cyclic voltammetry, hydrodynamic voltammetry, and
FIA with electrochemical detection (FIA-EC) at a BDD
electrode. These workers proposed that the oxidation reac-
tions involve the anodic transfer of an oxygen from H,O.
The cyclic voltammetry and FIA results for ethylamine are
shown in Figure 6.

The oxidation of polyamines such as putrescine, cadav-
erine, spermine, and spermidine was investigated at poly-
crystalline BDD thin-film electrodes with the use of cyclic
voltammetry and FIA with amperometric detection.?® Well-
resolved oxidation waves with respect to the background
signal were observed. The mechanism proposed involved
oxygen transfer from reactive OH radicals electrogenerated
at non-diamond carbon impurity sites. The results showed
that the BDD electrode can be used to effectively detect
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Fig. 6. (A) Cyclic voltammetric i — E curves (background and total
current) for a diamond film (D72696) in 1 mM ethylamine + 0.1 M
NaClO,/0.01 M carbonate buffer, pH 10; sweep rate, 20 mV s~'. (B)
FIA-EC results for a diamond film (D120795) using 20-uL injections
of 0.25 mM ethylamine in 0.1 M carbonate buffer, pH 10. The mobile
phase was 0.1 M carbonate buffer, pH 10, at a flow rate of 0.5 mL
min~'. Reprinted with permission from [125], S. Jolley et al., Anal.
Chem. 69, 4099 (1997). © 1997, American Chemical Society.
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polyamines with a detection limit of approximately 1 uM
(S/N > 3) and a linear dynamic range from 10~ to 107® M
(r* > 0.97).

The FIA-EC results for cadaverine (CAD), putrescine
(PUT), spermine (SPM) and spermidine (SPMD) were
reported with particular emphasis on the electrode response
variability and stability.”® Hydrodynamic voltammograms
for these amine compounds are shown in Figure 7. A linear
dynamic range from 1.0 uM to 1.0 mM and a detection
limit of 1.0 uM (S/N > 3) were found for CAD, PUT, and
SPMD. For SPM, a linear dynamic range from 0.32 uM to
1.0 mM and a detection limit of 0.32 uM were observed.
The improvement was achieved by introducing a 3—6-min
delay period between injections; thereby, a response vari-
ability, as low as 2-4%, was observed. The extension of
these results to include a chromatographic separation stage
is straightforward, for example, with the use of a simple
reverse-phase column.

The electrochemical detection of chlorpromazine and
catecholamines was studied with high quality polycrystal-
line, hydrogen-terminated BDD thin films (3-6 um
thick).'?” Some preliminary results obtained in the amper-
ometric detection mode, coupled with FIA and liquid chro-
matography (LC), were presented. BDD exhibited superior
detector performance; for example, the detection limit
(S/N = 3) for chlorpromazine at BDD was 4 nM, and the
response variability was 0.3%, while for a GC electrode,
the detection limit was 40 nM, and the response variability
was 1%.

An important biogenic nitrogen-containing compound,
nicotinamide adenine dinucleotide (NADH), was studied
at as-deposited BDD electrodes with cyclic voltammetry,
amperometry, and the rotating disk electrode technique in
neutral pH solution. NADH is an important cofactor in a
large number of dehydrogenase-based reactions. With GC
and other types of electrodes, reproducible results cannot
be obtained for this compound due to the strong adsorp-
tion of NAD™, the principal oxidation product. However,
with BDD, highly reproducible, stable, sensitive cyclic
voltammograms were obtained for NADH oxidation. The
amperometric results for NADH for the BDD electrode
at 0.58 V in the nM concentration range are shown in
Figure 8. After each injection of an aliquot of NADH stock
solution, which caused a concentration step of 10 nM, a
sharp rise in the current was observed. A linear calibration
plot was obtained up to 500 nM. The results indicate that
BDD is an attractive electrode material for use in sensors
based on enzyme-catalyzed reactions involving NADH as
a cofactor,!28-130

Histamine (HI) and serotonin (5-hydroxytryptamine
(5-HT)) are important biogenic amines that act as chem-
ical messengers. Histamine is also present in many
food products. The electrochemical detection of sero-
tonin and histamine was investigated for the first time at
BDD thin film electrodes by use of voltammetry and FIA

Sensor Letters 4, 99—-119, 2006
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Fig. 7. Hydrodynamic voltammetric i — E curves for 20-uL injections of (A) 1.0 mM SPMD; and (B) 1.0 mM CAD. The carrier solution was in
0.1 M NaClO, +0.01 M carbonate buffer, CBpH10. The total current responses are shown as (e) and the background current responses as ( ). Plots
of the S/B ratio versus the applied potential are shown for (C) SPMD; and (D) CAD. Working electrodes: unused 0.50% C/H films. The S/B ratio

was calculated as 1,
440, 119 (2001). © 2001, Elsevier Science.

with amperometric detection . In comparison to the GC
electrode, it was found that BDD provides very low back-
ground currents and a low tendency to adsorb the oxidative
products on the electrode surface. Figure 9 shows linear
sweep voltammograms for 100 uM HI together with the
corresponding background voltammograms in 0.1 M phos-
phate buffer (pH 7) at the GC and BDD electrodes. At
the GC electrode, the oxidation of HI occurred at ~1.2 V
versus SCE. A rapid increase in the current at this poten-
tial was also observed in the background voltammogram
due to oxygen evolution and carbon oxidation. For this rea-
son, the voltammogram was ill defined. In the case of the
diamond electrode, a very well defined oxidation peak at
1.40 V versus SCE was observed. The voltammetric signal-
to-background ratios (S/B) obtained at diamond were one
order of magnitude higher than those obtained for GC elec-
trodes at and above histamine concentrations of 100 uM.
A linear dynamic range of 3—4 orders of magnitude and
a detection limit of 1 wM were observed in the voltam-
metric measurements. Well-defined sweep rate-dependent
voltammograms were also obtained for 5-HT. A detection

Sensor Letters 4, 99-119, 2006
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limit of 0.5 uM (S/N = 13.8) for HI was obtained by
use of the FIA technique with the BDD electrode. A very
low detection limit (10 nM) was obtained for 5-HT on
BDD by the same method. A detection limit of 10 nM
(0.2 pmol) was obtained for the FIA technique, indicat-
ing that BDD is a stable and sensitive electrode for 5-HT
determination. 3! 132

Selective voltammetric and amperometric detection of
uric acid (UA) in the presence of high concentrations of
AA was reported for oxidized diamond film electrodes
by differential pulse voltammetry and chronoamperometry.
A differential pulse (DP) voltammogram obtained for
50 uM UA in the present of AA at electrochemi-
cally treated diamond electrodes is shown in Figure 10.
The chronoamperometric results show linear calibration
curves obtained for UA over the concentration range up
to 1x10°M in 0.1 M HCIO, solution, A statistical
analysis of the calibration curve yielded a detection limit
of 1.5 x 1078 M (S/N = 3). The possibility of practical use
is shown by the direct measurement of UA in human urine
and serum with no electrode pretreatment.?
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Fig. 8. (a) Amperometric response of a diamond electrode to NADH
additions in a stirred solution containing 0.1 M phosphate buffer (pH 7.0)
at an applied potential of 0.58 V versus SCE (each addition increased the
concentration by 10 nM). (b) Calibration plot. Reprinted with permission
from [128], A. Fujishima et al., J. Electroanal. Chem. 473, 179 (1999).
© 1999, Elsevier Science.

Several tricyclic antidepressant drugs (tricyclic antide-
pressants or TCAs), imipramine, desipramine, clomi-
pramine, amitriptyline, nortriptyline, and doxepin, were
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Fig. 9. Linear sweep voltammograms for 100 uM histamine in 0.1 M
phosphate buffer (pH 7). (1) GC electrode (0.196 cm?); (2) diamond elec-
trode (0.189 cm?). The potential sweep rate was 100 mV s~!. Reprinted
with permission from [132], B. V. Sarada et al., Anal. Chem. 72, 1632
(2000). © 2000, American Chemical Society.
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Fig. 10. Differential pulse voltammogram for a mixture of 50 uM
UA and 0.25 mM AA at an oxidized diamond electrode in 0.1 M

HCIO, solution; sweep rate, 20 mV s~'; pulse amplitude, 50 mV; pulse

width, 50 ms; repetition time, 500 ms. Reprinted with permission from
[88], E. Popa et al., Anal. Chem. 72, 1724 (2000). © 2000, American
Chemical Society.

reported to be electrochemically detectable by cyclic
voltammetry, FIA and HPLC with BDD electrodes.'®
These compounds belong to one of the largest groups of
drugs for the treatment of psychiatric disorders such as
depression. The function of these drugs is thought to
involve blocking the uptake of norepinephrine at nerve end-
ings in the central nervous system. For this group of drugs,
distinct ranges of optimal plasma concentration for ther-
apy are required. The therapeutic concentration range for
most TCAs is approximately from 280 to 850 nM, while
toxic effects can occur when plasma concentrations exceed
1.4 uM. It was found that using FIA-EC, at an operation
potential of 0.85 V versus Ag/AgCl, BDD exhibited a back-
ground current of 7 nA with rapid stabilization (15 min),
in contrast to the case of GC, which appeared to stabilize
only after 1 h. Linear calibration curves were from 0.05 to
100 M. The limits of detection (S/N = 3) were 3 nM for
imipramine and desipramine, 0.5 nM for clomiprarmine,
163 nM amitriptyline, 1080 nM for nortriptyline and 92 nM
for doxepin. The amperometric response (Fig. 11) obtained
for a BDD electrode for 20-uL injections of 100 uM
imipramine gave reproducible peaks, with a peak variabil-
ity of ~3% (n = 18), which suggests a lack of adsorption
of oxidation products on the electrode surface.
Reproducible results over several days of analysis were
obtained. Moreover, this approach has been applied for
determinations in plasma samples for imipramine and
desipramine. The results demonstrate the promise of the
use of BDD as an amperometric detector in HPLC for the
analysis of these types of compounds.
Nitrogen-containing pesticides such as N-methylcarba-
mate pesticides (carbaryl, carbofuran, methyl 2-benzimi-
dazolecarbamate, bendiocarb) were electrochemically

Sensor Letters 4, 99-119, 2006
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Fig. 11. FIA-ED results for 20-uL injections of: (A) 10 nM imipramine
at a BDD electrode and (B) 10 nM imipramine at a GC electrode. The
mobile phase was 0.1 M phosphate buffer pH 6.9; the flow rate was
1 mL min~'. Reprinted with permission from [133], T. A. Ivandini et al.,
J. Electroanal. Chem. 521, 117 (2002). © 2002, Elsevier Science.

detected at BDD thin-film electrodes after LC separation.
Two kinds of detection methods were adopted in this
study. First was a direct detection of the underivatized
pesticides carried out at an operating potential of 1.45 V
versus Ag/AgCl. The results provided detection limits of
520 ng mL~!' (or 5-20 ppb) with S/N = 2, due to the
low background current and wide potential window of the
diamond electrode. In the second method, the pesticide
samples were prepared by alkaline hydrolysis in a separate
step prior to injection in order to produce the phenolic
derivatives. The latter, which oxidized at lower potentials
(approximately 0.9 V vs. Ag/AgCl), gave very low detec-
tion limits and improved drastically the sensitivity. On-line
reactivation of the diamond electrode surface was shown
to be possible by an anodic treatment of the electrode at
+3 V for 30 min in case of electrode fouling, which may
occur after prolonged use. Such treatment can damage GC,
Kel-graf (Kel-F resin plus graphite) and metal electrodes,
while the diamond electrode is stable. These results suggest
that the BDD electrode is better than other, previously used
electrodes for the highly sensitive, stable detection of car-
bamate pesticides.'>* Figure 12A shows the hydrodynamic
voltammograms at the diamond electrode for carbaryl, car-
bofuran, and bendiocarb after the prehydrolysis step. The
mobile phase used was a solution of 0.01 M NaClO, in
acetic acid/water/acetonitrile, 0.5%:59.5%:40%. The back-
ground current did not rise in the potential region where
the phenolic derivatives of three pesticides underwent
oxidation. The derivative of carbaryl, 1-naphthol, oxidized
much earlier than those of carbofuran and bendiocarb.
The potential for the amperometric detection was set at
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Fig. 12. (A) Hydrodynamic voltammograms for phenolic derivatives
of 50 uM carbamates at diamond electrode. The injection volume
was 20 uL. (B) FIA-ED results for diamond electrode using 20-uL
injections of 50 uM prehydrolyzed carbaryl; applied potential, 0.9 V
versus Ag/AgCl. The mobile phase was a mixture of acetic acid/
water/acetonitrile, 0.5:59.5:40; the flow rate was 1 mL min~'. Reprinted
with permission from [134], T. N. Rao et al., Anal. Chem. 74, 1578
(2002). © 2002, American Chemical Society.

0.9 V versus Ag/AgCl, where the derivatives of all three
pesticides gave current responses. Figure 12B shows the
amperometric response for repetitive 20-uL injections of
50 uM prehydrolyzed carbaryl. As expected, the response
was very stable, with a RSD of 2.5% for 10 injections.
The electrochemical oxidation of other important
nitrogen-containing compounds such as xanthine and its
naturally occurring N-methyl derivatives, theophylline,
theobromine, and caffeine was also investigated'*® Caf-
feine and theophylline are methylxanthine derivatives that
are widely distributed in plant products and beverages.
Theophylline and caffeine have been widely used for the
treatment of asthmatic manifestations, neonatal apnea and
bronchial spasms. Therefore, it is very important to deter-
mine accurately the content of these compounds in foods
and pharmaceutical preparations. The effects of pH, con-
centration and potential sweep rate on the voltammet-
ric response were thoroughly examined. It was found
that BDD exhibits excellent behavior, in terms of very
well defined, reproducible oxidation peaks, for xanthine,
theophylline, theobromine, and caffeine determination.
The results enabled BBD electrode to be used as the
electrochemical sensor to detect the investigated com-
pounds, within a concentration range of 1 to 400 uM
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Fig. 13. (A) Background CV at 20 mV s~! for a 20 mM NaCl aqueous
solution and (B-F) CVs for 200 uM horse heart cytochrome ¢ in 20 mM
NaCl, 1 mM Tris HCI pH 7 buffer at different scan rates: (B) 2 mV s,
(C)5mV s7', (D) mV s7!, (E) 20 mV s~!, and (F) 50 mV s~'; electrode
area, 0.2 cm?. Reprinted with permission from [136], S. Haymond et al.,
J. Am. Chem. Soc. 124, 10634 (2002). © 2002, American Chemical
Society.

for theophylline, theobromine and caffeine, and of 1 to
100 uM for xanthine. Results obtained for caffeine detec-
tion in real samples of commercially available products,
without separation from the matrix were promising for
quantitative studies.

Figure 13 shows a series of cyclic voltammetric curves
for 200 uM horse heart cytochrome ¢ in 1 mM Tris HCI
buffer (pH 7) containing 20 mM NaCl at a nanocrystalline
BDD electrode at various potential sweep rates from 2 to
50 mV s~!.1%¢ A well-defined, quasi-reversible voltammet-
ric response, characteristic of a diffusion-controlled reac-
tion, was observed in the potential range of 0.3 to —0.2 V.
The peak currents varied linearly with the concentration,
as shown in Figure 14 and importantly, there was no
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Fig. 14. Plot of cathodic peak current versus cytochrome ¢ concentra-
tion from 25 to 200 uM at 10 mV s~'; linear regression coefficient,
0.9995; slope, 5.03 x 10> wA uM~'. Reprinted with permission from
[136], S. Haymond et al., J. Am. Chem. Soc. 124, 10634 (2002). © 2002,
American Chemical Society.
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electrode fouling. The results are interesting from the
standpoint of the interactions between the diamond surface
and cytochrome ¢ and their influence on the ET Kkinetics.

BDD electrodes were used to study the electrochemical
analysis of nucleic acids in aqueous solution by Prado
et al.'*” The advantages of this electrode material included
reproducibility and small background currents observed at
very positive potentials. From other work of this group,
it is clear that BDD is quite robust under extreme condi-
tions, including ultrasound, so that such conditions could
also be used in future applications. tRNA, single and double
stranded DNA and 2'-deoxyguanosine 5'-monophosphate
(dGMP) were studied, and well defined peaks were
observed in all cases and were assigned to the oxidation of
deoxyguanosine monophosphate.

BDD is a most useful electrode material with which to
examine the electrochemical oxidation of underivatized-
nucleic acids in terms of single-stranded and double-
stranded DNA. Cyclic voltammetry and square wave
voltammetry were used to study the oxidation reactions and
to detect DNA without derivatization or hydrolysis steps.'®
Linear calibration results showed linearity of oxidation cur-
rent with concentrations in the range of 0.1-8 ug mL™!
for both guanine and adenine residues at as-deposited
BDD. Detection limits (S/N = 3) of 3.7 and 10 ng mL"!
for adenine and guanine residues in single-stranded DNA,
respectively, and 5.2 and 10 ng mL~! for adenine and gua-
nine residues in double-stranded DNA, respectively, were
observed. The results also show the promise of using the
oxidation peak current for the adenine moiety for the direct
detection of nucleic acids.

The determination of aminonaphthalenes and amino-
biphenyls by liquid chromatography with amperometric
detection on BDD film electrodes was reported.'® The
noise, background current, signal stability, linearity of the
calibration curve and detection limits obtained for the GC
electrode were compared with the parameters obtained at
the BDD electrode. The calibration curves were linear in
the whole range 107710~ mol L™!, and the sensitivity was
higher for the GC electrode. The signals for these analytes
were reproducible and stable for at least 8 h for both elec-
trode materials. The detection limits for aminonaphthalene
and aminobiphenyl were at least a factor of five lower for
the BDD electrode due to the lower noise and background
current.

The detection of leucine-enkephalinamide (LEA) and
its metabolites, tyrosine (T), tyrosyl-alanine (TA), tyrosyl-
alanine-glycine (TAG) and leucine-enkephalin (LE) was
reported at the BDD electrode with the use of cyclic
voltammetry, FIA, and gradient LC with amperometric
detection.!*® At BDD electrodes, well-defined and highly
reproducible cyclic voltammograms were obtained with
S/B ratios 5-10 times higher than those observed for GC
electrodes. The analytical peaks of LC for LEA and its
metabolites were well resolved. No deactivation of the
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Fig. 15. Baseline obtained at BDD and GC electrodes with gradient
elution using an Inertsil ODS-3 column. Operating potentials were 1.2
and 0.9 V versus Ag/AgCl for BDD and GC electrodes, respectively;
the flow-rate was 1 mL min~'. Reprinted with permission from [140],
T. A. Ivandini et al., J. Chromatogr. B 7191, 63 (2003). © 2003, Elsevier
Science.

BDD electrodes was found after several experiments with
standard as well as plasma samples, indicating high stabil-
ity of the electrode. The calibration curves were linear over
a wide range from 0.06 to 30 uM with regression coeffi-
cients of 0.999 for all compounds. The limits of detection
obtained based on a S/N ratio of 3 were 3, 2.2, 2.7, 20,
and 11 nM for T, TA, TAG, LE, and LEA, respectively. In
this work, it was reported that high stability and no foul-
ing were observed with the BDD electrode during analysis,
whereas for the GC electrode, the baseline current continu-
ously decreased during the analysis, as shown in Figure 15.
The results show the promising use of conducting diamond
as an amperometric detector in gradient LC, especially for
the analysis of enkephalinamide and its metabolites.
3.2.1.2. Detection of Sulfur-Containing Compounds
Sulfa drugs were investigated at diamond electrodes, and
their determination by HPLC with amperometric detection
was described for the first time by Rao et al. For exam-
ple, Figure 16 shows the cyclic voltammograms for 50 uM
sulfadiazine together with the corresponding background
voltammograms in 0.1 M phosphate buffer (pH 7.1) at
BDD and GC electrodes. Highly reproducible and well-
defined cyclic voltammograms were obtained not only
sulfadiazine but also for the other two drugs, sulfamerazine
and sulfamethazine, with a S/B ratio of a factor of ten
greater than that obtained at two types of freshly polished
GC electrodes. With the use of amperometry coupled
with an FIA system, BDD exhibited a highly reproducible
amperometric response, with a peak variation of approx-
imately 5%. A detection limit of 50 nM and a linear
dynamic range of three orders of magnitude were obtained.
An important observation in this study was that BDD
yields a well-defined chromatogram with a flat baseline
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Fig. 16. Cyclic voltammograms for 50 uM sulfadiazine in 0.1 M phos-
phate buffer (pH 7.1) at (a) diamond electrode (area, 0.12 cm?) and
(b) GC electrode (area, 0.07 cm?) The sweep rate was 100 mV s,
Background voltammograms are also shown in the figure. Reprinted with
permission from [161], T. N. Rao et al., J. Electroanal. Chem. 491, 175
(2000). © 2000, Elsevier Science.

(background current), unlike the other two types of GC
electrodes, as shown in the Figure 17.

The electrooxidation L-cysteine was first examined at
BDD and GC electrodes by use of cyclic voltammetry.'*!
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Fig. 17. Chromatograms of a standard mixture containing 100 nM con-
centrations of (1) sulfadiazine, (2) sulfamerazine and (3) sulfamethazine
at diamond and GC electrodes. The mobile phase was 85% 0.1 M phos-
phate buffer (pH 7.1) 4 15% methanol (v/v). The injection volume was
20 pL, and the flow rate was 1 mL min~'. Reprinted with permission
from [161], T. N. Rao et al., J. Electroanal. Chem. 491, 175 (2000).
© 2000, Elsevier Science.
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Fig. 18. Cyclic voltammograms for (A) boron-doped diamond and (B)
glassy carbon electrodes in L-cysteine+0.5 M KHCO; (solid lines) and
0.5 M KHCO, (dashed lines); potential sweep rate, 20 mV s~!; electrode
area, 0.07 cm?. Reprinted with permission from [141], O. Chailapakul
et al., Electrochem. Commun. 2, 422 (2000). © 2000, Elsevier Science.

Well-defined, irreversible peaks were obtained for the oxi-
dation of cysteine, as shown in Figure 18. This prelimi-
nary study showed that BDD has better sensitivity than GC.
The mechanism oxidation reaction of L-cysteine (CySH)
was also studied in alkaline media.'*? The results of the
voltammetric and polarization measurements showed that
the overall CySH oxidation reaction at BDD electrodes was
controlled by the initial electrochemical step, i.e., the oxi-
dation of the CyS~ electroactive species. In contrast, under
the same conditions, the reaction at GC electrodes was
controlled by the desorption of the reaction products. It
was found that BDD exhibits excellent behavior for CySH
detection.

Interestingly, Nekrassova et al. developed a voltammet-
ric method, using the BDD electrode, for the study of the
homogeneous oxidation mechanism of cysteine by aqueous
ferricyanide.'*? It was shown that, on the BDD electrode,
unlike other electrodes, e.g., platinum, the voltammetric
responses of the ferrocyanide and the cysteine were dis-
tinctly different, with the ferrocyanide oxidizing at a lower
potential, so that the kinetics could be examined via
voltammetric methods. Cyclic voltammetry with the BDD
electrode was used to show that an electron transfer fol-
lowed by a chemical reaction (EC” mechanism) occurs, and
the appropriate rate constants were determined. Both the
protonated and de-protonated forms of cysteine underwent
oxidation by ferricyanide. The cyclic voltammetric results
obtained with a conventional electrode configuration also
agreed well with those obtained with a channel flow cell.
The latter was found to provide a simple means of control-
ling the hydrodynamics at BDD electrodes.
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The electrooxidation of homocysteine, glutathione
(GSH), 2-mercapto ethanesulfonic acid and cephalexin at
BDD and GC electrodes was investigated for the first time
by cyclic voltammetry.'** This preliminary voltammetric
study showed that BDD had better sensitivity than GC, as
shown in Figure 19. The concentration dependence was
studied and indicated the promise of using BDD electrodes
for quantitative determination. All of the compounds dis-
played recognizable oxidation peaks with the BDD elec-
trode at millimolar concentration levels. The scan rate
dependence of GSH was examined. It was found that there
was negligible adsorption on the surface of the BDD elec-
trode for low concentrations.

At anodized (electrochemically oxidized) BDD elec-
trodes, highly reproducible, well-defined cyclic voltam-
mograms for homocysteine oxidation were obtained in
acidic media, while as-deposited BDD did not provide a
detectable signal.'*® In alkaline media, however, oxidation
peaks were obtained at both as-deposited and anodized
electrodes. In the flow system, BDD exhibited a highly
reproducible amperometric response, with a peak variation
less than 2%. An extremely low detection limit (1 nM)
was obtained at 1.6 V versus Ag/AgCl. Homocysteine was
also determined in a standard mixture with aminothiols and
disulfide compounds with isocratic reverse-phase HPLC
with amperometric detection at BDD electrodes. The detec-
tion limit was 1 pmol, and the linear dynamic range was
three orders of magnitude.

Anodized BDD was also used for the first time to detect
disulfides in aqueous acidic media.!**!¥” Cyclic voltam-
metric signals for 1 mM glutathione disulfide (GSSG) were
observed at 1.39 and 1.84 V versus SCE; these values were
less positive than those for as-deposited BDD and GC elec-
trodes. It was proposed that an attractive electrostatic inter-
action between the anodically oxidized diamond surface
and the positively charged GSSG caused a positive shift
in the peak potential in acidic media. Electrolysis results
showed that the oxidation reaction mechanism for glu-
tathione (GSH) and GSSG involves oxygen transfer. Fol-
lowing separation by LC, the determination of both GSH
and GSSG in whole rat blood (Fig. 20) was achieved at a
constant potential (1.50 V versus Ag/AgCl), and the lim-
its of detection for GSH and GSSG were found to be
1.4 nM (0.028 pmol) and 1.9 nM (0.037 pmol), with a lin-
ear dynamic range up to 0.25 mM. These detection limits
were much lower than those reported for Bi-PbO, elec-
trodes or for LC-mass spectrometry and were comparable
with those for enzymatic assay for real samples.

The electrochemically initiated catalytic oxidation of
5-thio-2-nitrobenzoic acid (TNBA) by thiols was examined
at a BDD electrode with chronoamperometry.'*® This
method provided the basis for the detection of a range
of biologically relevant thiols. The method was shown to
be capable of measuring total thiol concentration, since
the sensitivities of the standard addition plots are indepen-
dent of the individual thiols. Detection limits of 5.7 uM,
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Fig. 19. Cyclic voltammograms for I. homocysteine, II 0.67 mM glutathione, III 1.0 mM 2-mercapto ethanesulfonic acid, IV. 10.0 mM cephalexin
(A) BDD electrode and (B) GC electrode versus Ag/AgCl in 0.1 M carbonate buffer (pH 9.2) in the presence (solid lines) and absence (dotted lines)

of analytes; sweep rate, 50 mV s~'; area of electrode, 0.07 cm?.
4.4 puM, and 5.8 uM for the detection of cysteine, homo-
cysteine, and glutathione, respectively, were obtained.
D-penicillamine, a thiol drug, was detected for the first
time at a BDD-based electrode with cyclic voltammetry for
a range of concentrations and pH.!*° The results were com-
pared with those for a GC electrode. The BDD electrode
exhibited a well resolved, irreversible oxidation voltam-
metric peak, but the GC electrode exhibited an ill defined
response. The BDD electrode provided a linear dynamic
range from 0.5 to 10 mM and a detection limit of 25 uM

Sensor Letters 4, 99-119, 2006

(S/B = 3) in the voltammetric measurements. In addition,
penicillamine was studied by hydrodynamic voltammetry
and FIA with amperometric detection at the BDD elec-
trode. The FIA results indicated a linear dynamic range
from 0.5 to 50 uM and a detection limit of 10 nM (S/N
approximately 4). The proposed method was applied to
the determination of D-penicillamine in dosage form (cap-
sules); the results obtained in the recovery study (255 +
2.50 mg per tablet) were in agreement with the nominal
values (250 mg per tablet).
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Fig. 20. Chromatograms of rat whole blood (1:80 dilution) showing
peaks for GSH and GSSG. (A) No addition of standard GSH and GSG,
(B) 82.5 uM each, and (C) 825 uM each of GSH and GSSG was added
prior to deproteinization. Separation column: Inertsil ODS-3 (4.6-mm
id. x 75 mm, dp = 3 wm); mobile phase, MeCN/0.1% TFA = 2/98;
temperature, 25 °C; flow rate, 0.7 mL min~'; injection volume, 20 uL.
Anodically oxidized (AO) diamond was prepared by applying a poten-
tial of 1.50 V versus Ag/AgCl. Reprinted with permission from [146],
C. Terashima et al., Anal. Chem. 75, 1564 (2003). © 2003, American
Chemical Society.

A quantitative study of tiopronin, a drug used to prevent
kidney stones, was carried out with BDD electrodes with
cyclic voltammetry and FIA coupled with amperometry.'>
At the diamond electrode, it was found that tiopronin pro-
vided highly reproducible and well-defined cyclic voltam-
mograms, with a peak potential of +0.8 V versus Ag/AgCl.
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In contrast, tiopronin gave ill-defined cyclic voltammo-
grams at the GC electrode. Linearity at the BDD film elec-
trode was observed over a range of 0.05-10 mmol L~!, with
a detection limit of 50 wmol L=' (S/B > 3). In addition, the
amperometric hydrodynamic voltammetry with FIA with
the BDD was studied. A detection potential of +0.8 V
was chosen, at which tiopronin exhibited the highest S/B
ratios. The FIA results showed the low detection limit of
10 nmol L~! (S/N = 3) and a linear dynamic range of 0.5—
50 umol L~'. This method was applied to the determination
of tiopronin in a pharmaceutical formulation. With the use
of the standard addition technique, the recoveries obtained
were 96.5-108.3%, and the RSD values were 1.10-1.62%
(n=10).

Several techniques, including cyclic voltammetry, hydro-
dynamic voltammetry and FIA with amperometric detec-
tion, were used with the BDD electrode to study the
electroanalysis of captopril in phosphate buffer (pH = 9).
Catopril is a drug that is used to treat hypertension, con-
gestive heart disease and diabetic kidney disease. Cyclic
voltammetry was used to study the reaction as a function
of analyte concentration. The results were compared with
those obtained with a GC electrode under the same condi-
tions. Captopril undergoes an irreversible reaction at both
electrodes. However, the BDD electrode provided a highly
reproducible, well-resolved cyclic voltammogram and a
higher S/B ratio compared with GC. A linear range from
50 uM to 3 mM and a detection limit of 25 uM (S/B = 3)
were obtained from the BDD electrode with cyclic voltam-
metry. The potential sweep rate (v) dependence for the
captopril oxidation peak currents for 1 mM captopril was
linear with v'/2, within the range of 0.01 to 0.3 V s7!,
which indicates that the oxidation current was diffusion-
controlled, with negligible adsorption on the BDD surface.
The FIA measurements for the BDD electrode in the con-
centration range from 0.5 to 100 uM exhibited a linear
dynamic range and the very low detection limit of 10 nM
(S/N = 3). In addition, the determination of captopril in
commercial tablets by FIA with amperometric detection at
BDD electrodes was also carried out. The results showed
good precision (1.21-2.15%)."!

3.2.1.3. Detection of Other Heteroatomic Compounds
The detection of anthraquinone-2,6-disulfonate (2,6-
AQDS) at GC, hydrogenated glassy carbon (HGC), the
basal plane of highly oriented pyrolytic graphite (HOPG),
and BDD electrodes was investigated by use of cyclic volt-
ammetry and chronocoulometry.'” Quantitative determi-
nation of the surface coverage and qualitative assessment
of the physisorption strength of 2,6-AQDS adsorption on
each of these electrode surfaces were carried out. The dia-
mond and HGC surfaces were nonpolar and hydrogen ter-
minated. The polar 2,6-AQDS did not adsorb on these
surfaces, and the electrochemical process was diffusion-
controlled. In contrast, the GC and HOPG surfaces were
polar, with a significant coverage of carbon-oxygen func-
tionalities. 2,6-AQDS adsorbed strongly on both of these
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surfaces at high coverage, and the electrochemical behav-
ior was typical for an adsorbed layer. The initial adsorbed
layer could not be completely removed by rinsing, which
indicated strong physisorption. The results demonstrated
that BDD electrodes are more difficult to foul by polar
molecules, in comparison to GC, which is beneficial for a
reproducible response.

An ultrasonically facilitated BDD electrochemical tech-
nique was developed to analyze the priority pollutant 4-
chlorophenol by Saterlay et al.'>® The electroanalysis of
this compound is hampered by the formation of a poly-
meric film on the electrode surface. The combination of
ultrasound with the highly robust BDD electrode facilitated
the measurement of 4-chlorophenol in aqueous solution.
The surface film was removable due its ultrasonic break-
up. The ultrasonic field also yielded an enhanced oxidation
current signal due to more efficient mass transport of 4-
chlorophenol. A detection limit of 1 uM and a linear range
of 1-300 uM were reported; this range is useful for envi-
ronmental measurements.

The detection of chlorophenols (CP) in aqueous solution
was also examined with a hydrodynamic channel flow cell
and a BDD electrode by Prado et al.154 Due to the film
formation problem mentioned above, the use of the channel
flow cell was proposed. The results showed linear ranges up
to 20 uM. Thus, this technique is useful for environmental
applications. Laser ablation voltammetry with a Nd:YAG
laser indicated that there was negligible adsorption of oxi-
dation products. The similarity of the sensitivities for 4-
chlorophenol, 2-chlorophenol, phenol, 2,4-dichlorophenol,
and 4-chloro-3-methylphenol makes it possible to measure
a summed total CP concentration, presumably with a sim-
plified separation stage. No interferences were observed for
nitrite or sulfite.

In the same year, Terashima et al. reported a detailed
study of the electrochemical oxidation of CPs at anodi-
cally pretreated BDD electrodes and their determination
by HPLC with amperometric detection.”’ The anodiza-
tion of as-deposited boron-doped polycrystalline diamond
thin-film electrodes enabled the CPs to be determined
stably over a wide concentration range. The oxidative
behavior was compared for ordinary GC, as-deposited
BDD, and anodized BDD by cyclic voltammetry and FIA
with amperometric detection. At anodized BDD electrodes,
reproducible, well-defined cyclic voltammetric peaks were
obtained, even at CP concentrations as high as 5 mM, due
to the lack of adsorption of oxidation products on the sur-
face. After prolonged use, there was partial deactivation
of the BDD surface due to filming, but the electrode was
able to be reactivated in situ by applying a highly oxi-
dizing potential (2.64 V vs. SCE) for 4 min; this treat-
ment is effective in removing the polymeric film, due to
the action of electrogenerated hydroxyl radicals. With FIA,
the anodized BDD electrode exhibited excellent stability,
with a response variability of 2.3% (n = 100), for the oxi-
dation of a high concentration (5 mM) of chlorophenol.
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In contrast, GC exhibited a response variability of 39.1%.
After 100 injections, the relative peak intensity for BDD
decreased by 10%, compared to 70% for GC. The detection
limit obtained in the FIA mode for 2,4-dichlorophenol was
found to be 20 nM (S/N = 3), with a linear dynamic range
up to 100 uM. By use of a column-switching technique,
which enabled on-line preconcentration , the, detection
limit was lowered to 0.4 nM (S/N = 3). With this technique,
anodized BDD electrodes were also used for the analysis
of CPs in a real sample, specifically, drainwater condensed
from the flue gas of a waste incinerator.

The BDD thin film electrode was used to determine
acetaminophen in phosphate buffer solution (pH 8) with
cyclic voltammetry, hydrodynamic voltammetry, and FIA
with amperometric detection.!® Cyclic voltammetry was
used to study the reaction as a function of analyte con-
centration. The BDD electrode exhibited a linear dynamic
range from 0.1 to 8 mM and a detection limit of 10 uM
(S/B ~ 3) for the voltammetric measurement. The FIA
results indicated a linear dynamic range from 0.5 to 50 uM
and a detection limit of 10 nM (S/N & 4). Acetaminophen
was also measured for syrup samples. The reported recov-
eries (24.68+0.26 mg mL~") were comparable to the nom-
inal value of 24 mg mL™".

Metal-modified diamond electrodes have interesting
characteristics in terms of the catalysis of multi-step elec-
trochemical reactions, which can be quite sluggish on
unmodified diamond. For example, the oxidation of alco-
hols and carbohydrates is quite difficult without a metal
catalyst but becomes feasible with the addition of small
amounts of metals. For example, nickel and copper were
used to modify BDD, and the resulting electrodes yielded
well-defined, reproducible voltammmetric peaks for the
oxidation of 1 mM glucose in alkaline media.'”® These
electrodes exhibited excellent electrochemical stability,
with low background current for at least one week in an
FIA system, indicating good adhesion of the metal clusters
to the diamond surface. These results indicate the promis-
ing use of nickel- and copper-modified BDD electrodes for
the detection of carbohydrates.

A new type of metal-modified BDD surface involves
the use of ion implantation; specifically, nickel-implanted
BDD electrodes (Ni-DIA) were prepared in order to exam-
ine their usefulness for carbohydrate detection. This type of
electrode produced well-defined, reproducible voltammo-
grams for the oxidation of 1 mM glucose in alkaline media.
The electrode exhibited excellent electrochemical stability,
with low background current, even after ultrasonic treat-
ment, which indicated strong bonding of nickel with dia-
mond. These results suggest that ion implantation of metals
into BDD electrodes might show promise for the detection
of carbohydrates and perhaps amino acids.

Due to the insensitivity of the unmodified BDD surface
for the oxidation of alcohols, it is possible to measure
a variety of analytes in alcohol solutions without inter-
ference. Additional benefits are the lack of electrode
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deactivation from fouling and the ability to withstand
highly positive electrochemical potentials. For example,
the detection of ascorbic acid (AA) was carried out in
an ethanol-water mixed solution (0.1 M NaClO,) with
a BDD electrode.'”” During FIA of AA in this solu-
tion, there was little interference from ethanol oxidation,
in contrast to the behavior of a Pt electrode. Moreover,
the detection limit for AA observed was lower than that
for a GC electrode, because BDD exhibited lower back-
ground current, background noise, and lower injection
noise. These findings suggest that BDD electrodes may be
applied in the detection of other redox-active impurities
and added substances in alcohol or alcohol-water solutions,
such as chlorophyll, nicotinamide, caffeine, riboflavin, and
dl-alpha-tocopherol.

The use of enzyme modification of diamond, as already
mentioned, is a highly promising approach to the prepa-
ration of analytical electrodes with special selectivity. It
was reported that tyrosinase-modified BDD electrodes can
be used for the determination of phenol derivatives.'®
BDD electrodes were modified covalently with tyrosinase
by the introduction of hydroxyl groups onto the surface
and were then treated with (3-aminopropyl)triethoxysilane
and finally coated with a tyrosinase film cross-linked
with glutaraldehyde. These electrodes were designed for
the determination of estrogenic phenol derivatives. The
amperometric response of these modified electrodes was
measured for bisphenol-A and 17-B-estradiol at —0.3 V
versus Ag/AgCl. Interference from dioxygen reduction was
nearly negligible. These electrodes were used in an FIA
system, and the detection limit for bisphenol-A was found
to be 107% M.

3.2.2. Detection Based on Other Techniques

Shin et al. reported the application of diamond microelec-
trodes for end-column electrochemical detection in capil-
lary electrophoresis (CE). Diamond microline electrodes
were fabricated from BDD thin films (exposed surface area,
300 x 50 wm), and their analytical performance as CE
detectors was evaluated in a laboratory-made CE apparatus.
The CE-ED system exhibited high separation efficiency for
several catecholamines, including dopamine (DA), nore-
pinephrine (NE), and epinephrine (E). The analytical per-
formance was excellent, e.g., 155,000 theoretical plates for
DA. The detection limits were quite low (approximately
20 nM for E at S/N = 3), and current response was highly
reproducible for ten repetitive injections of mixtures con-
taining DA, NE, and E (each 50 uM), with relative standard
deviations of approximately 5%.

The performance of the BDD electrochemical detector
for CE was also evaluated in the detection of CPs. When
compared to the carbon fiber microelectrode, the BDD
electrode exhibited lower detection limits in an end-column
CE detection, as a result of the very low noise levels and
high reproducibility. In addition, there was no need for
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electrode polishing, because analyte fouling was negligi-
ble; this makes the analysis significantly more convenient
and also leads to higher stability.

Cvacka et al. also studied the use of BDD micro-
electrodes for CD with electrochemical detection.!® The
microelectrodes were prepared by coating thin films of
CVD polycrystalline BDD on electrochemically sharpened
platinum wires (76, 25, and 10-wm diameter. The BDD-
coated wires were then attached to copper wires. These
microelectrodes were characterized by scanning electron
microscopy, Raman spectroscopy, and cyclic voltammetry.
They exhibited low, stable background currents and voltam-
metric behavior typical of microelectrodes, i.e., sigmoidal
curves for Ru(NH3)2+/ ** and Fe(CN)g_/ *~ at low poten-
tial sweep rates. The microelectrodes were fabricated by
sealing in polypropylene pipet tips. Dopamine, catechol,
and ascorbic acid were used to evaluate the performance
of the CE-EC system in 10 mM phosphate buffer, pH 6.0,
run buffer, and a 30-cm-long fused-silica capillary (75-
pm ID.). The background current (~100 pA) and noise
(~3 pA) were measured at various detection potentials and
were found to be quite stable. Reproducible separation (elu-
tion time) and detection (peak current or area) of dopamine,
catechol, and ascorbic acid were observed with response
precisions of 4.1% or less. Calibration curves constructed
from the peak area were linear over 4 orders of magnitude,
up to a concentration between 0.1 and 1 mM. Mass lim-
its of detection for dopamine and catechol were 1.7 and
2.6 fmol, respectively (S/N = 3). The separation efficiency
was 33,000, 56,000, and 98,000 plates/m for dopamine,
catechol, and ascorbic acid, respectively. In addition, the
separation and detection of 1- and 2-naphthol in 160 mM
borate buffer, pH 9.2, was investigated. Separation of these
two analytes was achieved with efficiencies of 118,000 and
126,000 plates/m, respectively.

Wang et al. discussed the advantages of a diamond elec-
trode detector for a micromachined capillary electrophore-
sis (CE) system.'®® A chemically vapor-deposited BDD
film band (0.3 x 6.0 mm) electrode was used for end-
column amperometric detection. The performance of the
BDD electrode detector was superior to that for a com-
monly used thick-film carbon detector. BDD provided
enhanced sensitivity, lower noise levels, and sharper peaks
for several groups of important analytes (nitroaromatic
explosives, organophosphate nerve agents, phenols). The
advantages of the BDD-based CE detector included the
superior S/B ratios and the much higher resistance to sur-
face fouling. The enhanced stability was evidenced by the
RSD of 0.8% for 60 repetitive measurements of 5 ppm
2,4,6-trinitrotoluene (compared to an RSD value of 10.8%
at the thick-film carbon electrode). A linear response was
obtained for the explosives 1,3-dinitrobenzene and 2,4-
dinitrotoluene over the 200—1400 ppb range, with detection
limits of 70 and 110 ppb, respectively. BDD is thus quite a
promising electrode material for electrochemical detection
in CE and micromachined flow systems.
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4. CONCLUDING REMARKS

Based on its range of superior characteristics for sensi-
tive electroanalytical measurements, BDD as an electrode
material and electrochemical sensor material may consti-
tute one of the more important developments in this area
in recent years. In addition, the range of possible analytes
is great, as demonstrated in the present review. As the
availability of high quality BDD samples becomes greater,
there will doubtless be increasing numbers of applications.
The ability to chemically tailor the surface with various
species, including metals, functional molecules, oligonu-
cleotides and enzymes, continues to grow as well, which
further support the development of new applications.
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A transcutaneous hydrogen gas sensor of unprecedented sensitivity was fabricated and applied as
a diagnostic tool for determining lactose intolerance due to lactase deficiency. The sensor, based on
the use of highly-ordered titania nanotube arrays made by anodization of a 250 um thick titanium
foil, shows a change in electrical resistance of 8.7 orders of magnitude when cycled between air and
nitrogen containing 1000 ppm of hydrogen. The sensor is completely reversible with a response time
of about 30 seconds. Lactose intolerance tests were conducted at the Pediatric Gastroenterology
Clinic of the Penn State Children’s Hospital, where the transcutaneous hydrogen gas concentration
from lactose intolerant patients was monitored and compared to hydrogen levels in exhaled breath.
Results indicate a direct correlation between the transcutaneous and exhaled-breath hydrogen gas

concentrations.

Keywords: Titania Nanotubes, Transcutaneous, Hydrogen, Lactose Intolerance, Sensor, Gas.

1. INTRODUCTION

Nano-structured metal oxides fabricated via anodization
have been increasingly applied as gas sensors in recent
years due to their remarkable gas-sensing properties which
include large sensitivity, fast response time, controllable
selectivity, and low hysteresis and drift. Varghese and
coworkers,! for example, incorporated nanoporous alumina
onto a surface acoustic wave device for the precise detec-
tion of ammonia gas. Lately considerable attention has
been paid to the application of highly-ordered titania nano-
tube arrays*® to measurement of hydrogen gas concen-
trations, achieved by monitoring the changes in electrical
resistance of the nanotube-array sensors in response to
hydrogen. Such hydrogen sensors have been incorporated
into a sentinel wireless hydrogen sensor network for pos-
sible application in neonatal intensive care units.’ In this
work we focus on the optimization and application of the
nanotube-array sensors for measurement of transcutaneous
hydrogen levels.

*Corresponding author; E-mail: dkv3 @psu.edu

120 Sensor Lett. 2006, Vol. 4, No. 2

Transcutaneous gas monitoring has been used as a
means for diagnosing disease, as well as monitoring
treatment effectiveness. For example, transcutaneous car-
bon dioxide is routinely monitored for bronchopulmonary
dysplasia, apnea, upper airway obstruction, mechanical
ventilation, and respiratory problems associated with
hypercapnia.'® Transcutaneous carbon dioxide is also rou-
tinely used in neonatal intensive care units'"'? or in the
preclinical detection of pneumothorax.'* However, to our
knowledge, there has been no effort on using transcuta-
neous hydrogen gas for diagnosing diseases. As far as we
know, this is the first work to use measurement of tran-
scutaneous hydrogen concentrations for detection of lac-
tose intolerance,'* '3 and beyond that can be viewed as an
enabling technology that might have a variety of useful
clinical applications.

Lactose intolerance is caused by the inability to digest
significant amounts of lactose, a major sugar in milk,
due to the lack of enzyme lactase produced by the cells
in the small intestine.'® The function of lactase is to
break down milk sugar into glucose and galactose, which
are then absorbed into the bloodstream. Failure to digest

1546-198X/2006/4/120/009 doi:10.1166/s1.2006.022
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lactose into glucose and galactose causes the person to feel
uncomfortable after consuming milk products, exhibiting
symptoms such as nausea, cramps, bloating, gas, and diar-
rhea. Symptoms begin about 30 s to 2 hours after eating or
drinking foods containing lactose. Currently, lactose intol-
erance is diagnosed with the Lactose Tolerance Test,'” '8
where a patient’s blood samples are taken over a 2-hour
period to measure the blood glucose levels after lactose
consumption to indicate how well the body is able to digest
lactose. Alternatively, the Hydrogen Breath Test'* can be
performed to measure the amount of hydrogen present in
the patient’s breath since undigested lactose in the colon is
fermented by bacteria and produces various gases includ-
ing hydrogen, that is absorbed from the intestines, carried
through the bloodstream to the lungs where it is exhaled.
As indicated by the enabling work of Gerlach,'” we
hypothesize that a portion of hydrogen in the bloodstream
releases through the skin, thus allowing hydrogen detec-
tion with a noninvasive, transcutaneous hydrogen sensor.

Our hydrogen sensor is based on the use of highly-
ordered titania nanotube arrays, made by anodization of
a Ti foil.®2%2! Micron-length un-doped titania nanotube-
arrays exhibit an unprecedented variation in electrical
resistance of up to ~8.7 orders of magnitude, at room
temperature, when exposed to alternating atmospheres of
nitrogen containing 1000 ppm hydrogen and air.® The
highly sensitive room, or skin, temperature operation of
the sensor is critical for transcutaneous operation without
risk of damaging the adjacent skin. The 8.7 orders of
magnitude change in response to 1000 ppm hydrogen of
the sensor represents the largest known change in electrical
properties of any material, to any gas, at any temperature.
The dramatic change in resistance is believed to be due
to the highly active surface states on the nanoscale walls of
the tubes, high surface area of the nanotube architecture,
and the well-ordered geometry allowing for hydrogen-
sensitive tube-to-tube electrical connections.5 22

The sensor response is characterized by measuring the
change in its resistance through electrical contacts. Using a
mask, platinum circular electrode pads (500 wm diameter,
100 nm thick, 1 mm edge-to-edge spacing) are sputter-
coated onto the nanotube-array samples. Gold wire (1 mil),
used for making electrical connections between the mate-
rial and the measurement electronics, is bonded onto the
platinum pads with a Mech-EI-907 ultrasonic wire bonder.
We have developed a robust electronic interface suitable
for handing sensor resistances from 50 G to the metal-
lic range.

Since metal oxides, or indeed most materials, to some
extent respond to a variety of environmental parameters,
i.e., demonstrate unwanted cross-sensitivities, it iS neces-
sary to use other sensors, and cross-correlate the responses
of these different sensors to obtain an absolute measure-
ment of the target gas from within a complex environ-
ment. Therefore, we incorporated a humidity-temperature
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(b)

Fig. 1. (a) Packaging of our sensors comprised of a hydrogen sen-
sor and a humidity-temperature sensor. The connector twists onto the
adhesive-backed ring. (b) Vent holes (not visible) on the side prevent the
accumulation of water vapor and gases in the housing.

sensor along with the hydrogen sensor. The packaged sen-
sor array is displayed in Figure 1. The hydrogen sensor and
humidity-temperature sensor are secured in a white teflon
housing, which screws onto the adhesive-backed ring that
is applied to the skin of the patient undergoing the test.

2. SYSTEM IMPLEMENTATION

2.1. Fabrication of Titania Nanotube Array
by Anodization

Figure 2 illustrates the anodization process; the target
metal, in this case titanium, is used as the anode in an
electrochemical cell with a platinum cathode. Upon appli-
cation of a voltage potential across the terminals there is
field-enhanced oxidation of the metal. While there is both
field-enhanced oxidation of the metal, and field-enhanced
dissolution of the oxide, the electric field at the bottom of
the pore at the metal-oxide interface is much higher than
that at the wall, hence the metal will be consumed at a
higher rate near the bottom of the pore allowing continu-
ous growth of the pore depth.
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Fig. 2. Anodization setup comprising a glass beaker, some chemicals,
and a dc power supply.

Titania nanotube arrays fabricated by anodic oxidation
of titanium thick-film foils and thin films in hydrofluo-
ric acid (pH 4.0) containing potassium fluoride, sodium
hydrogen sulfate monohydrate, and sodium citrate tribasic
dehydrate arrays were reported®®2! having lengths up to
400 nm and pore diameters from 22 nm to 90 nm depend-
ing on the anodization voltage. The structure consists of
adjacent, parallel-oriented nanotubes separated from the
un-anodized titanium foil by a thin oxide layer (barrier
layer), the initial thickness of which is approximately equal
to the nanotube pore radius. Nanotube-arrays of length
200 nm and pore diameter 22 nm coated with a thin pal-
ladium layer showed a resistance variation of about five
orders in magnitude on exposure to 1000 ppm hydrogen at
290 °C.?2 However device performance was limited by the
very low thickness of the array structure, which provided
a low resistance path for the current to flow between the
platinum-film electrodes on the nanotube surface and the
underlying titanium metal layer. Furthermore, it is diffi-
cult to make electrical connections to this material, accom-
plished by wire bonding, since the wire bonder head would
commonly break through the barrier layer to the underly-
ing metal resulting in an electrical short.

We have improved the anodization process to fabricate
nanotube-array architectures with lengths up to 6.5 um
using a KF or NaF electrolyte, pore diameters from 22 nm
to 110 nm, and wall thicknesses from 9 nm to 34 nm. Our
ability to control nanotube-array dimensions has enabled
our ability to meaningfully test the gas sensing proper-
ties of the nanotube arrays. More importantly, these highly
stable nano-structures withstand the mechanical handling
necessary to transform them from materials to sensors.
Figure 3 shows a FESEM image of a hydrogen respon-
sive titania nanotube array sample made by anodization
of titanium in a KF-containing electrolyte. The length of
the nanotube array is dependent upon the pH, with higher
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1um

Fig. 3. FESEM images of illustrative TiO, nanotube-array grown in a
KF based electrolyte of pH 3 using 25 V.

pH values that remain acidic resulting in longer nanotubes.
The wall thickness is dependent upon the anodization bath
temperature, and the pore diameter is a function of the
anodization voltage. At a particular pH value, the pore size
and length of the tube increase with the increase in volt-
age. For example, a 10 V anodization in pH 1.1 results in
a nanotube array of 350 nm length and 30 nm pore diam-
eter. A 25 V anodization in pH 5.0 results in a nanotube
array of 6.5 um length, with a 110 nm pore diameter. The
longest nanotube array we have achieved to date is 25 wm.

Nanotube-arrays were prepared by anodization of
250 pm-thick titanium foil (99.7% Aldrich, Milwaukee,
WI) samples in an electrolyte containing 1 M sodium
hydrogen sulfate monohydrate, 0.1 M potassium flouride
(ACS reagent 99% Alfa Aesar, Ward Hill, MA) and
0.2 M sodium citrate tribasic dihydrate (ACS reagent 99%
Aldrich). Electrolyte pH was adjusted by the addition of
sodium hydroxide (97% Aldrich). Nanotube lengths var-
ied from 380 nm to 6.5 um and pore diameters from
30 nm to 110 nm as dependent on the electrolyte pH
(1.11 to 5) and the anodization potential (10-25 V). The
samples, upon anodization, are amorphous demonstrating
essentially no gas sensing properties. The samples were
annealed at 480 °C for 6 hours for crystallization?' to
achieve suitable gas sensing properties.

2.2. Sensor Fabrication

To transform the nanotube-arrays into gas sensors it is nec-
essary to achieve electrical contact with the material, so
that the resistance or impedance of the material can be
measured as a function of gas ambient. This is accom-
plished by depositing, through a mask, metal contacts
onto the material of interest: Platinum circular electrodes
(500 wm diameter, 100 nm thick, 1 mm edge-to-edge
spacing) onto the top of the nanotube-array samples.
Increasing the electrode separation increases the baseline
resistance but does not affect sensitivity. Upon depositing
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the electrodes, gold wires (1 mil) were bonded onto
the pads with a Mech-El -907 ultrasonic wire bonder.
We noticed that with short nanotubes, i.e., approximately
200 nm long, the nanotubes easily broke during the wire
bonding stage. However, this problem was averted by
making longer nanotube arrays using a KF or NaF elec-
trolyte. These longer nanotube arrays demonstrated greater
gas sensitivities, and were also mechanically more robust
hence they could be easily connected to the outside world.

A further complicating factor is that the baseline resis-
tance of metal oxide materials can be well over 100 G,
an impedance so large that it is virtually impossible
to make interface electronics. We found that a post-
anodization acid rinse could be used to controllably reduce
the thickness of the oxide barrier layer between the nano-
tubular region and the underlying metal substrate, thus
lowering the baseline resistance of the sensor.

2.3. Fabrication of the Sensor Reader

We have developed a robust electronic interface suitable
for handling sensor resistances from 50 G{) to the metal-
lic range. Figure 4 shows a block diagram of the sensor
interface electronics. For sensor measurement, a constant
current / is applied to the sensor and the resulting dc
voltage V' is measured. The sensor resistance R is then
calculated by R = V/I. In order to track the sensor resis-
tance over a wide range (from 0 to 50 G(2), the microcon-
troller is programmed to precisely and automatically tune
the dc current value as well as the amplifier gain for opti-
mal measurement accuracy. The measured data, including
resistance of the hydrogen sensor, humidity, and temper-
ature (the output of these two sensors is a microproces-
sor compatible voltage) are sent to a PC for storage and
processing. Figure 5 shows the transcutaneous hydrogen
measurement system.

Figure 6 shows the schematic diagram of the circuit that
measures the resistance of the hydrogen sensor. A voltage
generation circuit, which uses an ADR380 voltage refer-
ence chip (from Analog Devices), is designed to generate
two accurate voltages: 2.048 V and 0.2048 V. The two
voltages are selectable by an analog switch MAX4526

Digitally Controlled
Constant Current Source ¢
Sensor Unit:
= Hurmidity, Temperature
X <+ »> Hydrogen
PC [ & Humidity
g Temperature
<1 Analog-10-DC Converter
] o
g (ADC)
ble Gain
Amplifier © Hydrogen

Fig. 4. Block diagram of the sensor interface electronics. The system
generates a constant current to the hydrogen sensor, and measures the
resulting voltage to determine the resistance. The response of a humidity-
temperature sensor is also measured.
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(a)

()

()

Fig. 5. (a) Packaged sensor with cable connecting sensor to electronics.
(b) Internal view of sensor electronics. (c) The sensor, electronics box,
and computer interface for data display.

(from Maxim/Dallas Semiconductor). The selected ref-
erence voltage is fed to a constant current genera-
tion circuit, which uses an analog switch MAX4666
(from Maxim/Dallas Semiconductor) to select the desired
constant current value. With the combination of the two
analog switches, the circuit can generate four digitally con-
trolled current values: 2.048 x 107° A, 2.048 x 1077 A,
2.048 x 1072 A, and 2.048 x 10~ A. The constant current
source of a selected value is applied to the sensor under

123

3710114V HOHV3S3d



RESEARCH ARTICLE

A Transcutaneous Hydrogen Sensor: From Design to Application

Varghese et al.

15V
+15V MAX4526
+15V ADR3B0 8 m 1 o
; 2007 | ¥ %= el
Vin Vout VWA TR TR X B T + |
= = Y. GND —rP(‘YD 2
GND v LY IN ADS22 3 :
GND - I
3 A3 SV
3 MAX4666
Y N2 f—
wm— COM1 COM2 T
: NO! NC2 =
5V : V- Vi = i»lﬁv
GNDQ—E—— GND VL ; 5V
= O+ NC3 o
Ad T COon CONM3
IN4 IN3
= /
ADS22
H2 Sensor
V1
GND G——tp AMA .;. GND
+5Y
- I 10 B
2 v 7 [ v & V3
3 9
1 ADBST4 ADB8574
V2
e Ll 1. LI
GND v v
2 GND GND
>
iy ADG408
—_—
Al ! A0 Al 6 Al
> 7 2 e 5 A2
$ 43V = EN A2 r
1 GNL)QW__" VS5  GND - £ GND 11
—_— s VDD - | +5v -
- Vi 3 o5 - 2 va 1 14
GND V2 [0 i}d 2; ] 12 i
V3 7 = > [i] " ADS574
0 = 57 —
I_ D 58—

Fig. 6. Schematic diagram of the circuit for measuring the resistance of the hydrogen sensor.

measurement, and the sensor voltage is amplified by an
amplifier bank consisting of five op-amps, with five volt-
age gains of 0.5, 1, 10, 100, and 1000 selectable by an ana-
log multiplexer ADG408. The amplified voltage is sent to
an ADC converter AD7817, which is part of the back-end
microcontroller control circuit (not shown in the figure).
A Dallas Microcircuits multiplexer chip is used to sequence
between the difference sensors, with a Visual Basic inter-
face allowing the user to input desired parameters.

The hydrogen sensor is packaged with a humidity/
temperature sensor into a single sensor housing so that
hydrogen, relative humidity, and temperature can be simul-
taneously monitored. The humidity sensor, SHT15 from
Sensorian Inc., uses a two-wire serial interface to directly
send measurements to the microcontroller, which are then
processed and sent to a PC for storage.
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3. RESULTS AND DISCUSSION
3.1. Hydrogen Sensitivity

The behavior of the nanotube samples in the presence
of different gases was tested in a sealed Plexiglas cham-
ber of 110 cm® volume. Titania, an n-type semiconductor,
decreases its resistance in the presence of reducing gases
and hence gas sensitivity S is defined as:?

Gy — Gair Ggas

§=—* "~ £ when G, <G, (1)
Gair Gair ¢
where G, and G,, are, respectively, the conductance of

the nanotubes in air and the test gas.
The greatest hydrogen sensitivities are achieved with
the 30 nm pore diameter samples fabricated at 10 V,
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Fig. 7. The sensitivity of the hydrogen sensor depends on the length of
the nanotubes. The pH of the electrolyte is listed for each sample.

Consequently the majority of our discussion is focused on
these samples. Figure 7 plots the maximum room tempera-
ture hydrogen sensitivity, log(S), of the 30 nm pore diame-
ter nanotube arrays in response to 1000 ppm hydrogen, as
a function of length, which in turn is determined by elec-
trolyte pH. We note that maximum hydrogen sensitivity
was achieved with a 480 °C annealing that crystallizes the
initially amorphous nanotube array samples. It can be seen
from the figure that the highest resistance variation, 8.7
orders of magnitude was obtained for nanotube samples
prepared using electrolyte pH 4.0 (length ~1 um, pore
diameter ~30 nm and wall thickness ~13 nm). To the best
of our knowledge, this is the largest change in electrical
resistance of any material, to any gas, at any tempera-
ture. Sensitivity S is not greatly influenced by nanotube
length; for the 10 V samples a sensitivity shift of 7 orders
to 8.7 orders is found with an increase in length from
380 nm to 1 um. It was found that 6 um long samples
(25 V, pH 5.0) showed less sensitivity, with significantly
longer response/recovery times due to the time required
for hydrogen to diffuse inside the long pores.

We make note that a test chamber capable of accurately
flowing less than, approximately, 10 ppm of any gas is a
difficult challenge requiring considerable resources. Con-
sequently, we are not able to directly measure the low-
level sensitivity of the sensor. The lower limit of our test
chamber is approximately 20 ppm, at which we see 7.2
orders of magnitude variation in electrical resistance to
20 ppm hydrogen. The response of the sensor is linear to,
approximately, 1000 ppm when it begins to demonstrate a
non-linear response.

Figure 8 shows the variation in hydrogen sensitivity of
the 10 V samples as a function of electrolyte pH. The
response/recovery time (duration for the signal to change
to 90% of its final value) of the sensor increases from 30 s
to 200 s when the electrolyte pH increases from 1.13 to
4.5 due to the increase in tube length. There is no observ-
able difference in the response time (air-to-hydrogen) and
recovery time (hydrogen-to-air). The typical response of
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Fig. 8. Variation in hydrogen sensitivity S of 30 nm pore diameter
nanotube-array samples as a function of electrolyte pH.

a pH 4.0 sample on repetitive switching of the ambient
atmosphere between air and 1000 ppm hydrogen in nitro-
gen is shown in Figure 9. On exposure to hydrogen a rapid
reduction in resistance from several hundred Giga-Ohms
to a few hundred Ohms is observed; there is no indication
of measurement hysteresis.

3.2. Cross Interference and Calibration

To determine which parameters affect the resistance of
the hydrogen sensor, we placed the sensor inside the
test chamber and varied the test environment (humidity,
a variety of interfering gases, temperature) observing the
change, if any, in the sensor resistance.

Temperature: As shown in Figure 10, temperature has
a large impact on the resistance of the hydrogen sensor.
Nevertheless, in practice the operating temperature of the
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Fig. 9. Room temperature resistance variation of a nanotube-array sam-
ple prepared in a pH 4.0 electrolyte using 10 V (30 nm pore diameter),
annealed at 480 °C, alternately exposed to air and 1000 ppm hydrogen
in nitrogen.
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Fig. 10. The sensitivity of a 200 nm long nanotube-array hydrogen sen-
sor increases with temperature.

transcutaneous sensor is near or at body temperature. As
indicated in Figure 10, the change in the sensor sensitiv-
ity is only ~0.08 order of magnitude (from 3800 to 4600)
from 25° to 37 °C. As a result, although the temperature of
the hydrogen sensor was also measured during the exper-
iments, no calibration was performed.

Humidity: Figure 11 plots the change in sensor sensi-
tivity (at 1000 ppm hydrogen) as a function of relative
humidity. Between relative humidity of 3% and 56%, the
sensitivity of the hydrogen sensor varies from 2.5 x 103
to 7 x 10*, a change of more than 3 orders of magnitude.
Therefore to ensure measurement integrity, we always
measured the humidity level inside the sensor package, and
used the humidity readings for calibration.

Oxygen: The addition of oxygen into the test environ-
ment reduces the sensitivity of the sensor as indicated in
Figure 12. However, results show that the difference in
the sensor sensitivity is only about 1 order of magnitude
between zero (a pure nitrogen environment) and 20% of
oxygen (atmospheric condition). As a result, variations in
oxygen concentration do not represent a significant cross-
sensitivity to the measurement since the hydrogen sensor

H— RH-3% - = -RH:35% [ 4
—RH-17%  eeee-

]0” [

Sensitivity

107! i
010° 110° 210° 310° 410° 510° 6 10°

Time (sec)

Fig. 11. The sensitivity of the hydrogen sensor reduces with increasing
humidity.
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Fig. 12. The sensitivity of the hydrogen sensor reduces with increasing
oxygen concentration.

was usually exposed to a near-atmospheric condition, with
vent holes in the sensor housing allowing for the free flow-
through of gases.

Carbon Dioxide: Figure 13 plots the resistance of the
hydrogen sensor when it was switched from a pure nitro-
gen environment and nitrogen with 10% of CO,. As
clearly indicated in the plot, there is no difference between
these two environments. This is expected because carbon
dioxide is neither a strong reducing gas nor a strong oxi-
dizing gas.

Carbon Monoxide: Figure 14 plots the change in the
sensitivity when the sensor is exposed to 1000 ppm of car-
bon monoxide. Results show the sensitivity of the sensor to
be approximately two orders or magnitude when exposed
to 1000 ppm CO. Consequently, the material might use-
fully serve as a carbon monoxide sensor, however for this
application CO cross-sensitivity is not a concern since it
is highly unlikely for gas to be released by a patient.

Methane: Figure 14 plots the sensitivity of the sensor
when it was exposed to 1000 ppm of methane. Results

107 P
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Fig. 13. Carbon dioxide has no effect on the sensor. The sensor was
in a pure nitrogen atmosphere with 1000 ppm hydrogen. Ten percent of
CO, was introduced at 2500 seconds.
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Fig. 14. The introduction of 1000 ppm carbon monoxide causes the
sensor sensitivity to increase for about two orders of magnitude, while
methane only changes the sensor sensitivity by half order of magnitude.

show that 1000 ppm of methane causes a change in elec-
trical resistance of about a half order of magnitude, much
smaller than the effect of hydrogen.

Upon evaluating the performance of the hydrogen sensor
against various gases and operating conditions, we have
concluded that for transcutaneous hydrogen measurement,
the only significant potentially interfering parameter for
our test application is humidity, hence we have generated
a calibration lookup table to compensate for its effect.
Before use, the resistance of the same sensor was measured
as a function of humidity and hydrogen concentration, and
the results were stored in a database. When taking a mea-
surement, the operating software first obtained the humid-
ity and hydrogen sensor measurements (resistance) from
the microcontroller. It then determined the closest humid-
ity and resistance values by going through the lookup
table, and found the corresponding hydrogen concentra-
tion. The calibrated hydrogen concentration was printed
on the screen of the PC in real time.

0.8 T T T T 25

Transcutaneous H, Sensor Reading
Breath Analysis H, Level (ppm)

0.3 [ 2 i i 0
10.2 10.4 10.6 10.8 11 11.2
Time (Fraction hours)

Fig. 15. Measurement of transcutaneous hydrogen concentrations using
the described sensor (y-axis on LHS), and exhaled breath hydrogen lev-
els (y-axis on RHS) measured by a gas chromatograph from a lactose
intolerant adult volunteer.
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Fig. 16. Correlation between the response of the transcutaneous hydro-
gen sensor and exhaled hydrogen concentration.

3.3. Transcutaneous Hydrogen and
Lactose Intolerance

Our transcutaneous hydrogen sensor was evaluated in the
Pediatric Gastroenterology Clinic of the Penn State Chil-
dren’s Hospital with the full approval of the Institutional
Research Subjects Review Board. The transcutaneous
hydrogen sensor was placed on the forearm of children and
adult volunteers who were referred for breath hydrogen
testing for the evaluation and diagnosis of possible lac-
tose intolerance due to lactase deficiency. In these patients
the sensor has documented the transcutaneous excretion
of hydrogen. Moreover in those patients with documented
lactose intolerance, there is a good correlation between
the transcutaneous sensor readings and the exhaled breath
hydrogen levels as measured by the commercial gas chro-
matography Quintron instrument. We have studied 14
patients, some of whom had no detectable transcutaneous
hydrogen excretion or detectable levels of exhaled breath
hydrogen. Negative results in some patients have helped to
reassure us that the novel hydrogen sensor is not respond-
ing to some volatile molecule that might be excreted
through the skin. Figure 15 shows illustrative measurement
of transcutaneous hydrogen levels using the described tran-
scutaneous sensor, note the sensor measurement is continu-
ous in operation, and the hydrogen levels (ppm) in exhaled
breath as measured using a gas chromatograph, from a lac-
tose intolerant adult volunteer who drank a small sample
of milk. Figure 16 shows the decrease in the sensor mea-
surement, which indicates an increase in transcutaneous
hydrogen, coincides with an increase in exhaled breath
hydrogen concentration.

4. CONCLUSIONS

We describe the fabrication, and systematic integration,
of a hydrogen sensor based on the use of titania
nanotube-arrays and its application to measurement of
transcutaneous hydrogen levels. The titania nanotube array
sensor shows an unprecedented sensitivity of 8.7 orders
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of magnitude when cycled between air and nitrogen
containing 1000 ppm of hydrogen. Experimental results
show the sensor is relatively insensitive to other gases such
as oxygen, carbon dioxide, and methane. This sensor is
significantly affected by changes in humidity, consequently
we generated a calibration lookup table to ensure accurate
hydrogen sensor operation over a range of humidity levels.
By measuring the transcutaneous hydrogen concentration
of a lactose intolerant patient, we have demonstrated a
good correlation between the transcutaneous sensor read-
ing and the exhaled breath hydrogen level using a com-
mercially available gas chromatograph.

In addition to lactose intolerance, the transcutaneous
hydrogen sensor can also be applied to other diseases
such as necrotizing enterocolitis (NEC), a devastating dis-
ease of uncertain etiology and pathogenesis that causes
high levels of mortality and morbidity in about 10% of
preterm infants in neonatal intensive care units throughout
the world.?* Almost 20 years ago, several investigators>> 2
demonstrated that elevated levels of exhaled breath hydro-
gen gas precede the onset of the clinical and radiographic
signs of NEC. From a practical standpoint, it is very dif-
ficult to measure gas levels in exhaled breath of preterm
infants because of their small tidal volumes and rapid res-
piratory rates. In neonatal intensive care units, the use of
endotracheal tubes, nasal CPAP systems and nasal cannula
flow systems are all barriers to the successful collection
of undiluted end expiratory gas samples for gas analy-
sis. Therefore, we expect transcutaneous measurement of
hydrogen gas in preterm infants has the potential to facili-
tate the early identification and treatment of cases of NEC.
This would permit the early withdrawal of enteral feeds
and the early initiation of systemic antibiotics and support-
ive therapy with fluids, pressors, and blood products. In
addition to saving lives, NEC mortality rate is about 35%,
the early detection of NEC may also significantly reduce
hospital costs, which according to an analysis published in
20027 is $95 million per year in the US.
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A sensor system adapted to detect chloroform, a potentially carcinogenic compound, in water
was fabricated and tested. Interdigitated gold-coated microelectrodes were covered with various
conducting polymers, single, or mixed, under several different conditions, and the resulting
sensors characterized and tested on the analyte in question. Polymer films were laid down by
a self-assembly technique and their impedance was analyzed over a range of frequencies from
1 Hz to 1 MHz. For practical reasons, the capacitance was also measured, at a fixed frequency of
1000 Hz, which allowed data-acquisition to be simplified. Some of the systems tested were able
to detect chloroform in water and to distinguish different concentrations, the detection limit being
of the order of 0.01 mgL~". These results demonstrate the sensitivity of conducting polymers and
show that they can be used in the fabrication and assembly of a sensor system capable of detecting
by-products of water disinfection, such as chloroform, that exhibit carcinogenic properties.

Keywords: Sensors, Conducting Polymers, Drinking Water, Carcinogenic By-Products,

Chloroform.

1. INTRODUCTION

Chlorinated water contains a large number of by-products,
formed during the chlorination of organic matter and just
a fraction of these have been tested for carcinogenicity in
animal experiments.! The main focus has been on com-
pounds and classes of compounds produced in greater
quantities during chlorination.!

The classes of by-products on which most research
is done are trihalomethanes, halogenated acetic acids,
and chlorinated furanones (CHFs).! However, the carcino-
genicity of the majority of the by-products has not been
tested, even in laboratory tests with animals. Among the
trihalomethanes, chloroform has been investigated most
intensively, owing to its well-known carcinogenic proper-
ties, established in the laboratory in various tests on ani-
mals. The International Agency for Research on Cancer
(IARC) has described the evidence from animal experi-
ments for the carcinogenicity of chloroform as “sufficient”
and classified this by-product as potentially very carcin-
ogenic to humans.'”> The long-term effects of its carcin-
ogenicity are chiefly related to damage to the liver,
kidneys, and heart. Chloroform provoked tumor formation
is strongly associated with cytotoxicity and excessive

*Corresponding author; E-mail: martin@cnpdia.embrapa.br
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proliferation of tissue regenerative cells, considered a
determining factor in carcinogenicity.! Concentrations of
chloroform of the order of 2 mgL~' give positive results
in bioassays for cancer development.?

The general population is exposed to chloroform by
ingesting water and food, inhaling contaminated air,
and possibly through dermal contact with chloroform-
containing water. Drinking water levels as high as
311 mgL~" have been reported in public water supplies.*
Measurements of chloroform in drinking water ranged
from 0.022 to 0.068 mgL~! also has been found.’

Thus, in light of the impact of such products on the
environment and public health, it is important to research
methods of detecting them in water—treatment plants. The
growing demand for measures to protect the environment
and the elaboration of new directives in this respect have
had a very great impact on the development of novel mate-
rials, instruments, and sensing devices for the detection
and measurement of by-products of disinfection.

The detection of individual substances by means of spe-
cific sensors is one of the most active fields in current
research and development, owing to its great relevance to
a variety of technological applications. The main features
required in any sensor are high sensitivity, stability, and
selectivity. The control and testing of the quality of air, soil,
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or water calls for sensors that detect particular molecules
in small amounts in a complex mixture; thus, the detection
needs to be specific and selective, as well as sensitive. How-
ever, currently available commercial sensors made from
inorganic semiconductors like tin oxide, while inexpensive,
possess very little selectivity. For this reason, new kinds of
sensor are being explored® and, among these, conducting
polymers are attracting a lot of interest.” Extensive work
has been done in nose and tongue sensors®'? aimed at con-
trolling pollutants in the environment and at monitoring the
quality of foodstuffs. Most of the devices are based on
electrical changes induced by bulk absorption or surface
adsorption of molecules in conducting polimeric films.'!

Conducting polymers stand out as excellent candidate
materials for use in chemical and electrochemical sensors,
both as sensitive components and as electrodeposited films.
Owing to their intrinsic conducting properties, they can
be made to sense given chemical species by employing
diverse electrochemical techniques. Moreover, one-step
electrosynthesis allows an adherent film of polymer to be
made on the surface of electrodes (enabling microelec-
trodes to be built), with chosen anions included in the
doping matrix.'?

Chemical sensors are a viable solution to the problem
of the high cost of devices used at present in the detection
of by-products and water-quality monitoring. A chemical
sensor can be defined as a device that, when exposed to a
given type of substance (the analyte), transforms character-
istic chemical information, such as polarity, stereochemical
form, concentration and so on, to an analytical signal that
can be measured, such as electrical resistance, current,
potential difference, and frequency.'

Over the last few decades, many articles have been pub-
lished referring to the use of electronic noses and, more
recently, tongues.'* In this context, therefore, a system
of various sensory units, modified with natural and con-
ducting polymers, has been tested for the detection and
estimation of potentially carcinogenic compounds such as
chloroform.

2. EXPERIMENTAL DETAILS
2.1. Conducting and Natural Polymers

The polymers used were: Polyaniline (PANI), poly(o-eth-
oxyaniline) (POEA), humic substances (HS), sulphonate
lignine (SL), and mixtures of these. Polymers PANI and
POEA were synthesized as described in Refs. [15-16] and
polymer SL was obtained from Melbar S.A.

The POEA chemically synthesized using ammonium
peroxydisulfate in solution of 1.0 mol L=! HCl at 0 °C. The
humic substances (HS) were isolated from a water sample
collected in River Jodo Pereira. This river is a tributary
of the River Itapanhat, located downstream-upstream. The
River Itapanhai is located in an environmentally protected
area near the city of Bertioga, in the south coast of
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Sdo Paulo state/Brazil.'” The extraction and the fraction-
ing were made according to the International Society of
Humic Substances,'® as well as recommendations made by
Malcolm."® The HS solutions were prepared in the concen-
trations of 5, 10, and 30 mgL~!. All the aqueous solutions
of POEA, SL, and HS were prepared using ultra pure water
from a Milli-Q system (MilliPore®). The pH adjustment
of the solutions was made adding amounts of 0.1 M of
HClI or 0.1 M of NH,OH.

2.2. Chloroform Sample

A chloroform sample (PA) with the following characteris-
tics obtained from Supelco was used: 1000 concentration
mg (pure); purity degree (99.90%). From the pure solu-
tion, a stock solution of 10 mgL~" was prepared. From
the stock solution were prepared different solutions in the
concentrations of 0.05 mgL~! to 8.0 mgL~!, for the anal-
ysis and pH (s) of the solutions were adjusted to 5.0 which
coincides with the value presented for the stock solution.

2.3. Experimental Details

The specifications of deposition of polymers in each sen-
sor and films for formation of the sensorial system are
presented in Table I.

The conducting polymers based fine films (PANI and
POEA) and natural polymers (HS and SL) were manu-
factured by the Self-Assembly (SA) technique, through
monolayers (e.g., only POEA), bilayers (e.g., a layer
of POEA over SL—POEA/SL) or complexed mixtures
(e.g., solutions of same concentration together- PANI+HS)
over solid substrate (interdigitated microelectrodes of gold
deposited on glass).22

In SA technique, the number of deposited layers and
the time of deposition of polymers, in the microelectrodes,
were effected as follows:

(1) monolayer/3min (POEA and SL);

(2) monolayer/5min (PANI and HS);

(3) complexed mixture/3min (POEA+4SL and POEA+
HS) and

(4) bilayer/3min (POEA/SL, HS/POEA, PANI/SL).

Table I. Sensing units used in sensor system to
analyze the chloroform.

Sensing Unit Type of Material
S1 no film

S2 POEA

S3 POEA/SL
S4 POEA+SL
S5 SL

S6 HS/POEA
S7 POEA+HS
S8 PANI

S9 HS

S10 PANI/SL

Sensor Letters 4, 129-134, 2006
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The experiments were conducted at pH 5.0 using POEA,
HS, and SL in the concentration of 1 x 107> mol L~! and
settling time 3 and 5 minutes in aqueous solution. As
PANI is insoluble in aqueous medium, this was dissolved
in NMP (N-Methyl-2-Pyrrolidone) in the concentration of
1 x 1073 mol L.

The limit of detection (DL) of the system was deter-
mined according to the following equation: DL = K.SB/S,
where S = sensitivity of the method, SB = shunting line
standard of the measures of the white, and K = constant
numerical (value recommended for the IUPAC, K = 3).%¢
The DL is defined as the lowest amount of analyte that
can be detected with a trustworthiness level statistics.

The interdigitated gold microelectrodes (without film)
were manufactured through the photolythographic method.
The characteristics of these interdigitated microelectrodes
are: gold microelectrodes containing 50 pairs of digits,
each containing 10 um wide, 10 um of spacing between
the microelectrodes and 0.1 wm thick of the deposited gold
layer. Ten sensors were prepared per this technique, and an
analysis system was mounted, according to Figure 1. Then
the films containing polymers (POEA, PANI, HS, and SL)
were deposited. The device used in the data acquisition
was an impedance analyzer Solartron SI 1260 installed
on a microcomputer. The amplitude of the input signal
was 50 mV, with the scanning at intervals of 1 Hz to
1 MHz. The data treatment was made by analyses on the
main components (PCA), along with software MATLAB
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Fig. 1. Diagram illustrating the sensorial system.

version 5.2. The PCA analysis is a mathematical manip-
ulation of the data matrix, in order to reduce its origi-
nal dimensionality and it is founded on the correlation
between the variables.?

3. RESULTS AND DISCUSSION

The frequency response for the various sensorial units
in the different test conditions and solutions, are pre-
sented in the chart in Figure 2. For better visualization the
extremes of the chloroform concentrations were chosen.
In Figure 2(a) response obtained for solution in the pres-
ence of 0.1 mgL~! of chloroform and in Figure 2(b) for
8.0 mgL~!.

It was observed that the capacitance decreases with the
increase of the frequency at an almost constant value
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Fig. 2. Capacitance versus frequency: in (a) 0.1 mgL~" of chloroform; (b) 8.0 mgL~" of chloroform; (c) capacitance in function of frequency log
for 0.1 mgL~! of chloroform; (d) capacitance in function of frequency log of the frequency for 8.0 mgL~! of chloroform.
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(ranging 1077 F). Similar results were observed for all
test solutions, i.e., a general decrease of the capacitance
with the increase of the frequency, and an increase of the
capacitance with the increase of the concentration of the
solutions.

In Figures 2(c) and (d) the data relative to the depen-
dence of the capacitance with the frequency log are pre-
sented, for the chloroform solutions in the concentrations
of 0.1 mgL~! and 8.0 mgL~!, respectively. With the fre-
quency log, a separation of the lines relative to the each
sensor is observed. Each electrode has a specific electric
response for the solutions and supplies a distinct signal for
the different chloroform concentrations. Consequently, the
evaluated disposition of the sensors can be used to detect
substances with different properties.

The capacitance measurement can be obtained by select-
ing a specific frequency (e.g., 10° Hz), which simplifies
the acquisition of data and, for practical purposes, it facil-
itates the application. Figure 3 shows to a chart of the
capacitance obtained for each sensorial unit at 10° Hz, for
which, the variations in the measurements better reflect the
difference in charge and conductance storage of several
films.

The relative sensitivity of the sensorial units is modified,
when the chloroform concentration is increased in the
solution. That is observed in Figure 3, where for a fixed
frequency of 10° (Hz), an increase of the capacitance is
observed, with the increase of the chloroform concentra-
tion in the 0.1 mgL~! solution for 8.0 mgL~!.

However, as conducting and natural polymers were
deposited in the sensorial units, in different architectures
and concentrations, the selectivity and the response of
each sensor regarding the increase in the value of the
capacitance, with the increase of the chloroform concen-
tration, was better observed for specific sensorial units. As
seen in Figure 3, sensorial units 4 and 7, which represent
depositions: POEA complex with SL and, POEA complex
with HS respectively, presented better response, that is,
higher capacitance value, as to concentration increase and
chloroform detection in the solution.
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{mgL™)
3.2E-04 T a—
‘ — B0
2.4E-04 — 40
— +— 20
w
o 1.6E-04 - e 10
——05
8 0E-05 1= 02
01
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123 4567 8 910 |+ ulapure
Sensors Wate:

Fig. 3. Capacitance measurements at 10° Hz, obtained for chloroform
solutions with different concentrations.
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Fig. 4. Analytical curves plotted for the determination of the detection
limit.

The analytical curves plotted to determine the detection
limit are shown in Figure 4. From the analytical curves the
Detection Limits (DL) were obtained for each microelec-
trode (interval from O to 2.0 mgL~!), which are shown in
Table II. The limit of detection (DL) was calculated by the
equation: DL = 3-SD/B where SD is the standard devia-
tion average values of the reference sample (in absence of
chloroform) and B is the slope of the straight line (analyt-
ical curve) obtained, respectively.

Figure 5 shows a bar chart, where we have a better visu-
alization of the detection limits for each microelectrode.
As shown in Figure 5, microelectrode 7 was the one that
presented the best detection limit, (0.010 mgL~") followed
by microelectrode 4 (0.012 mgL~"). The worst detection
limit was 0.190 mgL~!, observed for microelectrode 8.
This difference between the microelectrodes is related with
the molecular structure of each film.

Microelectrode 7, is made up of a layer of a com-
plexed mixture of POEA and HS. It has been shown
that in the interaction between HS and POEA, the HS
induces a dopage of the POEA by protonation. In the com-
plex POEA+HS, the carboxylic groups and phenolic acid
groups of the HS induce a primary dopage by protonation
of imine groups of the POEA.%

The presence of HS in the complex with POEA, pos-
sibly contributes for a better interaction with chloroform,
since the presence of aromatic groups in the HS, which
are strongly reactive substrate in substitution and oxida-
tion reactions, favoring this interaction. Substitution and
oxidation reactions are typical in the aquatic chlorina-
tion, and contribute for the formation of organochlorinated
compounds.?’

In the case of microelectrode 4, the chemical groups
contained in the POEA (-NH=) are linked with the SL
by electrostatic attraction that involves the interaction
between the ionized groups of the poliions and substratum,
as well as by interaction by hydrogen linking, that can
occur both for doped POEA, and for the non-doped POEA,
between the groups —NH = of the POEA and groups
HSO3 of the SL.*

Sensor Letters 4, 129-134, 2006



Carvalho et al.

Sensorial System to Detect Chloroform in Water

Table II. Results obtained from the analytical curves.
Linear Equation: Y = A+ BX
Standard Detection Detection
Sensors A Slope B R deviation (SD) limit (DL) mg L~ limit-Err (yErz)
s1 1.68346 x 105 6.03999x 107 0.94 4.86x 107 0.020 5.000 x 103
S2 1.53323 x 1073 3.56633 x 1077 0.90 4.86 x 10~ 0.040 1.000 x 1072
S3 1.37611 x 1075 3.43776 x 1077 0.90 4.86x 107° 0.042 2.000 x 1072
S4 2.19418 x 1073 1.16592 x 10~° 0.95 4.86x 10~ 0.012 5.000 x 10~
S5 1.19043 x 1073 4.94898 x 1077 0.90 4.86x 10~ 0.030 5.000 x 1073
S6 1.89754 x 1075 5.09950 x 1077 0.95 4.86x107° 0.028 1.000 x 1072
S7 2.87201 x 1073 1.39798 x 10~° 0.99 4.86x 10~ 0.010 1.000 x 1073
S8 1.29905 x 1073 7.75714 x 1078 0.98 4.86x 107° 0.190 1.350 x 107!
S9 1.50660 x 1073 1.88286 x 1077 0.96 4.86x107° 0.077 2.50 x 1073
S10 1.53830 x 10~° 3.72347 x 1077 0.95 4.86x 10~ 0.040 5.90 x 1072
0.20 would possibly be contributing to a lesser interaction with
' [ chloroform in aqueous medium.
0.16 With the application of the PCA, it was possible to
%, notice a clear separation between the different types of
= 0.124 polymer deposition and conditions, on the interdigitated
e microelectrodes, as in Figure 6. It was observed the for-
= 0.08 . ; - ) :
mation of three (3) distinct groupings. In grouping I, are
0.044 the sensors that presented the best results for the detec-
| i tion limit, with values below 0.02 mgL~!. In grouping
O_(JD0 i : 10 II, the sensors that presented an intermediate band (above

Sensors

Fig. 5. Detection limits versus modified sensors.

Possibly these groups present both in the SL, and in
the POEA, link more strongly to the chloroform and due
to this the microelectrode 4 also presented good detection
limit. In the case of microelectrode 8, that had the worst
detection limit, we saw that the PANI dissolved in NMP
(N-Methyl-2-Pyrrolidone) does not interact so strongly
with chloroform. This is probably associated with the fact
that this polymer is insoluble in some solvents?® which

x107

e ey

=]
T
i

2nd Principal Component (0,03%)

Mo LR

| R :

I
. 7 T

8
1st Principal Component (39.97%)

Fig. 6. PCA obtained for the sensors relative to the different polymeric
complexes deposited over the interdigited microelectrodes.
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0.02 mgL~! and below 0.05 mgL™"). In grouping III, are
the sensors that presented the worst values for the DL,
with values above 0.10 mgL~!. Sensor S1 corresponds to
the reference microelectrode, that is, without film.

Plotting the score factors on the same PC1-PC2 plan
(Fig. 6), we can observe excellent discrimination between
the sensors. The sensors present good stability, reproduc-
ing the results in more than one measure and, they were
able to discriminate the different chloroform concentra-
tions present in the samples.

The samples with different chloroform concentrations
were also evaluated using the 10 sensors and the

0.3 T T ! T T T
: i 4 160mglL? B :
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R : ; : : H :
S 04fcemeeman AN s N I L O il
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Fig. 7. PCA obtained for the different chloroform concentrations, rela-
tive to the different polymeric complexes deposited over the interdigitated
microelectrodes.
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impedance results also analyzed by PCA (Fig. 7). The
sensorial system was able to differentiate the samples,
due to their different compositions, which interact in
different forms with the polymeric films, producing dif-
ferent impedance values in each sensor, as was previously
observed in Figure 3.

The PCA analysis showed that to the values for first
and second component represents about 100% of the total
variance (PC1 = 99.97%; PC2 = 0.03%) of the observa-
tions. These results suggest that the sensors respond in
a selective form, when in contact with chloroform, with
practically 100% reliability.

4. CONCLUSIONS

A sensorial system using interdigitated microelectrodes
and nanostructured conducting polymers allowed a statis-
tical discrimination in the determination and detection of
carcinogen compounds as chloroform, a by-product gen-
erated from water disinfection processes, in public supply
systems. The polymeric films interacted distinctly with the
compound present in the water. The use of this system for
the evaluation of the water quality shows itself as a poten-
tial tool, making it possible, according to the database gen-
erated, in a selective way, the implementation of an on-line
monitoring system.
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The performance of ZnO/64°-YX LiINbO; and ZnO/36°-YX LiTaOg layered SAW structures was
compared in terms of mass sensitivity and acoustic wave velocity. It was found that the ZnO/64°
LiNbO; structure has a few distinct advantages over Zn0O/36° LiTaO;. For ZnO/64° LiNbO;, the
mass sensitivity is ~2.5 times larger. Additionally, the optimum thickness of the ZnO guiding layer
is approximately half that of the ZnO/36° LiTaO; structure, which reduces the cost of fabrication.

Keywords: 64° LiNbO,, 36° LiTaO,, ZnO, Layered SAW, Mass Sensing.

1. INTRODUCTION

Layered Surface Acoustic Wave (SAW) devices are of
great interest for physical, chemical, and biochemical sens-
ing applications. Their high mass sensitivity, robustness,
ease of immobilization of bio-components on the active
surface and low fabrication cost make them attractive for
these applications. In this work, devices with different
ZnO thicknesses were fabricated both on 64° LiNbO, and
36° LiTaO, substrates and their performance was com-
pared. The most commonly utilised piezoelectric material
orientations which allow the propagation of shear waves
are 90° rotated ST-quartz, 64°-YX LiNbO;,, and 36°-YX
LiTaO;.'* As a result, they are suitable for sensing appli-
cations in liquid media.

By depositing a wave guiding layer onto such substrates,
mass sensitivity can be increased as the acoustic energy is
more confined towards the surface. Layered SAW sensors
for liquid media applications using SiO, on 90° rotated
ST-quartz have been intensively studied.>® SiO, on 36°
YX-LiTaO; layered structure is another SAW structure that
offers potential for liquid sensing applications.” 3 However,
such devices have lower sensitivity than devices based on
ST cut quartz.

It has been shown that replacing the SiO, layer with
ZnO, which is a piezoelectric material, results in consider-
able improvement of mass sensitivity.>!! Shoji et al.!*!!

*Corresponding author; E-mail: kourosh@kalantar.org
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showed that deposition of ZnO layer on LiNbO; or LiTaO,
results in an improved electromechanical coupling coeffi-
cient (K?). The authors' have conducted a comprehensive
study regarding the sensitivity of ZnO/36° LiTaO,; and
found that maximum K2 of 0.075 at thickness of h/A, =
0.05 and maximum mass sensitivity of —70 cm?/g. Chu
et al.'? investigated on the dependence of ZnO film on
the sensitivity of love mode sensor in ZnO/90° rotated
ST-cut quartz structure and found that the devices which
are unheated during sputtering have higher sensitivity than
those which are heated. They also found that the sensi-
tivity of ZnO/90° rotated ST-cut quartz structure is higher
than the Si0,/90° rotated ST-cut quartz structure. Jian
et al.? investigated the preferred orientation of ZnO films
deposited onto a 64° LiNbO; substrate to apply as a liquid
sensor. Zhang et al.'’* investigated a ZnO nanotip guiding
layer grown by metal-organic chemical vapor deposition
on the 128° Y-cut LiNbO,; for biosensing applications.
They claimed that the ZnO nanotip array enhanced DNA
immobilization due to its large surface to volume ratio.

In this paper, the performance of the ZnO/36°-YX
LiTaO; and ZnO/64°-YX LiNbO; SAW devices for sens-
ing applications will be compared.

2. SENSOR FABRICATION

The sensor consists of a two-port resonator with 38 elec-
trode pairs in input and output inter-digital transducers
(IDTs), 160 electrodes in each reflective array, 700 wm
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Fig. 1. A typical sensor showing two identical resonators.

aperture width and a periodicity of 40 um. A two-port
resonator structure was chosen over a delay line as its
higher phase slope increases oscillation stability. The IDTs
and reflectors were formed by patterning an 80 nm Au
layer. The Au layer was deposited upon 20 nm Ti for
improved adhesion to the substrate. The ZnO guiding layer
was deposited by RF magnetron sputtering. The sputtering
gas was 40% O, in Ar at 1 x 1072 Torr, substrate tempera-
ture was 220 °C, giving a deposition rate of ~1.2 um/hour.
The ZnO thin film was employed as the acoustic wave-
guiding layer on both the 64° LiNbO; and 36° LiTaO; sub-
strates, with thickness ranging from O to 8 um. Figure 1
shows a LiTaO; sensor before deposition of the ZnO.

3. MATERIAL ANALYSIS

ZnO films were micro-characterised using the X-Ray
Diffraction (XRD) and Scanning Electron Microscopy
(SEM) methods. It was observed from the XRD patterns
(Fig. 2), that the ZnO thin film grows on LiNbO; and
LiTaO; substrate with c-axis alignment normal and paral-
lel to the surface, respectively.'” For LiNbO,, the strong
(002) peak indicates that the c-axis orientation is normal
to the substrate. The small peak which appears at 72.6°
corresponds to the (004) plane. However, for LiTaO, the
(110) peak indicates that the c-axis lies in the plane of the
substrate. A smaller (102) peak is also present, but it is
much smaller than the (110) peak.

It can be seen from the SEM micrographs (Fig. 3) that
the formation of ZnO crystallites differs on LiNbO, and
LiTaO, (Fig. 2), as does the corresponding crystal orien-
tation, being (002) and (110), respectively as confirmed
by XRD.

4. ACOUSTIC WAVE PROPERTIES

The acoustic wave propagation velocity within the
structures and their mass sensitivity were studied. The
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Fig. 2. XRD patterns.
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Fig. 3. (a) ZnO growth on bare LiTaO, (left) and gold (right), (b) ZnO
growth on aluminium (left) and bare LiNbO, (right).
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Fig. 4. Acoustic wave propagation velocity versus normalized layer
thickness.

theoretical values were calculated using a numerical search
technique.! '* A determinant scan was performed in order
to find the phase velocity which satisfies the boundary
conditions.'> '® Theoretical values for propagation velocity
are in good agreement with the measured values (Fig. 4).
As can be observed, the change in the propagation veloc-
ity with the addition of the ZnO layer is much larger
for the ZnO/64° LiNbO; structure than for the ZnO/36°
LiTaO; structure. Each point is the average of three mea-
surements. The deviation of the measurements from the
average was less than 2%. The velocity shift with increas-
ing layer thickness is correlated to the mass sensitivity,
since the mass sensitivity is influenced by the group veloc-
ity, which relates to the change in group velocity with layer
thickness.’

Theoretical and measured values for mass sensitivity for
these two structures are shown in Figure 5. Theoretical
values for mass sensitivity were obtained by calculating
the phase velocity before and after addition of a perturb-
ing mass layer. Measured values were obtained by spin
coating a polymer with a thickness of 0.25 wm onto the
active area of the sensors. Each point is the average of
three measurements. The deviation of the measurements
from the average was less than 15%. It can be seen that
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Fig. 5. Mass sensitivity versus the normalized layer thickness.
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mass sensitivity reaches a maximum when the normalized
layer thickness is 0.07 of the wavelength for the ZnO/64°
LiNbO; structure and when it is 0.12 of the wavelength
for the ZnO/36° LiTaO; structure. The ZnO/64° LiNbO,
device’s mass sensitivity of approximately 250 cm?/g is
larger than that of the ZnO/36° LiTaO; device, which is
approximately 100 cm?/g. Mass sensitivity measurements
are in a good agreement with the calculations.

The authors have previously shown that the differing
orientations of ZnO which occur on free and metallised
regions of the SAW device result in different values for
propagation velocity, mass sensitivity and electromechan-
ical coupling coefficient.! Additionally, the authors have
also shown'>- !¢ that the crystal structure of sensitive layers
have significant effect on the magnitude of the response
of layered SAW devices for gas sensing applications. It
is believed that the difference of ZnO crystal structures
deposited on various surfaces causes the deviation from
the calculated magnitude for mass sensitivities.

5. CONCLUSIONS

The performance of ZnO/LiTaO; and ZnO/LiNbO; were
compared and for each structure, the ZnO thickness of
maximum mass sensitivity was both theoretically and
experimentally obtained. For a device operating at approx-
imately 100 MHz the ZnO/64° LiNbO; structure reaches
a maximum mass sensitivity of 250 cm?/g when the
normalized layer thickness is 0.07 of the wavelength.
Such a structure is an excellent candidate for the fabrica-
tion of micro-mass sensors with numerous applications in
immunosensing.

Acknowledgment: Authors would like to thank CRC
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The fluorescence behavior of pyrene-1-butylic acid (PBA) chemisorption layer onto nano-porous
anodic oxidized aluminum with a myristic acid layer was investigated and its device was applied as a
fluorescence oxygen sensing material. When the ratio of [myristic acid]/[PBA] onto anodic oxidized
aluminum plate increased, the fluorescence intensity due to monomer emission increased and the
intensity due to excimer emission decreased. These results show that the polarity of the microen-
vironment around PBA molecules increased by chemisorption of myristic acid and the excimer
formation between PBA molecules was suppressed by the myristic acid layer onto nano-porous
anodic oxidized aluminum plate. Both of fluorescence attributed to monomer and excimer were
quenched by oxygen. The Iy/l,o, values, where I, and /o, represent the detected fluorescence
intensities from a substrate exposed to 100% argon and 100% oxygen, respectively, in monomer
emission increased with increasing the ratio of myristic acid to PBA. In contrast, the /,//4, values in
excimer emission decreased with increasing the ratio of myristic acid to PBA. The PBA onto anodic
oxidation of aluminum plates with myristic acid layer obey the modified Stern-Volmer equation and
the Stern-Volmer constant, Kg, at 376 nm attributed to monomer and 461 nm attributed to excimer
increased and decreased with increasing the ratio of myristic acid to PBA.

Keywords: Optical Oxygen Sensing, Pyrene, Nano-Porous Anodic Oxidized Aluminum,

Fluorescence.

1. INTRODUCTION

Ultrathin films such as chemisorption layer, self-assembled
monolayer, Langmuir-Blogett (LB) film and layer by
layer film have been used for development of molecu-
lar devices.' Among the these techniques, chemisorp-
tion layer technique has attracted considerable attention.
Chemisorption layers are formed using spontaneous bind-
ing between a mercapto group and a noble metal (e.g., Au,
Ag, or Pt)**3 or between a carboxyl group and a metal
oxide (e.g., Al,O;, Fe,0;, or Ti0,).%” The chemisorp-
tion technique is very convenient and so is widely used
for optical and optoelectronic devices. Recently, a variety
of devices and sensors based on luminescence quench-
ing of organic dyes, polycyclic aromatic hydrocarbons
(PAHS) such as pyrene or decacyclene immobilized in an

*Corresponding author; E-mail: amao@cc.oita-u.ac.jp
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oxygen permeable polymer (e.g., silicone polymer and
polystyrene) were developed to measure oxygen concen-
tration.®!! Since organic dye molecules directly interact
with polymer molecules, the properties of sensing films
depend strongly on the properties of polymer matrices.
To improve these problems, layer of organic dye molecu-
les directly chemisorbed onto substrate without polymer
matrices are useful for oxygen sensing devices of no inter-
action. As the sensing dye molecules are arranged on the
solid surface directly using chemisorption layer technique,
a highly sensitive device for oxygen sensing will be
obtained by using chemisorption layers.

Among PAHs, pyrene and its derivatives display strong
fluorescence with high quantum yield and long lifetime. '
Among pyrene derivatives, pyrene molecules with a car-
boxyl group are suitable for optical oxygen sensing devices
using chemisorption layer because of the formation of a
stable layer onto anodic oxidized aluminum and carboxyl

doi:10.1166/51.2006.013 139
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group of pyrene carboxylic acid. We previously reported
the properties of optical oxygen sensor using various
pyrene carboxylic acid modified onto anodic oxidized alu-
minum and improvement of oxygen sensitivity of pyrene
carboxylic acid modified onto anodic oxidized aluminum
by co-adsorption of hydrocarbon layer such as perfluoro-
carboxylic acid.'*!® Moreover the fine structures of flu-
orescence spectrum of pyrene are strongly dependent on
its microenvironment. Thus, the pyrene and pyrene deriva-
tives also have been used to investigate the microenvi-
ronment of the fluorescent molecule.!” 2 There are two
processes in the fluorescence mode of pyrene and pyrene
derivatives. One is the emission attributed to monomer of
pyrene molecules and the other is attributed to excimer for-
mation of pyrene molecules. The both fluorescence mode
depend on the microenvironment of pyrene molecules. The
excimer formation of pyrene will be controlled by the co-
chemisorbed hydrocarbon with a long alkyl chain such
as myristic acid, because the hydrocarbon with a long
alkyl chain layer makes a hydrophobic environment around
pyrene molecules.

In this work we describe the fluorescence behavior of
pyrene-1-butylic acid (PBA) chemisorption layer onto
nano-porous anodic oxidized aluminum with myristic acid
layer and its application as a fluorescence oxygen sensing
material.

2. EXPERIMENTAL DETAILS
2.1. Materials

Pyrene-1-butylic acid (PBA) was obtained from Tokyo
Kasei Inc (Tokyo, Japan). Myristic acid was obtained from
Wako Pure Chemicals. (Osaka, Japan). Other materials
were of the highest grade available obtained from Wako
Pure Chemicals (Osaka, Japan).

2.2. Preparation of the Anodic Oxidation
of Aluminum Plate

The aluminum plate (1.2 x 4 cm) was washed with
0.5 mol dm~3 NaOH aqueous solution for 2 min and
then was electrically oxidized in H,SO, solution. The alu-
minum plate was anodized galvanostatically in a ther-
mostated with stirred bath of 1.0 mol dm~* H,SO, at a
temperature of 10 °C for 30 min, a current density of
15 mA cm~2. The applied potential was 20 V. After oxi-
dation, the plate was washed with 0.3 mol dm~* H,PO,
solution for 10 min. The anodic oxidized aluminum plates
were dried in vacuum at 80 °C for 5 h and stored in
vacuum prior to use. By using this method, the depth of
pore of anodic oxidized aluminum prepared was 1.5 um.
The anodic oxidized aluminum is nano-porus structure as
shown in Figure 1. As the surface of anodic oxidized
aluminum plates were observed using scanning electron
microscope (SEM), the mean diameter and the surface
area of a pore of anodic oxidized aluminum prepared was
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Fig. 1. Scanning electron microscope image of the surface of anodic
oxidation of aluminum plate.

estimated to be 30 nm and 7.1 x 10'2> cm?. The surface
area of one anodic oxidized aluminum pore prepared is c.a.
1.4 x 107° cm®. Thus, the total area of pore of anodic oxi-
dized aluminum per 1 cm? is estimated to be c.a. 197 cm?.

2.3. Preparation of PBA and Myristic Acid
Chemisorption Layer

Anodic oxidized aluminum plate was dipped into methanol
solution with different molar composition ratios of PBA
to myristic acid at room temperature for 10 min. After
dipping, the plate was washed with water and methanol
several times. PBA and myristic acid physically adsorbed
onto anodic oxidized aluminum plate were removed by
ultrasonication and then dried under vacuum overnight.
The PBA concentration was fixed to 0.1 mmol dm™>. The
molar composition ratios of PBA to myristic acid were
changed 0 to 10. The amount of PBA chemisorbed onto
anodic oxidized aluminum plate was determined using a
spectrophotometer (Multispec-1500 Shimadzu) according
to previous reported method.?!

2.4. Spectroscopic Measurement

Steady state fluorescence spectra and excitation spectra of
the PBA and myristic acid layers were measured using
a Shimadzu RF5300-PC fluorescence spectrometer with a
150 W xenon lamp as an excitation light source. Excitation
and emission bandpasses were 5.0 nm.

2.5. Characterization of Oxygen Sensor Using
PBA and Myristic Acid Chemisorption Layer

The sample substrates were mounted at 45° angle in the
quartz cell, for steady state fluorescence experiments, to
minimize light scatter from the sample and substrate. Dif-
ferent oxygen standards (in the range 0-100%) in a gas
stream were produced by controlling the flow rates of oxy-
gen and argon gases entering a mixing chamber. The total
pressure was maintained at 760 Torr. All the experiments

Sensor Letters 4, 139—-143, 2006
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were carried out at room temperature. Oxygen sensing
properties of PBA and myristic acid chemisorption layer
were characterized by Stern-Volmer quenching constant,
Ky, obtained from following equation.

L/l = 1+st[02] (1)

where I,, I and [O,] are fluorescence intensities in the
absence and in the presence of oxygen and oxygen con-
centrations, respectively. K, was obtained from a linear
plot of (1,/I)-1 versus [O,].

3. RESULTS AND DISCUSSION

3.1. Fluorescence Behavior of PBA onto
Anodic Oxidation of Aluminum Plate with
Myristic Acid Layer

PBA and myristic acid co-chemisorbed layer onto the
anodic oxidized aluminum plate showed fluorescence at
376, 396 (attributed to monomer emission) and 474 nm
(attributed to excimer emission) when excited at 340 nm
under argon saturated condition as shown in Figure 2.
The spectra (1), (2), and (3) showed the 0, 2, and 10
of [myristic acid]/[PBA] value, respectively. When the
[myristic acid]/[PBA] value increased, the fluorescence
intensities at 376 and 396 nm attributed to monomer
emission increased and the intensity at 474 nm attributed
to excimer emission decreased. As the fine structure of
fluorescence spectrum of pyrene derivatives is affected
by the polarity of its microenvironment, pyrene deriva-
tives have been used as an indicator for studies on the
microenvironment. The enhancement of 0-0 symmetry
forbidden band (A) of pyrene molecules in polar media is
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Fig. 2. Fluorescence spectra of PBA and myristic acid chemisorbed
layer onto the anodic oxidized aluminum plate under argon saturated con-
dition. The excitation wavelength was 340 nm. The spectra (1), (2), and
(3) showed the 0, 2, and 10 of [myristic acid]/[PBA] value, respectively.
A: Monomer, B: Excimer emission.
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induced by a decreasing symmetry due to either dipole-
dipole interaction with the medium molecules. Thus, the
ratio of the fluorescence intensity (B)/(A) is an indicator
of the polarity of the microenvironment around pyrene
molecules and the higher ratio indicates a less polar envi-
ronment. Two typical peaks attributed monomer emission,
376 (A) and 396 nm (B) were obtained in the fluores-
cence spectra of PBA and myristic acid co-chemisorbed
layer onto the anodic oxidized aluminum plate. Figure
3 shows the relationship between the ratio of the fluo-
rescence intensity (B)/(A) and the [myristic acid]/[PBA]
value. The ratio of (B)/(A) decreased with increasing the
[myristic acid]/[PBA] value. Thus, the polarity of the
microenvironment around PBA molecules increased by
co-chemisorption of myristic acid and the excimer for-
mation between PBA molecules was suppressed by the
myristic acid layer onto nano-porous anodic oxidized alu-
minum plate. In all cases of PBA onto anodic oxidation
of aluminum plate with myristic acid layer, the amount
of chemisorbed PBA onto anodic oxidation of aluminum
plate was estimated to be c.a. 10~ mol cm™ according
to the previous reported method.?! Since the area of PBA
molecule is estimated to be c.a. 0.2 nm?, the area PBA
occupied onto 1 cm® of anodic oxidation of aluminum
plate approximately is 1.2 cm?. On the other hand, the total
area of pore of anodic oxidized aluminum per 1 cm? is
estimated to be c.a. 197 cm?. Thus, the PBA and myristic
acid layer chemisorbed onto anodic oxidation of aluminum
plate will be formed the monolayer as shown in Figure 4.

3.2. Oxygen-Induced Fluorescence Spectrum
Change of PBA onto Anodic Oxidation of
Aluminum Plate with Myristic Acid Layer

Figure 5 shows the fluorescence spectrum change of PBA
onto anodic oxidation of aluminum plate with myristic

1.2

0.8 |-

B/A peak intensity ratio

0‘4 1 1 1 |
0 2 4 6 8 10

[Myristic acid]/[PBA]

Fig. 3. Peak intensity ratio (B/A) dependent on the different molar com-
position ratios of myristic acid to PBA onto the anodic oxidized alu-
minum plate.
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Fig. 4. Schematic representation of PBA and myristic acid layers onto
anodic oxidation of aluminum plate.

acid layer by oxygen. The spectra (a) and (b) showed
the 0 and 10 of [myristic acid]/[PBA] value, respectively.
Both of fluorescence at 376, 396 (attributed to monomer
emission) and 474 nm (attributed to excimer emission)
were quenched by oxygen. For all cases of molar com-
position ratio of myristic acid to PBA, both of fluores-
cence at 376, 396, and 474 nm also were quenched by
oxygen. The ratio 1,/1,,,, where I, and I,,, represent the
detected fluorescence intensities from a substrate exposed
to 100% argon and 100% oxygen, respectively, is used as
an indicator of the sensitivity of the sensing film. In gen-
eral, a sensor with /;/1,,, of more than 3.0 was a suitable
oxygen-sensing device.?? The I,/1,,, values of chemisorp-
tion layers with different molar composition ratios of PBA
to myristic acid were summarized in Table 1. The 1,/1,,
values in monomer emission at 376 nm increased with
increasing the ratio of myristic acid to PBA. In contrast,
the 1,/1,y, values in excimer emission at 461 nm decreased
with increasing the ratio of myristic acid to PBA.

3.3. Oxygen Sensing Properties of PBA
onto Anodic Oxidation of Aluminum
Plate with Myristic Acid Layer

Stern-Volmer plot of the relationships between the fluores-
cence intensities of PBA and myristic acid chemisorbed
layer and oxygen concentrations. The plots show non-
linear curve. Demas et al. reported a multi-site model in
which the oxygen sensing film has some different oxygen-
accessible sites.?? According to this model, each site has
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Fig. 5. Oxygen-induced fluorescence spectrum change of PBA onto
anodic oxidation of aluminum plate with myristic acid layer. The excita-
tion wavelength was 340 nm. The spectra (a) and (b) showed the 0, and
10 of [myristic acid]/[PBA] value, respectively, [O,]: (1) 0, (2) 20, and
(3) 100%.
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Table 1. The [,/1,,, values chemisorption layers
with different molar composition ratios of myristic

acid to PBA.
IU/II(K)

[Myristic acid]/[PBA] 376 nm 461 nm
0 279 73.4

1 37.7 47.2
2 56.6 39.6
5 60.0 11.9
10 62.6 9.6

its own individual characteristic-quenching constant. As
the observed fluorescence intensity is the sum of emis-
sion from different oxygen-accessible sites with their own
characteristic quenching constants, the Stern-Volmer rela-
tionship is given by

I/1= [E(fn/(l +KSVn[02]))]71 (2)

where n is an integer. f, is the fractional contribution to
each oxygen accessible site, and Kgy, is the quenching
constant for each site. Assuming that there are k accessible
(and n-k non-accessible) molecules with the same Kgy,
one can then express equation (2) can be expressed as

I, _ 1 4 1 3)

(=1  (fKyw[O])  f

where f = Xf;. This is the maximum mole fraction of
pyrene molecules that are accessible to oxygen. If only a
single class of pyrene molecules with the same accessi-
bility to oxygen is present, 1/f in Eq. (3) should be 1.
Figure 6 shows the modified Stern-Volmer plots for PBA
and myristic acid chemisorbed layer plotted using Eq. (3).
Figures 6(a) and (b) indicate the Stern-Volmer plot of
monomer emission at 376 nm and excimer emission at
461 nm, respectively. The plot of 1,/ (I, —I) against 1/[O,]
showed good linearity, which enhanced compared with the
plot of I,/I against oxygen concentrations. In order to
obtain the f value, the regression line is extrapolated to
1/[0,] = 0. The value of f indicates the oxygen quenching
mole fraction of the PBA molecule and f = 1 means that

12
(a)

1
0 0.06 0.12 0.18 0 0.06 012 0.18
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Fig. 6. Modified Stern-Volmer plots for PBA and myristic acid
chemisorption layer onto anodic oxidation of aluminum plate monitored
at (a) 376 nm and (b) 461 nm. The excitation wavelength was 340 nm.
[myristic acid ]/[PBA]=0 (closed circle), 1 (closed square), 2 (closed
triangle), 5 (open circle), and 10 (open square).
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Table II. The K, values chemisorption layers
with different molar composition ratios of myristic

acid to PBA.

Ksy/%
[Myristic acid]/[PBA] 376 nm 461 nm
0 1.4 2.3
1 1.6 2.0
2 1.8 1.8
5 1.9 1.2
10 2.1 0.84

all excited PBA molecules are quenched equally by oxy-
gen. For all cases of molar composition ratio of myristic
acid to PBA, both of f values at 376 and 474 nm were
nearly to 1.0. The Ky values of chemisorption layers with
different molar composition ratios of PBA acid and myris-
tic acid are summarized in Table II. The Kg, values at
376 nm due to monomer increased with increasing the
ratio of myristic acid to PBA. In contrast, the K, values
at 461 due to excimer nm decreased with increasing the
ratio of myristic acid to PBA.

4. CONCLUSION

In this work we describe the fluorescence behavior of
pyrene-1-butylic acid (PBA) chemisorption layer onto
nano-porous anodic oxidized aluminum with myristic
acid layer and its application as a fluorescence oxygen
sensing material. When the [myristic acid]/[PBA] value
increased, the fluorescence intensity due to monomer emis-
sion increased and the intensity due to excimer emission
decreased. From the PBA fluorescence shape onto nano-
porous anodic oxidized aluminum plate with myristic acid
layer, the polarity of the microenvironment around PBA
molecules increased by co-chemisorption of myristic acid
and the excimer formation between PBA molecules was
suppressed by the myristic acid layer onto nano-porous
anodic oxidized aluminum plate. For all cases of molar
composition ratio of myristic acid to PBA, both of fluo-
rescence at 376, 396, and 474 nm also were quenched by
oxygen. The I/1,y, values in monomer emission increased
with increasing the ratio of myristic acid to PBA. In con-
trast, the 1,/1,,, values in excimer emission decreased with
increasing the ratio of muyristic acid to PBA. The oxy-
gen sensing properties of PBA onto anodic oxidation of
aluminum plate with myristic acid layer was investigated
using Stern-Volmer theory. The PBA onto anodic oxidation

Sensor Letters 4, 139—-143, 2006
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of aluminum plates with myristic acid layer obey the mod-
ified Stern-Volmer equation. The Ky values at monomer
emission increased with increasing the ratio of muyristic
acid to PBA. On the other hand, the Ky values at excimer
emission decreased with increasing the ratio of myristic
acid to PBA.
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The reactive oxygen species (ROS) have important physiological and protective roles in the main-
tenance of living systems. However, excessive production of ROS can impact cellular homeostasis
and lead to oxidative stress. Superoxide has high reactivity acting as a reductant and an oxidant.
Because of the pathophysiological roles of superoxide several methods for its detection have been
developed. Spectrophotometric assay is nonspecific for superoxide, which limits its use. Chemilu-
minescent methods have been used frequently for vascular tissue samples because they are more
sensitive than other conventional methods. Fluorescence-based assays have also been widely used
in cultured cells and vascular tissues. Electron spin resonance (ESR) spectroscopy, also known as
electron paramagnetic resonance (EPR), quantitatively measures superoxide concentration but is
less suitable for its in vivo detection. Electrochemical sensors based on cytochrome ¢ reduction or
superoxide dismutase (SOD) enzymatic reaction have been developed for real-time monitoring, but
lack adequate performance for in vivo superoxide measurement. Newly developed SOD-immobilized
superoxide sensors reportedly have satisfactory performance for in vitro measurement. In this paper,
we review superoxide measurement methods from the early spectrophotometric assays to the third
generation of electrochemical sensors.

Keywords: Superoxide, Superoxide Dismutase, Superoxide Sensor, Electrochemical Sensor,
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Oxidative Stress.

1. INTRODUCTION

The use of oxygen in respiration has had a long and ven-
erable prehistory; eukaryotes and prokaryotes first utilized
oxygen perhaps as long ago as 2 billion years. The rapid
and varied oxidation reactions make oxygen a very useful
molecule in catabolic, and anabolic or biosynthetic path-
ways. However, oxygen is highly reactive and the resulting
oxidative damage makes it toxic even to oxygen-dependent
organisms. Organisms have developed extensive antioxi-
dant defenses, and as awareness of the important roles of
reactive oxygen species (ROS) in animal and plant pathol-
ogy increases so does the interest of medical researchers,
physiologists, and plant pathologists, in the antioxidant
defense systems in cells and tissue.

Excessive production of ROS in mammals can affect
cellular homeostasis and lead to oxidative stress, and

*Corresponding author; E-mail: miyasaka@md.okayama-u.ac.jp
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is associated with inflammation,' hypercholesterolemia,’
diabetes mellitus,® hypertension,* ischemic heart disease,’
and chronic heart failure.® Figure 1 shows a schema
of the process of oxidative stress. Table I shows the
roles of ROS in vivo. Table II lists both oxygen radicals
(superoxide anion radical, commonly called superoide:
O;, hydroxyl radical: OH', etc.) and certain nonradicals
(ozone: O;, peroxynitrite: ONOO™, singlet oxygen: '0,,
hydrogen peroxide: H,0,) that are oxidant or are easily
converted into other radicals and nonradicals. Some of the
ROS of medical interest are known to have very short
half-lives.”

The respiratory chain of enzyme activity in the mito-
chondria is the main intracellular source of O; . Figure 2
shows the steps in the four-electron reduction of molecu-
lar oxygen (O,) to water via O;, H,0,, and OH'. O; is
produced by the one-electron reduction of molecular O, as
the first intermediate in this pathway. While O is mainly
produced by dihydronicotinamide adenine dinucleotide

1546-198X/2006/4/144/011 doi:10.1166/s1.2006.014
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Fig. 1. Schematic illustration of mechanisms for the generation and
elimination of ROS in vivo.

(NADH) dehydrogenase in mitochondria, other enzymes
also produce O; such as reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase in phagocytic
cells, NADPH cytochrome P450 reductase in microsomes,
and xanthine oxidase (XOD) and NAD(P)H oxidases in
endothelial and vascular smooth muscle cells. For exam-
ple, hypercholesterolemia increases endothelial production
of O;” by XOD activation.® Increased O~ production may
inactivate nitric oxide (NO) as endothelium-derived relax-
ing factor (EDRF) ° contributing to the atherosclerotic
process. In hypertension, oxidative stress is enhanced due
to increased O, production by NAD(P)H oxidase and
decreased scavenging of O; by extracellular superoxide
dismutase (SOD).!"

One family of highly-conserved enzymes has evolved
to reduce O; is the SODs, which catalyze the reaction of
O;~ with an electron and 2 protons to form H,O,.

205 +2H —2 0, +H,0, (1)

Three mammalian SODs have been identified: copper/zinc
SOD (Cu/Zn SOD; SOD1), manganese SOD (Mn SOD;
SOD?2), and extracellular SOD (EC-SOD; SOD3). Cu/Zn
SOD, the first member of the family discovered in mam-
mals in 1969, is located in the cytosol and nucleus
of all cell types.!® Mn SOD, the second mammalian
enzyme discovered from pig heart in 1973, is localized
in the mitochondrial matrix.'"'?> The essential role of Mn

Table I. Roles of ROS in vivo.

Physiological condition
(normal production)

Pathophysiological condition
(overproduction)

By-product of ATP
Cytotoxicity against bacteria
Homeostatic regulation

Signal transfer of nerve system

Vascular dysfunction
Inflammation

DNA damage
Oxidation of proteins
Lipid peroxidation
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Table II. Reactive Oxygen Species.

Free radicals

Superoxide 0,~
Hydroxyl OH
Hydroperoxyl HO,
Peroxyl RO,
Alkoxyl RO
Carbonate CO;y
Carbon dioxide CO;
Nonradicals
Hydrogen peroxide H,0,
Hypobromous acid HOBr
Hypochlorous acid HOCI
Ozone 0O,
Singlet oxygen '0,
Organic peroxides ROOH
Peroxynitrite ONOO~

Peroxynitrous acid ONOOH

SOD is maintaining mitochondrial function.'*> EC-SOD,
the third and latest mammalian SOD discovered, was iso-
lated from human lung by Marklund in 1982.'* EC-SOD
contains copper and zinc like Cu/Zn SOD but not man-
ganese. Whereas the intracellular isoenzymes Cu/Zn SOD
and Mn SOD are synthesized by virtually all mammalian
cell types, important sources of EC-SOD are fibroblasts
in peripheral tissues and glia cells in the central nervous
system.'> EC-SOD is secreted into the extracellular fluid
(plasma, lymph, ascites, synovial fluid, and cerebrospinal
fluid) '® and reversibly binds to heparan sulphate proteo-
glycan ligands in the glycocalyx of the surface of most
tissue cell types and in the interstitial matrix.'> Table III
lists these SODs.

O; also is eliminated by nonenzymatic antioxidant
components such as tocopherol (vitamin E) and flavo-
noides.!” Pietta et al. showed that ginkgoflavonol-glyco-
sides and green tea (Camellia sinensis) catechins (types
of tannin) metabolites have antioxidant capacity.'® Of the
many kinds of catechins in tea, such as (4)-catechin, (—)-
epicatechin, (—)-epigallocatechin, (—)-epicatechin gallate,
and (—)-epigallocatechin gallate, act as scavengers for
0;." Catechins contained in green tea also directly scav-
enge NO, which is why green tea is reputed to be an excel-
lent dietary source of antioxidant by virtue of its inhibitory
effects on ROS metabolism.?’ Simonetti et al. showed that
the levels of caffeic acid (hydroxycinnamic derivative) in
human plasma increased linearly with dose of ingested
of red wine, and that the caffeic acid concentrations
correlated with the variation of plasma total antioxidant

2H* 2H*
7> 02.— % H202 7> OH +OH- % 2H20
e- e e e

Fig. 2. Schematic illustration of one-electron reduction pathway of
oxygen.
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Table III.  Superoxide dismutase (SOD).

Type Name Metals  Subunit Size  Location

SOD1  Coppet/zinc Cu/Zn 16 kDa Cytosol and
SOD nucleus of all

cell types

SOD2  Manganese Mn 16 kDa Mitochondria
SOD

SOD3 Extracellular Cu/Zn 30 kDa Fibroblasts, glial
SOD cells, and extra-

cellular fluid

capacity.”! Although such common foods may offer attrac-
tive targets for development of pharmaceutical products,
they also are dietary sources of antioxidants that can act
to confound in vivo investigations.

The high reactivity of O, , abundant opportunities
for auto-oxidation, and the scavenging system make the
half-life of O, in biological systems extremely short.
Real-time monitoring of O;~ production within the cell and
in the extracellular matrix in vivo challenges current tech-
nological capacity. The reports about the sensors described
in this article are of proof-of-concept studies of the pro-
duction of O; in basic cellular processes. The meth-
ods include spectrophotometric assays, chemiluminescent
detections, fluorescence-based assays, electron paramag-
netic resonance (EPR) spectroscopy and spin trapping,

Table IV. Methods of detecting superoxide.

Spectrophotometric assays Cytochrome ¢

Nitro blue tetrazolium (NBT)

Luminol

Coelenterazine

2-methyl-6-phenyl-3,7-dihydroimidazo-
[1,2-a]pyrazin-3-one (CLA)

2-methyl-6-(4-methoxyphenyl)-3,7-
dihydroimidazo[1,2-«|pyrazin-3-one
(MCLA)

Lucigenin

Dihidroethidium (DHE)

Dichlorofluorescein (DCF)

Electron spin resonance 5,5-dimethylpyrroline-N-oxide (DMPO)
(ESR) 5-dethoxyphosphoryl-5-methyl-1-
pyrroline-N-oxide (DEPMPO)

Catalase-based sensor

Superoxide dismutase-based sensor

Chemiluminescence assays

Fluorescence assays

Electrochemical
detection = sensors

Table V. Advantages and disadvantages of ROS measurement.

Miyasaka et al.

electrochemical detection, and combinations of methods
(Table IV). Table V lists the advantage and disadvantage
of these ROS measurement systems. Published reviews on
the measuring methods of vascular reactive species pro-
vide more detailed comparisons.?>%°

2. CONVENTIONAL METHODS FOR
SUPEROXIDE DETECTION

2.1. Spectrophotometric Assays

Spectrophotometric assays measure the change of absorb-
ance of reagents by reduction reaction with O}, including
cytochrome ¢ (cyt ¢) reduction, and nitroblue tetrazolium
(NBT) reduction, and aconitase reduction.

Cyt ¢ reduction is a method widely used for mea-
surement of O, production by various enzymes, tissue
extracts, and cells. O is measured as SOD-inhibitable
reduction of ¢yt ¢, determined as an increase in absorbance
of Fe(I)-cyt ¢ at 550 nm.

Fe'cyt c+0; — Fe''cyt ¢+ 0, ()

Several precautions to avoid overestimation are required
in the use of this method, because cyr ¢ is nonspe-
cific for O;, and reduced cyt ¢ can be reoxidized by
cytochrome oxidases, peroxidases and oxidants, including
H,0, and ONOO~. The use of modified cyt ¢ such as
acetylated cyt ¢ and succinoylated cyr ¢ minimize these
potentially misleading reactions.? However, modified cyt
¢ cannot be used to measure O, released by uncou-
pled NO synthase (NOS) because neuronal NOS reduces
native, acetylated and succinoylated cy? c by direct electron
transfer.”’

When Cyt ¢ reduction is applied for the assay of SOD
activity,'® 8 the reduction rate of cyt ¢ by O; is monitored
at 550 nm using the xanthine/XOD system as the source
for O;".

Xanthine + O, + H,0 ——> Uric acid + 2H* +0;  (3)

SOD competes with cyt ¢ for O, and decreases the reduc-
tion rate of cyt c¢. The rate of reduction of ¢yt ¢, inhibited
by SOD, is plotted as reciprocal absorbance change per
minute versus a standard concentration of SOD. One unit

Chemiluminescent
methods

Optical methods

Electrochemical

ESR(EPR) methods

Object for detection Spectrophotometry Chemiluminescence Electron spin resonance Electrode reaction
fluorescence spectrum

Easy and simple yes yes no yes/no

Quantitative no yes yes yes

Disadvantage Qualitative Probe selectivity Complicated procedure Hand-made

Auto-oxidation
Real time monitoring no yes no yes
Real time in vivo monitoring no no no yes
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of SOD is defined as that amount of enzyme, which
inhibits the rate of cyr ¢ reduction by 50%.

The formation of NBT reduced by O, to form mono-
formazan (NBT™) can be monitored by spectrophotometer
at 550 to 560 nm. NBT detects intracellular O;"; however,
it is susceptible to reduction by several tissue reductases.
The specificity for O, must be confirmed by inhibition
of NBT staining by SOD. NBT has been shown to arti-
ficially generate O, by reacting with environmental O,
under aerobic conditions. For these reasons, detection of
O; in biological samples should not rely exclusively on
NBT reduction.

2.2. Chemiluminescent Methods

Because chemiluminescent intensity is considered to be
in proportion to O, concentration, it iS an appropriate
method of O;” measurement.” And because they are more
sensitive than other spectroscopic measurements, chemilu-
minescent methods frequently have been used for vascular
tissue samples. Several chemiluminescent reagents have
been used, including lucigenin (bis-N-methylacridinium),
luminol (5-amino-2,3-dihydroxy-1,4-phthalayineione), co-
elenterazine  [2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-
8-benzyl-3,7-dihydroimidazo [1,2-a]pyrazin-3-one],*® and
coelenterazine’s analogs such as CLA (2-methyl-6-phenyl-
3,7-dihydroimidazo| 1,2-a]pyrazin-3-one) and MCLA [2-
methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-«]
pyrazin-3-one].3!

Among the chemiluminescent reagents, lucigenin has
been used most widely to measure rapidly changing O;~
concentrations. The mechanism of O, -dependent luci-
genin chemiluminescence requires an initial one-electron
reduction by which a lucigenin di-cation (Luc**) is trans-
formed to a mono-cation radical (Luc ™). The mono-cation
radical then reacts with O; to yield the unstable diox-
etane (LucQ,), which spontaneously decomposes. This
results in the formation of an electronically excited acri-
done, which emits light when it returns to a ground state
(Fig. 3).

Guyllenhammar showed that lucigenin derived chemi-
luminescence possesses a high degree of specificity for
O; produced from human neutrophils stimulated with a
variety of soluble stimuli.*? Auto-oxidation is negligible at
low concentrations (<20 umol/L* or 5 uM 3*3%). How-
ever, the concentrations of lucigenin must be controlled to
avoid auto-oxidation at higher concentrations (up to 250
umol/L), where redox cycling is favorable.*

reduction

Luc** ———— Luc™ 4)
Luc* +0, < Luc*" + 05" (5)

Viasquez-Viar et al. demonstrated that lucigenin stimulates
eNOS-dependent NADPH consumption and O; genera-
tion. In this reaction, lucigenin (Luc®") is reduced to the

Sensor Letters 4, 144—-154, 2006
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Lucigenin

one-electron reduction

Lucigenin cation radical

Lucigenin dioxetane

N- methylacrldone
(excited state)

N-methylacridone
(ground state)

Photon
(light emission)

Fig. 3. Schematic illustration of the reaction pathway leading to luci-
genin chemiluminescence.

Luc™, which reacts with oxygen to regenerate lucigenin
and O5.%7

NADPH/eNOS + Luc*t — Luc* (6)
Luc™+0, ¢ Luc*™ + 05 )

Liochev and Fridovich showed that lucigenin (Luc?") is
reduced to the Luct by other enzymic reaction such as
XOD + NADH, and glucose oxidase + glucose and then
Luc™ rapidly auto-oxidizes and produces O;.*® Because
lucigenin undergoes a cycle of univalent reductlon fol-
lowed by auto-oxidation, the difficulties in controlling the
possible enzymic reactions in cells and tissue limits its
use in measuring O, . Scheriber et al. performed real-
time monitoring of O, production in vitro using luci-
genin chemiluminescence® in brain slices during and after
hypoxia, however the results were qualitative.

The mechanism of O -dependent luminol chemilumi-
nescence requires an initial one-electron reduction by
which a luminol is transformed to a luminol radical.
The luminol radical reacts with O; to yield an unstable
endoperoxide. The luminol endoperoxide decomposes to
N, and aminophthallate. The aminophthallate, in an elec-
tronically exited state, relaxes into a ground state and emits
a photon.

Luminol-derived chemiluminescence may be induced by
a variety of ROS including O;~, OH', and H,0,.*° Thus,
various scavengers such as uric acid for ONOO™ and cata-
lase for H,O, are necessary to identify which ROS is
responsible for the signal produced by luminol.

The above conventional chemiluminescent methods are
useful for in vitro O; measurement in isolated tissues,
isolated vessels or cultured cells. Recently, some of chemi-
luminescent methods have been applied in vivo, including
the monitoring of O; production from the surface of rabbit
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heart and cat brain by the MCLA chemiluminescence;*!-#?
however, precise quantitation is problematic with the in
vivo method.

2.3. Fluorescence-Based Assays

Fluorescence-based assays also have been widely used for
detection of ROS in cultured cells and vascular tissues.
Although these approaches are semi-quantitative, they pro-
vide important information on the localization of ROS
in sample tissues and cells. Cells can be analyzed by a
micro plate reader or by a fluorescence-activated cell sorter
(FACS).* Fluorescent intensity provides quantitative infor-
mation on ROS formation. Dihydrothidium (DHE) and
dichlorofluorescein (DCF) are common fluorescent probes
used to measure O, . DHE is cell-membrane permeable
and reacts with intracellular O;" to form an intermedi-
ate product, which in turn interacts with DNA produc-
ing nuclear fluorescence at an excitation wavelength of
500-530 nm and an emission wavelength of 590-620 nm.
Zhao et al. discovered another fluorescent product (excita-
tion, 480 nm; emission, 567 nm) by the reaction of DHE
and O; .* DHE may react with OH" and H,0,, it shows
reasonable specificity to O, . Oxidation transforms 2',7'-
dichlorodihydrofluorescein (DCFH) to the highly fluores-
cent 2',7'-dichlorofluorescein (DCF). DCFH may also be
auto-oxidized to form H,O, and requires special precau-
tions to avoid overestimation. DCF has been used to detect
ROS in cultured cells, but the cell-membrane permeable
type (DCF-diacetate: DCF-DA) must be used for tissue
studies. Although DCEF is not specific to O;, and can flu-
oresce in response to a variety of ROS including H,0,,
other peroxides, and ONOO™, it is a useful marker of
ROS.45'46

2.4. Electron Spin Resonance Spectroscopy Methods

Electron spin resonance (ESR) spectroscopy, also known
as electron paramagnetic resonance (EPR), detects mole-
cules with unpaired electrons by means of spin-trap
reagents, which incorporate radical molecules into their
structure. Common spin trap reagents are nitrones such
as 5,5-dimethylpyrroline-N-oxide (DMPO), which form
—OH and —OOH adducts on reaction with the hydroxyl
and O; radicals, respectively.*’ A more O; -specific and
stable spin trap reagent, 5-dethoxyphosphoryl-5-methyl-1-
pyrroline-N-oxide (DEPMPO) has proven useful in mea-
suring O; concentration in aqueous solution using liquid
nitrogen freezing.*® 5-ethoxycarbonyl-5-methyl-pyrroline-
N-oxide (EMPO)-O; adduct (EMPO-OOH) is more sta-
ble than DEPMPO-O;~ adduct (DEPMPO-OOH). Zhang
et al. showed that the signal-to-noise ratio of the ESR spec-
trum of EMPO-OOH is further enhanced by labeling the
nitrone group in EMPO with a nitrogen-15 atom (['>N]-
EMPO).* However, some spin-trap reagents are more spe-
cific for O, than others. In the presence of reductants
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in tissues such as ascorbate, the spin active adducts are
rapidly reduced to ESR silent species. Probe instability,
tissue metabolism, lack of spin trap specificity and the
high cost of ESR spectrometers make this technique more
suitable for the in vitro detection of free radicals in small
volume samples.

3. ELECTROCHEMICAL SENSORS FOR
SUPEROXIDE MEASUREMENT

3.1. Cytochrome c-Based Sensors

In an early sensor design, McNeil et al. developed a mono-
layer gold disc electrode surface-modified with 4,4’-dithio-
bipyridine to monitor the reduction of cyz ¢ by O;.° The
principle of this method is to measure the change in elec-
tric current by the reoxidation of reduced cyt ¢ by O; at
—25 mV. In this method, cyt ¢ was not immobilized on
the gold electrode but was only dissolved in sample solu-
tions. They showed that the reduction of cyt ¢ was specific
to O;, and the measured current was proportional to the
spectrophotometric assay by cyt ¢. The measured current
was proportional to the number of neutrophils that produce
05, and then they concluded that this method is applicable
to measurement of O, in biological samples.

Subsequently, McNeil et al. developed reagentless sen-
sor system that is applicable to continuous direct monitor-
ing O, concentration in vitro! Cyt ¢ was immobilized
by passive adsorption to a monolayer, platinised activated
carbon electrode (PACE). The rate of current production
during reoxidation of cyt ¢ reduced by O, was monitored
using both xanthine/XOD and stimulated neutrophils as
sources of O; .

Fabian et al. showed that the PACE cyr ¢ electrode
is sensitive and responsive enough for real-time in vivo
qualitative measurement of O in brain tissue.’>> To
improve the measurement limit of enzymatic and cellu-
lar O; production, Tammeveski et al. adapted a 3,3'-di-
thiobis(sulfosuccinimidylpropionate) (DTSSP)-monolayer
modified gold electrode and immobilized cyt ¢ on the
electrode.®® Although the PACE electrode type sensor
could not achieve real-time monitoring because of the
small measurement area of the electrode, the DTSSP elec-
trode had a larger area which enabled real-time monitoring
of O; . They applied this electrode to a quantitative in vitro
analysis of O; released from lipopolysaccharide-activated
human glioblastoma cells and demonstrated the relation-
ship between O, and NO.%

Ge and Lisdat immobilized cyt ¢ on a mercaptounde-
canoic acid/mercaptoundecanol-modified gold wire elec-
trode to improve electron transfer between cyt ¢ and the
electrode.*® Biittemeyer et al. applied this ¢y c-based sen-
sor to real-time in vivo measurement in the gastrocne-
mius muscle tissue during reperfusion after ischemia, and
demonstrated stable signals specific to O, during reperfu-
sion injury.”’
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Lisdat et al. later designed a monolayer cyt ¢ sensor
for the measurement of antioxidant activity in analytical
grade substances.® They used the O; produced by xan-
thine/XOD reaction, and the antioxidant activity quantified
as a percentage of the signal decrease to determine the
50% inhibition value for flavonoids. The antioxidant activ-
ity was arranged in the order, flavanols > flavonols >
flavones > flavonones > isoflavonones. Subsequent exper-
iments using the same sensor design compared the in vitro
Oj; scavenging activity and the in vivo antioxidant poten-
tial of methanolic extracts prepared from 10 Chinese toni-
fying herbs.” For the measurement of O, scavenging
activity in vitro, they used hypoxanthine/XOD, and a cyt
c-modified gold electrode O, sensor to measured the cur-
rent changes caused by the addition of herbal extracts.
They used CCl, hepatotoxicity model mice in experi-
ments measuring the in vivo antioxidant potential of the
herbal extracts. Plasma alanine aminotransferase activity
and glutathione regeneration capacity were measured as
the indices of antioxidant potential of the herbal extracts.
They showed the O; scavenging activity in vitro and
antioxidant activity of the herbal extracts fed to the mice,
respectively, but the in vitro O; scavenging activity did
not correlate well with the in vivo antioxidant activity in
the mouse model.

3.2. The Basics of SOD-Based Sensors

Several SOD-immobilized sensors using the reaction of
O; with SOD have been developed since 1989. McNeil
et al. immobilized bovine Cu/Zn-SOD on a PACE mono-
layer sensor by passive adsorption.’! The principle of O;
measurement is as follows: SOD eliminates O, by the
following reaction:

205 +2H" —2 0, +H,0, (1)

These sensors determine O, concentration indirectly by
measuring the amount of H,0O, produced by this enzymatic
reaction.

H,0, =%, 0, +2H* +2¢" (7)
Campanella et al. developed an SOD-immobilized bio-
sensor.>* SOD was physically entrapped in a kappa-car-
rageenan gel membrane, and then immobilized on the
monolayer electrode. Figure 4 shows the structure and
reaction mechanisms of SOD-immobilized O sensor.
They used the Clark electrode and an Ag/AgCl anode,
between which —650 mV was applied. The Clark elec-
trode and anode are covered with a polypropylene gas-
permeable thin-film membrane. O, and H,O, are produced
by elimination reaction of O, by SOD [Eq. (1)]. The O,
produced passes through the gas-permeable membrane and
is measured by the electrode, so that the value of measure-
ment indicates the amount of O;". But O, also is consumed
by O; product reactions such as the xthantine/XOD
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Clark electrode

. | 5
' Pt cathode Ag/AgCl anode

KC10.1 mol/L '
in phosphate buffer 1/15 mo/L !

'
gas-permeable membrane .

kappa-carrageenan membrane
entrapped SOD

/ \ dialysis membrane
NV

0, H,0,

Fig. 4. Superoxide sensor with the Clark electrode by Campanella et al.

reaction [Eq. (3)], and accurate measurement of O, con-
centration with this type sensor is difficult.

An improved version of the sensor used a classical amp-
erometric monolayer gold wire electrode for H,O, as an
indicator of O5~ production.®’ Figure 5 shows the structure
and reaction mechanisms of this sensor. H,O, produced
by SOD [Eq. (1)] in the membrane surface diffuses
through the membrane and reacts with the electrode. The
SOD/H,0, biosensor could measure O, concentration,
and was used in a study of the activity of scavengers for
O;~ (ascorbate, glutathione, and cysteine). The SOD/ H,0,
biosensor measured the O, released from homogenized
healthy and cancerous kidney tissues, and showed that the
amount of O, released from cancerous kidney tissues was
greater than that from healthy tissue.®!

Campanella et al. used the improved amperometric SOD
biosensor in vitro to evaluate antioxidant properties of
several fruits and vegetables obtained at a local market:
garlic, shallot, onion, Japanese garlic, chilli, aloe, cauli-
flower, radish, carrot, tomato, kiwi fruit, mandarin, orange,
lemon, grapefruit, and strawberry.®* O5~ was produced by
xanthine/XOD system in pH 7.5 PBS solution, and the
calibration curve of the SOD sensor was recorded. The
scavenging properties of these foods were evaluated from
the percent ratio of slope values of the calibration curve

Ag/AgCl cathode

Pt anode
2e”
0,+2H* H,0,
7\ cellulose acetete membrane
SOD kappa-carrageenan membrane
entrapped SOD
/ X/ dialysis membrane
0y~ 0,

Fig. 5. Superoxide sensor with a classical amperometric electrode for
H,0, by Campanella et al.
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both in the absence and presence of each food. In the
results, the slope values decreased from 18.7 to 78.1%.
In related studies, Campanella et al. applied this ampero-
metric SOD biosensor to determine the antioxidant capac-
ity of different kinds of teas and herbal products such
as decaffeinated (detheinated) tea, ordinary tea, green tea,
and different fresh aromatic herbs, varieties of olives, and
types of fresh fruits.5>% They concluded that the results
obtained by the SOD biosensor were in good agreement
with the results obtained by other methods such as the
cyt ¢ reduction method, and the spectrophotometric-NBT
method.

Ge et al. used two types of SOD-immobilized sensors,
CuZnSOD and FeSOD, in which each enzyme was immo-
bilized on a 3-mercaptopropionic acid (MPA)-modified
gold electrode, respectively.® O~ was obtained via the
hypoxanthine and XOD reaction, which had no catalytic
current in the cyclic voltammogram, but had significant
influence on the peak currents of oxidation and reduction
of O; .

3.3. Other Sensors

Campanella et al. developed a tyrosinase-immobilized
biosensor for O, detection by applying a gaseous dif-
fusion electrode for oxygen.®® Phenol is converted to o-
quinone through the reaction catalyzed by tyrosinase.

tyrosmaqe

phenol + O, ————— o —quinone+H,0  (8)

The O, consumed in this reaction is immediately detected
by the electrode.

electrode

0, +4H" +4e™ 2H,0 9)

O inhibits the tyrosinase reaction, and the percentage of
inhibition is proportional to O,  concentration.

Galactose oxidase (GAO) was used in a similar manner
for O, detection.®® GAO separately catalyses both the oxi-
dation of primary alcohol to its aldehyde, and the reduction
of O, to H,0,. This catalytic activity is inhibited in the
presence of certain free radicals.

RCH,0H+0, —*° L RCHO+H,0,  (10)

The percentage of inhibition of this oxidation reaction can
be used to determine free radical concentration such as
O; and NO. GAO is not specific enough for use under
complex conditions.

4. PREPARATION OF AN SOD-IMMOBILIZED
0, SENSOR

A sensitive and stable O, sensor® uses the specificity of
the enzymatic reaction of SOD with O, without any effect
from other oxidants and reductants. The electron mediator,
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Fig. 6. SOD-immobilized superoxide sensor with a platinum wire
electrode.

Stainless tube SOD + Mediator

Pt wire

0.1 mmi Polyurethane

membrane

Glass tube 1.0 mm

Fig. 7. Detailed schematic illustration of the SOD-immobilized super-
oxide sensor with a platinum wire electrode.

ferrocene-carboxaldehyde was used for efficient electron
transfer.%®7° The SOD sensor directly measures the current
produced by reoxidation of SOD instead of the current
from electrode reaction with H,O, (Fig. 6).

Figure 7 shows the structure of a simple SOD-immo-
bilized O, sensor. The sensor consists of a polyurethane-
coated platinum wire (diameter: 0.1 mm, and effective
length: 1 mm) as the working electrode, a glass tube as the
insulator, and a stainless tube (inner diameter: 0.94 mm)
as the counter electrode. SOD (Mn-type) and the modu-
lated ferrocene-carboxaldehyde mediator are immobilized
on the electrode.

5. CALIBRATION OF THE
SOD-IMMOBILIZED O; SENSOR

The SOD-immobilized O;~ sensor in Figure 7 is calibrated
with O3, which is enzymically produced in phosphate
buffer saline (PBS) solution. The enzymatic reaction of
xanthine and XOD synthesizes O, [Eq. (3)] as it does
in vivo.”" Figure 8 shows the experimental setup for cali-
bration. The O;~ sensor is located in the detection cham-
ber. Xanthine-PBS solution is perfused into the chamber at
2.8 ml/min. PBS solution with or without XOD is added
at 0.2 ml/min to control O; production. Xanthine con-
centration in the detection chamber is 100 uM, and XOD
concentration is controlled between 0 and 50 mU/ml by
changing the flow rate. A charge of +0.5 V is applied
to the working electrode, and the change in the cur-
rent produced by the reoxidation reaction of SOD, which
is reduced by dismutation of O, , is measured by a
potentiostat.
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Sensor
Computer

Potentiostat

Xanthine
solution

F

XOD solution

Detection chamber

Fig. 8. Experimental setup for calibration of the SOD-immobilized
superoxide sensor using superoxide produced by xanthine/XOD (see Fig.
7 for electrode detail).

Figure 9 shows typical traces of the measured cur-

rent. When xanthine and XOD are mixed and injected
into the chamber, the current gradually increases to the

XOD supply

XOD concentration
1.6 50 mU/ml

40 mU/ml
30 mU/ml ||
08} T s Aibbon

i 20 mU/ml

1 I o
A —WU“‘"“E”MU T
Eli ﬂn“mr‘ 0 mU/ml

) 1 1 1
0 100 200 300
Time [sec]

Current [nA]

(=]

Fig. 9. Time courses of the current responses for superoxide produced
by xanthine/XOD (0-50 mU/ml).

1.8

1.6 [

Current [nA]

A/[XOD] [(mU/ml)""2|

Fig. 10. Relationship of the peak current and XOD concentration
(xthantine concentration: 100 uM, flow rate: 3 ml/min) measured by the
SOD-immobilized superoxide sensor.
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plateau level. When the XOD supply is stopped, the cur-
rent decreases to baseline.

The plateau state level of O, [O; ] plateau is expressed
by equation 11:

- k,
[02 ]plaleau = 271(2[XOD] (1 1)

Where k, is the apparent rate constant of O, genera-
tion and k, is the non-enzymatic rate constant of dismu-
tation reaction of O; .% [O;"] plateau is proportional to
the square root of XOD concentration. Figure 10 shows
the relationship between the plateau-level current and the
square root of XOD concentration. A good linear relation-

ship has been reported (> = 0.99).5

6. MEASUREMENT OF O; RELEASED
FROM ISOLATED ORGAN TISSUES

Oxidative stress is induced by a variety of factors such
as toxic exposure to drugs, xenobiotics including endo-
toxin and carbon tetrachloride (CCl,). It is known that
XOD and NAD(P)H oxidase is activated by endotoxins,
which increases O, production.”>”® Miyasaka et al. used
an endotoxin (lipopolysaccheide) in a rat model to mea-
sure increases in O;  production by different organs.

Figure 11 shows the experimental setup for O; detec-
tion. The tissue samples heart, kidney, or liver of rat were
put into a chamber located before the detection chamber.
The working electrode was applied +0.5 V versus counter
electrode, and the response current was monitored. After
perfusion through the bypass and stabilization of the cur-
rent, the flow channel was switched to the tissue-packed
chamber. The O; concentration in the perfusates was mea-
sured for 100 seconds, and then the flow channel was
switched back to the bypass channel.

Figure 12 shows typical records of the measured current
for isolated tissues (A: heart, B: liver, C: kidney). The large
differences in the response currents were detected only in
the endotoxin-shock group, indicating an increase in O;"
production by endotoxin in the kidney and liver.

L

Krebs-Henseleit
buffer solution

Bypass S
ensor Computer

Potentiostat

Tissue-packed

chamber -
Detection chamber

Fig. 11. Experimental setup for monitoring supeoxide released from
isolated tissues.
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Fig. 12. Time courses of monitored superoxide released from isolated
tissues: (A) heart, (B) liver, and (C) kidney.

7. THE FUTURE OF O, SENSORS

Krylow et al. miniaturized a disposable sensor that used
a cyt c-modified thick-film electrode in the O, sensor,
and measured H,0, concentration by changing the applied
potential.”* They used a monolayer screen-printed gold-
electrode on a ceramic substrate, which made the working
electrode surface approximately three times larger than the
geometrical area. Then they electroactively immobilized
cyt ¢ and measured re-oxidation current of cyt ¢ reduced
by O; like cyt c-based sensors. The sensitivity of this
sensor was reported to be increased by a factor of about
four compared with a metal-substrate sensor.

The monolayer cyt ¢ electrodes are limited by the
amount of cyt ¢ immobilized on the electrode surface.”
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Beissenhirtz et al. immobilized 2-15 layers in an assem-
bly of cyt ¢ and a polyelectrolyte on a gold wire elec-
trode.” This sensing mechanism was based on an electron
transfer-modified gold electrode on which cyt ¢ was immo-
bilized.”®® The best sensitivity for O,-~ produced by
hypoxanthine/XOD reaction was gained by a six-layer
electrode in their series. Furthermore, thermal treatment at
45 °C for 30 min of the multilayer assembly offered suffi-
cient electrode stability for serial sensor application and
storage.

In a simplified approach to electrode preparation, Di
et al. developed an SOD immobilized sensor based on
a thin silica-PVA sol-gel film on a gold electrode.”
The direct electron transfer between SOD and gold elec-
trode occurred without any mediators or promoters, which
enabled a fast response rate. The measurement mechanism
of this sensor was based on the catalytic current of SOD
immobilized on the electrode. These sensors would need
to be biocompatible for in vivo use.

8. CONCLUSIONS

The key developments of O, sensors and the preliminary
studies described in this review traces the progression of
simple electrodes of coated wire, to carbon or ceramic
substrates, micro arrays, and other chip designs. A num-
ber of design issues pertain to the next steps in moving
beyond the proof-of-concept level if reliable, sensitive and
specific simultaneous monitoring of intra- and extracellu-
lar O, production in real time in vivo is to be achieved.
In practical terms, the sensitivity, and storage life of the
electrodes must increase significantly. Electrode prepara-
tion time must be reduced through kits or mass production
of complete electrodes. Further improvements in the self-
assembly of multiple or mono-layers of electron-transfer
promoters such as cysteine in thin film or thick-film designs
could bring reproducible, quantitative applications within
reach of researchers in small laboratories. O sensors can
be expected to be reported in basic and wider applications
that include clarification of the oxygen-sensing pathway
and regulatory relationships, identification of additional
SOD family members, and characterization of effects of
expression in various species in normal tissues, under dis-
ease conditions, and in response to drugs.

Lessons learned from development of the various O3
sensors can be applied to other important molecules for
other medical purposes such as subcutaneous monitoring.
However, the long-term biocompatibility of the implant
components remains an important hurdle to overcome.
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In attempts to reduce cost and increase sensitivity of taste sensors we have found out that a
novel, inexpensive set of chrome-deposited electrodes may be used in impedance spectroscopy
measurements for sensing with great performance. High sensitivity is demonstrated by detecting,
reproducibly, M amounts of NaCl, HCI, sucrose, which represent basic tastes, and Cu?* ions. This
high sensitivity can also be used to distinguish complex liquids such as wines. Surprisingly, there
was no need to cover the metal electrodes with nanostructured films of organic sensitive materials,
which further reduces the cost of the sensing units. This sensitivity is attributed to interface effects
between the metal electrodes and the liquid samples, which may be investigated with atomic force

spectroscopy as illustrated in this paper.

Keywords: Chrome-Deposited Electrodes, Basic Taste, Heavy Metal, Taste Sensors.

1. INTRODUCTION

The advent of taste sensors based on impedance spectro-
scopy with sensing units obtained with nanostructured
films has brought considerable advances in terms of sens-
itivity to detect trace amounts of substances in a solution
and the ability to distinguish among complex liquids such
as different types of wine, coffee, juices, and milk.'™
Among the advantages of this type of taste sensor are no
need of a reference electrode and the possibility to ana-
lyze non-electrolyte liquids.> The main challenge now is to
evolve from prototypes to costly-effective industrial pro-
duction, which is being pursued in our group. A number
of steps may be taken in order to optimize the sensor per-
formance and reduce costs, including the search for mate-
rials that bring higher performances at lower costs, tests
of reproducibility and robustness of the sensing units, and
cheaper systems for measuring the electrical response. In
this communication we show that an inexpensive array
of chrome-deposited electrodes can be used to detect low
amounts (uM) of substances representing basic tastes and
a heavy metal. This sensitivity also makes it possible to
distinguish between different wines.

2. EXPERIMENTAL DETAILS

The electrodes were obtained by electrochemical deposi-
tion of chrome on a glass slide, according to a pre-printed

*Corresponding author; E-mail: chu@if.sc.usp.br
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pattern of 5 pairs of fingers with dimensions of 27.25x
2.40 x 0.04 mm, separated by 0.1 mm from each other.
Five units of such electrodes—with no deposited film on
top of the chrome—were assembled on a fiberglass slide
to form an array. The electrodes were connected to the
measuring apparatus through a Card edge connector. The
array was placed onto a small trough in which the lig-
uid sample is placed. Figure 1 shows the sensor array and
the trough to hold the liquid samples. The solutions of
NaCl, HCI, and sucrose were prepared from a stock solu-
tion of 50 x 1073 mol/L in distilled water, from which
dilutions were made to achieve concentrations of 20, 10,
5, 1 x 1073 mol/L and 10~° mol/L. Measurements were
also performed with solutions of CuSO, -5H,0 in Milli-
Q water at various concentrations, as will be presented in
the next Section. The red and white wines were provided
by Brazilian producers Embrapa, Miolo, and Salton, and
used as received. Impedance measurements were carried
out with a Solartron 1260A impedance/gain phase analyzer
at 200, 400, 600, 800, and 1 KHz, and bias voltage of
50 mV, with the electrodes being immersed into the liquid
samples. The array remained immersed for 20 minutes in
each of the solution before the measurements, carried out
at 25 °C. After each measurement the units were washed
with distilled water. Principal components analysis was
employed to analyze the data obtained from the various
sensing units for each liquid studied, using MATLAB ver-
sion 6.1 (for a detailed description of PCA analysis see
Ref. [6]).

doi:10.1166/51.2006.019 155
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Fig. 1. Detailed diagram of the sensing units of electrodeposited chrome and the trough made to hold the liquid sample and insert the sensor

array.

3. RESULTS AND DISCUSSION

The sensitivity to uM concentrations of the basic tastes,
namely sweet, salty, and sour is illustrated in PCA plots
of Figure 2. For these measurements, an array of 5 sensors
was employed, none of which had a film adsorbed on

0.6 %
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£ 0 10E-6 mol/L
=
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Fig. 2. PCA plots for sweet (x), salt (e ), sour (o), and pure water (4)
substances at f = 200 Hz.
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them; they were made of bare metal. The data were
extracted from impedance spectroscopy measurements,
and refer to the capacitance of the system at 200 Hz.
For all frequencies studied, viz. 200, 400, 600, 800, and
1000 Hz, it is possible to distinguish between the differ-
ent tastes. However, only at low frequencies (see results
for 200 Hz in Fig. 2) is it possible to distinguish solu-
tions at the wM concentrations from pure water. The rea-
son for the higher sensitivity at 200 Hz is associated with
the physical phenomena governing the electrical response.
Taylor and MacDonald’” showed that at higher frequencies
(>10 kHz), the response is dominated by the electrode
capacitance. At 1 kHz, the response from the film dom-
inates, whereas at 100-200 Hz the double-layer governs
the response. Because the high sensitivity appears to be
associated with surface phenomena, changes in the double
layer are expected to be more prone to occur when the
liquid is modified by trace amounts of substances.

It is surprising that the array could be made of sensing
units that were nominally identical. (By “nominally iden-
tical” we mean that the chrome electrodes were produced
with the same experimental procedure of electrodeposition.
However, with this method the electrodes are not very
homogeneous, varying particularly in morphology or oxide

Sensor Letters 4, 155—-159, 2006
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Fig. 3. Capacitance versus frequency plot showing that each of the
sensing units has a characteristic electric curve. NaCl solution of C =
5x 1073 mol/L. The symbols corresponding to the sensing units 1 through
5 are given in the inset.

layer coating the metal). Therefore, because the elec-
trical response depends on the interface effects, distinct
responses were obtained for these nominally identical
electrodes, as depicted in Figure 3. Cross-sensitivity can
then be achieved with electrodes of the same metal, but
with different morphologies. The capacitance decreases
with increasing frequencies, as illustrated in Figure 3 for
NaCl, and is higher for higher concentrations of NaCl,
KCl, and HCI while for sucrose the capacitance decreases
with increasing concentrations (results not shown). For
each of the tastants, a pattern is observed regardless of
the concentration. Also observed is a large difference in
capacitance for sucrose in comparison to the other sub-
stances because sucrose solution contains almost no ions
(it is not an electrolyte).

In order to prove that the cross-sensitivity obtained with
bare metal electrodes could be useful in distinguishing
samples with low detection limits, we performed a series
of experiments (including control experiments) varying the
substances. For instance, the distinguishing ability of the
sensor array for concentrations at the uM level was tested
for CuSO,, with measurements taken on different days and
with samples prepared in different days. The results shown
in Figure 4 illustrate dispersion in the measurements for
pure water if the time for equilibration differs, though it is
clear that the samples containing CuSO, could be distin-
guished. We felt, however, that we had to check whether
the differences in the pure water samples could not jeopar-
dize the conclusions drawn so far, and decided to perform
a number of control experiments. The results of these con-
trol experiments may be summarized as follows.

The mere manipulation of water in changing from one
flask to the other may generate pure water samples that
are distinguishable in the electrical measurements, proba-
bly because impurities are non-deliberately included. The
electrical response may also vary with time due to ageing
affects (e.g., from oxygen uptake). In fact, the electrical

Sensor Letters 4, 155-159, 2006

Efficient Taste Sensors Made of Bare Metal Electrodes

15 ;
" +
. Cu2+ + +%
1 - 10E6molLt % 1
. + *
-, + +
05} H Cu+ A
=2 [¢] 10E-5 moliL
?A ’ @._,—- ultrapure|water
=] Q i
o
n
o~ 05 1
|8 ]
[ o Cu2+
At i 10E-4 molll.
2 P
15 @ O]
=5 X I 1 1
3 9 1 i 1 2 z

PC1=75.45%

Fig. 4. PCA plot showing the addition of amounts of Cu>* in ultrapure
water: (o), (o), (x) pure water, (+) 10~® mol/L of Cu>*, (x) 10~ mol/L
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measurements serve as excellent control tool for the water
purity, similarly to what Taylor et al.® suggested for lateral
conductance in Langmuir monolayers, which was found to
be affected strongly by trace amounts of impurities in the
water subphase. In order to be sure that we could detect
small amounts of tastants or ions deliberately introduced in
the liquid samples, we performed the experiments depicted
in Figure 5. In one set, measurements were taken with a
pure water sample within intervals of 30 min. For the 31st
measurement, pure water was added to the sample (i.e.,
no impurity was deliberately introduced, but the sample
suffered manipulation). A change in capacitance could be
measured, but this was negligible if the scales used were
chosen to accommodate the data for the incorporation of
1 uM of CuSO,, which was done in the other set of exper-
iments. The results of the latter are shown in the upper
curve, indicating that the measured capacitance changed
more appreciably when adding the Cu®* ions. If a lower
concentration of CuSO, was used in the measurement,
then it was difficult to distinguish between this solution
or a manipulated sample of pure water (with addition of

Cu?* 10E-6 mol/L —» W
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Fig. 5. Comparison among addition of 107® mol/L of Cu** () and
ultrapure water (M) in ultrapure water. Note in the circled regions that
addition of 107 mol/L of Cu®* can be distinguished from the control
measurements, while the addition of pure water cannot.
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Fig. 6. PCA plots for capacitance data at 1 kHz for red wine sam-
ples of Cabernet Sauvignon Miolo 2000, Merlot Miolo 2000, Cabernet
Sauvignon Embrapa 1999, Cabernet Franc Embrapa 1999, in addition
to white wines Chardonnay Salton 1999, Chardonnay Embrapa 1999,
Riesling Salton 1998. In each case measurements were made with 2
bottles, named 1 and 2. The results indicate that the sensor is capable
of distinguishing wines of different grapes, and wines from the same
grape but different producers (e.g., Embrapa and Miolo for Cabernet
Sauvignon).

more pure water). From these results we infer that incor-
poration of CuSO, in concentrations below 1 uM could
not be distinguished from the dispersion in the data due
to mere manipulation of water samples, but the efficacy
of the sensor array was demonstrated for concentrations
equal to or above 1 uM.

Analogously to previous works,>° we exploited the sen-
sitivity of the taste sensors to distinguish among wines.
The PCA plots in Figure 6 indicate that the sensor array
is able to distinguish between wines of the same brand
but different grapes, namely Cabernet Sauvignon and Mer-
lot from the company Miolo (Brazil), and wines of the
same grape but different produces (e.g., Cabernet Sauvi-
gnon from Miolo and Embrapa).

The explanation for the high sensitivity of the sensor
arrays (electronic tongues) may lie on the strong depen-
dence of electrical properties of interface systems on the
liquid environment next to the interface. This is actually
similar to the findings by Taylor et al.,* who pointed out
that bulk measurements were not sufficient to detect the
level of impurities in the water that surface measurements
could do. Indeed, with force spectroscopy measurements
carried out with an atomic force microscope (AFM) we
show that water is aged upon exposure to air. Figure 7a
is typical force curve obtained in water on mica surface
(pH ~ 7), which shows the presence of van der Waals
interactions for short times (<1 h) (see more details on
force spectroscopy in Ref. [10]). We employed a mica sub-
strate in this experiment, rather than the chrome electrodes,
because at the pH of water the appearance of the double-
layer force is readily appreciated, being illustrative of the
importance of interface effects.
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Fig. 7. (a) Typical force curve for a AFM tip and mica sample
immersed in water and (b) schema (approach curves) showing water age-
ing for various periods of time (increasing in the direction ' <" < t).
The difference between each of two times, ' —¢” or " —t"" is 2 h.

The presence of impurities in the cell is found to affect
the force curves. Here we employed pure water to inves-
tigate water ageing during several times, which are signif-
icantly altered as shown schematically in Figure 7b. For
short periods, the curve displays a minimum with the dis-
tance between the tip of silicon nitrite (g4, = 7.4, k. =
0.03 N m™!) and a flat mica surface (e, = 5.4),!' which
indicates the predominance of attractive van der Waals
interactions. For longer times, repulsive double-layer forces
dominate until the force curve is practically purely repul-
sive (for t"”"). The double-layer contribution is repulsive
for the following reason: It is energetically favorable for a
surface charge to be surrounded by a medium with large
dielectric constant like water. If the tip approaches the dou-
ble layer region it replaces the water. Since the tip material
has a lower dielectric constant than water, the situation is
now energetically unfavorable and the tip is repelled by the
double layer charge.'> Ageing of the water is accompanied
by a change to lower pH values, which then increases the
charge of the silicon nitrite tip (whose isoelectric point is
at pH 6.3'?), whereas mica is negatively charged. The net
result is an increase in the repulsive, double-layer force.

Sensor Letters 4, 155—-159, 2006
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4. CONCLUSIONS

The results from atomic force spectroscopy indicate clearly
that a very thin layer of water adjacent to the metallic
substrates is affected when small changes occur in the lig-
uid, as was the case of the ageing of water. This may
be behind the high sensitivity of the sensing units, for
interface phenomena—particularly those associated with
double-layers—dominate the electrical response of the
sensor at the frequency (200 Hz) where sensitivity was
maximum. It is also consistent with the finding that sensi-
tivity was decreased when nanostructured films deposited
onto the electrodes were replaced by cast, thicker films.'3
The surprising feature of the sensing units used here was
the absence of any sensitive organic material. It appears
that, being a predominantly interface effect, the changes
in morphology due to irregularities in the chrome depo-
sition are sufficient to lead to distinct electrical responses
that can be exploited to produce as a characteristic finger-
print of a given liquid in a sensor array. The sensitivity
toward basic tastes of the sensor array presented here is
similar to that obtained with interdigitated gold electrodes
covered with nanostructured films,'> while the distinguish-
ing ability for different wines also compares with previous
works.?%1* The obvious advantage of the array made with
bare metal electrodes is the simplicity and low cost. It
should be stressed, nevertheless, that state-of-the-art sen-
sors are expected to include coating materials that may
also respond specifically to the analyte, as indicated by
arrays containing immobilized enzymes."
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A wireless magnetoelastic trypsin sensor is fabricated by first coating a magnetoelastic ribbon-like
sensor with a pH-sensitive polymer and then upon it a layer of trypsin. In response to an exter-
nally applied time-varying magnetic field, the magnetoelastic sensor mechanically vibrates at a
characteristic frequency that is inversely dependent upon the mass of the attached film. As the
magnetoelastic sensor is magnetostrictive, the mechanical vibrations of the sensor launch mag-
netic flux that can be detected remotely from the sensor using a pickup coil. The trypsin-catalyzed
hydrolysis of N-a-benzoyl-L-arginine ethyl ester (BAEE) decreases the ambient pH, resulting in the
pH-responsive polymer shrinking, and consequently the resonance frequency of the sensor increas-
ing due to the decreased mass loading. The optimum pH and temperature are investigated. The
kinetic parameters of both the immobilized and free trypsin are measured. Immobilization of trypsin
resulted in the enzyme activity decreasing by about 50%. The magnetoelastic sensor demonstrates
a linear shift in resonance frequency with trypsin concentration between 24 U/ml and 360 U/ml with
a trypsin detection limit of 24 U/ml, and can be used to detect the substrate BAEE ranging from

SENSOR LETTERS
Vol. 4, 160-164, 2006

0.4 mM to1.5 mM.

Keywords: Trypsin, Enzyme, Remote Sensor, Magnetoelastic Biosensor.

1. INTRODUCTION

Trypsin is a widely used pancreatic serine protease, com-
monly used for protein cleavage because of its high speci-
ficity and ability to digest insoluble or adsorbed protein.
Trypsin cleaves peptide bonds at the carboxylate termi-
nal side of lysine and arginine residues. Much attention
has been paid to proteases in relation to bacterial ident-
ification.'= Protease in serum or other body fluids provides
important information on various pathological conditions,
particularly in the diagnosis of human pancreatic diseases.*
The detection and immobilization of trypsin are of great
interests since trypsin can not be easily retrieved from the
reaction systems.

Immobilized trypsin are widely employed in the field
of food and clinical testing industries, such as the elec-
trochemical trypsin sensors for the rapid and quantitative
measurement of protein solution,>¢ the analysis of enzyme
inhibitors’ and as microreactors for peptide mapping.?

*Corresponding author; E-mail: qycai0001 @hnu.cn

160 Sensor Lett. 2006, Vol. 4, No. 2

A variety approaches have been developed for trypsin
immobilization: trypsin covalently immobilized on epoxy-
modified silica monolithic support with a single reac-
tion step,” poroszyme immobilized trypsin cartridges,'”
and trypsin-encapsulated sol-gel,'"''? to cite but a few
examples. Several methods have been proposed for the
kinetic detection of trypsin, such as capillary electrophore-
sis (CE),® fluorimetry,'> surface acoustic wave-impedance
sensing analysis,'* electrochemical assay of trypsin with
protamine as substrate and polymer membrane as sensing
layer'>'® and immunoradiometric assay using two mon-
oclonal antibodies directed to human trypsin 1 for the
measuring of trypsin (ogen) in biological fluids.!” These
methods differ markedly in sensitivity.

In this work a low cost, easily fabricated, wireless mag-
netoelastic trypsin sensor was fabricated and used for the
kinetic detection of trypsin. In a time-varying magnetic
field, magnetoelastic materials efficiently translate mag-
netic to mechanical energies, so the magnetoelastic ribbon
longitudinally vibrates at a fundamental characteristic res-
onance frequency f, that inversely depends on the sensor

1546-198X/2006/4/160/005 doi:10.1166/51.2006.010
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Magnetic ~ Magnetoelastic Sensor
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Fig. 1. Schematic showing operation of the wireless magnetoelastic
sensor (a) and the magnetoelastic sensor-reader box (b, on left) con-
nected to a portable computer via a RS232 port. The computer interface
allows for user-control of measurement parameters, data display, and data
storage.

length L. With sensor width and thickness given by: much
smaller than length Young’s modulus E, and density p'®
the resonance frequency is

E 1
fr=\/p2L (1)

A small mass load Am evenly deposited on a sensor of
mass m, shifts the measured resonant frequency by:!®

Am

2m,

Af=—f, 2
The frequency shift is downward with increasing mass.
Figure 1 illustrates the operating principle of the mag-
netoelastic sensor. A magnetic field is used to excite the
sensor, causing it to mechanically vibrate at a resonance
frequency which shifts in response to mass loading.'®-2°
The mechanical vibrations of the magnetostrictive mate-
rial, in turn, generate a magnetic flux that can be remotely
detected using a simple pick-up coil. A frequency count-
ing technique, previously described,?! implanted by use of
micro-processor based electronics is employed to deter-
mine the resonance frequency of the magnetoelastic sen-
sor. No physical connections between the sensor and the
detection system are required for signal telemetry, nor is
precise alignment necessary per optical telemetry systems
The facile wireless capabilities of the magnetoelastic sen-
sor platform makes it a powerful tool for in situ and in vivo
analyses. Published applications include glucose, micro-
bial biosensors*>?* and blood coagulation monitoring.?*
The trypsin biosensor in this paper is fabricated by
first coating the magnetoelastic sensor with a pH-sensitive
polymer and then upon it a layer of trypsin. The trypsin
catalyzed hydrolysis of BAEE results in the formation of
H* which cause the pH responsive polymer to shrink and,
in turn, consequently increase the resonance frequency due
to the decreased sensor mass load. The sensor transduc-
tion signal is derived from the polymer mass difference
between its relatively shrunken state in acidic solution and
relatively swollen state in alkaline solution. In alkaline
solution, the polymer is electrically charged due to acrylic
acid dissociation and additional swelling arises from the
osmotic pressure exerted by the charged carboxylic group
and its mobile counterions.”> Water molecules enter the
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polymer to lower the concentration of network ions until
an equilibrium of osmotic pressure is achieved both inside
and outside the polymer.

The effect of pH and temperature on the enzymatic
activity of trypsin were investigated with kinetic param-
eters (the Michaelis-Menten constant, K,, and the
maximum initial rate V) estimated by using the Line-
weaver-Burk plot.2® As the immobilization process gen-
erally causes a decrease in enzyme activity that is a key
factor while trypsin is used as microreactors for peptide
mapping, the effect of immobilization on the trypsin activ-
ity was investigated. Using the proposed sensor the enzy-
matic hydrolysis process can be wirelessly monitored.

2. EXPERIMENTAL DETAILS
2.1. Materials

Trypsin (EC3.4.21.4, 1000~1500 BAEE units/mg), bovine
serum albumin (BSA) were obtained from Sigma Co., N-a-
Benzoyl-L-arginine ethyl ester hydrochloride(BAEE), glu-
taric dialdehyde (25 wt% in water) were purchased form
Sinopharm Chemical Reagent Co., Ltd. (China), Acrylic
acid, poly (ethylene glycol) diacrylate (PEGD), and isoo-
ctyl acrylate were purchased from Aldrich (Milwaukee,
WI) and the inhibitor, monomethyl ether hydroquinone was
removed using an inhibitor remover disposable column
(Aldrich) prior to use. 2,2'-Azobis(isobutyronitrile) (Al-
BN), dimethylaminopropyl-3-ethylcarbodiimide (EDC),
and N-hydroxysuccinimide (NHS) were purchased from
Aldrich and used as received. Bayhydrol 110, an anionic
dispersion of an aliphatic polyester urethane resin in water/
N-methyl-2-pyrrolidone solution (50% w/v) was purchased
from Bayer Corp. (Pittsburgh, PA). Deionized and distilled
water were used throughout the experiment. Trypsin and
BAEE solution were freshly prepared before use. A 28-um-
thick ribbon of Metglas alloy 2826 MB, alloy composi-
tion Fe, NijgMo,B 4, was used as received from Honeywell
Corp. The sensors, 20 mm x 6 mm x 28 wm rectangles,
were cut from the ribbon. The resonance frequency of an
uncoated sensor in air is approximately 105 kHz.

2.2. Sensor Fabrication

The pH-sensitive polymer is a copolymer synthesized by
free radical copolymerization of acrylic acid and isoocty-
lacrylate in dimethylformamide, as described in Ref. [22].
The magnetoelastic sensors were ultrasonically cleaned in
Micro-Cleaning solution, followed by a water and ace-
tone rinse, and then dried in a stream of nitrogen. About
10 wl Bayhydrol 110 was applied to both sides of the
cleaned sensors by dip-coating. The polyurethane-coated
sensors were dried in air and then heated at 150 °C for
2 h to form a robust protective membrane, which offers a
NH group for binding the pH-sensitive polymer and pro-
tects the iron-rich magnetoelastic substrate from corrosion.
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The polyurethane-protected sensor was then coated with
12 wl of 23 g/l pH-sensitive polymer in ethanol, which
contains 0.46 g/l EDC and 0.38 g/l NHS. The polymer
coated sensors were dried in air and then heated in a
vacuum at 120 °C to form the amide bond between the
pH-sensitive polymer and polyurethane. While the pH-
sensitive polymer-coated sensor can be used to detect
free trypsin activity, in this work it was further coated to
achieve the working trypsin biosensor. The pH-polymer
coated sensor was dipped in 0.02% EDC and NHS solution
in water, rinsed with water, and upon it was applied 10 ul
of pre-crosslinked trypsin solution, containing 19.2 g/l
trypsin, 12.5 g/l BSA, and 0.1% glutaric dialdehyde in
water, on both sides. The sensor was then placed in a
refrigerator (4 °C) for over 20 h to allow the cross-linking
reaction to proceed, as trypsin can undergo autolysis and
lose its activity. Unreacted trypsin was removed by rinsing
the sensor with PBS buffer. The as-prepared sensor was
then dried in air at room temperature and stored at 4 °C.

2.3. Measurement

Prior to use the functionalized sensor was immersed in
0.05 M pH 7.0 PBS buffer for 20 min to wet the poly-
mer, which resulted in a 100 Hz drop in resonance fre-
quency. The wetted sensor was immersed in a small vial
that fit into the magnetoelastic sensor reader box, contain-
ing 0.005 M phosphate buffer solution (containing 10 mM
NaCl) and incubated at 25 °C for about 10 min to stabilize
the reaction response. This step is necessary since increas-
ing salt concentration results in the pH polymer shrinking
due to osmotic pressure.?? As an electrolyte, the substrate
BAEE can cause a small response even in the absence of
trypsin. Blank experiments without trypsin indicate that
1 mM BAEE can cause a frequency increase of about
80 Hz. Therefore in this work 10 mM NaCl was added as
the supporting electrolyte to stabilize any osmotic effect.
Finally 10 ul BAEE solution was added to the detection
cell and the resonant frequency recorded as a function of
time with a magnetoelastic sensor reader.?’

3. RESULTS AND DISCUSSION

3.1. Sensor Response Profiles

The hydrolysis of BAEE produces H*, resulting in shrink-
ing of the pH responsive polymer and, in turn, increasing
the resonance frequency due to the decrease in sensor mass
loading. A linear shift in frequency was observed between
pH 4.0 and 9.0 with a slope of 250 Hz/pH. Figure 2
shows the frequency shift when BAEE is hydrolyzed by
the immobilized trypsin. The frequency shift rate, AF/At
in Hz/min, over the first 4 min is used to express the enzy-
matic hydrolysis rate, since the trypsin-catalyzed hydrol-
ysis rate was relatively constant over the first 4 min. It
takes about 10 min to complete the hydrolysis reaction;
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Fig. 2. Typical response curves of magnetoelastic sensor during the
enzymatic hydrolysis of BAEE at a concentration of 1 mM. (the down
arrow refers to addition of BAEE).

the frequency shift within the first 10 min is also recorded
to characterize the enzyme activity.

3.2. The Effect of Reaction Time
on Sensor Sensitivity

In the sensor fabrication process trypsin was chemically
bonded on BSA through glutaric dialdehyde, and BSA
was then bonded to the pH polymer through amide bond.
Trypsin, BSA, and glutaric dialdehyde were first mixed
in water in a glass vial to start the cross-linking reac-
tion. As trypsin can undergo autolysis and lose its activity,
the cross-linking reaction was proceeded at 4 °C within
a refrigerator. When the reaction time is less than half
an hour, little responses were observed due to inadequate
trypsin immobilization; when the reaction time is about an
hour, the sensors exhibit good sensitivity, but are unsta-
ble, the sensitivity declined fast with usage times; when
the reaction time is more than 20 h, stable and good
sensitivity were obtained. In this work the reaction time
for cross-linking was 20 h. However longer reaction peri-
ods could cause excess cross-linking reducing the enzyme
activity.

3.3. The Effect of pH and Temperature

Figure 3 shows the pH-dependent trypsin activity, deter-
mined by the frequency shift during the first 10 min upon
addition of one milliliter of 1 mM BAEE solution that
was hydrolyzed by the immobilized trypsin on the mag-
netoelatic sensor. The tested pH value ranged from 6.5 to
8.8. The maximum response (AF) appears with a pH of
approximately 7.7. The optimum temperature for trypsin
was also investigated under the same experimental condi-
tions. Figure 4 shows that trypsin has an activity maximum
near 25 °C. So the succeeding experiments were carried
out under pH 7.7 and 25 °C.
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Fig. 3. Effect of pH on trypsin activity at 25 °C.

3.4. The Effect of Immobilization
on the Trypsin Activity

The effect of the immobilization on the trypsin activity was
investigated by measuring the kinetic parameters of both
the immobilized and the free trypsin using the Lineweaver-
Burk equation:2®

1 K, 1 1 3
VT V1 Vi ©

Where V and V. are the initial hydrolysis rate and the
maximum hydrolysis rate in Hz/min, respectively, K,, is
the Michaelis-Menten constant and [S] the BAEE concen-
tration in mM.

The initial hydrolysis rate (V) was obtained by linear
fitting the AF-t data within the first 4 min. As shown in
Figure 5, 1/V is linear to 1/[S] for both the immobilized
and free trypsin in the investigated BAEE concentrations
of 0.4 ~ 1.5 mM. The determined kinetic parameters are:
K, =9 mM, V,, = —833.3 Hz/min (n=06, r =0.997)
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Fig. 4. Effect of temperature on trypsin activity at pH 7.7.
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Fig. 5. The dependence of the reciprocal of enzymatic hydrolysis rate
on the reciprocal of concentration of BAEE (25 °C, pH 7.7).

for immobilized trypsin; and K,, = 4.5 mM, V_,, =
—270.3 Hz/min (n =6, r = 0.996), for free trypsin. The
higher Michaelis-Menten constant value of the immobi-
lized trypsin indicates that the immobilization reduces
trypsin activity by about 50%.

3.5. Detection of Trypsin and BAEE

The magnetoelastic sensor response to trypsin ranging from
24-720 U/ml was investigated in this work. Frequency
shift rates, AF /At in Hz/min, over the first 4 min is lin-
ear to trypsin activity in solution over the range of 24—
360 U/ml, as shown in Figure 6. The detection sensitivity
for trypsin of the magnetoelatic sensor is more sensitive
than the colorimetric titration method,?® which is based
on the measurement of p-nitrophenol released by the irre-
versible reaction of trypsin with specific active cite of
the titrant p-nitrophenyl-p-guanidinobenzoate (500-25,000
U/ml); comparative to electrode methods (10-200 U/ml1"
and 5.4-108 U/ml'®), but less sensitive than surface

120

90 —

V (Hz/min)
3
T

30

0 200 400 600 800
Trypsin (U/ml)

Fig. 6. A calibration curve for determination of trypsin activity. The
hydrolysis rates (V) were estimated by measuring the frequency increase
within the first 4 min caused from the hydrolysis of 1 mM BAEE under
pH 7.7 and 25 °C.
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Fig. 7. The long-term stability by measuring the frequency shift (AF)
within the first 10 min caused from the hydrolysis of 1 mM BAEE under
pH 7.7 and 25 °C.

acoustic wave sensor'* (0.3U/ml). The magnetoelastic sen-
sor, however, can be used for wireless and remote detec-
tion, which is particularly useful for in situ clinical assay.

BAEE in solution was detected using the trypsin-
immobilized magnetoelastic sensor. Linear response was
observed in the concentration range of 0.4-1.5 mM.

The long-term stability of the trypsin sensor was tested
by repeatedly measuring the frequency shift within the first
10 min (AF) resulted from the trypsin-catalyzed hydroly-
sis of 1 mM BAEE under pH 7.7 and 25 °C. As shown
in Figure 7, the sensor response decreased rapidly in the
first three days and then became stable. The sensor sen-
sitivity was reduced by 33% in the first 3 days, and 50%
over the first 5 days primarily due to the trypsin dissolv-
ing. sThe relative stability in the following days indicates
that the immobilized trypsin is stable.

4. CONCLUSIONS

A wireless remote magnetoelastic trypsin biosensor is
described based on the enzymatic hydrolysis of BAEE
by the immobilized trypsin. The pH change of the solu-
tion caused the coated pH-sensitive polymer to shrink,
and consequently resulted in aresonant frequency change.
The optimum pH and temperature were investigated to be
pH 7.7 and 25 °C, respectively. The magnetoelastic sen-
sor can be used to detect trypsin at 24 U/ml to 360 U/ml
and BAEE at 0.4 mM to 1.5 mM, which is more sensi-
tive than the colorimetric titration method and comparative
to electrode methods. The kinetic parameters of both the
immobilized and free trypsin were determined. The immo-
bilization of the enzyme reduced the activity by about
50%. The sensor sensitivity, however, was relatively stable
after first uses.
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Model order reduction is a well-established technique for fast simulation of large-scale models
based on ordinary differential equations, especially those in the field of integrated circuits and micro-
electro-mechanical systems. In this paper, we propose the use of parametric model reduction for
fast simulation of a cyclic voltammogram. Instead of being considered as a time varying system,
the model for a cyclic voltammogram is treated as a system with a parameter (applied voltage)
which is to be preserved during model reduction. Because voltage is preserved in the symbolic form
during model reduction, we can simulate the cyclic voltammogram with a reduced system and there-
fore invest much less time and memory as compared with direct simulation based on the original
large-scale model. We present our approach for a case study based on scanning electrochemical

microscopy.

Keywords: Model Order Reduction, Compact Model, Simulation, Scanning Electrochemical
Microscopy (SECM), Voltammogram.

1. INTRODUCTION

During the last 15 years, Scanning Electrochemical
Microscopy (SECM) has evolved from a basic feedback
application to a powerful tool for analyzing local electro-
chemical properties or for modifying surfaces.' In recent
years, the addition of submicron-scale spatial resolution
has increased its capacity for interdisciplinary applications.
For example, the technique has been used to measure local
kinetics and study chemical reactivity and topology of
samples or micro fabrications. In particular, SECM finds
many applications in current problems in the biological
field. For instance, procedures to characterize surfaces
with high local resolution and chemical sensitivity are
of great importance for biotechnology, biomedicine, and
biosensors. With the combination of chemical specificity
and spatial resolution, SECM offers a unique basis for
studying surface properties in the sub-pwm range.
Quantitative mathematical models have been devel-
oped for different operating modes of the SECM, for
example, feedback and generator/collector modes, steady
state and transient measurements, diffusion-controlled or
kinetic-controlled processes.”? However, except for some

*Corresponding author; E-mail: Ihfeng @fudan.edu.cn
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very specific problems, like the diffusion-controlled current
on a circular electrode far away from the border, solu-
tions can only be obtained by numerical simulation, which
is based on discretization of the model in space by an
appropriate method like finite differences,* finite elements,’
or boundary elements.’ After discretization, a high-
dimensional system of ordinary differential equations is
obtained. Its high dimensionality leads to high computa-
tional cost. This results in a situation where an accurate
model is available in principle but is hard to use in practice.

In recent years, several model order reduction (MOR)
methods® ' have been proposed in order to get a quick
and accurate simulation of very large-scale integrated
circuits and micro-electro-mechanical systems (for a quick
overview see.'!) They have proved to be very efficient but
to our knowledge, they have not yet been applied to electro-
chemical simulation. One of the reasons is that there are at
least two additional problems that should be solved before
model reduction can be employed in electrochemistry.

In order to derive a mathematical model for electro-
chemistry, at least one reaction between two species
should be considered. Therefore, it is impossible to set
the initial state of all the species equal to zero. Hence,
the initial condition of the ordinary differential equations
is always nonzero. It happens that for such a system, the
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conventional model order reduction methods®!! cannot be

applied immediately because they deal only with systems
possessing the zero initial condition. In this paper, we pro-
pose a transformation technique, which avoids the nonzero
initial condition so that the methods above can be success-
fully applied to obtain an accurate solution.

Another problem is that, during simulation of a voltam-
mogram, the voltage that changes in time enters the system
matrices. Formally speaking, this makes a dynamic system
time varying and hence conventional model reduction met-
hods®!! cannot be applied. There are special model reduc-
tion methods for time varying systems'? % but, in our view,
one can suggest much more efficient solution by explor-
ing the special structure of the dynamic system in the case
of electrochemistry by relying on parametric model reduc-
tion methods.'* 5 In the present paper, we will show that,
after proper modification, the time varying electrochemical
model for voltammogram simulation can be successfully
reduced by the parametric model reduction technique.

The paper is arranged as follows. In Section 2, we
describe our case study and the derivation of the dis-
cretized ordinary differential equations (the starting point
for model order reduction). It is worthy to note two points
here. First, we use a model based on scanning electro-
chemical microscopy. In this case one can ignore convect-
ion and this simplifies modeling. However otherwise, our
setup is common to many typical experiments in elec-
trochemistry. Second, our goal is to perform research
on model reduction. As a result, we make comparison
between the original full scale and reduced models only.
The validation of the original model is beyond the scope
of the present paper.

In Section 3, we review conventional model order reduc-
tion methods based on a projection technique and show
its limitations when dealing nonzero initial conditions and
time varying systems. Then we propose a transformation
technique, which solves the problem with nonzero initial
conditions. Then we show how to apply parametric model
reduction to solve the electrochemical model when system
matrices depend on voltage changing in time. The effi-
ciency of parametric model order reduction is presented in
Section 4 with numerical simulation results. Finally, some
conclusions are drawn.

2. CASE STUDY

We consider a cylindrical electrode as shown in Figure 1.
The computation domain under the 2D-axisymmetrical
approximation includes the electrolyte under the electrode.
We assume that the concentration does not depend on the
rotation angle. A single chemical reaction takes place on
the electrode:

k
Ox+e™ & Red (1)
ki,

where k, and k, are reaction rates for the forward and
backward reactions accordingly.
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Axis of symmetry

Fig. 1. The computational geometry.

According to the theory of SECM,? the species transport
in the electrolyte is described by diffusion only. The
diffusion partial differential equation is given by the sec-
ond Fick law as follows

dc,/dt =D, -V?c, 2)
dcy/dt = D, -V?c, (3)

where ¢,(r, z, t) is the concentration field of species Ox
and c,(r,z,t) is the concentration field of species Red,
D, and D, are the respective species diffusion coefficients,
t is the time. The initial conditions are

¢ (0) = €105 6(0) = €20 “4)

Conditions at the glass and the bottom of the bath are
described by the Neumann boundary conditions of zero flux

Ve, -1=0 and Ve, -1=0

Conditions at the border to the bulk are described by
Dirichlet boundary conditions of constant concentration,
equal to the initial conditions

CL=C0 C=0Cp

To describe the reaction rate on electrode surfaces for
chemical reaction (1), the Buttler-Volmer equation has
been used,

j:kf'COx_kb'CRed (%)
The reaction constants for the forward reaction and the
backward reaction are given as follows

kf — k()e(azF(UfUO)/RT) (6)

k, = kOe(—(l—a)zF(U—UO)/RT) (7)

where k° is the heterogeneous standard rate constant, and
a is an empirical transmission factor for a heterogeneous

reaction. F is the Faraday-constant, R is the gas constant,
T is the temperature and z is the number of exchanged
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one Voronoi cell

[ nA z?nT
/ A \

simulated area

—— Delaunay mesh

—— Voronoi mesh "
fluxes through J
Voronoi boundaries

~k

Delaunay element

Fig. 2. The discretization scheme.

electrons per reaction. u = U — U, is the difference
between the electrode potential and the reference poten-
tial. This difference, to which we refer below as voltage, is
changed during the measurement of a voltammogram. This
allows us to write the boundary conditions at the electrode
as follows,

Ve, -n=j and Ve, n=—j (8)

The control volume method has been used for the spatial
discretization of (2) and (3) (see Fig. 2). The considered
domain () is covered by a grid consisting of N, nodes
with x; € Q,i=1,2,...,N,. These nodes are connected
by edges as shown in Figure 2. The resulting triangular
mesh, in which no angle is bigger than 90° is of type
Delaunay, also known as the primary mesh.

Around each node i, we construct a box (); whose edges
are composed of the mid-perpendiculars of all the edges
terminating in node i. These boxes form the secondary or
Voronoi mesh. The resulting equations for the discretiza-
tion are given as follows:

. S
Vicl,i:Dlzrj(cl,j_cl,i) ©)
J ij
) Sij
Vie,; =D, Z IJ(CZ,_/ - C2,i) (10)
J ij

where i stands for the i-th node and the sum over j
includes all neighboring nodes. S;; is the distance between
the nodes i and j. A,; is the length of the part of Voronoi
mesh which belongs to the Delaunay element and the
nodes i and j. V; is the volume (in 2D the area) of the
Voronoi cell which belongs to node i.

Equations (9) and (10) are not yet coupled. The coupling
arises from the discretization of the mixed boundary con-
ditions at the electrode. The resulting system of ordinary
differential equations is as follows

Edé/di+K(u()é=F,0)=2¢#0 (11

where E and K(u(t)) are system matrices, K(u(z)) is a
function of voltage that in turn depends on time. The volt-
age appears in the system matrix due to the boundary con-
ditions (8) where, in turn, the voltage comes from Eqgs. (5)
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to Eq. (7). ¢ € R" is the vector of unknown concentra-
tions, R" means that there are n elements in the real-valued
vector ¢, n is usually referred to as the dimension of the
system (11). The vector ¢ includes both the Ox and Red
species. The vector F is the load vector, which arises as a
consequence of the Dirichlet boundary conditions imposed
at the bulk boundary of the electrolyte. The total cur-
rent is computed as an integral (sum) over the electrode
surface.

3. MODEL ORDER REDUCTION
3.1. General Idea of Model Order Reduction

The dimension n of system (11) is usually around 10%—
10°. It is always time consuming if we use conventional
numerical integration methods, for example backward
Euler, to directly simulate (11) time step by time step over
a typical time interval. The model order reduction tech-
nique replaces the original large dimensional system (11)
with a compact model and at the same time, makes sure
that the solution computed from the compact model is as
accurate as that computed directly from the original large
system.

Most often, model order reduction is based on a pro-
jection technique when the projection basis is found by
implicit moment matching.®'® We refer below to these
methods as conventional model reduction. It should be
noted that there are other approaches for model reduction
like balanced truncation approximation and proper orthog-
onal decomposition (see review!! for details). However,
the parametric model reduction introduced in Section III.D
is the generalization of implicit moment matching and at
present it is unclear how to preserve parameters in other
model reduction approaches. As a result, we limited our-
selves in the present paper to model reduction methods
based on implicit moment matching.

It should be noted here that conventional model reduc-
tion can deal with models with constant system matrices
only. In other words, in Eq. (11), it is required that the
matrices £, K, F do not depend on time or some other
parameters. For simplicity, we assume in this section that
the matrix K is formed at a constant voltage value. The
basic idea of model order reduction is to find a projection
matrix V such that VTV = I and the unknown vector ¢ can
be sufficiently approximated by ¢ &~ Vz, with a rectangular
matrix V € R"*“ such that the number of columns much
less than the number of rows, ¢ <« n. This gives us

EVdZ/di+KVi=F (12)

After multiplying (12) by VT from the left, we obtain
the final reduced small system (compact model) with
unknown vector z € RY, which is of much smaller
dimension g¢:

V'EVdz/dt+V'KVZ=V'F (13)
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3.2. Conventional Projection Technique

In order to perform model order reduction described in
subsection A, the projection matrix V needs to be com-
puted. With the assumption that the initial condition of
the system is zero (¢, = 0), the conventional method of
constructing V is based on the transfer function of the
original system (11). In the case of system (11), we are
not interested in the complete concentration vector ¢ but
in a few outputs computed as linear combinations of
concentrations, i.e.

y=L¢ (14)

Natural choice for electrochemistry here is the current that
is computed directly from the concentration vector as a
linear combination.

Provided that the matrix K is constant, the Laplace
transformation of (11) and (14) with initial condition ¢, =
0 is as follows

sEC(s)+KC(s)=FU(s)
Y(s)=LC(s) (15)

The transfer function is defined as
H(s)=Y(s)/U(s) =L(SE+K)'F (16)

By choosing an expansion point, s = s,+ o, H(s) can
be expanded into series around s,

H(o)=)Y LM'ro’ (17)
i=0
where M = —(sE+K)™'E, r = (syE+K)~'F.
The projection matrix V is constructed as follows

spancolumn{V} = span{(r, Mr, ..., M’r} (18)

by satisfying VTV = I. In Eq. (18), spancolumn means
the subspace spanned by the columns in V; span means
the subspace spanned by r, Mr,...M’r. The condition
VTV =1 means that the columns in V form a group
of orthonormal vectors for the subspace spanned by
r,Mr,...M/r. Usually, the reduced system (13) can
approximate the original system (11) quite well even for
small j. The reduced system will be more accurate if more
terms are included in the right hand side of Eq. (18).
Detailed theoretical proof is given elsewhere.’

The conventional method of computing V has an
assumption that the initial condition of the system must be
zero so that a transfer function in the form of Eq. (16) can
be obtained. However, from the Laplace transformation of
the system in Eq. (11), we have that

/(; Eceﬂ'dt—{—/(; Kce™'dr = /0 Fe™*'dt
After integration, we actually obtain
SEC(s)+KC(s) = FU(s)+Ec,
Y(s) = LC(s)
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and

H(s)=Y(s)/U(s)=L(sE+K)"'F
+L(sE+K)'Ec,/U(s) (19)

The expression in Eq. (19) contains ¢,. When ¢, = 0, it
is the same as Eq. (16). However when ¢, is nonzero,
only the first part in Eq. (19) would be considered to con-
struct the projection matrix V as is done in Eq. (18) and
the resulting reduced model might be inaccurate.

Another reason is that with the reduced model we can-
not describe well all possible initial conditions. We mean
that Eq. (11) can be considered as a family of initial value
problems with different ¢, # 0. A normal way to obtain
the initial condition of the reduced system is by projection
7o ~ VT ¢,. However, if we use such 7, to compute the ini-
tial condition of the original system we obtain ¢, ~ V7, =
VVTE,. It is clear that we can only obtain an approxima-
tion of the nonzero initial condition ¢ = VV'¢,. ¢ is a
projection of the original ¢, to the low-dimensional sub-
space and it will be very inaccurate if ¢, is far away from
the subspace spanned by V. Such a situation is shown in
Figure 3, where ¢, = VV7¢, is in the subspace spanned
by V, span{V} , while the original ¢, is not. This happens
to be also the case in our example.

From the above analysis, we can conclude that there
are two important difficulties to overcome before conven-
tional model reduction can be employed for the model
described by Eq. (11). First, the initial condition of the sys-
tem is always nonzero in our case, i.e., ¢, # 0. Second, in
Eq. (11), the matrix K (u(t)) depends on the voltage that in
turn depends on time in the simulation of a cyclic voltam-
mogram. This feature must be preserved in the reduced
model. In the following subsections, we will first propose
a transformation technique to validate the conventional
model reduction method for the nonzero initial condition.
Then, we review the parametric model reduction technique
to deal with the voltage dependent case. Finally, we com-
bine the parametric model reduction technique with the
transformation technique to obtain a reduced model for

Eq. (11).

co & span{V}

span{V}
¢ € span{V}

Fig. 3. Inaccuracy of initial condition caused by conventional projection
technique.
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3.3. Projection Technique with Transformation

The natural solution for a problem above is to transform
system (11) to the standard state-space formulation. Let us
define a new unknown vector ¢ = ¢ — ¢, and then obtain a
new system for ¢

EC+Ki=F —K&,,c(0)=0

Y(t)=L¢c (20)

It is clear that the transformed system (20) possesses zero
initial conditions by definition so that the conventional
projection technique of subsection B can be employed to
perform model reduction on this new system. One can
prove that

H(s)=L(SE+K)'F =Y Mo
i=0
where F = F —K&,, 7 = (sOE—l—K)‘lf, M is defined as
in Eq. (17). The projection matrix V can be computed in
a similar way as

spancolumn{V} = span{(F, MF, ..., M'F} (21)

The same way as in Eq. (12) and (13), we obtain a small
dimensional reduced system as follows

VIEVZ+VIKVZ=V'F (22)

The unknown vector ¢ for the original system (11) can be
restored by _

=43~ VIi+E, (23)
In this way the nonzero initial condition is preserved
exactly, because from z, = \7T§0 =0 we have that ¢ =
VZ, =0, then we obtain & = ¢} + ¢, = c,, which means
that the initial condition ¢, computed from the reduced
system (22) is identical to the exact initial condition c,. In
the end, the accuracy of the reduced system (22) will only
depend on the accuracy of projection matrix V, which is
easily met by adding more terms into the right hand side
of Eq. (21).

o1

3.4. Parametric Model Reduction

In this subsection, we review recently developed model
reduction methods which can preserve parameters during
the model reduction process. We will show how they can
be applied to the time varying electrochemical model in
Eq. (11) in the next subsection.

The parametric model reduction method proposed in
Ref. [13] deals with a two-parameter system in the follow-
ing form

($1E,+8,E, — Ej)x = bw

y=cx (24)
where corresponding reduced model is
(s,E, +s2AEAZ —E)) =bw (25)

y=cx

Sensor Letters 4, 165—-173, 2006

Parametric Model Reduction for Fast Simulation of Cyclic Voltammograms

where
E, =V'E\V,E,=V"E,V,
E,=V'EV.,b=V"b,é=cV

The projection matrix V is computed from the transfer
function of (24) where we explicitly write that it depends
on both parameters

h(si, 8,) = c(s.E, +5,E, —Eg)™'b (26)
h(s,, s,) can be expanded into series of both s, and s,,

h(sy, s,) = —c[I — (E()_lElsl +E0_1E252)]_1E0_1b

—cY (Ey'Es,+E;'E;5,)'Ey'b
i=0

oo j ) )
—c Y Y [F(E;'Ey Ey ' Ey)s] " sS1Ey b
j=0 k=0

where F/ is the matrix before s/ _ks§ . For example,
K =Ey'E. F = E;'E, i = (E;'E,)?
F} = (E;'E))(Ey'Ey) + (Ey 'Ey) (Ey 'E)) (27)
F}=(E;'E,)?*, ...
The moments for both parameters are as follows
—cF/(Ey'Ey, By ' Ey)Ey'b (28)

the projection matrix V is computed based on the moments
in Eq. (28), that is

j o m
colspan{V} = spani | J \JF"(E;'E|, E;'E,)Ey'b
m=0 k=0
(29)
Theorem 4 in Ref. [14] guarantees the accuracy of the
reduced model by proving that a certain number of the
moments in the reduced model (25) will match the corre-
sponding moments in the original model (24):

cF"(P'E,, P'E))P b =¢F"(P'E,, P7'E,)P~'D
O<k<m<j+1

This method was extended to systems with any number
of parameters in Ref. [15], where a linear system with p
parameters is defined as

(8 Ey +8,E,+---+5,E,— Eg)x = bw

y=cx (30)

Since ¢ does not contribute the projection matrix V, the
series expansion of x instead of the transfer function is
considered in Ref. [15]. From (30) we have

x=—[I—(sE'E\ +--+s,E;'E,)]'Ey ' bw

==Y [sE'E\+-+5,E;'E,]"Ey ' bw

m=0
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oo Mm—(k3++kp) m—k, m

m=0 ky=0 k
_ _ —(ky4-+k,) k k,
[Fipoig (Eg Evs oo EgTE)bW]s) 0852 sy

where F; o is similarly defined as in Eq. (27).
The projection matrix V is constructed by the terms of
the series above, that is

my m—(ky+...4+k3) m—k, m

colspan(Vy=spany J U U UF!  E'b

m=0 k=0 k,_1=0k,=0
(31)

or alternatively,

colspan(V)=span{E;'b,(E;'E|\)Ey'b,(Ey ' Ey)Ey ...,
(Ey'E,)Ey'b,(Ey'E\)’Ey'b,
[(Eq'E\)(Ey'Ey) +(Ey ' Ey) (Eg ' E)Eg '), ...,
[(Eq'E(Ey'E,)+(Ey'E, +Ey ' E)E; ' b,
(Ey'E,)Eq 'b, [(Ey ' E,) (Ey ' Es)
+(Ey ' E3)(Ey ' E)]Ey ', [(Ey ' Ey) (Eq 'E,)
+(E;'E,)(Ey ' Ey)ES'D, ..., (Ey ' E,)"Ey ' b}

In this way of computing V, there is another theorem
in Ref. [15] which proves that the moments included in
Eq. (31) are conserved by the reduced model. In the next
subsection, we will show the applicability of this method
to the model of Eq. (11).

3.5. Application to the Electrochemical Model

For the electrochemical model in Eq. (11), the system
matrix K depends on the voltage which in turn plays the
role of an input function that changes in time. According
to the theory from Section 2, we can express this depen-
dence as follows

K =G+sD, +s,D,

where G, D,, D, are constant matrices and s, and s, are
the functions of the voltage applied to the electrode

51() = e, 5,(1) = e

with u(t) = v(t) — v, and where v, is the reference
voltage.
As result, the system (11) can be re-written as follows:

Edc/dt+Gi+ (s,D, +s5,D,)¢ =F (32)

where the two scalar functions s,(t), s,(#) are considered
as parameters.

Taking into account that the initial condition of sys-
tem (11) is a nonzero vector, ¢, # 0, the Laplace transfor-
mation for Eq. (32) produces

(SE+s,D, + s,D, + G)x(s) = FU(s) + EC, (33)
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where x(s) is the Laplace transformation of ¢. By compar-
ison, (33) is different from (30) when p = 3. This means
that (31) cannot be used yet to construct the projection
matrix for Eq. (32). However, as has been discussed in
subsection C, we can first transform the vector in Eq. (32)
as ¢ = ¢ — ¢, without loss of accuracy and obtain a new
system with respect to c,

EdZ/dt+Ge+ (s,D, +5,D,)¢ =F+GZy+5,D, Sy +5,D57,
(34)
_ For the new system, the initial condition is exactly zero,
¢y = ¢y — ¢y = 0. After Laplace transformation, (34)
becomes,

SEx(s) + Gx(s) + (5,0, + 5,D,)x(s) = FU(s)  (35)

with F = F + G&,+5,D, &, + $,D,¢,.

Equation (35) is of almost the same form as Eq. (30),
except that the vector b in Eq. (30) is not related with
the parameters, whereas the vector Fis dependent on two
parameters. However, one can deal with this just after
inspecting Eq. (31). In Eq. (31), the vector b is one of
the base vectors to span the subspace for matrix V, in
Eq. (35) the vector F is acting the same role as b. F is
actually the linear combination of the three vectors, (F +
G¢,), D¢y, D,C,. Therefore, when we construct the pro-
jection matrix V according to Eq. (31), we can replace the
vector b in Eq. (30) by the three vectors above, that is,
define a new matrix B = (F + G¢&,, D, ¢y, D,¢,) so that it is
independent of the parameters. We construct the projection
matrix V for Eq. (35) according to Eq. (31) as

colspan(V)=span{G~'B,(G'E)G™'B,(G™'D,)G™'B, ...,
(G'D,)G'B,(G'E)*G'B,
[(G'E)(G™'D)+(G'D))(G'E)]G'B,...,
[(G'E)(G™'D,)+G'D, +G'E)]
G 'B,(G™'D,)*G™'B,....(G'D,) G™'B}

The final reduced model is

Edz/dt+6z+(slﬁl +szﬁ2)Z=FA (36)
where
E=V'EV, G=V'Gv, D, =V'D\V,
D,=V'D,vV, F=V'F

After obtaining the solution z in Eq. (36), we return
back to the solution ¢ in Eq. (34) via ¢ ~ Vz, the original
solution ¢ in Eq. (11) can be computed by ¢ = ¢ + ¢,.

In the next section, we will show the efficiency of para-
metric model reduction for the simulation of a voltammo-
gram with numerical simulation results for the case study
described in Section 2.

Sensor Letters 4, 165—-173, 2006



Feng et al.

4. NUMERICAL EXPERIMENTS

In this section, we present simulation results to show both
the accuracy of the proposed transformation technique to
deal with nonzero initial conditions and the efficiency of
the parametric model order reduction method combined
with the transformation technique.

Figure 1 and Figure 2 show the layout of the scan-
ning electrochemical microscope for which the partial
differential equations in Eqs. (2) and (3) are derived (see
Section 2). Figure 1 is the computational unit and Figure 2
is the discretization scheme of the control volume method.
The resulted system in Eq. (11) is of dimension 16912,
that is ¢ € R", and n = 16912. We have limited the dimen-
sion of the system on purpose, as our goal was to research
on the method rather than to develop a scalable implemen-
tation. In the figures below, ¢ represents the dimension
of the reduced small system, that is, the unknown vector
ZeR.

In order to give clear and simple description for the
transformation technique, we simulated the current after
imposing voltage E — E; = 0.1V, that is, we set the system
matrix K in Eq. (11) as a constant matrix. The simulation
results for the transformation technique are shown in
Figures 4-9.

In Figure 4, we show the plot of the solution for the cur-
rent. We compare the solution by conventional projection
technique and the solution by the proposed transformation
technique with the solution computed by direct simulation.
One can see that for the conventional projection technique
(dotted line), the reduced system of dimension 100 cannot
reproduce the initial condition of the current. At the same
time, the solution derived by the proposed transformation
technique is indistinguishable from the solution computed
by traditional direct simulation.

20
15H | |
ol
C_ 10H b .
= o
2
ot
of _ |
— n=16912, direct simulation
w=us @=100 ction with transformation
|22 =100 entional projection
~0 0.1 02 03 04 05 o€

time (seconds)

Fig. 4. Comparison between direct simulation and model reduction for
the electrode current. The small circle on the vertical axis indicates the
mismatch of the conventional projection method for initial condition.
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---- g=100, conventional projection
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SN
]
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Fig. 5. Errors of model reduction with two different projection tech-
niques for the solution of electrode current.

The simulation errors of the two model order reduction
techniques are displayed in Figure 5. The error is
defined as

error = |y(t) = y(1)| (37)

where y(f) is the current computed by direct simulation
for system (11), y(¢) is the current computed by reduced
system in Egs. (13) or (22). In order to put the errors of
the two different model order reduction techniques into
one figure, we use a logarithmic plot. The dashed line is
the error of the reduced system in Eq. (13) by the conven-
tional projection technique. The solid line is the error of
the reduced system in Eq. (22) by the proposed transfor-
mation technique. They again show that the results of the
model reduction with transformation technique are very
accurate.

In Figure 6 and Figure 7, we further show the accuracy
of model order reduction with simulation results for the
current obtained from several reduced models of different

current, nA

0 0.1 0.2 03 04 05 06 0.7 (0R:]
time {seconds)

Fig. 6. Solution for electrode current by different dimensions of
reduced models with conventional model reduction.
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Fig. 7. Solution for electrode current by different dimensions of
reduced models with proposed transformation technique.

dimensions. In Figure 6, the simulation results are from
four different reduced models of dimension 100, 200, 500,
and 1000, respectively by the conventional projection tech-
nique. In Figure 7 we plot simulation results, which are
from three different reduced models of respective dimen-
sions 20, 50, 100 by the proposed transformation pro-
jection technique. From Figure 6, we can see that the
results of the reduced models by conventional projection
technique are not accurate even if we increase the dimen-
sion of the reduced model to 1000. For the proposed trans-
formation technique, it can be seen that the results of the
reduced model are still very accurate even if the dimension
of the reduced model is very small (¢ = 20). The errors of
the reduced models by the proposed transformation tech-
nique are all below 10~ for the three cases.

Figures 8—11 show the simulation results of the orig-
inal full-scale model and the reduced model obtained
by the parametric model reduction method combined
with the proposed transformation technique for the cyclic

8
6 - B
==== reduced order 202

o« 4H — ful simulation, n=16912 b
=
£
g 2| |
5
o

ro

he _fj‘_s I;i 0
voltage u(t)

(5]

Fig. 8. Simulated cyclic voltammogram for du/dt = £0.5.
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o

— full simulation n=16912
-==- reduced order 202

current, nA
(%]
L

A 05 0 0s
voltage uft)

Fig. 9. Simulated cyclic voltammogram for du/dt = £0.05.

voltammogram. The dimension of the reduced model is
g = 202. The voltage follows a symmetric triangular
waveform:

u=uy+at, 0<t<t,

u=uy—at, t, <t<2t,

The figures display the current as a function of volt-
age (not in time) as this is the usual way to represent
voltammograms. The solid line is the result computed by
full simulation of the original large model, the dashed line
is the result computed by the small reduced model. The
results of the reduced model are accurate for a wide range
of the dynamic behavior when the value of du/dt changes
by three orders of magnitude (0.0005-0.5).

The major cost to integrate a system of ordinary dif-
ferential Eq. (11) is the solution of a system of linear
equations during time stepping. Let us compare the timing
between a solution of a linear system of dimension n =
16912 for the original problem and dimension g = 100,
50, 20 for the reduced system. We use the sparse solver

:a.§ f

current, nA
(3]
on

=

05 ] |
0 — full simulation, n=16912 [
--== reduced order q=202

-1 05 0 0s
voltage u(t)

Fig. 10. Simulated cyclic voltammogram for du/dt = £0.005.
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current, nA
bk
1

05 i
0 — full simulation n=16912 N
-=--- reduced order q=202
05 !
=1 -05 0 0s q

voltage u(t)

Fig. 11. Simulated cyclic voltammogram for du/dt = +0.0005.

UMPACK'® to solve a linear system for the original sys-
tem, and LAPACK!” to simulate the reduced system on
the same workstation. The solution time on Sun Sparc
Ultra-80 for the original system is 1.5 seconds, whereas
solution of the reduced small model costs only 0.003,
0.0007, 0.0003 seconds respectively with respective speed
factors 500, 2143, and 5000.

5. CONCLUSION

We have shown that it is feasible to apply model reduction
in electrochemistry by addressing two major challenges:
nonzero initial conditions and changes of the applied volt-
age in time. As was already mentioned, our case study is
straightforward. However, it includes all features of a typ-
ical experiment in cyclic voltammetry and we believe that
it is representative enough for this conclusion.

First, we have demonstrated that nonzero initial con-
ditions are, mathematically speaking, far away from the
low dimensional subspace that captures the system dynam-
ics. The transformation technique presented in the paper
allowed us to solve this problem and obtain a very accurate
but low dimensional reduced system.

Second, we have introduced a parametric model order
reduction technique in order to build a compact model to
describe a voltammogram scan. Parametric model order
reduction preserves the parameters in the original model in
the reduced small model in the symbolic form so that the
reduced small model can replace the original large model
in simulation of a wide range of parameter values. At the
same time, the reduced model produces solutions as accu-
rate as the solution computed directly from the original
large model.
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The application of numerical techniques for the design of a capacitive pressure sensor system in
non-silicon materials is described. These techniques have been used to address issues related
to the thermo-mechanical performance of the sensor system. This comprises the selection of the
materials and dimensions used for the sensor itself and the substrate on which it is mounted.
Moreover, simulations are applied to aid in the selection of suitable solder interconnect materials and
dimensions. Where possible, the accuracy of the numerical predictions is assessed by comparing
them to experiments on physical prototypes. The application of nhumerical simulations allowed for a
reduction in the number of physical tests and thereby a reduction in design time and costs. A sensor
system was specified based on the outcome of the design studies. It proved to meet the functional

demands imposed by the targeted application on a laboratory scale.

Keywords: Non-Silicon Pressure Sensor System, Numerical Modelling, Soldering, Assembly

and Packaging.

1. INTRODUCTION

Micromachined pressure sensors are already commercially
available for many years.'»> However, they are typically
fabricated in silicon which warrants their use only for appli-
cations in which they can be manufactured in large volumes
because of the high costs for production facilities. In order
to enable the production of low- and mid-volume series at
reasonable unit prices, the materials and production costs
have to be reduced considerably. This could possibly be
achieved by the use of other materials and processes that
are commonly applied and proven in micro-electronics.

The work presented in this paper is part of a project
targeted at the development of a low-cost pressure sensor
in non-silicon materials. The principle of this sensor is
schematically shown in Figure 1.

The sensor basically consists of a thin circular membrane
placed parallel to a rigid reference plane. The membrane
and the rigid plane act as the two electrodes of a capacitor.
Deflection of the membrane due to a pressure difference
results in a change in capacity. The capacity changes are
logged and used to calculate the pressure on the membrane.

The pressure sensor is to be applied for monitoring
the ageing of a solid rocket propulsion material. For this
particular material, ageing is accompanied by volumetric
shrinkage. Since the material is stored in a rigid container,

*Corresponding author; E-mail: marcel.meuwissen @tno.nl
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volumetric shrinkage causes a change of hydrostatic pres-
sure which exerts a pulling load on the sensor membrane
as shown in Figure 1.

Next to the low unit-price, other typical demands set for
this application are: Ability to operate in a temperature
domain ranging from —40 °C to +60 °C, ability to mea-
sure pressures of up to 5 bar, and ability to function over
a time span of more than one year.

The pressure sensor is mounted on a Low-Temperature
Co-fired Ceramic (LTCC) substrate. LTCC technology is
readily available for the realisation of complex electronic
circuits. In addition to the features of standard thick-film
technology, LTCC allows for the integration of intercon-
nect, actives, and passives inside the substrate, thereby
creating a compact way of packaging and interconnect-
ing electronic components. Apart from these benefits, it
is characterised by other advantages such as hermeticity,
bio-compatibility, close thermal matching with silicon, and
advantages in high-frequency applications because of its
low-loss tangent and high dielectric constant which is also
stable over a broad range.?

For the current application, the substrate is used to
accommodate the logging, interface, and transmission cir-
cuitry and the power supply. The LTCC substrate is placed
as a lid on a box-shaped housing to protect the support
electronics and power unit from environmental attacks.
The set up is schematically shown in Figure 2.

1546-198X/2006/4/174/010 doi:10.1166/s1.2006.018
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Membrane

Solder : : Solder

~ AgPd metallisation

LTCC substrate

i Pressure

Fig. 1. Pressure sensor consisting of a thin circular membrane mounted
onto a Low-Temperature Co-fired Ceramic (LTCC) substrate. In the
intended application, a pulling load is exerted on the membrane resulting
in an upward deflection.

Pressure Pressure sensor

LTCC substrate

Interface electronics
and power supply

Kovar housing

Fig. 2. Schematic layout of the pressure sensor, its supporting electron-
ics, and power supply.

During the design phase of the autonomous pressure
sensor, several aspects had to be addressed related to its
thermo-mechanical behaviour. Finite element techniques
were applied in addition to experiments on physical pro-
totypes to arrive at a thermo-mechanically sound pressure
sensor design. In particular, this concerns the following
aspects:

e Sensor membrane: (i) response (deflection) to applied
pressure, (ii) selection of suitable material and dimensions,
(iii) selection of solder interconnect to the LTCC substrate
(material and layout).

e LTCC substrate: estimation of its probability of failure
under pressure load and selection of suitable dimensions.
e Interconnect between LTCC substrate and Kovar hous-
ing: feasibility study.

2. SENSOR MEMBRANE

Simulations of the mechanical response of the sensor
membrane and its interconnect to the substrate are aimed
at two aspects:

(i) determination of suitable membrane material and
dimensions, and

Sensor Letters 4, 174—-183, 2006
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(ii) selection of a suitable solder interconnect material and
determination of a feasible interconnect layout.

2.1. Calculated Response of the Sensor Membrane to
an Applied Pressure

Because of the simple shape of the sensor membrane, a
straightforward analytical model can be derived to describe
its mechanical and electrical response to pressure changes.
As mentioned in the introduction, a change in pressure
difference is detected electrically by a change in capacity.
The capacity C for the current configuration is determined
from:

C)= [ esar (n

where, R, is the radius of the rigid reference plane, & the
dielectric constant of the medium between the two elec-
trodes, p is the pressure, and 4 is the distance between the
upper and lower electrode (see Fig. 3).

The distance between the lower electrode and the mem-
brane is the sum of the initial distance at zero pressure
(hy) and the deflection of the membrane due to the applied
pressure. For a clamped circular plate loaded by a uniform
pressure, the deflection w is given by*:

p(R; —r*)?

64D @

w(r) =
with R, the radius of the membrane and D the flexural
rigidity:

D— EP 3)
T12(1—12)

where E is the Young’s modulus, ¢ is the plate thickness,
and v the Poisson’s ratio.

Using Egs. (1) to (3), the membrane deflection and
capacity changes can be calculated for different configura-
tions. The results are summarised in Table 1.

The lowest sensitivity is found for a thick Kovar mem-
brane (250 pwm) with a small radius (2.5 mm). In addi-
tion, the thick copper (200 wm) and LTCC (270 um)
membranes with the same diameter have a relatively low

Upper electrode (membrane)

LTCC substrate

Lower electrode (metallisation)

Fig. 3. Explanation of symbols.
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Table I. Maximal deflection and capacity change due to an applied
pressure of 5 bar for several configurations (membrane dimensions and
materials). Initial gap height h, is 40 uwm and lower electrode radius
R, = 1.5 mm for all configurations.

Configuration

Meuwissen et al.

f Solder

Capacity Maximal deflection
Material ¢ [um] R, [mm] change [pF] of centre [wm]
Cu 200 2.5 0.10 3.5
Cu 100 2.5 1.57 27.7
Fe 100 2.5 0.64 16.6
LTCC 270 25 0.05 1.7
LTCC 270 35 0.24 6.5
LTCC 135 2.5 0.48 13.6
Kovar 250 2.5 0.04 1.5

sensitivity as well. The other configurations have signifi-
cantly higher sensitivities.

2.2. Measured Response of the Sensor Membrane to
an Applied Pressure

Figure 4 shows the results of an actual experiment using
an LTCC membrane. In the experiment an LTCC mem-
brane (thickness 270 wm, radius 2.5 mm) is subjected to
a constant pressure for nearly 3 days. The sensor mem-
brane is attached to the substrate by an SnAg3Cu0.5 solder
alloy. The electrical capacity is measured with a 0.001 pF
resolution.

For the unloaded membrane, the capacity is approxi-
mately 2.015 pF. From Eq. (1), the initial electrode dis-
tance h, is estimated at 31 um. Using this estimate, the
calculated capacity at 5 bar pressure is 2.09 pF, whereas
the measured value is slightly less than 2.06 pF.

The sensor shows some capacity drift over the 3 day
period (approximately 0.005 pF). This drift may possi-
bly be attributed to time dependent behaviour of the sol-
der material. After removal of the pressure, the membrane

x10712
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Fig. 4. Measured capacity of a 270 um thick LTCC (membrane radius
R,, =2.5 mm) during testing. At =0 hours 5 bar pressure is applied,
held constant for nearly 66 hours, and removed again.

176

L
o
m:' T i
E il e j £
5 e U e
=1 e} S==N-E e =
g :Lﬁ E: ] -_‘E- (o]
e =3 14 i €1
s / | 2
[ 111
/
V [
/
/
rL’
e s o s e e A 111 4 z

Fig. 5. Finite element mesh used for the axi-symmetric model consist-
ing of the sensor membrane and a solder ring.

does not fully recover to its original deflection. This
also indicates the presence of one or more irreversible
mechanisms.

2.3. Finite Element Model

In order to gain some insight in the observed drift in the
response of the sensor, an axi-symmetric model is imple-
mented in a finite element package. This model comprises
of the sensor membrane and a ring of solder material
placed at the periphery of the membrane. Characteristics of
the mesh of this model are shown in Figure 5. The width
of the solder ring is 400 um and its height is 40 wm. The
radius of the membrane is 2.9 mm.

The membrane is assumed to behave linear elastistically
whereas a creep law is adopted for the solder material.
Simulations are carried out for both SnAgCu solder and
eutectic SnPb solder. For the SnAgCu solder, the following
creep law is used:’

e _ c 1sinh(Cy0)]" exp(Em) @)

dt RT

where R is the universal gas constant, g, the creep strain, o
the stress, and 7 the temperature. The parameters in Eq. (4)
are taken from literature® and summarised in Table II.

Table II. Parameters used in the creep
Eq. (4) applied for the SnAgCu solder alloy.

Parameter Value

Cl 7.925-10%°

C2 0.0356 MPa~!
act 6.79-10™* J/mol

n 6

Sensor Letters 4, 174—-183, 2006
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Table III. Parameters in the creep Eq. (5)
applied for the eutectic SnPb solder.

Parameter Value

C 16.534 K mm?/N s
el 751

Q 8.78-10°% ]

n 33

For describing the creep behaviour of the eutectic SnPb
solder the following creep law is applied:’

d G| . " -
;;' = CTI:smh(ag)] exp<k$> (5)

where G is the shear modulus and k is Bolzmann’s con-
stant. The other parameters are taken from literature® and
summarised in Table III. The plastic behaviour of the sol-
der material is neglected in the current simulations. The
other parameters required for the model are taken from
literatur® and summarised in Table IV.

The top surface of the LTCC membrane is loaded by
a uniform pressure which is increased linearly from 0 to
5 bar in 100 s and maintained at that level for 3 days.

Figure 6 shows the deflection of the centre of the mem-
brane as a function of time for the two solder alloys. For
the SnAgCu solder, the deflection increases by 0.11 um
over 3 days due to creep. From the experiments, the drift
was estimated at 0.1 wm. Given the relatively large scat-
ter on LTCC substrate thickness, the unknown thickness
hy, and the relatively crude approximation of the creep
behaviour (only second level creep included), the numeri-
cal value compares well to the experimental one. For the
eutectic SnPb solder alloy, the calculated creep over the
3 day period is much higher: about 0.88 um.

The calculated stresses in the solder material remained
well below the yield stress of the material, indicating that
the inclusion of plastic behaviour in the model for the
solder is unnecessary.

Figure 7 shows a part of the SnAgCu solder material in
the region where the accumulated equivalent creep strain
attains the highest values after 3 days. It can be seen that
the maximal creep strain is concentrated in a corner-point
(singular point). The peak values should thus be treated
with care since they are mesh dependent. The strains some-
what further away are approximately 1%.

From the experimental and numerical investigations,
it can be concluded that drift leads to an unacceptable

Table IV. Parameters used for the elastic part of the models.
The parameters are taken from literature.

Young’s modulus Poisson’s ratio

Material |GPa] [-]
Solder (SnAgCu) 38 0.40
Solder (SnPb) 30 0.37
LTCC (membrane) 100 0.30

Sensor Letters 4, 174—-183, 2006
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Fig. 6. Calculated deflection of the centre of the membrane during
application of a uniform pressure (5 bar).

disturbance of the measurements. After 3 days, the drift
on the out-of-plane displacement of the membrane is
already 5% whereas a drift of less than 1% is acceptable
for the intended application. The simulations support the
hypothesis that the drift is caused by creep in the solder
interconnect.

The sensor must be able to operate at temperatures up to
60 °C over time periods of up to one year. Higher temper-
atures generally lead to more pronounced creep behaviour

0.0100
0.0095

0.0090
D.oogs
0.0080
0.0075

0.0070
0.0065
0.0060
0.0055
0.0050
D.ooas
D.0040
0.0035

LTCC membrane

0.0030
0.0025
D.0020

0.0015
n.ooi0
n.oons
0.0000

Fig. 7. Accumulated creep strain in the SnAgCu solder interconnect
after 3 days under a constant pressure load of 5 bar on the membrane
surface.
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Time [days]

Fig. 8. Calculated displacement of the centre of the membrane as a
function of time at a constant pressure on the surface (5 bar) at 25 °C
and 60 °C.

in the solder material. The previous analysis is repeated
for a time period of 1 year at 25 °C and 60 °C for the
SnAgCu solder. It should be noted that 5 bar pressure over
1 year is a worst case scenario for the present application.
In practice, it is loaded for much shorter time spans at this
pressure level. Figure 8 shows the calculated displacement
of the centre of the membrane as a function of time. At
25 °C the drift over a one year time span is 14% whereas
the drift has increased to nearly 40% at 60 °C. These high
drift values are not acceptable for the current application.

Even for the SnAgCu solder, the drift of the out-of-plane
displacement of the membrane is quite high, especially at
higher temperatures. The additional deflection is caused
by creep deformation in a fairly localised domain in the
interconnect. For reducing the creep strains in this region,
it is investigated whether a geometrical change of the
membrane as shown in Figure 9 can improve the situation.

It is expected that the addition of a reinforcement ring
will reduce the localised stress levels in the solder ring and
thereby the accumulated creep strain over time.

Initial simulations using this new configuration indeed
showed a reduction of drift of the centre of the membrane.
These simulations were carried out with relatively arbitrar-
ily values selected for the different geometrical parameters.

Wring

hring

|
e

I_I
,_I

Wsolder

h membrance

Fig. 9. Adjustments to the LTCC membrane (addition of a reinforce-
ment ring) aimed at reducing the creep strains in the solder interconnect.
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In order to determine the sensitivity of these parameters on
the drift of the membrane deflection, a Design of Exper-
iments (DoE) approach is utilised.” An L8 orthogonal
scheme is used. The parameters to be varied are (see
Figure 9):

(i) width of the solder ring w
0.6 mm),

(i) width of the reinforcement ring w,,, (low/high:
0.7 mm/1.1 mm),

(low/high: 0.4 mm/

solder

(iii) height of the reinforcement ring h,, (low/high:
405 um/810 wm),
(iv) thickness of the membrane f . pune (low/high:

135 um/270 um.

Within this scheme the following interactions are taken
into account: ixii, ixiii and ix1iv.

The relative out-of-plane displacement drift of the mem-
brane (displacement drift divided by initial displacement)
over a one year period is used as output for the DoE.
The main effects resulting from the DoE analysis are sum-
marised in Figure 10. The optimal configuration is given
by Wy ger = 0.6 mm, w,,, = 1.1 mm, A, =810 um, and
tmembrane =135 mm.

In the next step, possible interactions with factor w4,
have been investigated and depicted in an interactions plot
(Fig. 11). The nearly parallel lines for the interactions with
the factors wy;,, and #,.p,. indicate that there is no sig-
nificant interaction effect. A rather strong interaction effect
can however be seen between the factors w4, and fp,.
Since the combination of levels which yield the lowest
drift is going to be included in the optimum configuration,
no further measures have been taken.

The optimal configuration was not a setting used for
the DoE runs. A simulation run with the optimal settings
showed a displacement drift of 0.25% over a one year
period. For a temperature increase to 60 °C this value
increases to 0.5%. Both values are within the design limits.

ring ring

Relative drift [%]

04 06 0.7 1.1
Wsoider [MM] Wying [Mm]

405 810
hring [um]

135 270
tmembrane [HM]

Fig. 10. Main effects of parameters on relative drift.
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Fig. 11. Interactions between parameters on relative drift.

As a disadvantage of this solution, the additional cost
required for fabricating membranes with reinforcement
rings should be mentioned. An alternative is investigated
in parallel in which use is made of another solder material
with lower creep sensitivity: AuSn20. Unfortunately, the
creep behaviour of this material has not been as thor-
oughly investigated as that for the more commonly used
SnPb37 and SnAgCu alloys. Due to the lack of appropri-
ate creep models for this material, it was not possible to
assess its performance by numerical simulations and there-
fore physical prototypes incorporating this solder material
were built and tested. An example of the response of a
membrane attached to the surface with this solder material
is shown in Figure 12. The drift in the measured capacity

-12
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Fig. 12. Capacity measured on a membrane (stainless steel, 1 =
200 wm, R, = 2.5 mm) soldered to the LTCC substrate using AuSn20.
At t =0 hours, 5 bar pressure is applied, attained for nearly 70 hours and
removed again. The slight drop in capacity is due to a slight reduction in
applied pressure during the experiment.
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is significantly reduced compared to samples soldered with
SnAgCu solder (see for example Fig. 4).

3. LTCC SUBSTRATE
3.1. Probability of Failure

In order to accommodate all electronic components on
the backside of the LTCC substrate, the width and length
dimensions have to be set to at least 24 x 55 mm?. The
thickness is determined by the maximal load the substrate
has to withstand (5 bar). In order to determine the min-
imal required thickness, finite element simulations were
performed in combination with experiments on the LTCC
material.

Among other factors, the critical tensile stress of the
LTCC substrate is determined by the materials properties
(homogeneity), processing conditions and the particular
layout of the layers (orientation, presence of inclusions
such as electrically conductive tracks, et cetera). Since
there is some scatter on these parameters from sample
to sample, it can be expected that there will be scatter
in the critical strength of the samples as well. Here, the
strength of the LTCC material is characterised by applying
a Weibull approach.!®!! In this approach, the probability
of failure is assumed to be a function of the applied stress
and the volume under stress:

F=1 —exp[—/v(;))m dv} (6)

where F is the probability of failure, V is the volume,
o is the stress, and o, and m are two parameters to be
determined from measurements.

For determining the parameters o, and m, three point
bending experiments are carried out on samples with
dimensions 10 x 55 x 1.6 mm?, which were supported on
two rollers placed 27 mm apart. These samples were cut

In(In(1/(1-F)))

Fig. 13. Measurements and fitted Weibull curve.

179

3710114V HOHV3IS3d



RESEARCH ARTICLE

Computer Assisted Design Study of a Non-Silicon Capacitive Pressure Sensor System

Uniformly distributed foad .-~ I
f s

Location of bottom of Kovar heusing
{not included in model)

Fig. 14. 3D finite element mesh used for calculating the probability of
failure of the LTCC substrate.

from larger LTCC substrates by laser. The characteristics
of the sample material were similar to those of the final
design (in terms of number of layers, presence of vias, and
type of metallization materials).

The results of the bending tests are summarised in
Figure 13. This figure also shows the fitted Weibull curve
Eq. (6). The fit was determined by linear least squares
regression.

The Weibull parameters are used in combination with
finite element simulations to determine the probability of
failure of a substrate with particular dimensions. For all
design variants, the lateral dimensions of the LTCC sub-
strate are set to 24 x 55 mm.? Several thickness values are
evaluated in the range from 0.8 mm to 1.6 mm Egq. (6)
is used to calculate the probability of failure for a design
using for o the maximal principal strain in a point as
calculated with the finite element model. If the maximal
principal strain in a point of the substrate is smaller than 0,
o at that location is set to 0 in order to accommodate for
the fact that the LTCC material will be able to withstand
compressive stresses much better than tensile stresses.

The finite element model for one of the configurations
is shown in Figure 14. The model includes the LTCC
substrate, a part of the (Kovar) housing and the solder
interconnect between the housing and the substrate. The
top surface of the substrate is assumed to be loaded by
a uniform pressure (directed upward) which is increased
from O to 5 bar. The displacements on the bottom face of
the Kovar housing are suppressed. Due to symmetry in the
assembly only one quarter is modelled. The bottom of the
Kovar housing was not included in the model as this is

Table V. Parameters used for the elastic part of the constitu-
tive models. The values are taken from literature.

Young’s modulus Poisson’s
Material [GPa] ratio[—]
Solder (SnPb) 30 0.37
Kovar 137 0.31
LTCC 100 0.30
180
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i Tss0?

¥ @
- -

Fig. 15. Maximal principal stress in the assembly at a pressure load of
5 bar for an LTCC substrate thickness of 0.8 mm.

expected to have only a marginal influence on the defor-
mations of the LTCC substrate.

The LTCC and Kovar materials are assumed to behave
elastically whereas an elasto-plastic model with bi-
linear kinematic hardening is taken for the SnPb solder
material.'” The parameter values are taken from literature
and summarised in Table V.

Figure 15 shows the distribution of the maximal princi-
pal stresses in the assembly for an LTCC substrate thick-
ness of 0.8 mm and a maximal load of 5 bar.

Using the calculated stresses and the Weibull equation
fitted on the measurements, the probability of failure for
different configurations can be calculated. The probability
of failure is shown in Figure 16 for several values for
the LTCC substrate thickness. It can be seen that for the
0.8 mm LTCC thickness, the probability of failure of the
substrate at 5 bar pressure is approximately 12.5% whereas
this value has dropped to less than 0.04% for the 1.6 mm
thickness.

14 f f f f
—6— 0.8 mm : : :

fob-| TF 09mm |y
—£— 1.0 mm
—+— 1.2mm : : :

101+ —— 1.6mm |-~ e

Probability of failure [%)]

Uniform pressure on substrate [bar]

Fig. 16. Probability of failure of the LTCC substrate versus applied
pressure for different substrate thicknesses.

Sensor Letters 4, 174—-183, 2006



Meuwissen et al.

4. INTERCONNECT BETWEEN LTCC
SUBSTRATE AND KOVAR HOUSING

The second critical solder interconnect in the assembly
is that of the LTCC substrate to the Kovar housing (see
Fig. 2). In order to investigate the stress levels that develop
in this interconnect during pressure load, a finite element
model is created of the assembly.

A A T
1
:

LTCC HE

T

Kovar S

bR
V/////////”/,f///?//////////////////////////‘
! = 1

Fig. 17. Finite element model of the LTCC substrate and Kovar
housing.
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Fig. 18. Equivalent Von Mises stress in the solder interconnect at max-
imal pressure on substrate surface.

For time efficiency reasons, an axi-symmetric model
is used although the assembly actually has a rectangular
shape. Given the intended use of this initial model, this
simplification is deemed acceptable. Figure 17 shows some
details of the finite element mesh.

The LTCC substrate is loaded by a maximal pressure
of 5 bar. The bottom (right side in Fig. 17) of the Kovar
housing is fixed.

Figure 18 shows the equivalent Von Mises stress in the
solder interconnect. The maximal stress is approximately
35 MPa which is well above the initial yield strength of
the material (approximately 23 MPa).

As a measure for reducing the stresses on the solder
interconnect, the interior of the Kovar housing is filled with
an epoxy resin. Repeating the analysis for this new con-
figuration, the maximal stresses in the solder interconnect
reduce to an acceptable level of 2 MPa.

A new problem introduced by filling the cavity with
epoxy is the thermal mismatch between this material and
the other components. This is studied using the same
model for a thermo-mechanical analysis. For this analy-
sis, the materials in the assembly are assumed to behave
linear elastically except for the solder material which is
assumed to behave elasto-plastically.'> The parameters for
the elastic domain were taken from literature except for
the epoxy material and AgPd metallisation. For the latter
two materials, estimates were made. All parameters used
in the simulations are given in Table VI.

Table VI. Parameters in elastic domain. The parameters for the epoxy
and metallization materials are estimates. The other parameters are taken
from literature.

Coefficient of

Young’s modulus Poisson’s thermal expansion
Component [GPa] ratio [—] [ppm/°C]
Solder 38 0.40 23.0
LTCC 100 0.30 6.5
Kovar 138 0.31 3.5
Epoxy 5 0.35 30.0
Metallization 76 0.37 19.6
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Fig. 19. Equivalent plastic strain in the solder interconnect for two val-
ues of the coefficient of thermal expansion (CTE) of the epoxy material.

A uniform temperature is assumed over the whole
domain. This temperature is varied in time between
—40 °C and 60 °C. A total of 3 cycles is simulated.

Figure 19 shows the development of the equivalent
plastic strain during the three temperature cycles. Using
the initial value for the coefficient of thermal expansion
(30.0 ppm/°C) for the epoxy material, the accumulated
strains in one cycle are unacceptably high (around 14%).
Choosing the coefficient of thermal expansion of the epoxy
material closer to that of the other materials in the assem-
bly (10 ppm/°C), leads to a significant reduction of accu-
mulated plastic strain. It should be mentioned however,
that this value is extremely low as the coefficient of ther-
mal expansion of commercially available filled epoxies is
typically in the range of 20 to 25 ppm/°C below the glass
transition temperature. Nevertheless the strain accumula-
tion is still about 4% per cycle. This strain accumulation
is mainly caused by the local thermal mismatch between
the solder material and the other materials.

By increasing the solder layer thickness, this strain accu-
mulation can be reduced even further. As an example,
Figure 19 also shows the accumulated strain for a solder
layer thickness of 50 um instead of 10 um. In this
situation the accumulated plastic strain is reduced to 0.8%
per cycle.

5. PHYSICAL PROTOTYPE

Figure 20 shows a functional prototype of the autonomous
system with on top of the LTCC substrate the pressure sen-
sor membrane and the antenna. The LTCC substrate is fab-
ricated in panel form by Via Electronic. The membranes
are mounted using a flip chip bonder. This enables both
accurate alignment in x- and y-direction and the possibility
to maintain the required assembly height of the membrane
during soldering. The solder material is AuSn20 which is
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Fig. 20. Complete autonomous system including the sensor membrane,
LTCC substrate, and Kovar.

applied as preform. Before further assembly, the pressure
sensors are tested by a specially designed tool which can
load the sensors in panel form by air pressure. The SMT-
components on the secondary substrate side are mounted
using a standard refow-soldering process. During this oper-
ation the interconnection of the sensor membrane will not
re-melt due to the 280 °C melting temperature of AuSn20.
After SMT-assembly the systems are cut out by laser and
functionally tested. To finally close the systems, a ring of
solder paste is printed on the edges of the LTCC sub-
strate, a Kovar housing is placed and subsequently reflow
soldered to seal the package. In case a filling is needed,
the Kovar housings are provided with laser cut holes. The
prototypes proved to meet the functional requirement to
measure pressures of up to 5 bar with sufficient sensitivity.
Figure 21 shows the results of a step-stress test.
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Fig. 21. Response of a pressure sensor to a step-stress test. The
relaxation-like variation of the capacity versus time is caused by the test-
ing equipment and the way in which the pressure is applied onto and
removed from the sensor membrane.
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6. CONCLUSIONS

Numerical simulations have been applied in combination
with experiments in the thermo-mechanical design of a
pressure sensor. The simulations were applied for the
selection of suitable dimensions for the sensor-membrane
and LTCC substrate onto which the sensor is mounted.
Furthermore, they were applied for determining suitable
solder interconnect materials and dimensions.

Initial experiments on a sensor prototype showed an
unacceptably high drift of the out-of-plane displacement
of the sensor membrane over time. Simulations were con-
ducted to assess several geometrical design changes to
reduce this drift. From these simulations it was concluded
that the suggested changes did indeed lead to an improved
design. However, the design change (addition of reinforce-
ment ring) would also increase the cost of the sensor mem-
brane fabrication. The application of a more creep resistant
solder (AuSn20) was investigated as an alternative. Tests
on physical prototypes with this solder alloy showed the
drift to be reduced within acceptable limits.

The dimensions of the LTCC substrate was partly (width
and length) determined by the number and size of the
components (logging, interface, and transmission electron-
ics, power supply) that had to be accommodated on it.
The thickness of the substrate has been selected based on
Weibull statistics.

Finally, the interconnect between the LTCC substrate
and the Kovar housing was investigated. It was found that
special precautions had to be taken in order to reduce the
stresses in the solder interconnect.

The application of simulation techniques led to a sig-
nificant reduction of the effort required for building and

Sensor Letters 4, 174—-183, 2006
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testing of physical prototypes, which in turn reduced
design time and costs.

Future work will include life testing of prototypes to
assess their long term stability and (thermo-mechanical)
reliability.

Acknowledgments: The authors would like to thank
Via Electronic GmbH in Germany for their technical sup-
port and for producing the LTCC test structures.
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A new MEMS for on-chip mechanical testing of 0.7 um thick polysilicon film has been designed,
modelled, and fabricated. The polysilicon film is electrostatically loaded under bending until rupture
in the out of plane direction, by means of electrostatic attraction in the direction orthogonal to the
substrate. This is at difference with previous works of the same Authors, in which results relevant
to in plane loading conditions have been presented. 3D Finite Element (FE) and Boundary Element
(BE) models of the structure were used during the design and data reduction phases. Tests were
carried out at room temperature and at atmospheric humidity. The measured Young’s modulus
obtained on 20 tested polysilicon specimens was 174 +9 GPa. Rupture stress computed after 21
tests, treated with the Weibull statistical theory, gave Weibull material parameters o, = 2237 MPa,

with a Weibull modulus m=5.1.

Keywords: MEMS, Polysilicon, Mechanical Characterization, Bending Tests, Weibull Approach.

1. INTRODUCTION

The development of polysilicon MEMS technology and
the large and fast diffusion of relevant applications, have
forced researchers in the direction of a complete and
correct characterization of polysilicon at the scale of
micron."? In particular, the issue of MEMS reliability
and mechanical characterization of polysilicon has become
very important in the recent scientific literature.>"'* Many
approaches have been proposed in order to obtain parame-
ters characterizing the mechanical response of polysilicon:
Elastic parameters, rupture strength, and fracture proper-
ties under monotonic and cyclic loading.

The Authors have recently proposed a fully on-chip pro-
cedure for the characterization of polysilicon, based on ad
hoc designed MEMS for mechanical testing.'*~'%20 The
main advantage of on-chip approaches with respect to out
of chip ones is related to the possibility of precisely char-
acterising the same material which is used to produce
MEMS without any disturbance induced by the manipula-
tion of small specimens in the laboratory. Another advan-
tage consists in the possibility of avoiding complicate
gripping systems and data acquisition methods. In spite of

*Corresponding author; E-mail: alberto.corigliano@polimi.it
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the above mentioned advantages, a series of disadvantages
still affect the on-chip methodologies, mainly related to the
technological limitations associated to the MEMS produc-
tion and to the limited possibility to load the specimens in
various conditions.

The purpose of the present paper is to present recent
results which aim at partially overcoming the limitations
on loading conditions related to on-chip approaches.
A MEMS has been designed with a parallel plate electro-
static actuator which loads (up to rupture) under out-of
plane bending a couple of beam-shaped specimens. By
means of a data reduction procedure based on the measure-
ment of the capacitance variation, it is possible to obtain
the value of the Young’s modulus of the polysilicon spec-
imen and that of the maximum stress at rupture.

The particular loading conditions chosen in the present
study have been motivated by two main reasons: The
necessity to precisely control an electrostatically actuated
movement in the direction orthogonal to the substrate and
the need to verify the existence of differences in the elastic
and rupture properties of polysilicon for in plane and out
of plane bending, possibly related to the anisotropy of
the particular structure of the material originated by the
production process.

1546-198X/2006/4/184/007 doi:10.1166/s1.2006.016
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An outline of the paper is as follows. In Section 2
the layout and the main properties of the out-of-plane
electrostatic actuator are briefly described. Section 3 is
devoted to the description of the data reduction procedure
and of numerical simulations. The obtained experimental
results and the adopted Weibull approach are discussed in
Section 4. Section 5 contains some closing remarks.

2. OUT OF PLANE
ELECTROSTATIC ACTUATOR

The purpose of the present work has been the mechanical
characterization of thin polysilicon films produced by
means of the surface micromachining process called
Thelma™ developed and used by the MEMS Business
Unit of ST-Microelectronics.'

A set of test structures for on-chip fracture characteriza-
tion of 0.7 wm thick polysilicon film have been designed,
modelled, and fabricated. Figure 1 shows the whole device,
while Figure 2 is a zoom of the central part where the
beam specimens are placed. An holed plate of 15 um thick
polysilicon is suspended on the substrate by means of four
elastic springs placed at the four corners. The holed plate
is also connected to the thin polysilicon film specimens
placed at the centre, as shown in Figure 2. The two sym-
metric specimens are in turn connected on one side to the
holed plate, while on the other are rigidly connected to the
substrate. The two specimens are therefore equivalent to a
couple of doubly clamped beams. The holes in the plate
are due to the etching process for the elimination of the
sacrificial layer, thus allowing for movement of the holed
plate with respect to the substrate.

The movement in the direction orthogonal to the sub-
strate is obtained by electrostatic attraction of the holed
plate towards the substrate. The whole plate and the

Fig. 1. Parallel plate actuator for out of plane bending tests: gen-
eral view.
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Fig. 2. Parallel plate actuator for out of plane bending tests: detail of
one of the specimens.

substrate thus act as a parallel plate electrostatic actuator.
When the plate moves towards the substrate, the couple of
specimens bend, as schematically depicted in Figure 3.

It is important to remark that only the squared part of
the holed plate acts as an actuator (see Fig. 1), while the
holed rectangular parts added to each side of the plate act
as sensors; these in turn allow for the experimental deter-
mination of the capacitance variation and of the vertical
movement, as discussed in Section 3.

The choice of on-chip electrostatic actuation was driven
by the advantage of great precision and absence of mis-
alignment due to external manipulation.

The length of each specimen is 7 wm; in order to force
the rupture in an a priori chosen section, their cross sec-
tion changes with a linearly varying width which decreases
from 3 um to 1 wm (see Fig. 2).

Due to the end constraint of the specimens, the internal
stresses were not released. The length of the specimen was
kept short enough to avoid Eulerian buckling due to the
internal stresses. An estimation of the residual stress gradi-
ent was done measuring with a profilometer the deformed
shape of released cantilevers fabricated on the same die of
the test structure. In order to measure the residual stress, an
array of doubly clamped beams with different length was
used. The residual stress was then extracted from the buck-
ling load of the shorter beam of the array which undergoes
buckling.

A linear elastic 3D FE model of a quarter of the central
part of the structure was used during the design phase,
in order to optimize the shape of the specimen with the
goal to obtain rupture; Figure 4 shows some details of the
FE mesh.

<"

Fig. 3. Specimens loaded in bending.
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Fig. 4. Details of the Finite Element Mesh.

3. DATA REDUCTION SCHEME AND
NUMERICAL SIMULATIONS

Tests were carried out at room temperature and at atmo-
spheric humidity, with a probe station mounted on an opti-
cal microscope (see also'*? for further details on the
experimental setup). A slowly increasing voltage was
applied in order to induce quasi-static loading conditions
in the specimen. The input voltage given to the structure
and the variation of the capacitance induced by the dis-
placement of the rotor was measured connecting an
Agilent Precision LCR Meter between two pads. The LCR
resolution, in the range of measures of interest in this
work, is £1 fF.

The experimentally determined capacitance versus volt-
age plots were transformed in force versus displacement
plots by making use of relationships between capacitance
and displacement and between voltage and electrostatic
force, respectively. These relations were obtained by
means of accurate electrostatic BE and FE simulations
given the complex geometry of the actuator and of the
sensing system and the subsequent difficulty in applying
analytical formulae.

A series of electrostatic BE simulations on one of the
lateral sensors allowed for the determination of a capaci-
tance variation versus vertical gap plot, which was directly
used in order to transform experimental capacitance varia-
tion data in vertical displacements. The analyses were car-
ried out decreasing the gap between the rotor and the stator
part of the sensing electrodes from the value 1.8 wm until
0.2 wm, with a step equal to 0.1 wm. Figure 5 shows the
BE discretization of one of the sensors, while in Figure 6
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Fig. 5. BE discretization for one of the sensors.

it is shown the obtained sensing capacitance versus gap
plot. The BE results were fitted with the expression below,
also plotted in Figure 6:

0.2598
== Q)
C2+1.3112C —0.0315

where g is the gap and C the measured capacitance. Notice
that Eq. (1) can be used for values of C greater than
0.0236 pF, which is one of the zeros of the denominator.

FE electrostatic simulations were used in order to obtain
the vertical force of attraction on the square holed plate
acting as a rotor. In Figure 7 it is shown the 3D model
used to this purpose: A quarter of a representative volume
containing 100 holes was modelled, surrounded by a large
volume of air. The electrostatic field was then found in the
air surrounding the polysilicon plate, applying an imposed
voltage as boundary conditions.

The analyses were carried out varying the gap between
the plate and the substrate, in order to get the force versus
gap relationship. The direct result of the analysis was the
electrostatic energy of the system. The numerical results
were fitted by means of a 6th order polynomial; computing
the derivative of the energy with respect to the displace-
ment, it was possible to obtain the force.
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Fig. 6. Sensing capacitance versus gap plot.
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Fig. 7. FE discretization of the air surrounding a part of the actuator.

These results were compared (see Fig. 8) with the ana-
lytical formula for the electrostatic force developed by an
infinitely thin square plate, without holes, with the same
lateral dimensions, taking into account perimetrical fring-
ing effects:

Foe [ £ + U— ]V2 ()
act — ~ € o
T2 (go—x)*  2m (g —x)

where g, is the permittivity of vacuum, / the side of the
plate, V the applied voltage, P the perimeter of the plate,
g, the gap at rest and x the displacement.

As it is possible to see in Figure 8, in the gap range
available for the actuation (2.8 +~4.2 um), the two curves
are almost superposed. From the results of FE electrostatic
simulations it was therefore deduced that the attractive ver-
tical force can be computed by making use, with negligible
error, of the analytical relation (2).

By means of the above briefly described procedure, the
experimental capacitance versus voltage plot was trans-
formed for each test in a force versus displacement one,
as in the example shown in Figure 9.

Starting from the force-displacement plot, the force act-
ing on the specimens was obtained by subtracting the
part equilibrated by the elastic suspension springs in the
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Fig. 8. Actuation force versus gap plots.
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Fig. 9. Force-displacement plots obtained after the data reduction
procedure.

four corners of the holed plate (see Fig. 1). An elastic
3D FE solution of the specimen under bending in the
vertical plane (Fig. 10) was then used to relate the global
stiffness of the specimen to the Young’s modulus and
the force at rupture to the maximum tensile stress in the
specimen. Experimental values of Young’s modulus and
rupture stress were therefore finally obtained.

The above briefly described data reduction procedure is
analogous to that adopted in the previous paper'® where it
is described with more details.

A key point in the data reduction procedure, is the high
sensitivity of the results to the value of the vertical gap
between the holed plate and the substrate. In order to have
an idea of this sensitivity, in Figure 11 a plot of the relative
variation of the obtained Young’s modulus AE/E versus
the relative variation of the gap Ag/g is shown. The results
of Figure 11 have been obtained by considering the ref-
erence values E = 175 GPa, g = 1.6 um with g variable
in the range 1.5+ 1.7 um. As it can be appreciated from
Figure 11, the relative variation of the Young’s modulus

Fig. 10. Example of finite element results: deformed mesh and max-
imum principal stress (in MPa) obtained with an imposed vertical
displacement = 1.4 pum.
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go=1.6 um
1.06 E, =175 GPa

Ag/go

Fig. 11. Relative variation of the Young’s modulus with respect to rel-
ative variation of the vertical gap.

with respecte to the relative variation of g is of the order
of 100%. This fact must be carefully considered in the
whole data reduction procedure also because the vertical
gap cannot be easily measured on the real device and it
can strongly depend on the quality of the etching process.
In the results here presented a mean value of g =1.65 um
was used.

4. EXPERIMENTAL RESULTS AND
APPLICATION OF WEIBULL APPROACH

The value of Young’s modulus obtained from 20 tests was
174 £9 GPa, as shown in Figure 12.

The data concerning rupture of the specimens were
interpreted in the framework of the Weibull approach for
brittle materials,'® ' extending what already done in'* (see
also the parallel work.?) The application of the Weibull
approach allows for a satisfying interpretation of stress
gradient and size effects in the experimental rupture data.

10 - :
Mean Value: 174/ GPa
Standard deviation: 9|GPa
gl Structures tested: 20
v
=
£
5 6F
Lib]
o
1]
G4}
o}
0
E
221
0
1.4 16 1.8 2 22

Young Modulus (105 MPa) x10°

Fig. 12. Distribution of experimental results for the Young modulus.
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In the case of a multi-axial, non uniform stress state it
is usually assumed that cracks form in the planes normal
to the principal stresses o, (x)0,(xX), 05(x); the probability
of failure is then given by:

Py = 1—exp|:—(lr/£1§<0i(x)_a”>mdﬂi| 3)

gy T

where () is the volume of the solid, (), is a statistically
uniform representative volume, o, 0y, and m are material
parameters, (o), denotes the positive part of e ((e), =
if e > 0; (o) =0, if @ <0). Equation (3) is obtained from
the one usually considered for a uniformly stressed uniax-
ial bar iterating the hypothesis of statistical uniformity of
every volume and computing the joint probability of sur-
vival for every infinitesimal volume; a recent discussion
can be found in Refs. [19,20].

The general expression (3) is here applied under the
assumption that o, = 0, which means that all level of
stresses have an influence on the probability of failure.
Equation (3) is then re-written in a more compact way as:

Pr= 1—exp|:—(;r /ﬂ <&(§_:))md9:| 4

once the equivalent stress o (x) is defined by:

; 1/m
o(x) = (Z (Ui(X)>$> ®)

i=1

The above relations can be used in order to estimate the
probability of failure P, of a given structure or solid once
the Weibull parameters m and o, are known and the elastic
distribution of stresses has been computed via analytical
formula or numerical solutions, e.g., the FE method.

Parameters m and o), are usually experimentally deter-
mined starting from a series of uniaxially tensile tests on
cylindrical specimens of volume () and surface area A; in
this simple case Eq. (3) reduces to:

e a(B)] o

Weibull parameters can be identified also from a specimen
or structure loaded in a multiaxial situation with a non-
uniform stress distribution, like the one here considered.
Let us re-write Eq. (3) in a form similar to (6):

o] [ (72) an]

r

= l—exp|:—8<ag_:n> ,3'"} (7)

where 3 is defined by

1
on ()

nom

B'= g [ L etoyzda= g [ (oo)nan @
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and o,,, represents a nominal stress in the non uniformly
stressed specimen or structure, which acts as a scaling
parameter for the elastic response. Notice that function
h(x) defined by Eq. (8b) depends only on the normalized
stress distribution in the linear elastic response and is
therefore independent of the load level.

In order to compare the behaviour of different structures,
it is possible to define a critical stress level as the nominal
stress level o, , evaluated in the structure when the prob-
ability of failure is equal to 63.2%, in full equivalence to
the interpretation of oy, for a uniaxially, uniformly loaded
specimen. From Eq. (6b) it thus follows

Q 1/m
Ohomo = %(ﬁ) (9)

Given two structures (1) and (2), it is therefore possible to
write

o Qr 1/m o Qr 1/m
((Tnom())l = _0(_> > ((TnomO)Z = _0< ) 5

B\, g\ 0,
(UnomO)l .82 (Qz>l/m
\onombJr P2 272 10
(Tnomo)2 B\, (10)

Relations (10) allow us for a direct comparison of the
behaviour of structures with different volumes and stress
distributions. The variation of parameter o,,,, with the
volume clarifies the kind of size effect related to the statis-
tical uniform distribution of defects described by a Weibull
approach. o,,,, is inversely proportional to the volume
and this dependence increases with decreasing m; at the
limit, by letting m to infinite, the statistical size effect
disappears. Noteworthy is also the dependence of o,
on the parameter 3, which in turn depends on the stress
non-uniformity.

Further details on the particular application of Weibull
theory can be found in the parallel paper.?® Starting from
the experimental values of rupture stress, the statistical
treatment implied in the Weibull approach was applied

1 T r T

e 9o o
5 o @

o
]

Weibull cumulative probability

0 1000 2000 3000 4000
Rupture strength (MPa)

Fig. 13.  Weibull cumulative probability of rupture strength.
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Fig. 14. Specimens after rupture.

taking into account the non-uniformity of the stress field in
the specimens; this in turn implies the computation of vol-
ume integrals in Eq. (8) on the whole specimen volumes.
The whole procedure was based on the 3D FE model
already used during the design phase and for the evalua-
tion of rupture stress. Volume integrals were computed by
means of a numerical Gaussian integration on each tethrae-
dral FE with quadratic displacement field.

21 specimens have been brought to rupture; the obtained
Weibull parameters are o, = 2237 MPa; m = 5.1, while the
nominal stress value of Eq. (8) is 0., = 3026 MPa. The
experimental results and the cumulated Weibull plot are
shown in Figure 13. An example of specimens after rup-
ture is shown in Figure 14 where it can be clearly observed
a specimen broken in the thinner cross section, as expected
during the design phase.

5. DISCUSSION AND CONCLUSIONS

The results presented in the paper concern an ongoing
research activity based on the use of on-chip tests for the
mechanical characterization of thin polysilicon films.

A set of test structures was designed and fabricated to
characterize the flexural behaviour of polysilicon films in
a plane orthogonal to the substrate and to evaluate the
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possible influence of grain morphology on the mechanical
response. The device has been based on a holed parallel
plate actuator which is attracted by the substrate in the
direction orthogonal to it. A system of elastic springs keeps
the holed plate suspended over the substrate. A couple of
bending specimens is placed at the centre of the device.

The electrostatic actuation in the vertical direction
developed loads large enough to break the specimen, as
expected during the design phase.

In parallel works,'®?0 results concerning the rupture
properties of polysilicon captured by means of in-plane
loading have been recently published. In particular, results
concerning 0.7 um thick polysilicon film with have been
discussed.” The Weibull parameters there obtained are
o, = 1840 MPa; m = 6.2, which are different from those
obtained in the present work for out of plane loading:
o, = 2237 MPa; m = 5.1. A possible explanation for the
remarkable difference obtained in the two sets of Weibull
parameters can be the influence of different loading con-
ditions which could locally initiate different rupture mech-
anisms. As already discussed at the end of Section 3, an
additional reason for possible discrepances in the results
can be found in the influence of geometrical parameters
like the gap between the holed plate and the stator.

Careful consideration and possible improvements in the
whole data reduction procedure seem to be necessary
before judging the present preliminary results as repre-
sentative of the possibly remarkable difference between in
plane and out of plane behaviour of polysilicon films.
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Coupled simulation environment for MEMS devices are already available in a variety of commercial
and freeware software packages. However, structural optimization for the multiphysics case has not
been fully discussed yet. In most published cases, the optimization algorithm merely follows the tra-
ditional single-field problem case, in which design variable and sensitivity are updated sequentially.
This paper presents a promising method to implement structural topology optimization via a fully
coupled partial differential equation (PDE) expression. The multiphysical structural optimization is
integrated via derivation of a suitable Lagrangian-Euler equation. The update of the structural topol-
ogy is implemented through evolving material boundaries with the level set method. The accuracy
of the boundary position is preserved with the h-adaptive mesh refinement method. A benchmark
example of structural topology optimization which includes coupled effects is presented in order to

demonstrate the feasibility of this method.

Keywords: Topology Optimization, Level Set Method, Moving Mesh Method, Finite Element

Method, FEMLAB.

1. INTRODUCTION

Microelectromechanical systems (MEMS) are miniaturi-
zed devices that consist of both mechanical and electrical
parts. These systems can sense and actuate on a micro
scale and can function individually or be arrayed on a
macro scale.' A realistic physical model for a MEMS
device can compose all areas of continuum physics, such
as the mechanical, thermal, and electromagnetic energy
domains. On accurate numerical simulation for MEMS
device should include a single mathematical expression
for each energy domain and possible interactive coupling
among all the energy domains (Fig. 1).* Because of the
complexity of coupling effects, an efficient numerical algo-
rithm to solve the coupled PDE is a key point in order
to obtain a reasonable numerical solution. Generally, there
are two methods to discretize the coupled PDEs. The first
is the sequentially de-coupled method by which the cou-
pled PDEs are de-coupled and then all the PDEs are
solved sequentially. The second is the direct method in
which the coupled PDEs are discretized together and all
the unknowns are solved simultaneously. For the sequen-
tially de-coupled method, it is easy to find a suitable algo-
rithm for each PDE. However, the solving sequence of the

*Corresponding author; E-mail: zhenyu@imtek.de
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de-coupled PDEs will influence the convergence and accu-
racy of the numerical solution. In the case of direct dis-
cretization, the coupling effect is directly included in the
discretized equations. However, this procedure will result
in a large scale nonlinear equation system which needs an
efficient numerical algorithm to obtain a converged solu-
tion. Nonlinear algorithms have experienced major prog-
ress and the direct discretization method is becoming more
popular in MEMS simulation.

To date, fully coupled simulation environments have
been implemented in several commercial and freeware
software packages.” However, structural optimization for
multiphysics has not been discussed adequately. The opti-
mization algorithm merely follows the traditional single-
field problem case, in which the optimization procedure
is implemented by iterations of sequentially coupled sol-
vers for direct physical problems and sensitivity analysis.
Because of the multiphysical interaction, the sensitivity of
coupled problem is really complicated in most cases.®'2
An integrated and efficient simulation and optimization
methodology for multiphysics is needed for MEMS devi-
ces. In this paper, we discuss a coupled optimization
method for a single objective function, a single constraint
and multiple fields in MEMS. All the numerical examples
in this paper are implemented in the software environment
FEMLAB.®

doi:10.1166/51.2006.012 191
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Fig. 1. Coupled physical domains in MEMS device.

2. FULLY COUPLED PDE FORMULATION
FOR SINGLE-FIELD STRUCTURAL
TOPOLOGY OPTIMIZATION

Structural optimization has great potential to improve the
performance of MEMS device. Generally, one has to fol-
low the optimization procedure as shown in Figure 2.
Because of the complexity of coupled effects in MEMS
devices, the sensitivity analysis is very complicated in
most cases. Typically, the element density type method,
such as the SIMP (solid isotropic microstructures with
penalization) method is used to implement structural topol-
ogy optimization."> However, the expression of the struc-
tural layout is non-smooth because of piece-wise constant
density value is used to express the material domain. Even
though this will not cause serious numerical problems for
the structural optimization of pure mechanical problems,
a material non-smooth expression will lead to unexpected
results for other types of structural optimization, such as
thermal problems.'* One of the simplest remedies to over-
come the problem of a material non-smooth expression
is the nodal density type method, where material density
is interpolated smoothly with nodal density values.'” In
MEMS simulation, the actuation force is normally either a
body force or a surface force. During structural topology

|Finite Element Analysis |

| Sensitivity Analysis |

[ Update Design Variables

Fig. 2. The procedure of structural optimization.
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optimization, these two kinds of forces are referred to as
design-dependent loads, which mean that the load vector
changes with the evolution of the structural layout.'® With
either the element or nodal density type method, there is
no explicitly defined material boundary. So the implemen-
tation of the design-dependent load is not straightforward.
Basically, the level set method belongs to the shape opti-
mization method. Because of its ability to merge holes
during the optimization, it has recently become popular
in structural topology optimization. When compared with
the density type method, one of the distinguishing advan-
tages of the level set method is that the material boundary
is expressed with the zero level set contour, therefore the
design dependent load is easily implemented during the
optimization procedure.'” '8 Here we introduce the use of
the level set method to transform a typical optimization
procedure to a coupled PDEs expression, so that the struc-
tural optimization procedure can be solved as a pseudo-
time dependent coupled PDE problem.

2.1. Mechanical Problem

A typical structural topology optimization problem for 2D
compliance minimization can be written as

min : C(¢,s):/ %E(qb)eTDsdQ
st.  V-(E(p)o)=f 1)

/ H()dQ = Vol*
QO

where the design domain is represented by (), the linear
elastic equilibrium equation is used to calculate the dis-
placement field u, strain tensor is & and stress tensor is o,
E is the design variable which is defined by the level set
surface @ as E(¢p) = H(¢p)+ (1 — H(P))E,,,, where E,;,
is a small number, such as 0.001, to avoid singularity of
the stiffness matrix, D is the elasticity matrix in which the
material Young’s modulus is E,, and Vol* is the material
volume constraint in the design domain. The Heaviside
function H(¢) is defined as

@y =" *=" @)
N g0
and the derivative of the Heaviside function, 6(¢) is
defined as dH($(x))
X
8(¢(x)) = b ©)

The level set function ¢(x) is an implicit function for a
given domain ) with smooth boundary which satisfies

¢(x) >0 xeQF (material)
¢d(x) =0 x € dQ (boundary) 4)
$(x) <0 xe€Q (hole)

The area constraint condition which is typically used
in compliance minimization design is presented. The

Sensor Letters 4, 191-199, 2006
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optimization problem (1) can be solved by the level set
method.'”?° To derive the level set equation which moves
the material boundaries, we combine the objective func-
tion and constraints together by using a Lagrangian formu-
lation, and then derive a corresponding Euler-Lagrangian
equation.

Using the Lagrangian multiplier A, we can rewrite prob-
lem (1) as

J(&, b, ) = /ﬂ |:;E(({))£TD8 + A(H(qs) -~ \\;gllﬂﬂdn
)

where Vol is the area of the entire design domain. From
classical calculus, we know that the extrema of functional
(5) is attained at the position where J' = 0. To obtain the
level set equation which uses a level set surface to express
the structural topology implicitly, we need to calculate the
variation of the level set surface. For the variation of a
material domain which is expressed by the Heaviside func-
tion of the level set surface ¢, we have

o) = 50— 04130 =081, (©
Where 8¢ is the variation of ¢, and 6(¢) is the Dirac delta
function. Based on knowledge of structural shape opti-
mization, only the normal velocity on the material bound-
ary will influence the change of the shape, the tangential
velocity will not influence the deformation of the geome-
try, merely its parameterization. We assume that the zero
level set contour (¢p = 0) moves only in the normal direc-
tion. For an infinitesimal variation 6/ which is along the
normal direction 7, a new zero level set is ¢’ and we have

8¢lg—o = &' (x) — p(x) = p(x +61- 1) — d(x)
=V¢-(8l-n) =[V|dl ™

where the normal vector 7 = V¢ /|V¢|. For problem (5),
the variation of the level set surface on the material bound-
ary can be expressed as

5¢J=/QB(1—Emin)sTDs+/\]5(¢)|v¢|51dQ (8)

The corresponding Euler-Lagrangian equation at the
extreme value point is

[;(1 —Emm>e’Ds+A]6(¢)|V¢| —0 ©

In most cases, it is impossible to solve Eq. (9) directly.
One general technique is to solve the level set equation
numerically

I
at

The auxiliary variable ¢ is used as pseudo time. The
method is also called gradient descent flow. In the case
of a well-posed optimization problem, the solution can
hopefully converge to a local minimum based on different

|50~ Ewe' Do kA o@)IToI =0 (10)

Sensor Letters 4, 191-199, 2006

Multiphysics for Structural Topology Optimization

initial values. As a result, we can solve the coupled
PDE:s. So the 2D compliance minimization topology opti-
mization problem can be transformed into the following
coupled plane stress equation and time-dependent reaction-
diffusion equation

V-(E(P)o) =f

L B(l - Emin)sfpgﬂ]a(@lwl =al¢

(11)

with a suitable initial condition for ¢,. Here an artificial
diffusion term aA¢ is added to overcome numerical oscil-
lations during the evolution of level set surface. The coeffi-
cient « is proportional to the mesh size and reaction term.
The Lagrangian multiplier is expressed as

[ 117201 = Eyy)e" Dsl3(9) [V lae

| #(@)vélae

A=—

(12)

Here we call the first equation in Eq. (11) the state equa-
tion for the direct problem and the second equation the
optimization equation for the structural optimization prob-
lem. Figure 3 is a typical example of a compliance min-
imization structural topology optimization problem. The
short cantilever beam is clamped on the left side and a
vertical force acts on the midpoint of the right side. The
area constraint condition is 0.3 Vol®. The design domain
is discretized with 2466 triangular linear elements.

2.2. Electrostatic Problem

In topology optimization, one of the most commonly used
objective functions is the stored potential energy inside a

ALLLLLLLALRALAY

(a) (b)

Unified Structure Stain Energy

Strain Energy

0 5 10 15 20

Evolving Time
() (d)

Fig. 3. Structural topology optimization of a purely mechanical prob-
lem. (a) design domain (b) initial structural topology (c) optimized struc-
tural topology (d) optimization procedure of the structural strain energy.
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design domain. For the electrostatic problem, the electric
energy can be expressed as u(¢p)VVTVV/2, where V is
the electric potential, VV is the electric field vector, u is
dielectric permittivity which is defined by a level set sur-
face @ as w(¢) = o H ($) + (1= H () sy, Where py, is
the dielectric permittivity of the air and w,,, is the dielec-
tric permittivity of the design material. The equilibrium
equation which controls the electrostatic problem is the
Poisson equation. Following a similar procedure as for the
mechanical problem, a maximization of the electrostatic
energy problem can be expressed as

max : C(¢,VV)=f %,u(d))VVTVVdQ
st V-(u(@)VV) =0 (13)

/ H()dQ = Vol*

A fully coupled PDE expression of topology optimiza-
tion for the electric potential energy problem with area
constraint can be similarly expressed as

V- (u(@)VV) =0

ap [1
| o = )TV TV A o) V] = 0k
(14)
where
[ 11720t = 1) VYT TVIE () V|2
A=-—2 (15)
| #(@)vélae
o
V=1 lcl)
%
o
g
§ eV/en=0
’ i
eV/en=0 >

(c) (d)

Fig. 4. Structural topology optimization of a purely electrostatic prob-
lem for maximum stored energy. (a) design domain (b) initial structural
topology (c) optimized structural topology (d) optimization procedure of
the electric energy.
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For the same reason as for the mechanical problem, an
artificial diffusion term is added in the right hand of the
second equation in Eq. (14). Figure 4 is a typical exam-
ple of an energy maximization structural topology opti-
mization problem. The L-shape domain is chosen as design
domain with given potential and insulation boundary condi-
tions. The area constraint condition is 0.5 Vol. The design
domain is discretized with 2561 triangular linear elements.
Since we know that the electrical field is concentrated at the
inner bend of the L-shaped domain, we see that the opti-
mized structure is correct, since the optimization procedure
places the material with higher dielectric constant here.

3. H-ADAPTIVE MESH
REFINEMENT FOR STRUCTURAL
TOPOLOGY OPTIMIZATION

The application of the level set method to structural topol-
ogy optimization has provided a new level of flexibility in
expressing the change of topology when compared with
the element density method. Usually, a design domain with
regularly distributed mesh is discretized and the whole
iterative procedure is based on this fixed mesh. The accu-
racy of the finite element solution and the position of
the boundaries are largely dependent on the mesh den-
sity. Thus one has to discretize the design domain with
a reasonable number of elements in order to balance the
computational cost and the accuracy of boundary position.
Mesh adaptation has become an indispensable tool in the
numerical solution of partial differential equation in order
to improve the computational accuracy and efficiency. This
is especially useful in domain in which time-dependent
gradient concentration or large solution variations occur
within the physical solutions.

There are three methods in which the dynamic mesh
adaptation can be implemented, p-adaptation, h-adaptive
mesh refinement (H-AMR) and the r-adaptive moving
mesh (R-AMM) method. In the H-AMR the mesh is
remeshed locally or globally based on error estimates in
order to capture the significant part of the solution.?!??
In R-AMM the moving mesh is based on the solution of
a moving mesh equation.”>?* The mesh topology is kept
unchanged but the mesh grids are shifted throughout the
region to best approximate the solution globally. In Ref.
[25], we discussed how to implement R-AMM structural
topology optimization. In this paper, we will focus on the
H-AMR structural topology optimization within the frame-
work of fully coupled PDE formulation.

The key point when combining structural topology opti-
mization and the H-AMR method is to define a remesh-
ing strategy. This will guarantee the quality of the finite
element solution and smooth the expression of the mate-
rial domain, while keeping a reasonable number of design
variables. Generally, the error estimator is used to deter-
mine the adaptation strategy, since the exact solution of the

Sensor Letters 4, 191-199, 2006
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direct problem is unknown in general. For a linear elastic
equation the error estimator by Zienkiewicz and Zhu?® can
be expressed as

* T~ * h
”e”energy%/(z(a- _a-h) C 1(0- _OJ)d‘Q‘ (]6)

where o* is the smoothed stress in the Gaussian points,
o" is the approximated nodal stress and C is the material
tensor. Equation (16) measures the strain energy error in
an average sense over all elements. However, for structural
topology optimization with the level set method, the accu-
racy of the Heaviside and Dirac delta function of the level
set surface, which are used to capture the material domain
and boundary, cannot be improved by the strain energy
error estimator. A specified error estimator which is based
on the property of the level set surface can be defined as

lelhs ~ /Q (VH($)" = VH($)") (VH(¢)" — VH()")dO2

(17)
where |e||;, is the error estimator for the material domain
which is expressed by a level set surface. Figure (5) shows
the different effects of two different error estimators of
the short cantilever beam example. The beam is clamped
on the left side and a fixed force acts on the right-down
corner. Both cases are remeshed to use a similar number

T T T e N T e T

(a) Fvy

()

(d) (e)

Fig. 5. Structural topology optimization with H-AMR method of a clas-
sical benchmark problem. (a) design domain, (b) and (c) Initial and opti-
mized structure topology and meshing (3384 and 3374 triangular ele-
ments) using the strain energy error estimator, (d) and (e) Initial and
optimized topology and meshing (3085 and 3275 triangular elements)
use the level set surface error estimator.
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of elements. The final optimal topologies are quite similar
to each other in that the convergence of structural opti-
mization with mesh adaptation is not affected by the error
estimators we used. Meanwhile, the overall computational
cost for structural optimization is reduced when compared
with using a global refined mesh. One can choose one of
the error estimators to mesh the design domain for differ-
ent purposes. In the next section, the error estimator in
Eq. (17) is used.

4. FULLY COUPLED PDE
FORMULATION FOR
ELECTRO-MECHANICAL STRUCTURAL
TOPOLOGY OPTIMIZATION

Typically, the compliance minimized topology optimiza-
tion problem is presented with a constant load force. In
MEMS, the electrostatic force is often used to actuate devi-
ces. In this case, the amplitude and direction of the elec-
trostatic force will change with the update of a structure’s
topology and its deformation. Hence we have a coupled
optimization problem. Here we present two examples for
compliance minimized topology optimization with an elec-
trostatic actuation force.

The design domain and mechanical boundary conditions
of the first example are shown in Figure 6a and the electro-
static boundary conditions in Figure 6b. In this example,
we assume that the deformation of the structure is small
enough so that the electrostatic force will not be changed
by the deformation of the structure. The coupling effect
between the mechanical and electrostatic problem merely
comes from the electrostatic force which will be controlled
by the structural topology inside the design domain. So
the electrostatic force is a design-dependent load. This is
completely different from the fixed load vector case.

For the finite element analysis, the two coupled equa-
tions, mechanical and electrostatic, are given by

V. (uVV) =0

(18)
Vo= Fﬁxed+Fele

where Fj, .4 1s a fixed load vector and the F, is the electro-
static force which is dependent on the distribution of the
material. The material inside the design domain is SiO,.
The optimization objective is to minimize the deforma-
tion of the whole structure with area constraint. The elec-
trostatic force is used to decrease the deformation of the
structure. For this kind of weakly coupled optimization
problem, the sequential analysis and optimization method
has been discussed in Ref. [27]. To make a clear compari-
son of the traditional sequential method and the fully cou-
pled PDE formulation method we proposed in this paper,
we derive the sensitivity expression with the traditional
method first.

When using the typical element density design variable
method to implement the structural topology optimization,
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Fig. 6. Compliance minimized topology optimization of a cantilever
beam. (a) mechanical design domain and boundary conditions, (b) elec-
trostatic design domain and boundary conditions, (c) optimized material
distribution when only the fixed load vector F acts upon the structure,
(d) optimized material distribution when both the load vector F and the
electrostatic forces act upon the structure, (e) optimization procedure of
the structural strain energy of Figure 6d.

both equations in Eq. (18) depend on element design vari-
able p?

V- (u(p)VV) =
V. (E(p)a-) = Fﬁxed +F:31e(p’ VV)

One can add Eq. (19) into the original objective function
via the finite element discretized expression

(19)

U,

out

:UTKMEU+)\1KPOV+/\2(KMEU_Fﬁxed Fa.) (20)
where A, and A, are Lagrangian vectors, K*© and KME are
the stiffness matrices of the electrostatic equation and the
linear elastic equation, U is mechanical displacement vec-
tor and V is scalar electrical potential. Using the adjoint
method, the sensitivity is:

U, au AKME dK®o
nput = 2*U KME p-‘rUT U+)\17pv
ap; ap ap? ap;
(9KME au
+A, [ } +A kP°—+)\ KM — (21)
apz apL
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To remove the terms dU/dp’ and 9V /dp! in the
sensitivity, the following expressions should be set
to zero

(2x UTKMe + 1, KMF) =0

(22)
MKP =0

With the solution for A, in terms of A,, the sensitivity can
be simplified as

au, IKME dKFPO
out — UT > U+)\1 > V
ap; ap; ap;
IKME dF,
T U=h a;;,e (23)

To obtain the sensitivity in Eq. (23), one has to solve
the displacement and electric potential solution first with
Eq. (19) and then calculate two adjoint vectors with
Eq. (22). The expression of the sensitivity is relatively
complicated even for this weakly coupled problem. Beca-
use the traditional optimization method solves the direct
physical problem first and then derives sensitivity sequen-
tially, the state variables (displacement and electric poten-
tial) are treated as implicit functions of the design
variables. Then sensitivity analysis should include the
derivative terms of the state variables and the design vari-
ables. Several papers and books discuss the derivation
of sensitivity in the case where displacement is treated
as an implicit function of the design variables.”!%?7, In
this paper, we set the displacement and electric poten-
tial as independent of the design variables, that is, the
state and design variables are defined in a composite vec-
tor. This method is called the simultaneous analysis and
design (SAND) method.?® One of the distinguished advan-
tages of the SAND method is that the derivation of the
sensitivity is relatively straightforward, especially when
one wants to implement structural optimization in which
the state variables are controlled by multi-physical prob-
lems. For example, equilibrium equations could include
mechanics, electrostatics, and thermo-electric effects. The
state variables include displacement, electrostatic field,
thermal stress, etc. The coupling effects include surface
coupling of mechanism and electrostatics, domain cou-
pling of mechanics and thermo-electric effects. In this
case, the sensitivity analysis of the traditional method is
extremely complicated. However, the expression of the
SAND method is much simpler for coupled problems,
especially in which the load vector is design-dependent.
One remaining question is how to establish the relationship
between the de-coupled state and design variables. One of
the possibilities is to derive a corresponding optimization
equation based on the specified objective function and to
solve the fully coupled equilibrium equation and optimiza-
tion equation simultaneously.

When using the fully coupled PDE formulation, we
do not need to calculate the Lagrangian vectors (Eq. 22)
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explicitly. The structural topology optimization problem
can be expressed with the level set method as

min:  C(d, &, VV) = / %E(q’))sTDsdQ
s.t. V. (E(d))a-) = Fﬁxed+F:31e
V- (u()VV)=0

/ H(d) dQ = Vol*
Q

(24)

In the optimization equation, the level set surface which
expresses the evolving of the structural layout is not influ-
enced by the design-dependent electrostatic force. The
evolving of the level set surface still can be expressed by
the coupling effect of the first two equations in Eq. (25).
To sum up, the coupled PDE formulation to express struc-
tural topology optimization is:

V- (u(h)VV) =0
V. (E(¢)U) = F;ixcd + F;lc

30 Ewe DA 5@ V4] = ado

(25)

ot

Figure 6¢ shows the optimized structural topology when
only F;,., acts and Figure 6d is the optimized topology
when both Fg ., and F,. act on the structure. Figure 6e
is the optimization procedure of the structural strain
energy.

In MEMS, the electrostatic force is commonly used
to actuate the slender structures. This is a typical
self-consistent electromechanical analysis which involves
determining mechanical displacement to balance the elec-
trostatic force on the surface. There are two different meth-
ods to solve this surface coupling problem, the sequentially
coupled solver and the directly coupled solver. To imple-
ment structural optimization with the coupled method, the
directly coupled solver is used to calculate the structural
deformation. The design domain is shown in Figure 7.
There are two subdomains, subdomain 1 has fixed mate-
rial property and subdomain 2 is the optimization domain.
Here we discuss three different load cases. In the first case,
a fixed load vector (Fy.q = IuwN) is added on the mid-
dle point of the upper surface of the whole domain. In
the second case, the electrostatic force acts on the struc-
ture. In the last case, both the fixed load and electrostatic
force act on the structure. The objective of structural opti-
mization is still compliance minimization with area con-
straint. The material inside both subdomains is Aluminium
with Young’s modulus of 70 GPa and Poisson ration
of 0.33.

For the first case, we still can use the compliance min-
imization model in Eq. (1). In addition, we consider the
geometrically large deformation for the elastic equilibrium
equation. So the strain tensor € has a nonlinear relationship
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Fig. 7. Compliance minimized topology optimization of a fixed-fixed
end beam. (a) and (b) initial design domain and optimized topology
with fixed load vector, (c) and (d) initial design domain and opti-
mized topology with electrostatic force, (¢) and (f) initial design domain
and optimized topology with both the fixed load vector and electro-
static force, (g) optimization procedure of the structural strain energy of
Figure 7f.

with the displacement vector
_du (o 2+ '
fr T ox dx dx
2 2
o (Y (2 06)
SOy dy dy

du v Pu v

Fry = (ay + 5x) + (axay + axay>
Since we use the SAND method in which the design
variable ¢ and the displacement vector are independent
of each other, the optimization equation is still same as
the second equation in Eq. (11). The first equation in
Eq. (11) is solved with a nonlinear iterative solver for large
deformation analysis. The optimized structural topology is
shown in Figure 7b.

For the second load case, a consistent solution for
the electromechanical problem is needed. To coincide
with the fully coupled optimization method we propose
in this paper, we choose a direct coupled solver where
the deformed mesh caused by the structural deformation
is simulated by the ALE method.*3? In FEMLAB, the

<
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coupled ALE method can be implemented with following
coupled Egs. [6]

V- (u(9)VVy) =0
V-(E(d)o) =F,

ele (27)
V- (GVX) =0

where X expresses the deformed nodal position because
of structural deformation, G is the mesh monitor function
which controls the local property of the deformed mesh,
Vy means that the value of the electrical potential is cal-
culated for the deformed mesh and w(¢) = w,. H(P) +
(1—H(¢))pm,, where p,.. is a large number to approx-
imate the distribution of the electrical potential. In this
example u,,, = 100. Using the moving mesh equation
(the third equation in Eq. (27)), all of the displacement,
force and electrical potential boundary conditions can be
implemented in the original coordinates. This method can
deal with the electromechanical coupling directly before
pull-in occurs. For the optimization examples we presented
here, the fixed-fixed end beam in subdomain 1 is used to
avoid the pull-in occurring during the optimization proce-
dure with reasonable electrical potential conditions. The
coupled optimization equations are

V- (u(9)VVy) =0
V- (E($)o) =F

V-(VX)=0 (28)

30 Bue Do A 50174 = are

Here the mesh monitor function is the unit function so
that the mesh is smoothly modified on the whole design
domain. On each mesh node, there are 6 degrees of free-
dom (dofs), two displacement dofs, one electrical potential
dof, two moving mesh position dofs, and one level set
surface dof. However, the optimization equation remains
unchanged despite the complicated coupled forward prob-
lems. The optimized result is shown in Figure 7d.

In the last case, both the fixed load vector and electro-
static force act on the structure. So this is a multiple load
optimization problem. Based on the analysis of the first
two cases, the optimization equation for these two loads is

V. (E(d))a-l) = Fﬁxed
V- (u()VVy) =0
V-(E($)oy) = Fye

V. (VX)=0 29)
% - [;(1 _Emin)(gergl +82TD82) +)\:|
5(d)|Vh| =alrd

where ¢, and g, are the strain vectors corresponding to
two load cases. The optimized result is shown in Figure 7f.
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5. CONCLUSION

This paper presents a procedure to implement single objec-
tive function, single constraint, and multiphysics structural
topology optimization by a fully integrated PDE expres-
sion via the level set method. The optimization proce-
dure is implemented through a pseudo-time dependent
optimization equation. Expressing the sensitivity with the
SAND method is much simpler than using the traditional
sequential coupled algorithm. Several examples demon-
strate the use of the method we proposed. The efficiency
and accuracy of this optimization method strongly depends
on the power of the nonlinear algorithm for large scale
problems. Practical optimization of MEMS requires multi-
objectives, multi-constraints, together with multiphysical
problems. Our work will now focus on these issues.
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Comprehensive spring constant models are developed to analyse the electromechanical behaviour
of elastically suspended MEMS plates. These models account for residual (post-fabrication) stress,
finite stiffness of real anchors, and non-rigidity of the plate. Based on the models developed, the
pull-in voltage of microfabricated switches is determined for a wide range of device geometries.
Experimental measurements verify the accuracy of the models developed, which is within 11%. The
results also show that significant errors (over 100%) in predicting the device pull-in behaviour may
result if conventional models are applied to the plate-tethers system.

Keywords: Spring Constant, Elastically Suspended Plate, RF Switch, Pull-in Voltage, MEMS.

1. INTRODUCTION

Suspended plates find a wide range of applications as
key elements in various microdevices such as MEMS
varactors for wireless communication systems'® and RF
switches.” !° These plates are usually supported by spring-
like suspensions such as cantilever (straight) or meander
type tethers (Fig. 1). Although these types of structures
have been previously modelled with conventional equa-
tions, the assumptions and simplifications inherent to those
models make them unsuitable (or inaccurate) for use where
a high degree of design accuracy is desired.

The primary goal of this paper is to develop models for
accurate evaluation of the spring constant of suspended
plates on straight or meander tethers. Such models incor-
porate fabrication non-idealities such as residual stress,
real anchors, and also account for the plate compliance.
This is achieved by extracting spring constant values from
Finite Element Method (FEM) simulation data and exper-
imental validation.

2. PREVIOUS/CONVENTIONAL MODELS

MEMS varactors and RF switches usually consist of a
movable plate suspended above the ground on elastic ele-
ments or tethers (Fig. 2). Altering the vertical position
of the plate using externally applied forces (e.g., thermal,
electrostatic, piezoelectric, etc.) changes the capacitance of

*Corresponding author; E-mail: marynal @tyndall.ie
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the structure and influences the electrical characteristics of
the device. Removal of the applied forces allows the plate
to return to its original undeflected position because of the
mechanical restoring forces exerted by the tethers. Plates
suspended by four tethers of two geometries, straight or
meander (Fig. 3), are considered in this paper.

For small displacements the restoring force F from a
spring displaced a distance & is given by Hooke’s law:!!

F=—Ké (1)

where K is the spring constant.

The mechanical spring constant of micromachined
structures controls the response of the devices to external
influences such as pressure or voltage. Knowing the spring
constant, such important behavioural characteristics as the
pull-in voltage V., the resonance frequency f,.; and the
deflection & of the structure due to an externally applied
force can be easily found using the following well-known

expressions: ! 12713
g K total ;3
V.. =.— 2
pull-in 27¢A ( )

1 Klola]
fres = 277_\/ m (3)
F
8 == Ktotal (4)

where K@ is the spring constant of the entire structure,
¢ is the electrical permittivity, A is the common plate-
electrode area, m is the mass, F is the applied force, and

1546-198X/2006/4/200/006 doi:10.1166/s1.2006.011



Lishchynska et al.

eapeer .ok x1.adk EALUWe

(b)

Fig. 1. Micromachined plates suspended by (a) straight tethers and
(b) meander tethers.

h is the electrical gap. Therefore, accurate evaluation of
the spring constant is the key to accurate modelling and
design of the structure.

Conventional models assume that the total spring con-
stant of the structure, K is the sum of the spring con-
stants of the individual tethers," 2’

Ktotal — Zka (5)

where k; are calculated using known expressions:

E;}ﬂ , for a straight tether’ (6a)
8a°+2b°  ab(3b+15a) @ (G + )
K = 3EI, 36/ 2E+d)
S E— R
2\6s T EL))
for a meander tether'? (6b)

Such models assume the plate to be rigid and do
not account for the residual stresses and anchor com-
pliance that are inevitable with most micromachining
technologies.” 15 As a result, large errors may occur

tether plate sk

/ \

/ N
Ivb’i,rl &

electrical gap

ground

Fig. 2. Cross-section of the plate suspended on elastic elements.
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a
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| t b
t
w—:h

(a) (d)

Fig. 3. (a) Straight and (b) meander tethers typically used as micro-
spring suspensions.

when calculating the spring constant of the structure. This
is clearly illustrated in Table I. Experimental studies also
report a significant discrepancy.’

There are a number of factors causing this inconsis-
tency, residual stress and non-rigidity of the plate being
the most significant ones. Non-ideal anchors, typical in
MEMS, also influence the spring constant.'*'> The fol-
lowing sections of this paper discuss the development of
comprehensive spring constant models which take account
of these factors.

3. STRESS ANALYSIS IN
SUSPENDED PLATES

Residual stress is induced during the fabrication of
most microstructures. Under this stress, deformations and
changes in the mechanical behaviour of the structure occur.
For instance, in-plane residual stress results in the stiffen-
ing of most microstructures,'® an effect that is undesirable
in many RF applications. Therefore, any residual stress
present must be taken into account when modelling.

The generation of residual stress in micromachined
structures is complicated and depends heavily on the
specifics of the fabrication process. Furthermore, simula-
tions undertaken in this work show that the stress in sus-
pended structures redistributes after release. Consequently
most of the post-release stress is concentrated in the tethers
and the plate itself is nearly stress-free.

A more detailed look at the behaviour of straight teth-
ers in a stressed device reveals not only stiffening of
the cantilever-like suspensions (Fig. 4a), resulting in an
increase of the spring constant, but also an extra bending
of the anchor, implying a decrease in the spring constant
(Fig. 4b). These two phenomena superpose in a complex
way. Meander tethers, on the other hand, absorb much more
stress through deformation (Fig. 5). All these effects should
be taken into account when modelling the spring constant.

Table I. Comparison of FEM simulated and analytical (1), (2) values of spring constant (MPa- um) for straight and meander suspended plates.

Straight tethers; plate size, wm?

Meander tethers; plate size, ,u,m2

100 x 100 200 x 200 300 x 300 10x 10 50 x50 100 x 100 200 x 200 300 x 300
Analytical 28.28 28.28 28.28 9.26 9.26 9.26 9.26 9.26
Simulated 14.7 13 11 7.75 6.58 5.68 4.18 3.27

Sensor Letters 4, 200-205, 2006
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Fig. 4. Simulated stress redistribution in plate suspended by straight
tethers (a) and local deformation (exaggerated) of the anchor of the
pillar-supported guided-end cantilever due to the stress, no external load
applied (b). Initial biaxial stress is 100 MPa. Lighter areas indicate higher
residual stress, darker areas represent lower stress.

Mises Stress,  7.3E-02 4.8E+01 ATE+01 1.6E+D2 1.8E+02
COVENTOR

Fig. 5. Simulated stress redistribution (MPa) in plate suspended by
meander tethers.

4. MODELLING THE SPRING CONSTANT

A previously described technique of extracting analytical
models from FEM simulation data'” was applied here. It
can be roughly described in the following set of steps.

(1) A dimensional analysis is firstly undertaken. The pur-
pose of this exercise is to establish a basic relationship
between the dimensional parameters that have a significant
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role in the device performance. In the case when an exact
solution exists for the ideal structure the dimensional part
of a relation can be easily found. However, when there is
no predefined equation for the ideal case, more investiga-
tion is needed. Dimensional analysis reduces the number
of variables in the formula since the contribution of the
main parameters is already found. The remaining variables
are transformed into dimensionless ones, hence reducing
their number further.

(2) FE simulation data relating the behaviour of structures
of a given geometry to dimensionless parameters is gen-
erated. Parametric studies on all contributing parameters
should be carried out as well.

(3) The final closed-form formula (function representa-
tion) is obtained by manipulation of the output data from
FE simulation followed by accurate curve fitting.

(4) Experimental validation of the models is conducted
where possible.

The following two subsections present the development
of the spring constant model for straight tethers system in
greater detail and provides the final model for meanders-
plate system.

4.1. Plate on Straight Tethers

Expression (6a) assumes an ideally fixed guided-end can-
tilever (Fig. 3a) and does not account for the non-ideal
anchors that are typical of MEMS structures. Nevertheless,
according to our simulation study and experimental works
of other authors,'*!3 real anchors significantly affect the
spring constant of the structure and need to be taken into
account when modelling.

Consider an anchored guided-end cantilever (Fig. 6).
This structure was modelled and its deflection under a con-
centrated load was simulated in Coventor.'® As no exper-
imental work on stress relaxation has been done in this
study an elastic material model was used for simulations.
Then, applying Hooke’s law, the spring constant was cal-
culated as P

k= s (7)

A parametric study of the cantilever spring constant with
varying dimensional parameters was carried out and the
numerical data were interpolated by least square method
(Microsoft Excel). Results revealed a linear dependence
of the normalised spring constant (k,/k°) on h/I as
(k,/k°)™" = 1+4h/l1. This yields the following equation
for the spring constant of the guided-end cantilever with
non-ideal anchor:

ko
~ 1+4hn/1

s

Fig. 6. Schematic of the anchored guided-end cantilever.

Sensor Letters 4, 200-205, 2006
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Micromachined beams that are prevented from stretch-
ing/shrinking by mounting conditions (e.g., doubly fixed
beam, guided-end cantilever) are very sensitive to resid-
ual stress .7 At the same time, non-ideal anchors allow
more compliance and stress absorption than ideal ones,
thus reducing the overall stiffness of the structure.'> These
two phenomena superpose but do not cancel each other.
In fact, they significantly affect the spring constant of the
structure. Since the classical model of the spring constant
of the guided-end cantilever incorporating axial stress'
does not account for non-ideal anchors, the following
model allowing for the coupled effects of residual stress
and non-ideal anchor was established in this work:

k
(140.652(1)2) ™" + # (1 4 1.96¢5,/T 2w 1)

s

©)
Here, the first term in the denominator is due to the stress
stiffening of the cantilever. The second term represents the
support post and its increased compliance due to biaxial
residual stress o. The value of kj is calculated using (6a).
Applications of the conventional formula (5) are usually
based on the assumption that the movable plate is rigid and
that there is no localised deformation in connection (joint)
areas. However, our simulation study shows that the mov-
able plate does actually deform (Fig. 7), thus affecting the
total spring constant of the device K. In this work, the
spring constant of plates suspended on straight tethers was
determined by loading the plate with a low pressure and
converting the deflection into K*“® via Hooke’s law (7).
Then the formula for the total spring constant of the struc-
ture (Fig. 1a) was established:

s
total __ 4k

- 10
1+0.15wL2/ 3 (10)

where L is the plate side length. Together, Egs. (9) and
(10) comprise a closed-form model for the spring constant
of a plate on straight suspensions (Fig. 1a).

Displacemant Z: -4.26-01 -21E-01 -L.0E-D1 BT asEca  [km]

Fig. 7. Deformation of the plate suspended on straight tethers under
uniform pressure; the dark area in the middle of the plate indicates its
local deformation (exaggerated 100 times).
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4.2. Plate on Meander Tethers

Because of an inherent complex cross-axis coupling in
meander springs (Fig. 3b) and complex tethers-plate cou-
pling, accurate modelling of plates with such tethers is a
challenging task. The presence of biaxial residual stress
affects the spring constant even more. FEM simulations
revealed no tangible effect of residual stress on the spring
constant of stand-alone meanders (less than 1%); it is only
when meanders are in a plate-tethers system that the effect
of residual stress becomes pronounced and substantial.
This is because of the high compliance of the meanders
and in-plane deformation of the device. In order to account
for all these effects, the technique described in the begin-
ning of this section was applied and the following formula
for calculation of the spring constant of plates with mean-
der tethers has been developed:

o 1 4+2.4(a/E)(a/b)“((w— 1.5)°3L07) /(£15)

e +58(a\/;wm)/((3a+b)*’)m)

where £ is calculated via (6b). As with any non-empirical
equations, the models developed here require validation
which is the aim of the next section.

5. EXPERIMENT/VERIFICATION AND
SENSITIVITY ANALYSIS

RF switches microfabricated in the Tyndall National Insti-
tute (Fig. 1) were used to experimentally validate the mod-
els. The switches consisted of a 1 um thick aluminium
plate (100 x 100 wm? or 200 x 200 wm?) suspended on
either 50 um x 5 um cantilever or 10 um x 8 wm x 2 um
meander tethers. Mechanical material properties assumed
in calculations are presented in Table II. Using blanket film
tests and the Stoney formula,'® it was experimentally found
that biaxial tensile stress induced during the fabrication
process was of the order of 35 MPa. The pull-in voltage of
the structures was measured using a capacitance-voltage
test system. This voltage represents an electromechani-
cal instability point at which time the switch collapses or
“pulls-in” onto an underlying electrode.'’
This voltage is predicted by the following expression

g Ktotal 3
Vpull-in = m + Voffsel (12)

where the spring constant values were estimated via
Egs. (9), (10), (11). The zero-voltage airgap h was mea-
sured using white-light interferometry.?! Note that formula
(12) incorporates one extra term Vg, not present in the
conventional Eq. (2), which is a measured value of the

Table II. Material properties of Al thin film.

Young’s modulus, GPa Poisson’s ratio Ref.

74 0.34 [20]
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voltage offset (V.. = 0.55 V) due to dielectric charging.?
Measured and modelled results were found in very good
agreement, with a maximum discrepancy of 11% (Fig. 8).
It is also clear that significant errors (over 100%) may
result in predicting pull-in voltage when the spring con-
stant is calculated via the conventional model (5), (6).
These models assume the plate to be rigid and neglect the
effects of residual stress and non-ideal anchors.

In order to investigate combined effects of residual
stress and non-ideal anchors (anchor compliance) on the
spring constant a parameter sensitivity study was under-
taken. Thus, the spring constant was calculated for vari-
able values of residual stress and anchor height with all
other parameters held constant. Analysis of the results,

(a) 257 4 measured

< new spring constant model (10), (11) X
X conventional model (5), (9) X
20 X
> X
o) X
& 151 X
S x .t
£ 101 9 g 2
: .
5- ? *
O T T T T 1
0.5 1 15 2 2.5 3
Airgap, um
b 45- A measured
A new spring constant model (10), (11) X
X conventional model (5), (9)
> X
5 301
% X
= X
§ A
£ Ak
= 151 2
o X
XA
0 T T T T |
0.5 1 15 2 25 3
Airgap, um
© o5 @ measured
<& new spring constant model (10), (11) X
X conventional model (5), (9)
> X
g 20- x .
2 o
g
0%
£ $ ¢
03_ 154
*
<o
10 T T 1
1.3 15 1.7 1.9
Airgap, um

Fig. 8. Modelled and measured pull-in voltage for 100 x 100 wm? (a)
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Fig. 9. Results of sensitivity study: Effect of coupling of residual stress
and anchor compliance.

presented in Figure 9, shows a strong interaction between
the two parameters that is reasonably anticipated. On the
other hand, for zero stress K@ converges to the value pre-
dicted by the conventional model. Anchor height is found
to be the most critical design parameter controlling low
spring constant of a device incorporating residual stresses.

6. CONCLUSIONS

Comprehensive models for calculating the spring constant
of a plate suspended by four straight or meander tethers,
common to MEMS tunable capacitors and RF switches,
have been developed. These models account for residual
stress and non-ideal anchors typical of microfabricated
structures, and were validated by comparison with experi-
mentally measured values. Correlation to within 11% was
achieved. The results also indicate that significant errors
may result in predicting the spring constant when the com-
bined effects of residual stress, non-ideal anchors, and
non-rigidity of the plate are neglected or underestimated.
The findings can be used for evaluation of the spring con-
stant and consequently the pull-in voltage, the resonant
frequency or the deflection of microstructures based on the
suspended plate.
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NOMENCLATURE AND ABBREVIATIONS

E—Young’s modulus

L—-plate side length

w—width of the cantilever suspension

t—thickness of the device

|—Ilength of cantilever suspension

K@ __total spring constant of the suspended structure
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k s

—spring constant of a pillar-supported guided-end
cantilever

ki—spring constant of an ideally fixed guided-end

cantilever

h—anchor height/electrical gap

F—force

og—fabrication residual stress
MEMS—microelectromechanical systems
RF—radio frequency

FEM—finite elements method
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The aim of this paper is to deal with multi-physics simulation of micro-electro-mechanical systems
(MEMS) based on an advanced numerical methodology. MEMS are very small devices in which
electric as well as mechanical and fluid phenomena appear and interact. Because of their micro-
scopic scale, strong coupling effects arise between the different physical fields, and some forces,
which were negligible at macroscopic scale, have to be taken into account. In order to accurately
design such micro-electro-mechanical systems, it is of primary importance to be able to handle
the strong coupling between the electric and the mechanical fields. In this paper, the finite ele-
ment method (FEM) is used to model the electro-mechanical interactions and to perform static
and transient analyses. The application example considered here is a micro-bridge consisting of
a clamped-clamped beam suspended over a substrate (the lower electrode). When a voltage is
applied between the beam and the substrate, electrostatic forces appear which force the beam to
bend. When the applied voltage increases, the electrostatic forces become dominant and the plates
stick together. The corresponding critical voltage is called the pull-in voltage. When the dynamic
behaviour of the system is taken into account, it is shown that two new parameters have to be
defined: the dynamic pull-in displacement and the dynamic pull-in time.

Keywords: Electro-Mechanical Coupling, Nonlinear, Finite Element Method, Micro-Electro-

Mechanical Systems.

1. INTRODUCTION

To analyse the static and dynamic behaviour of elec-
trostatically actuated Micro-Electro-Mechanical Systems
(MEMS), the electromechanical coupling has to be
accounted for. Since the electrostatic domain is influenced
by the deformation of the structural components, the Finite
Element discretisation of the electrostatic domain needs to
be properly updated. The common approach is based on a
staggered procedure, which consists on iterating between
the mechanical domain and the electrostatic domain using
separate software.! Boundary elements are also currently
used in order to avoid moving mesh problems. Another
approach consists in using predefined capacitance between
structural nodes or applying structural reduction tech-
niques together with finite difference evaluation of elec-
trostatic coupling. However, such techniques cannot easily

*Corresponding author; E-mail: V.Rochus@ulg.ac.be
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handle strong coupling effects in an accurate manner. In
the present work, a fully coupled electro-mechanical for-
mulation is proposed. The method provides fully consis-
tent tangent stiffness matrices and allows static equilibrium
positions to be found, to evaluate natural frequencies and
to compute transient dynamic responses in a non-staggered
way. An interesting application of the proposed method
is the analysis of the dynamic behaviour of electrostati-
cally actuated micro-bridges when a sudden voltage step is
applied on the electrodes. The dynamic behaviour of this
type of micro-systems is also studied by Nayfeh in Ref. [2]
where an AC voltage is applied and by Dequesnes® for car-
bon nanotube based switches. In this paper it is shown that
dynamic transients may lead to pull-in instabilities even
though the applied voltage is smaller than the static pull-in
voltage usually defined as design criterion and a charac-
terisation of the dynamic pull-in voltage and the dynamic
pull-in time is performed.

1546-198X/2006/4/206/008 doi:10.1166/s1.2006.017
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2. ELECTRO-MECHANICAL COUPLING

In order to understand the physical phenomena of electro-
mechanical coupling, the reference problem shown in
Figure 1 is considered. It consists in a capacitor made of
two parallel plates between which a voltage is applied. The
upper plate is supported by a spring and the lower plate
is grounded. This mass-spring model is representative of
the mode of operation of electrostatically actuated MEMS
devices.

For the sake of simplicity, the electrodes of the capacitor
are considered as infinite planes and the electric charges
are supposed to be evenly distributed on the surfaces. This
approximation allows fringing fields to be neglected and
to reduce the system to a one-dimensional problem. The
capacitor is also considered to be in vacuum and no damp-
ing is considered in the model. The dynamic equilibrium
equation of the system is:*

. 1 v
md=—k(d—d,)— -¢

280 (1)
where d is the distance between the two plates; m is the
mass of the upper electrode; k is the spring stiffness and
g, is the permittivity of free space. It can be noted from
the equation that the dynamic behaviour of the structure
depends on the applied voltage V and on the initial gap
between the plates d,,.

2.1. Static Pull-in Voltage

The static equilibrium equation of the system is the

following:
2

1 Vv

When the applied voltage increases, it creates an attrac-
tion force between the electrodes and the upper plate
moves closer to the grounded plate. When the electro-
static forces in 1/d* become dominant with respect to the
mechanical force so that the plates stick together, a critical
voltage is reached. This critical voltage is called the static
pull-in voltage. The analytical expressions of the static
pull-in voltage and of the corresponding pull-in distance
are given in Ref. [4]:

8 kdl 2
Vpi = \/2780 and dpi = gdo (3)

k
T

Fig. 1. Definition of the reference problem.
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Fig. 2. Evolution of the normalized displacement with the normalized
voltage.

When the applied voltage V is smaller than the pull-in
voltage, two equilibrium positions exist: dV and d? as
shown in Figure 2. When V = Vpi, the two equilibrium
positions merge into one point (d,;, V,;). Beyond V,;, no
equilibrium position exists.

pi’

2.2. Dynamic Pull-in

The dynamic equilibrium equation may also be written in
a non-dimensional form defining the following variables:
Vv d k
Vi d, m
The dynamic behaviour of the coupled system corre-
sponding to different initial conditions are shown in the

phase diagrams of Figures 3(a) to 3(d) (assuming w, = 1).

e (a): Phase diagram of the pure mechanical model. No
voltage is applied, the system is stable.

e (b) and (c): a voltage V <V, is applied. The system
is stable near the equilibrium position and oscillates in a
non-linear way. If the initial displacement is large enough,
the moving plate can reach a position close to the fixed
electrode so that the electrostatic forces become higher
than the spring restoring force: the plates collapse on one
another and stick together.

e (d): V>V, For any initial condition, the system is
unstable and the phase diagram diverges to two solutions:
d=0, d==oo.

A second critical voltage is now defined. As stated in
Ref. [4], when V <V, a stable area may be observed
in the phase diagram corresponding to the ellipsoid area
in Figure 3(b). If we refer to the static pull-in definition,
the system is stable. But if the dynamic behaviour is con-
sidered, the problem may become unstable. Indeed, if
the system has enough energy to pass over a second

characteristic point called the dynamic pull-in position, the
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@) VIV, =0

©V/IV,=07

-15
-0.5

Fig. 3. Phase diagrams for different values of voltage.

system becomes unstable. The dynamic pull-in voltage is
defined as the voltage for which the system becomes unsta-
ble when it is suddenly applied to the system at rest.

3. FINITE ELEMENT FORMULATION

To simulate electro-mechanically coupled systems, com-
mon software use weak coupling procedures in the sense
that the electrostatic and the mechanical domains are dis-
cretised and treated iteratively in separate solvers. This
basic iterative method is commonly presented in the lit-
erature (see e.g., Lee et al.!) In this paper, we propose
a finite element formulation to solve the electrostatic and
mechanical domains simultaneously in a strong coupled
form. One of the advantages of this formulation is that the
tangent stiffness matrix of the electro-mechanical problem
can be explicitly constructed. Thus the natural frequency
of the electro-mechanical system can be directly evaluated
around a given equilibrium configuration and the transient
dynamic response can be more easily computed.

The consistent way of deriving a finite element dis-
cretisation to model electro-mechanical coupling is using
variational calculus. Starting from the energy of the cou-
pled problem, nodal forces are obtained for an element by
derivation of the energy. The tangent stiffness matrix of
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the coupled problem is then obtained by linearisation of
the equilibrium equations in the vicinity of an equilibrium
position (see in Ref. [4]):

K.(¢) K,(d)) (AU Af, )

K, (d) Ky AD Af,
where subscripts u and ¢ refer respectively to the mechan-
ical and electrostatic domains; AU is the displacement vec-
tor and Af,, is the vector of mechanical forces; A® is the
electric potential vector and Af, is the vector of electro-
static forces. It can be observed that the tangent stiffness
matrix is symmetric and that coupling terms such as K, 4
and K, appear between mechanical and electric degrees
of freedom. It should be noted that the tangent stiffness
matrix, unlike in the common approach, is not obtained
by finite difference, but derives naturally from the vari-
ational approach and can be easily assembled using the
finite element model. More details about the expression of
the coupling matrix may be found in Ref. [4].

4. APPLICATION TO A MICRO-BRIDGE

The application of the proposed method is illustrated on
the example of a beam-type micro-resonator composed of
two electrodes: a clamped-clamped beam and a substrate

Sensor Letters 4, 206-213, 2006
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Fig. 4. Micro-Bridge.

as shown in Figure 4. The beam is made of silicon with
a density of 2648.38 kg/m*® and a Young’s modulus of
77 GPa. Its length is 300 um, its thickness is 0.5 um and
its width is about 10 uwm. The initial gap d,, between the
electrodes is set to 0.1 wm. In that case, the displacements
remain small so that linear structural deformation can be
assumed. The only nonlinear effect comes from the elec-
trostatic coupling. If d,, is equal or bigger than 6 um, geo-
metrical nonlinear effect would be important as shown in
Ref. [5]. In that case, the geometric nonlinearity induced
by the mechanical displacement of the structure has to be
taken into account in the formulation. For the sake of clar-
ity, the small displacement assumption is considered in the
following.

4.1. Finite Element Modelling

The system of Figure 4 is modelled using mechanical
and electrostatic finite elements. The mechanical domain
is discretised by non-compatible elements, which per-
mits to take into account the bending of the beam.® The
electrostatic domain is modelled using two types of ele-
ments: pure electrostatic elements for the surrounding
environment of the beam and electro-mechanical coupling
elements at the border with the beam. These coupling ele-
ments allow the mechanical structure to be loaded by the
electrostatic forces. When the mechanical structure is dis-
placed the mesh of the electrostatic domain is deformed.
The method used to displace the nodes is to consider the
electrostatic domain as a virtual structure which deforms
under the action of the interface displacement.

4.2. Static Equilibrium

The static pull-in voltage is first computed by evaluating
the static equilibrium position of the system when V is
incremented. To this purpose, the classical Riks-Crisfields
continuation technique is used to reach equilibrium posi-
tions in the unstable region.* The typical pull-in curve is
plotted in Figure 5 where the voltage is given in func-
tion of the displacement at the middle of the beam.
It is observed that the static pull-in voltage appears at
0.0397 Volt. For this particular example, the large displace-
ment assumption would provide the same results.

4.3. Dynamic Behaviour

In this section, the transient dynamic response of the system
is computed when the voltage is suddenly applied between
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the two electrodes i.e., when the time-history of the voltage
corresponds to a step function as illustrated in Figure 6.

The Newmark time-integration scheme has been used
to calculate the time response of the system with a small
numerical damping (o = 0.05). The results obtained are
depicted in the phase plot of Figure 7. Instability is
observed for voltages higher than or equal to 0.0363 V.
Thus the dynamic pull-in voltage may be defined as the
voltage amplitude such that, when applied suddenly, it
leads to the dynamical instability of the system. Another
characteristic parameter of the system is the pull-in time,
which is defined as the time needed for the plates to stick
together when the pull-in voltage is applied. In this exam-
ple, the difference between the static and the dynamic pull-
in voltage is around 8.7% and the pull-in time is estimated
to 20.7 us.

4.4. Parametric Study

Approximate expressions are given in the literature for the
static pull-in voltage of simple systems such as a clamped-
clamped beam. They are very useful for the preliminary
design of simple micro-systems. In the paper by Osterberg
and Senturia,” an analytical formula is proposed to better
match the experiment results:

4vy,B
82722[1 + ')’%%0]

with y, =2.79, v, =0.97, y; = 0.42, and B = Et*d;. The
parameters v,, ¥,, and 7y; were introduced in the formula

V_

pi

(6)

V4

0 time

Fig. 6. Step of voltage.
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to fit the experiments. In the particular example considered
here, the term y;(d,/b) is negligible.

The static pull-in voltage given by this semi-empirical
formula is estimated to 0.0398 Volt, which is in very
good agreement with our finite element simulation result.
Regarding to the dynamic pull-in voltage, no analytical
expression exists even for the one-dimensional problem.
To build such relations for the dynamic pull-in voltage and
the pull-in time, all the dimensions and structural parame-
ters of the system have been modified independently in the
following. The objective is to identify the dependency of
the dynamic pull-in voltage and the pull-in time with the
length L, the thickness ¢, the initial gap d,, the Young’s
modulus E and the mass density p of the beam.

4.4.1. Variation of the Length of the Beam

Figure 8 shows the evolution of the static pull-in voltage
(black points) and of the dynamic pull-in voltage (white

0.45 . . .

0.4 ¢ .

V[Volt]

0.35f . .

0.3 Loy i

025} » 1
]

Vapi

0.5} 3 _

01}

0.05

8.
Bo.g
g .
) 8-8..0.8.-9 ¢

0 2 4 6
Length L [m] x 1074

Fig. 8. Evolution of pull-in voltage with the length of the beam.
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Fig. 9. Evolution of pull-in time with the length of the beam.

circles) with respect to the length of the beam. These
results were obtained by finite element simulations. In the
two cases, the pull-in voltages decrease when the length
of the beam increases. The fitting of the results by the
relation A,/L? for the static pull-in voltage and by A,/L?
for the dynamic pull-in voltage gives the results: A, =
3.57 10 V.m? and A, = 3.3 107 V.m?. Parameters A,
and A, are very close and their difference does not pro-
vide any important information on the behaviour of the
system. For this reason, they will not be considered in the
following. The difference between the two pull-in voltages
is about 8%.

The second dynamic parameter to fit is the pull-in time.
The pull-in time is given in Figure 9 for different lengths
of the beam. The black points are the Finite Element
results. It is found to increase with the squared-length of
the beam. The function used to fit the finite element results
is BL* with B =228.37 s/m>.

4.4.2. Variation of the Thickness of the Beam

When the thickness ¢ of the beam is varied from 0.1 wm to
1 wm, the pull-in voltage increases as shown in Figure 10.
Indeed the increase of the thickness increases the stiffness
of the structure so that it needs more voltage to bend it.
It is found that both the static and the dynamic pull-in
voltage are proportional to /2. This relation is used to
plot the dashed line and the dotted line which follows very
well the finite element results in Figure 10. The evolution
of the pull-in time with the thickness of the beam is plotted
in Figure 11. It decreases when the thickness increases.
The function used to fit the numerical results is inversely
proportional to the thickness: B (1/1).

4.4.3. Variation of the Initial Gap

In this subsection, the distance between the two electrodes
is changed. That means that the structural behaviour of

Sensor Letters 4, 206-213, 2006
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Fig. 13. Evolution of pull-in time with the gap between the electrodes.

the beam is not modified. Only the electrostatic forces are
increased when the gap is reduced. The variations of the
static and dynamic pull-in voltages with respect to the ini-
tial gap d,, are shown in Figure 12. Both the static and the
dynamic pull-in voltages are found to be proportional to
dg/ *. When the gap is reduced the electrostatic forces are
more important for the same structural stiffness. It needs
then less voltage to achieve the pull-in voltage as shown
in Figure 12. The plot in Figure 13 shows an important
result: the pull-in time does not depend on the distance
between the electrodes. Only the mechanical behaviour of
the beam determines the value of the pull-in time.

4.4.4. Variation of Young’s Modulus

In the two next subsections, the material characteristics of
the beam are studied. The first one is the Young’s modulus.
It can be found easily that the static and dynamic pull-in
voltages are proportional to +/E as shown in Figure 14 as
already found in the one-dimensional analysis. When the
Young’s modulus increases, the stiffness of the structure
increases and the pull-in voltages increases. Figure 15
shows that the pull-in time is proportional to 1/+/E.

4.4.5. Variation of the Mass Density

In Figure 16, it is observed that the static pull-in voltage as
well as the dynamic pull-in voltage do not depend on the
mass density of the beam. On one hand, in the case of the
static pull-in voltage, it is understandable since this voltage
is obtained from the static equilibrium equation. On the
other hand, the dynamic pull-in voltage is obtained by a
time-integration of the dynamic equilibrium equation for
different values of voltage. Its independence with respect
to the mass density is not expected. Figure 17 shows that
the dynamic pull-in time increases when the mass density
increases. It is proportional to ,/p.
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Fig. 17. Evolution of pull-in time with the mass density of the beam.

4.4.6. Variation of the Void Permittivity

On the graph of the evolution of the pull-in voltage with
the permittivity presented in Figure 18 the pull-in voltages
change as 1/./e. The pull-in time is totally independent

of the permittivity as

4.4.7. Discussions

shown in Figure 19.

The sensitivity of the static and dynamic pull-in voltages
and of the pull-in time to all the parameters defining the
micro-bridge was studied. By collecting all the results,
expressions may be written for the pull-in voltages and
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Fig. 16. Evolution of pull-in voltage with the mass density of the beam.
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Fig. 18. Evolution of pull-in voltage with the permittivity.
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Fig. 19. Evolution of pull-in time with the permittivity.

Dynamic Pull-in Voltage:

Efd}

el*

Vapi = Ay

ipi

with A, =3.152 ([=]) (8)
Pull-in time:
£ = BL:\/Z with B=0615 ((Vm]) (9)

The relation given here for the static pull-in voltage
obtained here is very similar to the expression proposed
in the first section. One remarkable result is the indepen-
dence of the dynamic pull-in voltages with respect to the
mass density and the independence of the pull-in time with
respect to the distance between the electrodes.

5. CONCLUSIONS

The advantage of the methodology used in this paper com-
pared to the common staggered approach found in com-
mercial software is that the tangent stiffness matrix of the

Sensor Letters 4, 206-213, 2006

Coupled Electro-Mechanics Simulation Methodology of the Dynamic Pull-in in Micro-Systems

coupled problem is directly available. It permits to com-
pute easily the static pull-in voltage with a good accuracy.
It also allows the dynamic behaviour of the system to be
simulated using time-integration algorithms. In a previous
paper,” we have shown that there is a non-negligible differ-
ence between the static and the dynamic pull-in voltages.
Here, some analytical expressions for the dynamic pull-in
voltage and the pull-in time have been proposed. These
expressions may be used for the design of electrostatically
actuated micro-bridges.
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