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Abstract

This work aims to construct a prototype microfluidic chip-based electrochemical sensor
system that employs diamond-like carbon (DLC) electrodes as the working electrodes used for
biosensor probing and electronic transduction of chemical reactions. DLC thin films are prepared
on glass slides and silicon substrates by radio frequency plasma enhanced chemical vapor
deposition (RF-PECVD) using a gas mixture of methane and hydrogen. Doping the films with
nitrogen has also been performed in order to improve the electrical conductivity. Certain physical
and electrochemical properties of the films are obtained using the following characterization
techniques: (1) Raman spectroscopy to investigate the film structures, (2) UV/Visible spectroscopy
to determine the optical band gap energies, (3) contact angle measurements to evaluate the
surface hydrophilicity of the films, (4) attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy to acquire the information of chemical functional groups presented on the films’
surfaces, and (5) cyclic voltammetry measurements with a standard redox species (Fe(CN)63'
/Fe(CN)64-) to study the electrode kinetics. The polydimethylsiloxane (PDMS) microfluidic three-
electrode cell chip comprises of a DLC working electrode, a silver reference electrode, and a gold
counter electrode. On-chip immobilization of glucose oxidase (GOx) at the DLC surfaces is realized
through a covalent linkage through EDC/NHS chemistry. The results indicate that a mediator-free

amperometric detection of glucose can be achieved with this device.
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Executive Summary

1. anudrayuaznavasdynd

Point-of-care testing (POCT) refers to medical diagnosis at or near site of patient care. This
new paradigm for biochemical analysis incorporated with microfluidic technology offers high
sensitivity and portability for immediate real-time detection compared to traditional central
laboratory testing. Thus, research interests are directed toward the development of lab-on-a-chip
(LOC) devices or the so-called micro-total analysis systems (JM-TAS) that integrate an entire
laboratory onto a single chip. The chip-based devices are constructed through planar
microelectronic fabrication technology. For bioelectrochemical analysis, the devices are composed
of microelectrode systems as molecular interfaces and signal transducers for biosensor probing in
a microfluidic chip format. A biosensor is a device used to detect the presence of a target analyte.
The electrodes generate electrical signals and detect responses of biochemical reactions.
Generally, the measured electrical signal is proportional to the concentration of the analyte under
investigation. The measured responses from biomolecules rely on the interfacial conditions
between the electrode and the biosensor. One major challenge toward the development of
biosensor microsystem is the ability to establish satisfactory electrical communication between the
probe biomolecules, particularly redox proteins, and the signal transduction unit (electrode). Most
biorecognition elements in biosensors undergo denaturation and lose their activities upon contact
with conventional inorganic flat electrodes such as noble metals. This derives from drastic
interfacial interactions and altered environment which induce changes in the native conformation of
biomolecules. Hence, main requirements for the electrode materials incorporated in a chip-based
format are the compatibility with microelectronic processing methods, and high stability upon
immobilization of biosensors. Gold is the electrode material that is widely used for the fabrication of
electrodes in chip-based biosensor devices. Generally, gold electrodes are linked to biosensors via

self-assembled monolayers of thiols and disulphides. Nevertheless, the stability of the interfacial
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bond between the metal and the self-assembled monolayers has been proved to be poor in the
presence of oxidizing agents. Besides, at relatively low potential, electrochemical desorption of
thiols and disulphides immobilized on metal electrodes can occur. These drawbacks hinder the
stability of noble metal electrodes used in biosening applications. On the other hands, diamond-like
carbon (DLC) is known as a biocompatible material. Surface immobilization of biosensors to DLC
electrodes is carried out by cross-linking with coupling agents to create the amide (peptide) bonds
at the surface of DLC electrodes. The strength of the covalent bond at the DLC electrode/biosensor
interface provides an important advantage over noble metal electrodes. Thus, employment of DLC
electrodes in miniaturized biosensor platforms would lead to prolonged bio-probe stability, as well

as improved electronic transduction of the biosensor-electrode systems.

2. Janiszan

2.1. To develop a miniaturized biosensor platform with fully-integrated DLC microelectrode
electrochemical cells embedded in a microfluidic chip by utilizing planar microfabrication

technology.

2.2. To study the electrochemical responses of DLC microelectrodes embedded in microfluidic

environment by performing electrochemical measurements such as cyclic voltammetry.

2.3. To verify the functionality of the device for the detection of a specific biomolecular target which
may include one of the followings: a particular DNA sequence, glucose, hydrogen peroxide, or

pathogenic proteins.
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3.1. Electrochemical measurement apparatus set-up

3.1.1. Design and construct a probe station for low-level electrical measurements of chip-

based devices.
3.1.2. Construct a low-noise potentiostat and use LabVIEW program to control the

instrument.

3.2. Investigation of the electrochemical responses of doped-DLC thin film electrodes
3.2.1. Prepare impurity-doped DLC thin films (i.e. nitrogen-doped DLC) on a glass substrate
by thin film deposition using radio frequency plasma enhanced chemical vapor
deposition (RF-PECVD) or sputter deposition
3.2.2. Measure the electrical conductivity of doped DLC thin films

3.2.3. Perform electrochemical measurements with a standard redox species to observe the

electrochemical responses of doped-DLC thin film electrodes

3.3. Microfluidic chip fabrication
3.3.1. Design the microfabrication process line for device fabrication
3.3.2. Design photomasks using L-edit or CAD software
3.3.3. Pattern DLC thin films onto a glass substrate via photolithography and thin film
deposition
3.3.4. Integrate Ag/AgCI thin film reference electrodes into the microelectrode cells
3.3.5. Fabricate PDMS microchannel slabs by soft lithographic technique
3.3.6. Assemble the PDMS microchannel and the glass substrate containing the electrode

pattern to get a microfluidic electrode chip.
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3.4. System calibration with a standard redox species in an electrolyte

3.4.1. Perform cyclic voltammetry by varying the potential scan rates and the

concentrations of analyte.
3.4.2. Observe the voltammetric responses: the peak current density, the separation of the

peak potentials, and the formal redox potential

3.4.3. Compare the results with the theoretical values

3.5. Biosensor functionalization onto the electrode surface and electrochemical measurements of

biomolecular reactions

3.5.1. Immobilize biosensor units onto the electrode surface by cross-linking chemistry
3.5.2. Perform cyclic voltammetry by varying the concentrations of the target species in

solution, observe the voltammetric responses, and analyze the data.
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Activities
Year 1: - Probe station and LabVIEW controlled potentiostat system set-up for low-
Month 1 — 6 level electrochemical measurements in a chip format
- Preparation of impurity-doped DLC thin films and investigation of their
electrical conductivity
- Design of microfabrication process line for device fabrication, and
photomask design for the electrode pattern and microchannel networks
Year 1: - Investigation of the electrochemical responses of doped-DLC thin film
Month 7 — 12 electrodes
- Device fabrication at Thai Microelectronics Center (TMEC)
- Electrochemical measurements of a standard redox species for system
calibration
- Research paper write-up
Year 2: - Device fabrication at Thai Microelectronics Center (TMEC)
Month 1 — 6 - Electrode system functionalization with biosensors and electrochemical
measurements of specific biomolecular target analytes
Year 2: - Electrode system functionalization with biosensors and electrochemical
Month 7 — 12 measurements of specific biomolecular target analytes

- Experimental data analysis

- Research paper write-up
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1.1 enuddayuarinunaasiayun

aswainalnsalluTaiduiasiuiaaiulaioiuldialnsaiauadn
frusuldlunsanaiagsthawiaamatianioaidlnid  (electrochemical
biosensor chip) Tuilaaiiulainsdseansldinaiuiad microfluidics w3a via
Afauia (n319 810 §) dulasuniladasnii 1 fadwes wWaldluniseinu
ssrisasnsnasaulliodidninse  asanaunsarinlinisamiuaunane
wadanyaszuuindiigiiasnain wazvinlinIasIILALia 1T TNRAR
fusavinlamaANNTIAEILRLIuEINA b Tu microfluidic
electrochemical biosensor chip iszaaulisadidninsaiuas  (three-
electrode electrochemical cell) @a (1) working electrode doifludi&nnse
Avinnmsudausanaaidulutaiduaas (2) Ag/AgCl reference electrode
uaz (3) counter electrode u“aNNTYVINIIUVRITTULATIATARITNTIA N
(electrochemical biosensor system) vin'ldlaansindauanaafiluiai
induannnisuanildaudidnasau (redox reactions) semingansmasaudu
S§nTnse 49 working electrode mIsfimusuisalunisin Wi AE Hahe
wsvaulunsaxianite  (wide potential window) wusanisdiansaulu
gsafl  uassnelszdnaninnisvineuuay biosensor  (Schnupp et al.,
1998)

1eifnnswuin working electrode fivinainianuseian noble metal
1y naven (Au) uag uwanatiu (Pt) Wavinnsdausadululadiuaas ay
inlinazasnsiadyanaiiiadusianuliviuay  Wasanastinawiuly
laiduias azfinnisildananiwainnisildsunlasannswinaanating
dauwdudladudaduAumzadidnnsaiidluiandirwinasafiunsed
(inorganic materials) &naluseninenisasiata aralAansaaIauaINUEY
thiol w%a disulphide #lalunsidlansia noble metal electrode Au'luia

vifuiaras  (Yang et al., 2002) 9widaiifesasnisiasumnianuiiaduiianunsa



ity working electrode wagvinlnsidausadululaiduiuasiaacng
fiadasnwiddu

Jana1suauaarewas (diamond-like carbon: DLC) iflu¥snvAfiauiid
moaflWihidd  desnansatinndssynsilaidadly  working electrode u
microfluidic electrochemical biosensor chip ‘& flasann (1) duiani
grunsanhAulafAugIsdIaw (biocompatibility) do'livinluiAnnns
Wdananwaaslulaiduaas (2) asdfansalutaiduizasiuiidnTnsaazin
nnRusrTaNausdefinuudouse S9vinlusnusedndaiwaas biosensor
uagFneafasniwlunisanaialfasead Wi laifluavd  (3) fianiid
MINEAWTAG Ly nusiansiansau ddnwarTusouay wasinumniaiy
W&hE5 (4) ausadoansilaianugficn wasaunsanIuANANTENI9 WA
1elaan15t3adns (doping) wdu boron #3a nitrogen (Choia et al., 2007;

=3 |

Zeng et al, 2002 ) JaaATUAUARIELNATIILNUNELANTHNANTALTY
AszuunInlulasdidansafing NuiFeifiiagussaeddarinnisdnmn
Usgdnsnwaavisgamsuaurairaiwaslunisladilu - working electrode  1u

microfluidic electrochemical biosensor chip

1.2. faailscavauadinsenis

1.2.1 dnruazitangianinnamnuasauiignieinvhaasfduaisuau
ARSI RLAT TV Y

1.2.2 weagavlszdnianuasdidninsaiduisuasuauaarawasiy
microfluidic chip Tealdinaiia cyclic voltammetry Tunisinlfasen
tafli'lWvhannasuiasgu (standard redox species)

1.2.3 wnadauilszd@ndniwuas  microfluidic biosensor chip 1un1sasadu

1310 W L2fu glucose
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1.3 szudauisiaa

1.3.1

1.3.2

1.3.3

1.3.4

1.3.5

1.3.6

1.3.7

1.3.8

&319 potentiostat system & wiunisialfasentadlnvieamnadia cyclic
voltammetry uagidiau LabVIEW ifial2ilunisaiuau
fotansvidduasuaunaranaseaidd radio frequency plasma
enhanced chemical vapour deposition (RF-PECVD) wag@naniicingg
AaNW J&udanielwiuae DLC thin films
AnmantidnioadiWizasdidninsaivinann DLC thin films
Anmnafiamoafinldlunsdansdaluladueaifudidninge
1i1N13&59 three-electrode microfluidic chip TaaddduasuauaaaLns
\ilu working electrode

vinnsiadfasenadlnvinAu standard redox species 62a38 cyclic
voltammetry ianagavlsz@nsnwuasfisuasuauasanasaidninse
Tu microfluidic chip

11 microfluidic biosensor chip ldnagaunisasiadululaluiana Ly
glucose
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2.1 n1ss919 Faraday cage waz probe station

2.1.1 naavilavAudayaurarsunrunie Wil (Faraday cage)

Faraday cage 1aavidldvinanndaalssianiaveiunad iy naduad uia
aqfudian  Wetliindanldavafifland viuiaseasoaas  Faraday  cage
lagan audanuiudninidd sna1gn wanitutaun asdaunuavafiviauly
milling machine (MAIAIAINTTUANRINANS AUSIAINTIUARAOT

wInenaazauwnu) andgasluaini 2.1 Tlaeuzuranaanuuu'ly Taaay

D_

v ol

Agndauaifidnwaedonini 2.2 Wiavinnsdsenau Faraday cage Taanislaiuvie
azqﬁtﬁauﬁtuﬁuuﬁq%ﬂﬁuwum (1x1 i) unsfausuazaifiaunmeasunay
WAL TINsI T TASIATNY AvidnadIn Wi 2.3 waua Ui 2 wkufinng
\ggiald BNC adapter ansidausaduanalwihiag BNC cable Au
alnsalirsasiiatnnauan wazwsurndasmuuuiinisiastasdefivuavindu
sample holder d9laununuazasanialdizntdluzas wasiuruazafifinuionan
Asusadataladndudsuanslunwd 2.4  Teadasrifehdadlniuigacg

ANNLREUTaauay probing Audlattvniaailnsalnvinnsneasgay



a1 2.1 milling machine
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A 2.2 wruagfiisudmsulsznauily Faraday cage



AN 2.3 Faraday cage

AW 2.4 dudlasuuu



2.1.2 ias9as19a1alu (probe station)
Tasvas M alulsynaudlia 3 frunanda

2.1.2.1 Micropositioner (Lucas Signatone Corporation Model S725) suuaaalu
AWA 2.5 ldaiuausunisuiaianuadnisedinauadn (probe tip) wuu
3 vy vudusiudateiiauiaanuning/andons 12.7 um fusulil uay
snsalfurianiesuniie-enlede 0.5" x 0.5" faadlausiadu probe tip
holder (Signatone Model U-S-1-TB: 4.75" Universal-cut/bend to size, Screw
lock-tip at 45° angle, Straight, Teflon isolation w/BNC termination) svuaaalu
AW 2.6 wialidfiadu tungsten probe tip (Signatone Model SE-TZ: tip

diameter = 5 um) dougaoluawi 2.7

A 2.5 alnsainnalu probe station



A1 2.6 Probe tip holder (Signatone Model U-S-1-TB) [3]

A 2.7 Tunsten probe tip (Signatone Model SE-TZ) [3]

2.1.2.2 Platen doudaolunwi 2.5 fusruiily micropositioner fainizatineg
sumg ilagann micropositioner Aidanldfigruiiluntimdn platen Aasr9duvin
nnwmdnusaTasiauiailasdunisunsau LAYENITAAAGAAUFIUADY

micropositioner ‘L&



2.1.2.3 Sample holder dougaolunwi 2.5 Usznausie 3 &uda Frugruntd
savfufugnuiisasnisnagauvinann stainless steel defiautidurlwilad lu
‘mﬁﬂu"iﬁmsi‘:’mr:ii”zuuapm“l,ww\‘lumonsniaz‘lﬁdmﬁ‘lumﬂﬁauGiazfi’cycy'\m”l,ww

(electrical connection) sewiediusudasnTnasaudy  probe e Anf
stainless steel fimunumusianisiansau Jeanuisailasdunisiaalasenig
wiidudusunagay legruedususidrudiduauiuvinainuvie Teflon tRauan
mm’?'auG\'amo"LW‘v"\I'lmng'mnoﬁvumuﬁ’uﬁmaiao wanazafidiauilugiuifa
Auuvie Teflon wadsuszduanugeuas sample holder Wifianumsnzausianis

Tafou

2.2 nssasvsruuindfAasaniaidlnin

LabVIEW program DCcurrentinput
current-voltage plotter

and analyzer

trigger link l

analog output

picoammeter
Keithley 6485

GPIB cable

computer (control and display)

AN 2.8 alnsaluaziaiasiiaftiiusrulsenavuassruuindfaseiailuieoe

wmaiia cyclic voltammetry



i 2.8 udavansaiuaviadasfiaftiiludiudsznavuassvuuiaufazen
wil'lWihermuafia cyclic voltammetry doisenavliein data acquisition
device (DAQ NI PCle-3631) vinnisanaaiusedunseuansy tfluwuy ramp ‘U
potentiostat defigrullssnaundnda low-input-bias-current (2 fA) op-amp
(LMC 662, National Semiconductor Corporation) potentiostat circuit agvinnns
UFul&auazasusedusening  working electrode way reference electrode
picoammeter (Keithley 6485) agvinnisiaaaszualuihiiiaainnisuanildeu
AldnmnTaussnIe  working electrode uay redox species lusisnadau
(nszualWilnlvaann counter electrode iy working electrode) trigger
signal ann DAQ ALVNATAIMUALAIBNNTINRLAYATENUAINTELE INTNT TR
1etaan1sled GPIB (National Instrument PCI-GPIB) #3a analog output ua
picoammeter AL59AUsEIRINI working electrode wag reference electrode way
nseua'lNihiia'lsiann working electrode aggninun plot s wavazgain'ly
Jiaediiianan parameter Middeyiaiu anodic/cathodic peak current way

formal redox potential flusiu

Arnpltude

Time e

= . o o a
AN 2.9 Main front panel aasszuunisvinuaasnsianaiia

cyclic voltammetry saea1dsunsu LabVIEW
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ANTAILANNSYINIINLaInNIsiasmanatla Cyclic Voltammetry 1aaldswnsu
LabVIEW agmuauéindsaiequiunig main front panel 2adlusunsu aunaag

Tua1nn 2.9 Aa

1. Number of cycles \flunisitnuastuusauiisasnisaunu tae

aanuuulili 1 sau 1 3 Jeyaran ramp (hold Lidszanen 5 Junid)
2. Initial potential Aa AusIRUISUGUTIGRINTALAY
3. Final potential Aa Ausesugavinalun1saLAU
4, Scan rate tfuaranusitunsawnu dndendlu mv/s

5. Increment Aa ASANMUAAILIIGUTAGaINsTANDY Tun1sRLAULG

aranuaItIILsIF Ui aInIsILAUTINNA
ATLEAINALAYANIUKLNRa Front panel azuanslusduasns i doil
1. Excitation signal uaasnsivayauasdeyaan ramp iy input

2. Cyclic voltammogram u&addeyaunaiaadaInIgiaUasilsIfun

s uiauAusenined RE way WE

3. Voltage measurement ugavdayanataadasysunilzauiaufu

591131927 RE uay WE

4. Current output ugavdyaauavAInIEUENTnlda1nay WE

11



=

(a) Voltage supply from ramp signal

Trigger signal -
(W

Generate ramp signal

Read voltage™ |

[==x]
8 ——
Read current
| — = Export data to excel
E—H—ME‘—I—T?’_‘——EI‘:M—EE‘Q o o-% B B ﬁle
3 p [ @ L

A 2.10 Block diagrams tulalsunsu LabVIEW wasszuunisvinauzasnisia

wafia Cyclic voltammetry (a) 14 GPIB tunisatuAinseua Wi idalaann

picoammeter (b) 1 analog input Tun1sauanszua WA Tal6an

picoammeter

12




Tughunisvinenuuasldsunsu LabVIEW aggnaanuuu'lilu Block diagram &4
uaadluawi 2.10 dotl

1. &unay Generate ramp signal dofisnaasidaadouandluaini 2.11

Wiavinnsasedeuanas ramp dousnolunni 2.12

| ramp signal.vi Block Diagram |

e Gt Wew Promt Cperte Jook Wndow Help

B I T e | | )

Exciation signall¥y
Seanvaeims)
i B

B

Tl poberiia¥) :l %
"

B> iy

A 2.11 nsaanuuuiysunsu LabVIEW swmsunisasiodaana
ramp

> 1% a . &
ANN 2.12 Jeyayrew ramp N&INITY
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2. Voltage supply from ramp signal agFuaseduan Generate ramp
signal \ia3nelviun19335 potentiostat

3. Trigger signal iluasredeyeunan Trig ialvisvuuvinounsaudu

1aeIAINaLYinAIg trig agA1uIaaNn

_ increment X 1000

scanrate X 2

andarANNIUWUsTun1svinouuasd e Trig wavdaueynal ramp
LRAIAIATNT 2.13

AN 2.13 Fnraranuduiuslunisvinnuuas Jeueunan Trig uay
feyeunan ramp

4. Read voltage azfiurinmiusgduntlzasuisudussninety RE uay WE

5. Read current agifuvinAinssuausiiadh WE falu'ladann

picoammeter

Export data to excel file 2iayaazgniiuvinuazgvaaniusiluag excel
file

14



2.3 nsasrasgauscuuia cyclic voltammetry

nsasIadauszuudn cyclic voltammetry iashetiu vinlalaaasil3auiiay
nan1sinduLaTag potentiostat (Gamry Reference 3000™
Potentiostat/Galvanostat/ZRA) AnasaA&ns AULINENARNS
wmInendauaunnu 1eaalyd glassy carbon electrode (Bioanalytical Systems,
Inc., 3.0 mm diameter) vinn1sia cyclic voltammetry aavansaaanauiasgiu
(10 mM ferricyanide in 1 M KNOs) wuaneiwnuswazarzay formal redox
potentials way cathodic/anodic peak currents #¥a'lsitaala potential scan
rates 1 50 mV/s wag # 100 mV/s ainszuuiaivaasfianlnaidaeduainn 6

w&alun Wi 2.14

AN 2.14 uan1sia Cyclic Voltammetry anas 2 syuu
(LabVIEW controlled potentiostat vs. Gamry Reference 3000™
Potentiostat/Galvanostat/ZRA)

15



uUNN 3

N3RS CUANL ANISAIAATIIN FNTANIVINAN nazsauidne

i aasHlauatrsuaunaienadsndains1ziinanaiin

RF-PECVD

3.1 n1saLiIuN1sIUNIFIANZIENLTAAavlaNA IS LA uAR 1 aILIN2AS

asuauaar s iuianasAsdniiiauidnon Wi wangaudunns

indszandldiiugidninge wasannusanisinnsauniad farnitousedu
7in319 (wide potential window) (Zeng et al., 2002) uazflasnuIsaAILANFNLE
meihaasfiduasuauaaranwaslaanidaulalunsdonsnsviflay Taala
J8msfassiialvifautiddly p-type w3a n-type 6 (Zeng et al., 2002; Choia
et al., 2007) wrafildvinnseauflanuivasuauasianwassamaianisan
aranlanmatafisranargininduanuding (RF-PECVD) asuusangiusasvitiu
nszandlasuazusudanay  Taafinisndalulasauluflsudainanuainisaly
15U TN wavinNsFauisuAuflguunvasuauaaTaw A LN uAg
Waas niusiensvitaseaivsawmaiia Raman spectroscopy aainuuun
asflausawmadia ellipsometer wag surface profiler waI¥aUNTARISUNFUAY
flan  deuasslvviufoautidnmemenwiiadudnafiiflan WAy
gumulwihaasildusiawnatia  four-point  probe  wazitATIzviANAdaIINg
wauwaIIuIEwmadia UV/Vis spectroscopy deasuamaluiiiufonisl@aunilas
molaseaadiaflaugaiiasmeluiasiau nsiadfazenadlwdrdramnaiia
cyclic voltammetry Auaissnanal Fe(CN)s>/ Fe(CN)s™ uadasluiifiudoninu
WA daesEnIvaNTanvnanwLazwadnssunmaailwihzasildua1fuau

ARELWNYT TaafisansaduiTadousaaluniwi 3.1
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Investigation of physical properties and electrochemical behavior of
undoped and nitrogen-doped diamond-like carbon thin films

| Preparation of DLC films by RF-PECVD | | Fabrication of DLC electrodes
I— Investigation of
_| Investigation of physical properties | electrochemical properties
—— Raman spectroscopy |—Cyclic voltammetry

—— Ellipsometry and Surface profilometry

'~ Contact angle measurements

—| Investigation of electrical properties

L UV-Vis spectroscopy

—— Four-Point probe and hot-point probe measurements

AW 3.1 urudvtunaunisafiunsitansiesiauiGuasilauaisuay

aaenyas (Haunlirunsiiaans uaslaungnilacialuiansiau)

3.1.1 asFeasziiilanaIsuauaanatnNads

ATRvtATzvidduuvAsuauaanaiwasldinadia RF-PECVD Taadl
A EHunuuuHunanguuy  (capacitive parallel plates)  ifiszasvne 2
wiudwuns  densdoianeviflauasliangiusas  (substrates) flunszanalas
unuddnauilal wasusuddnauiindavarqiifiaudludd sputtering Aauvinnns
fFoansviflaumsuauaaawws aan'laduuiuiiluag substrates azgnandnaan
Taanislal argon plasma defitdautlada base pressure 2 x 10-5 torr, pressure
350 mtorr, Ar flow rate 41.7 sccm, power 60 W, DC bias -350 V 1ata1 15
Wi §msunisnaaasiivinnsdoianevildnuvasuauaaiewaseds 2 W@auly
fa Alduasuauaanawasiilisktunisiiaans (undoped DLC) Taalaf CHq windu
8.78% wasuAgvionuailaifluansdesiu (CHs, Ho) wasflauaisuauaaiaiwasi
anlacmealulnsiau (N-doped DLC) Tealad N, windu 5% uay CHs windu

8.34% wavudavionuaiilaiiuansdesiu (CHa, Hy, No) douanaluaisiei 3.1

17



| o o sal o s %
n15191 3.1 WaulalunsdetaszvidauuivaisuauaaaLnas

Waulalunsdaasiz | flauilusu flaungnida
Wauarsuauaaatnds A1sL3ad 1Tuiastau
(undoped DLC) | (N-doped DLC)
Base pressure (mbar) 2.0x107 2.1x107
CH,4 flow rate (sccm) 3.1 3.1
H, flow rate (sccm) 32.2 32.2
N, flow rate (sccm) - 1.86
Operating pressure (mbar) 3.3 3.8
DC bias (V) -427 -427
Deposition time (min) 120 120
Substrate temperature (°C) 200 200

3.1.2 aseasadauduiianivnanin uazaulianisinidaavilanaisuau

ARALILNAS

Aanumsuauaarawsi laannnsdoiasevisnaisnns  RF-PECVD ay
onildvinnsieniilasvasvuadldusla Raman  spectrometer (model:
Thermo Scientific , DXR SmartRaman: excitation source: Ar® wavelength =
532 nm) wadnusunieuad peak intensity Auanvdoanuiiluarsuaunane
wasuadflan  uwaznsildsuulasmelaseaadianiunisiiasns annturvinnng
Jamnuvuuareduiiviniiuadldusla  ellipsometer  (model:  Gaertner
Scientific Corporation gu L1155300) wag surface profiler (model: Tencor: P10)
wavinMsTaNNSNNFTIf2asflauRiadnmauifanurauitvialirauing
Waduuuiufy draniassauuiifiduds (FTA 1000 Drop shape Instrument B

Frame system) nsyiAANusIunuLEuvinga3gais four-point probe wiam

18



arausuMuldn  (resistivity) doszuuiasawmada four-point  probe
sznauesia DC power supply (Hewlett Packard E3631A) multimeter (Hewlett
Packard 34401A) uag picoammeter (Keithley 6485) dhatheiinazatlu probe
station Jadeyaureusinu probe tip (Signatone, USA) dougnoluniwi 3.2 a1sm
Atagnnaundeau (E;) vinlalaalaia3as UV-Visible spectrometer (model:
Shimudzu: UV-1800) fiuviavrifiaudelureiiainaiiunaziredansihiaan

Taalaueaduluaie 190-1100 nm

Voltmeter

S

o YR . .
A 3.2 szruuiaelawnaiia four-point probe
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3.1.3 nsedauatdanInsaannilanmn1suavaanainass

nseFaudidninsaiilalunisiadyaname Wi annflsuasuauaane
INASTARILAT TR LULEY silicon 7S sputtered aluminum (Al) wa&avas waalal
silver epoxy dHugHhudausamelWizasdidninge uasilausn
polydimethylsiloxane (PDMS) aiflafiuiifirnaslguiisasnisIidudady

s1sazaie (opened window) dousdaeluninii 3.3

o o a P A _o P > -
AN 3.3 dndazdianinsaivinannflauuivaisuauaaaiwas (a) Top view
(b) Side view

Qs a aa =l R I o o’ Qs A = 1
3.1.4 nsiadfasanniviadiniaasilauaisuaunarainasntianazii

t3aluinsau

AsiadHazennmatafiliidrvinnsiasiamaiia cyclic voltammetry @ae
\A3ay potentiostat (Gamry Reference 3000™ Potentiostat/Galvanostat/ZRA)
luansavane 10 mM KsFe(CN)g (Sigma-Aldrich, USA) Matlu 1 M KNO; (Sigma-
Aldrich, USA) TeafildnudasuauaarawasiiludilWiivineu  (working
electrode) platinum wire tfludhW#s3u (counter electrode) wag Ag/AgCl in
3 M NaCl (model RE-5B, Bioanalytical Systems, Inc., USA) fludalWliharede
(reference electrode) 3u¥iNA15 scan aausedu 1 V lddousedu  -0.5 V uay
n&uuTiusdu 1V Taaladmuslunis scan windu 20 50 100 200 uag 500

mV/s iadnmliAsenasuaniliaubidnasauseninedildnInsaduansasans
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Taae peak current Mldainnisiasianadia cyclic voltammetry agtuauiily
Anszudluntlomiiafud (current density) uadavinmsil3auiaunadu glassy

carbon doifludi&ninsaunsgiu 1 scan rate 100 mv/s

3.2 wan1sinszuauidaavilaum1suau A aLNedS

flaumsuauaarawsigndoanelaamadia RF-PECVD 9 2 idau'la
WRAIFIANT 3.4 dewunflauasuauaaranasiigniiasialutasiaudgi

AfldumTuauAa1awWs Tl dRuA1 a/ns

AN 3.4 Aaumsuauaaansigndaianzviduuy glass slide (2e)
undoped DLC (231) N-doped DLC

Wel e flauissasiseinnanvinnis@nmantidnienanniaanisiase

Tasvassanatia Raman spectroscopy AsinaufiniiaaILsgILayrmINunu
aaslauaanaiia ellipsometer way surface profiler AsasIRFaUANTANY
WuflaansiauuAiadussrnovaaituas@rzasflausianisia contact angle
AsTagudanv Wi teansanus umulwieamaiia four-point probe
warld  UV-Vis  spectroscopy lunisianisaanduussiiatinuimiaAizasing
WU wazasiaautidmaailuihiaaldinadia cyclic voltammetry visfiuiia

inAsudsauiautazItaszvaulaniddaulduaslduasuauaanatnusnadann

Astiaselulasiau definanismeaassasialaldl
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3.2.1 wan1sitaszidadianivaran nnazautiani1s Il aasilau

ANSLAUAILILNDS

(1) wan1simsvuiasIdsvaaINANAITLAUARNLIINASAILIINATIA

Raman spectroscopy

navNATRILATZViARNLIAITUauARNaLWaTAItAlia RF-PECVD 'l6
IfldunvinAsiieeiiaseaseinaltia3as  Raman  spectrometer  (DXR
SmartRaman: excitation source: Ar" wavelength = 532 nm) dovinnsaunu
Tuzhotaaumdu  1000-2000 cm™ wwanisim Raman spectra ‘leigninunvin
deconvolution Taala Gaussian function wiavinnnsinuunaaniilu 2 Wa (D-peak

uay G-peak) douanaluani 3.5 uag 3.6

AWM 3.5 Raman spectrum 2asflauungmsuauaaaiwsi la'lanunis
t3a&15 (undoped DLC)
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A1 3.6 Raman spectrum wasflduuneAFuauAsTEINATTIgALI G
1ulsstau (N-doped DLC)

Wiavinn1simsne Raman spectra Taafansainainsiuwniozad Raman  shift
A1 full width at half maximum (FWHM) #uiilsnsinluwsasiia (area) anu
gouavns 1 (intensity) wagdasi&ruzasanugvuavns i (intensity ratio: Ip/Ig)
gougaoluansoi 3.2 Temildsiunienas G-peak wag D-peak wasflay
AFuauAR LN TTATaL s urllssnar 1360 cm™ (D-peak) way 1580 cm™
(G-peak) (Ferrari et al., 2000) vivfiifiaiarsanainsiunionas G-peak uay D-
peak AladofiAlnaidaofusuniisdenad wanliiiuinflaundonneilaiy
AduasuauARLNYS Wiavinasuiaudsussnineflaumsuauaa aLw sy
Lilddauazidiameluiasnay wuidladaluiasauacluflay siwndenas D-
peak tdauain 1341.9 cm™ flu 1358.2 cm™ FWHM windiuann 158.21 cm™
vflu 188.6 cm™ lugiunae G-peak sinumvigazidauain 1597.4 cm™ flu 1587.8
cm™ FWHM wiudiuain 71.1 em™ oflu 105.6 cm™ wasdnsaiuzag Ip/lg wandu
270 0.86 flu 1.10 densiidasiaiu Ip/lg e inanndu assonalyifilasease
sp
Tutasiau doazdinavinluazasinouaundeuuazaiausuIuzadflay

2 hybridization  waduananisildsundasanalulaseasiviianiunisida

anav (Ferrari et al., 2003)
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n‘ a2 IL 14 2] o, g v, b 4
M157191 3.2 WaNFILATNEU AT N AaIRANLY AT UaUAR LW Ta 1Y

Raman spectroscopy

undoped DLC N-doped DLC
D-peak G-peak D-peak G-peak
Raman shift (cm™) 1341.9 1597.4 1358.2 1587.8
FWHM (cm™) 158.21 71.1 188.6 105.6
Area 23674.8 | 12311.12 5448.4 2782.3
Intensity Ip=119.4 | Iz=138.14 | Ip=23.1 Ic=21.0
Intensity ratio (Ip/Ig) 0.86 1.10

(2) wanisiaaaunuInaradidintiaasilauaIsuaualdILINASANL

wnila step profilometry way ellipsometry

HRANNNITIAANUKUILALANG ATV AAIRANUIIAISUAUARILILNT

wafla step profilometry uag inaidia ellipsometry uansluas1ei 3.3

M15191% 3.3 Nan1siaAIANRLNLRzGudTnaaIAFuAITUAUAR BN ESAIE

tnaila step profilometry wag ellipsometry

waiiaildia fnaey AINUUN aAadwnLu
step profilometry | undoped DLC 294.73 nm -
N-doped DLC 274.67 nm -
ellipsometry undoped DLC 333.07 nm 2.5238
N-doped DLC 314.65 nm 1.5383
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NN 3.3 wansiaanunuzasiidasinaiiafinnuaaiamdauaindu
Wdndan  dedlavinnsuaudaudiaswuinfidudasiiunisdasaluTosauuad
yfianununiaaniflanilidldsuunisiiaans anaiflagsannluseninenis
fotangvilan ueRiuvaslulsesiaulaaauiinnisrunssunadufizaslduuay
vinlvilhuasilaugnnisiansau (Choia et al., 2007) Wetliffavinnsiansandn
Fufivninuasuavszuneflduisaacufianuin Aauvigaifasmaluiasiaudiadu
WALRUDIURIRARY dongavliiiuinavalsenaunsalaseasvuasian e
wasuulasly dearnauisauae Evtukh (2008) wuindavinnisidalulasiauly

o ,a o

AduurvarsuauaaanAsazRINaliaIduivnLaaIldauana

(3) wanmsuadgausauiiGauAauVILAL IRauvIaINURIWEaUAILNS

Ja contact angle

AN 3.7 MsianuifMdudaszuinefzasflauuasuaatiiuag (a) undoped
DLC films wag (b) N-doped DLC films
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nanIsnaRaugNTiaNNtawinwayhizauizasiufiflauiaan1siayui
fadudaseninefzasilanuasvaaituagalumwid 3.7 dewuinflduaisuau
aan e liiuns S ad e luTasaufidyu i dudaszuneflauuasiaaiin
wihdu  87.56° uasflauiikiiunisiiasielulasauieiuuifidudassnineflay
wazuaatwinAy  92.03°  deuaavliiiuinflsuiisnunisdasalulasauasd
aNN'LiravihAfmuasflauinaninflauibidunisidasns anauilagunannuu
AuAAsuinsasowuse C-N wia C=N devirlviiudivasisudauiiaainuly

tawinviuAudy (Endrino et al., 2008)

(4) wansuaiaNus umMulnilaramnaiia four-point probe

AsuiAIaNNE U IulNAn  (resistivity)  uasWduaisuauasaLwdsay
ANMNAAIENNST 2.3-2.4 delddimnununaasildnainnisiasmimmadia step
profilometry  (Aununzasflduasuauaarawasililanunisifasns  fan
windu 294.73 nm wasflaudiniunisiiasmielulasiay denvindu 274.67 nm)
wazldaianusumunku (sheet resistance) annnsiasanaiia four-point
probe dan1sven sheet resistance azldanssuauasusvduilaainnaisia 4-
point probe gouaaslun1wi 3.8 (a) uaz (b) lun1sA I AAAWIAMLELERNS

ua1519% 3.4

A 3.8 nnvuaasansTuanihuazusoduiiinldannimadia four-point
probe 2av (a) undoped DLC films wag (b) N-doped DLC films
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- . . . . » g . -
M15191 3.4 Nan1TAIANNAIUMULNULAzAIANUsIUMU WA anaiia

four-point probe

Undoped DLC N-doped DLC

Sheet resistance (/o) 3.31x 10° 2.14 x 10?

Resistivity (Q-cm) 9.76 5.87 x 1073

NAKRANTNARAINLINAFNAIFUa AR LS R TUAS T a s e U Ta s U
AnuansalunsitWihddduiaagien resistivity windu 5.87 x 102 Q'cm i
fifinaaninAl resistivity wasflduilaildiiaans (resistivity = 9.76 Q-cm)
dszanar 10° v dufluwaiiasunannnisuinduaas sp?> hybridization 1u
Tasas9deviniiaanusun Wi vasflauanas (Ferrari et al., 2003) i
flduafuauaarmwasiignifasialutasiauasiauidiiy n-type semiconductor
(Silva et al., 1995) dovinlvisesuuas Fermi energy t2nlaaconduction band
energy snnfvfiu vinlwdidnasausunsaindauviznalddetiu conduction band
ety fnalifldudidalutasiausinsain i ldddy  Wetlaraiasunann
luTasvarvzasflauidonnvvitufisi@nasaudinaideiuasluiasauiidaat s
vinlilsudianuaunsalunsin Wi dwindy (Choi et al., 2007; Silva et al.,
1997)

(5) wansuiAAavIvHaUnWdIIU (energy band gap: Eg) annn1sia

UV-Visible spectroscopy

Adulsedninisaanduiinlaainiaias UV-Vis spectrometer (model:
Shimadzu su UV-1800) devinaisiadainueniadudeus 310-1100 nm ‘légn

ManSiensilaaddulssdnsnisanndu (o) fanuduiugiusiwdsnuinaau

(hV) douanalunwi 3.9
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A 3.9 fuilszdndnsaandu (o) uae undoped DLC films (dashed line) uay
129 N-doped DLC films (solid line)

Wavinnsfiansanannadulssdninisgandy (o) Wi 3.9 wuhdwsy
Aduasuauaarawasiiiasmaluiasiauisdulssdninisganduninainflau
Asuaumatw sl larunsiiassiilasunannfuasflauiiianuiuuinnin
Fouaadluawil 3.4  uananildrdulstdninisaanduzasilaumsuauasis
s asme lutasiauinisuldaunlasatenaEiisudunisilaunasuas
AdulsEdnanisaandusasfilauasuauaaamasi lilssiunisiiaans ot
fnwagnsldsunlasuasrrduilssdnsnisganduatauanedodnwaizaay direct
transition #%a indirect transition Taansil&nunlasatenasuiniaduiuian
MfiTAseasouuy crystalline dolunisunan energy band gap (Tauc gap) nag
ldfnnsAwauy direct allowed transition wazasil&auwilasatnetnqiniin
fufuiradiaseasuuy  amorphous  dedinasldaisAimiawuy  indirect
allowed transition Tun1s11A1 energy band gap (Tauc gap) (Fukuda, 1998;
Orton, 2004) aann1sitAsgriwa Raman spectra vinlvinsiuinaisiialulsasiau
lufldufinavinlviiAnlasossouun  sp?  hybridization uadu  wiafiauily
disordered "amad  F9vinlviAdulsz@nanisaanduasilaumsuauiiiasie
uTlasiauinisildsuudlasattenaidaisudunisilfaundlasuasan

duidszdnanisgandunasfldumsuaunaratnusilulauiunisiiasans
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lavinnismardasinolunaunwdesnunuy direct allowed transition uasflau
AsuauAaT W LildiSanasiiasi e luTasauaIEA1sIRAdALULAY

wavIuuaslauaIsuauaaaLns 310 Tauc plot dousaganuduiugsening hv
Au (chv)? dousaaslunwi 3.10 (a) uay 3.10 (b) Aaumsuauaa eiwsiluls
wWun1stiassiisidasnvlunaundeoudssuna 2.65 eV wasdldaumisuaunans
wasTiiameluiasauiaidasinglunauwaoousana 2.36 eV doarzaging
Tunaundsnufidranasndonisiiafldusialulasay dodnannnsldauuilas
MeluTasasLarssdutundsunasflay Taaiavinn1sdaluiasiauaely
s azvinliiaseasrvuasflausi sp? hybridization snndu (Ferrari et al., 2003)
warsEAutundIIULALAY  finaliddnasausiuisaindauidiudunadeaule

Jadiu

AN 3.10  A1svAAa9Ne TULALNSINUAIEAAFALULAUNSIN UL direct
allowed transition annnsINANNFURUSTENIN hv AU (oh1)? 229 (a) undoped
DLC films wag (b) N-doped DLC films

WlaganArduiszdnanisaanduaasiiduasuauaaraiwasi lilunisiiasnsd

nsuldsunladanerg douaaslunwi 3.8 devsuandeadnuilu disordered
Aunnlutasease 9'lavinnsuiadasnnauwavunayilduaisuauadne
wwaislileirunsdasswuy indirect allowed transition an Tauc plot i)

LEAIANUFNNUSTENIN hy du (chVY? doudmeluanil 3.11  aArdasineg
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LOUWAIIUAlGEa 0.84 eV @15 197 3.5 URAINANITUIAIAAIIIILALNAIUY

fnFuflauiiogavilszian

A 1 1 1 Qs o Qs Qs al o
AN 3.11 N5 Aa919 TULAUWRINUMILIAGALULAUNI I UADIAEN
ANsUaUAR NI LA HIUNTE a g 1T nATIN AN LFURUESEKIY hy A

(ohW? (wuy indirect allowed transition)

o ' ) ' I
m15191 3.5 Nan1suiAIdadINILauNaIIIUINA Tauc plot

Undoped DLC N-doped DLC
films films
Direct band gap 2.65 eV 2.36 eV
Indirect band gap 0.84 eV -
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= o s an = 9| = o o Qs A
3.2.2 wanisimscvdfasaimeiadinidhaasilauarsuauaanaindsn

tRatazlutialuinstau

AMWA 3.12 uaasflauasuauaaawsilavinnsasedy defuifinas
aldnTnsanvinaaflduasuauaarawadsn li'laniunisidasns (undoped DLC
films) fAwvindu 1.526 mm? uwazrWunfizasddninsanvinanildumisuau

Aawsgniasialulasiau (N-doped DLC films) fidwindy 1.618 mm?

AW 3.12 Aduasuauaa1awssalanTnsailavinn1sasadu

nsnagaulfAsemoaiinihaasaidnnsarivinannflduuieasuauaaiainwas
Taaldinafia cyclic voltammetry shewA3ag potentiostat (Gamry Reference
3000™  Potentiostat/Galvanostat/ZRA) AmaiAdnd aasinedmans
wnInedezaundy - Genismeaasiiaslafduamsuauasianwasililaniunig
Wassuasflanaisuauaaamsiciunisiiasalutasauiy working
electrode Ag/AgCl (model RE-5B, BASI) ilu reference electrode WRE
platinum wire (flu counter electrode dovinnrsmagaudia 10 mM KsFe(CN)g Tu
g1sazana 1 M KNO3 i scan rate 20 50 100 200 wag 500 mV/s innssunu
a1 1V 'lds -0.5 V uasndumnd 1 V iiadnmnanusiunsalunisuanildeu

AldnmsaussIvaLlAnTnsaLRRN Aana
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-1.0

Current density (mA)

potential{V) vs. Ag/AgCl

A 3.13 cyclic voltammograms lsauiiausznine glassy carbon (solid
line) Ay undoped DLC films (dashed line) wag N-doped DLC films (dotted line)
nagausagsazaty 10 mM KsFe(CN)g Tu 1 M KNOg‘f/’i scan rate 100 mV/s

i 3.13 Wavinnsuwtausunanisia cyclic voltammetry uasflay
AFUauARLN LTI KNS TuTas ey i laRun1T S a & s A una i L6

a1n glassy carbon electrode i scan rate 100 mV/s @1 formal redox potential
(E°)  zasfldumsuauaaraiwasiilildsiunisiiasnsuaraasilguasuauaais
wasAEamelutasiaufiawindy 204.4 mV uag 304.1 mV auaIdu FIuand
Tua597 4.6 Foagluthadenduduai formal redox potential (E°') A¥alaann
glassy carbon electrode dofiAvindu 244.4 mV uaasiflaumsuauasawes
Adoenevduivaasdanlaannsansaialjise3sanduiassrulussnagay
6 n1siien current  density  im'lafeadlustduidesunaaoluiiuge
UszdngmwamsinWihzasflsuaisuauaaanasidonnevidudotilsedngaw
1nalAaviu glassy carbon electrode atinvlsAiaua peak potential separation
(AEp) aasflduafuauaar s lidldiunisiiassuaraasflguasuauaais
wsTLEaseluTasay (329.6 mV way 469.6 mV aua6L) Fousnaluaisev
3.6 defieunnnitan peak potential separation (AE,) wav glassy carbon

electrode ((AE, = 89.8 mV) atunuaaalvitiiuin electrode reaction tfuwuy
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]
a oo =

quasi-reversible wiadfAsenAviundule defidnsinsuanildsudidnasauiizn

]
Y- Y- ol

nﬂﬁmﬂ%umﬁuuﬁ’uﬂansmLn.m reversible waadAzenndunaule Wlavaradn
- - al Qs s o Q. Qo < o a &

peak potential separation fianuguWusiudaszrilunsuanidlauadidanasau

(electron transfer rate constant) Mufluasdidninsea (Heinze, 1984) duiiu

flFuasuauaatnssAILATIsiduSeiansnsuanildausdidnasauiiannii

2av glassy carbon electrode anwn 3.14 uagavwanisia cyclic voltammetry ann

Alanviesaatdauly wWiavinnsildauan potential scan rates

A 3.14 cyclic voltammetric data a9 10 mM KsFe(CN)g Tu 1 M KNOs
Taale working electrodes #vinann (a) undoped DLC films wag (b) N-doped

DLC films wfiavinn1sil@aunilasan potential scan rates

AWM 3.15 anuduwugsening peak current density Ausinfigaguag scan

rates wav (@) undoped DLC electrode wuag (b) N-doped DLC electrode
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a15191 3.6 FsUnanisnadaulaamadia cyclic voltammetry 21a9 undoped
DLC electrode way N-doped DLC electrode dhagisnagau 10 mM KsFe(CN)g
Tu 1 M KNO;

Potential scan rate, v 20 50 100 200 500

(mV/s)

Undop | N- Undop | N- Undop | N- Undop | N- Undop | N-
ed- doped ed- doped ed- doped ed- doped ed- doped
DLC DLC DLC DLC DLC DLC DLC DLC DLC DLC

Peak potential 139.7 189.7 200.3 199.8 329.6 469.6 419.5 539.4 629.3 649.3
separation, AEp
(mV)

Cathodic peak 0.90 0.75 1.24 0.80 1.47 1.14 1.91 1.26 2.93 1.59
current density, Ipc

(mA/cmz)

Anodic peak 0.95 0.55 1.24 0.60 1.68 0.78 1.86 0.95 2.29 1.20
current density, Ipa

(mA/cmz)

Ratio of peak 1.04 0.73 1.00 0.75 1.15 0.69 0.98 0.75 0.78 0.75

currents, Ipa/Ipc

Formal redox 229.4 284.1 229.4 2743 204.4 304.1 219.4 269.3 2243 324.1

o
potential, E ' (mV)

MW7 3.15 udavanuduwugsenineal peak current density wagsnigasuas
scan rate Afidnwaniudunse dousaeliviuin electrode reaction Huwuy
linear diffusion-limited transport uas redox species gWufiinaddi&nTnse &
uEAIMINANNFURUSIa9aNN1S Randle-Sevick an1AA1s197 3.6 @1 current
density uad N-doped DLC electrode #fia1uaanina current density uav
undoped DLC electrode atidnias (AN3AAAY  current density gin
background current aan) wazA1 peak potential separation (AE,) uas N-doped
DLC electrode fianannnin AE, uas undoped DLC electrode flasainnnsiiiudii
radflaniiiialutasiaufianybizavingenin  S9vinlvindosudy  (surface
energy) fisnvaa (Jongwannasiri et al., 2012) redox species LAan1saadiuiw
Wufadninsaledaanin SevihlinsdashHlunisuantldausidnasauiinuiy

2a9ddnTnsadlululadenin 8nvivan Ipa/Ipc vae undoped DLC electrode fidn
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TnalAas 1 unnnuay N-doped DLC electrode donsfidrdasdiuzag peak
current fidwinAy 1 uagnsinnisgadiuaas redox species MAuma&nTnsaiily
wuy reversible (Triroj et al., 2006; Wopschall et al., 1967) Weildsina'lanlan
A lutasiaudowifinnuausalumsinlWiidnan uwsfidszdnganlunisia
Ufiaseadlvihdasnindafandsufufauibisunisdasns  aguain

sutidmenufuasflauilu rate limiting step Tun1siin electrode reaction

3.3 #sUwanisnaaas

nnflaumsuaunaranwasigndoianevidudriaignsanasanlanaise
wasRduanudingasuunseanalasuasusuddnauiiuiangiusas  la
WiauAsussreflauiiase lutasauuay lildidadalulasay Taaddaflau
funsiiaselutasay agfinarinlilaseasvnaluzasfiduil&aulyd aannns
raszviaranatin Raman spectroscopy dowuinan I/l fidnunndu g9maludl
A1 sp? hybridization unadu F9virlvaAtasinsuaundesuzasflauirmanad uay
Alaufinnuaunsalunmsin Wi AdnnAdudlildiiaans  wazainnsasagau
suidanuramin  WrawmihuuAud  wuihRduasuauasamwsisuasia
selulasiauianuiramhvuAuMfday araiaannnsivuszuas C-N wia
C=N vuiuffldy FevihbitfiathundszgndlaifludidnTnsalunisinsiamada
cyclic  voltammetry  astAaUfAzenmataillwdruasldnaisuauaanaiws
sldnInsariialulasiauasiAndulabifvinflsuasuaunaiaiwasi lalany

asifadns fowiazdanuaiunsalunninlihddnnAeny deiusesasisuilge

Waulalunsduenzflan wwallaflaumsuaunaraiwadsniiasialuiastau

' 4
a aa a

uaausaLAalfasenlunisuanildasudidnasauduansinanaladbedu
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UN 4

]

nAsnaadaaatanTnIaluluinsnaddndduld1isunisnsraiu

#1580 N

4.1 3safiun1sHantaasataninsaluluiasnydandduddrsunis

MN5IAVUFNTAINAN

Aauasuaunarawasianifanuiuiaaiausadulassy
fstinwuazaNufildiasainniiadd dovinlusnsedndainarsvinou
aav'lulaidusiaas (Schnupp et al., 1998; Maalouf et al., 2006) dnisiiaduna
AuannadevinlvitAnnisaandlad e vinlitAanyWeAduuavaangiauuu
Wuf (Yang M et al., 2011) JosnnsavdansaduluTatuanaladaaussiaan
wusindousosirunyedfuzasaandiauiiinduuuiufivasfidy  wizadllevia
nseFauRauLIAIsuauasaNstmaia RF-PECVD asuuidagiusasiiiiu
nszandlasuasurutianau  uaIvinAsItenzrautangnaaIwuasnguin
2a0flan  annifufeashe  polydimethylsiloxane (PDMS) microfluidic  three-
electrode cell chip WiAauaTuauraawasiiuaidninge  Wiatalfasen
Wl arewmadia cyclic voltammetry sduasinanal Fe(CN)s>/ Fe(CN)s™ way
vinmsudlausiadu glucose oxidase wanmafutnenanglaa Taafisarsendiu

SYudIuAI UMWY 4.1
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Investigation of electrochemical properties and detection of
glucose in the PDMS microfluidic three-electrode cell chips

Preparation of DLC films by RF-PECVD Fabrication of the polydimethylsiloxane
(PDMS) microfluidic three-electrode

_l Investigation of physical properties | cell chips

| — Investigation of
Raman spectroscopy electrochemical properties

— Surface profilometry | Cydiic voltammetry

—— Attenuated total refractance
Fourier transform infrared || GOx immobilization onto
spectroscopy (ATR-FTIR) the electrode surface

I tigati f electrical rti
—I nvestigation of electrical properties I —I Detection of glucose I

—— Four-Point probe and hot-point
probe measuremnents Cyclic voltammetry

—— UV-Vis spectroscopy

AN 4.1 urnuistunauiaddiunsndnaasaidninsalululaswadandd

o

WS UNITATIATURITTINN

4.1.1 asdvasrizvilanaisuauaaatnags

ATdutATzvidldunuvasuauaaraiwsldinaiia RF-PECVD 1autéiendu
asFoaeviflanluuni 3 Taesyuy RF-PECVD luwuudh iniihusunanguuiy
(capacitive parallel plates) Wfiszagving 2 audiunsg donrsdsiareviflanasla
Yangrusaviflunszanalas wxuddnauilan wavweu silicon A  sputtered
titanium (Ti) wwdavat & nsunsnaaasiivinnisdoansvifiguuieasuauaane
was Taald CHy windu 20% wasudadosuifonua (CHs, Hp) dedasidiuuas
CH4 fidfinannninaisnaaadluunii 3 wiaan hydrogen termination uumuf)
wasflan waznilunisin carbon dangling bonds wuRufuasflaudezalunns
af9iusyianausdavinmsdandadulutaliana  Waulansdonneviflay

W& UATI9N 4.1
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- 4 o cal < < v S, < o
a15191 4.1 Waulalunsduiangvidduasuauadainusdinsunisiianaandy

biosensor
Waulalunsdoaszrflauarsuauastainas
Base pressure (mbar) 3.3x10”
CH,4 flow rate (sccm) 8.05
H, flow rate (sccm) 32.2
Operating pressure (mbar) 0.64
DC bias (V) -440
Deposition time (min) 41
Substrate temperature (°C) 106

4.1.2 a5 zUdaNLTaNIINIAATN Lazduian1vInHaasilaua1suau

ARALILNAS

AduuneasuauaaTewasilaanNTdoLATIEaI858  RF-PECVD  aggn
111dvinnsiigvilaseasivuagildusia Raman spectrometer (model: Jobin
Yvon fu T64000) fiunasrnfiausoilu Art anueniadu 514.5 nm wiadnm
Gndsuad peak intensity Augadonnuiiluasuauasawasuasflay vinais
SiansvingWedfuuuRuffausia ATR-FTIR (model: Thermo Scientific 3u
Nicolet Is10 FT-IR spectrometer) anaiuvinnsinanumnunsaa surface profiler
(model: Tencor: P10) uasladlneatima four-point probe 1unisuieAl sheet
resistance way resistivity fati19viiaazatlu probe station Iadeueyaisitu
probe tip wazniAdasnonaundeuzasilan annsiasiaiaias UV-Visible

spectroscopy (model: Shimudzu: UV-1800)
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4.1.3 a1589719 polydimethylsiloxane (PDMS) microfluidic three-

electrode cell chip

fiudsenauuas PDMS microfluidic three-electrode cell chip wivaanle
dlu 2 & Aa &uuas microchannel wagaHugrudmsuei Wi Taad

ASTUIUAITRS VG IE
(1) &»uniilu microchannel

dwsushuiilu microchannel aanuuuiaalallsunsu L-Edit (Tanner EDA,
USA) doviafinrunite 1000 MM Aug) 32 mm waganugs 70 um i
Thananswinaanfidnwaiznanagidaie  microchannel  Wesassu  Hiduru
Audnate 3 mm douaaalunni 4.2 ualld Kapton tape (Ted Pella, USA) éia
asuunszanalasiduwiinwiilduaa PDMS iflu microchannel 49 Kapton
tape \fluan polyimide film i1 silicone adhesive nuaauugdlstuale -196°C
flv +400°C

Diameter =3 mm
—

1000 pm

Microchannel:
depth=70 pm.

AW 4.2 Snraizaad microchannel Maanuuudlatilsunsu L-edit
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! a o ° o & o] & &
(2) gruntilugruarusunean s ua»

1WAl luA1s8579 PDMS  microfluidic  three-electrode cell  chip
dsgnausne (1) Aauunsasuauaarawasiiudwdirvinen (working
electrode) (2) AgunaailuirWiirsin (counter electrode) Taan1siA&auaduy
titanium 7§ silicon (fufaagiusae (titanium fiauuun 30 wTwwuas) 69
38n15 sputtering seLATag sputter coater (model: Polaron SC500) wag (3) L&u
aduLiludrlWina1989 (reference electrode) 1aavioniunazsinatly PDMS 1
Tafifugiulunisase Gefivinuazevgand g 1eds 3 mm wag
' HNI9VAA T NI 10 mm A9t lWivineukazda Wi
drvdeluifisvavvineseninduiaaasiilunishaaaanusumuibisnansadida
aanldlaluansazara (uncompensated solution resistance) (Triroj et al.,
2006)

lunsidangruiiiiu microchannel wagahuiiugrudvsunedalwiineadu
agld PDMS dlusdandssanuidaliforasdiudadasulaanisiianusaund
PDMS wialvufies wnunsldaandiaunaraunlunsvinbvifinge devdnaisuas
aandiauwalguaztldsugnwiudiannaiufiiiligawmin (Lifidh) Winaredly
Wufdawin (fdh) wWaliAanisadaudiatinandsenudu asaniuiflay
AsuauARaNdsRINNTagaiansaulacaaandiauwasun (Massi et  al.,
2003) wazn1sld PDMS lunsifandseauasvinliiAamnuudouselunisiage
unninstdaandiaunaidun (Eddings et al., 2008; Rezai et al., 2011) Tun1s
naaavielyd PDMS lunisidiausagiuzas microchannel wagadiunadgIusadiai

fafu Taadunaunisastiluazdldlaazuaaslunini 4.3
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A : Microchannel A : Substrate for thres slactrodes

Kapton tapss
4 Glass slide

Model of electrodes

(a)

%= Glass slide

T et : -

. e

c)

A 4.3 dunaunisvin chip (a) &uuas microchannel (b) &uuasgiusag ()

nsisgnu chip

4.1.4 msiadiasemeadinilhaasilauaisuauasrawasiiilu

aldnnsanratuddil

-y

vinns¥adfasanmaailiihsawmadia cyclic voltammetry Mimiuauiae
Tulsunsu LabVIEW gouaadluniwi 4.4 luaisazais 10 mM KsFe(CN)e atilu
1 M KNO; (KNOs waulu DI water) Taafiflanunsmisuauaaraiwaisiiiudq v
vi191u (working electrode) nasifludrlWirsiu (counter electrode) uagziduain
WuiludInig198e (reference electrode) 5uvinnns scan anusedy 0.7 V Yl
fousodu -0.3 V uasnduniiusedu 0.7 V Taald scan rate 50, 100, 200 wag

500 mV/s Wadnulfasannsuanildaudidnasauszuinedidninsadu

GRFRER R
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AN 4.4 dnwasnsiadgyanaannduilaasieiu Taala probe tips &uiady

U516 electrical contact pads

4.1.5 a1 Formal redox potential navaraidu (Ag wire) v ladiflu

reference electrode

Wiataanusnednduaduaiaduiiiaudy  Ag/AgCl (3 M NaCl) ilu
reference electrode u1asg1u lua1sazale 1 M KNO3 duiilugisazaradidaning

lasinldlunsneaaveranaiia  cyclic voltammetry @auavdnednlsfa

'
o alas ]

+135 mV (versus Ag/AgCl) detiuiiiasasnisulasaianusradneadiiaiaudu
WWuadawu Winwiaudu Ag/AgCl agsiaevinguil potential (versus Ag/AgCl) =
potential (versus Ag) + 135 mV fouandmunni 4.5 (a) uazilainaiusig
dntuavigualiadutviaudu Ag/AgCl (3 M NaCl) Tuarsazaie 0.38 M phosphate
buffer (PB solution) GﬁoLﬂumsazmﬂﬁ“l?f"lumsmnaj"ﬂﬁwmanzﬂﬂa AANNENY
AneAlavindu +57 mV (versus Ag/AgCl) uagidiasiasnisiiauaranusrodne
fu saturated calomel electrode (SCE) wiawlsauiinunafunuiiafiiiaiag
azsiaduiladdivil potential (versus SCE) = potential (versus Ag) + 57 mV — 35

mV dougaaaunwi 4.5 (b)
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: +57 mV

Ag wire

'B solution
I mv

0 +22 mV
3 [

| | | |
SCE Ag wire
ial vs. SCE

AN 4.5 nsvnan formal potential zasalaidu (a) Tuansavara 1 M KNO;
wiaudu Ag/AgCl (3 M NaCl) (b) Tuansazaa 0.38 M PB solution tiaudu SCE

4.1.6 msasriairmanalasuag polydimethylsiloxane (PDMS)
microfluidic three-electrode cell chip sifdlaumsuauaatnws

wwudidninee

(1) Aszuruntsuaransainladlunisidiausa glucose oxidase UUWURD

AauarsuaunaneLnas

sswafiila: glucose oxidase (GOx) an Aspergillus niger (E.C. 1.1.3.4, type
II, = 15,000 units/g), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysuccinimide (NHS), D-(+)-glucose, and
phosphate buffer (PB, pH = 7.4) aan Sigma-Aldrich

nsvnunsdiansaaulainglagaandianlu three electrode microfluidic
chip uw&asluawil 4.6 TasAuuiuflzasafuauAsBwasAENTNTATIVY
WerffuravaandiauAnduarnnsdudasuainia SevinlviiAanyWerddu COx Tat
Buanvinanuavaianaly microchannel se DI water waituanssazalad

sgnause 0.2 M EDC wag 0.05 M NHS 2ihg microchannel uaaviels 1 42Tug
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Aaaungiivias alvisnsazare EDC/NHS 7iviluga coupling agents lnsesiums
Wordu COx TvindfAsendunsiedduiaiu annifuTvanaisazarn GOx (5
mg/ml) fiatlusnsazaie 0.38 M phosphate buffer 12ing microchannel w&3vie
W1 dhlwe Taaungivias wWaliiAenisidausameiusyTanaus amide
synividldnTnsadunyloAtiu amine wad glucose oxidase wavanasu 1
s S9vinAaNuazanamaansazae phosphate buffer wagldouiiui wsa
amndolalaladviu ageavivaassayale phosphate  buffer  1adlu

microchannel wazuadliluaangi 4°C

A 4.6 Covalent coupling of enzymes onto the electrode

(2) mseasianalasdiudisnasiau

vinnsiadgasenmaaiilwvheranaiia cyclic voltammetry saanisvian
fsarananqlad (NaNTI'lY 48 fﬂm) ANy 0, 0.5, 1, 2 uay 4 mM 1
waulus1sazane phosphate buffer aluanzu 0.38 M wildtu chip 7
Usgnavusmafladuuneasuauaaiawasiidansady GOx uad iludalwivineu
(working electrode) maoifluihlW#ihsin (counter electrode) wazalatduiilu
1WA d1989 (reference electrode) 3uvinn1s scan annusadu 0 V lalfousosiu
-0.8 V uazndunniiusedu 0 V 1aalaf scan rate 50, 100, 200 wag 500 mV/s wia

dnedfAsennisuanilisudidnasaussnivdl®nInsadusisazans
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Qs v a =3 =3 A o r a7 o e
4.2 nansinauiiduasatanImsanvinannlaumisuauaanantsiaznais

as33uny ATy microfluidic chip

4.2.1 wan1siaszauianIvAaaInLazautianeinilhaasilau

ANSUAUAILILNDS

(1) wamsiszvlasvasvaasllauAIsUauAdLINASAILINALA

Raman spectroscopy

navANATRILAIZRdNLIIAITUauAR NS TaiAAuNYInATIlATIE
Tasvasveenala Raman spectrometer (model: Jobin Yvon u T64000) i)
vinnsaunulualoiauady 1000-1700 cm™ wanisia Raman spectrum ‘leign
1111vin deconvolution 1aela Gaussian function avinnisauunaaniily 2 fim

(D-peak uay G-peak) dougaoluninii 4.7

ANN 4.7 Raman spectrum aaslduungaisuauaaaLns
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n‘ = L ¥, 2 o g v, ¥
M15191 4.2 HaN1FIANz AN IRaNLvAIsUaurd aLns1aa 1 Raman

spectroscopy
D-peak G-peak

Raman shift (cm™) 1360.3 1584.6
FWHM (cm™) 187.2 87.6
Area 22192.5 19180.7
Intensity I=94.6 Ic=174.6
Integral intensity ratio 0.37
(In/1c)

1A 4.2 afiansandiwniuay G-peak (1584.6 cm™) defivaunduiigy
adlauBauisuduaasunsiwsusans (G-peak: Raman shift = 1580 cm™)
wavan intensity ratio (0.37) &gulenfauitlaainnisdaiaseviilu amorphous
diamond-like carbon defi sp? hybridization \Huavdlsznaugiunn (Irmer G,
Dorner-Reisel, 2005)
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(2) wan1simsziivyllvnaduereinaiia Attenuated total reflectance-

Fourier transform infrared (ATR-FTIR) spectrometry

MW 4.8 udaunmsiiengvivyieduuuiufiflsusiamatin  ATR-FTIR
(model: Thermo Scientific 9u Nicolet Is10 FT-IR spectrometer) dovinnsaunu
Tuar 800-4000 cm™

o PR a PRy a
ann 4.8 %Reflectance spectrum Mlaannnsitasigviaratnaiia ATR-FTIR

AT 4.8 lausng peak uagwusy C-H doaziAa peak Tuaig 700-900 cm™
uay peak 2a9Wusy C-O Anduiisiiunis 1107.90 cm™ ﬁaaaj‘lu?ha 1000-1300
em? ilureriuanensienddu C-O (Colthup et al., 1990) uamolvitiiuinflay
AsuauAstwasIAinmMsaandladifladuiaduainid SevinlviAanyWedduaas
aandiaudiuuufiflan (Yang M et al., 2011) deanilunadsanisdansalula

TuanasmaRusyTaauddunytedtusadaandiau iavinlitAnwuse amide

O H
T , .
—C-N-tuprsidfansiadu  glucose oxidase uuNufuasflauunvasuauaaa

LNAT
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(3) wanisinanunuIaaslauaIa step profiler nazaraUE UMUK

sumaiia four-point probe

anszudinvhuazussdunlaannnsinslrainadia four-point probe fdousny
Wi 4.9 wardanunmzadilanainnsinsianadia step profiler (film
thickness = 140.33 nm) ‘legniunladtunisdruiaunian sheet resistance way

resistivity dofidvindu 9.25x 10° Q/o wag 1.29 x 102 Q'cm auady

A 1 Qs L dIQ/ kP = -
AN 4.9 nanugasmnsvdunasnssud Wi nialaannnmaiia four-point

probe

(4) wani1suIA1AaINHALNAYVIIUANNA1TIA UV-Visible spectroscopy

Aduilsednsnisaanduiinlaainiaias  UV-Vis spectrometer (model:
Shimadzu fu UV-1800) devinnisiadianuanadusdous 310-1100 nm ‘légn

nienslaamdulsednanisgandu (o) danuduiusiuaindsnuineau

(hV) Fauanalunwi 4.10
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AN 4.10 fulsednanisaanduzadflanasuauna1aLNGs

Wiavinnsuiadagitlunauwdvsunuy indirect allowed transition ann Tauc
plot fdeusnsanuduiusszning hv du (ah)? deuanelunini 5.11 Ardaging

wauwavun'la@a 2.5 eV

100000

(athv)1/2(eV/em)1/2

05

hveV)

A 4.11 asvardasinelunaundenusiaadauuwnundeuzasilay
AFuauAa1EwsaIInAINANNFURUEsENIe hv Au (ch)Y? wuy indiret

allowed transition
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a oo =

4.2.2 wanisiaszvinanisiadfjasanailinilraasilauanisuauaang

wiasatdninsalu microfluidic chip

AW 4.12 ugae PDMS microfluidic three-electrode cell chip #'l6ivinals
as19duded microchannel volmune windu 2.24 ML & 15y three-electrode cell
fifauasuauadrewasiilu working electrode dofiRuiifirvasaidnnsawindu
1 mm? Ag wire \flu reference electrode uag sputtered Au films flu counter
electrode dofifuiifiivasdidnnsawindy 3 mm? wWavinnstvasasnagauiz
microchannel wui lifinshluazasansnasaudeuansinnisiadafuuas

PDMS substrates fiauudiowse

A1 4.12 The PDMS microfluidic three-electrode cell chip

AsneadaudHasentadiwidusgrsnegauda 10 mM KsFe(CN)g Tu 1 M KNOs vin
nsiataalaszuuda cyclic voltammetry Aaiuausiatisunsu LabvVIEW 11 scan
rate 50 100 200 way 500 mV/s 1eavinnsawnuain 0.7 V 1dde -0.3 V uay
n&uunii 0.7 V wiadnmilsz&naiwaag electrode cell lunisasaiassinand
Tu microfluidic chip wan1s¥a cyclic voltammetry wandlunwi 4.13 wazlu

A15197 4.3
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AN 4.13 wan1sin cyclic voltammetry 2a9flanmfuauaa sty
working electrode Tu microfluidic chip (a) cyclic voltammogram uav 10 mM
KsFe(CN)g 11 1 M KNO3 (b) anuduwusgsenineg peak current density Ausini

fa9UaY scan rates

a15191 4.3 ssUnanisnazaulaanisia cyclic voltammetry i@ scan rate
firgnuadflanmsuauaa1awaslaiilu working electrode 1u microfluidic chip
fifnsnasgauda 10 mM KzFe(CN)g Tu 1 M KNOs

Potential scan rate, v 50 100 200 500
(mV/s)
Peak potential 224.49 244.90 265.31 326.53

separation, (AE,) (mV)

Cathodic peak current, | 2.99 3.55 4.14 4.81
Ipc (pA)

Anodic peak current, 3.26 4.01 4.95 6.04
Ipa (HA)

Ratio of peak currents, | 1.09 1.13 1.19 1.25
Ipa/Ipc

Formal redox 159.18 148.98 138.78 128.57

potential E°' (mV)
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NANWA 4.13 waras19i 4.3 @1 formal redox potential (E°') fidwwvindu
143.88 mV (versus Ag) lavinnisuilasdr formal redox potential viagjlu
Ag/AgCl scale agdiawvindu 278.88 mV (versus Ag/AgCl) dowungfialnadng
Aur1 formal redox potential A¥a'ldann glassy carbon electrode (244.4 mV
versus Ag/AgCl) @1 peak potential separation (AEp) annnsnaaadaziaiuis
fumu scan rate WiANmNafu TeedfAseniedudluwuy  quasi-reversible
(Heinze, 1984) anAnuduWudseninea peak current density wagsiniisas

2ay9 scan rate Nddanwaziiludunsy uaadlutiuin electrode reaction wfluwuy

linear diffusion-limited transport uae redox species gAufuasdi&ninge &9

LRAIANNAMUFUNUSURIRNNTS Randle-Sevick

4.2.3 Wan13lms1L1rin15a5233a glucose Tu PDMS microfluidic three-

electrode cell chip Wiiflauasuauasrwasiiluiidninem

nsvedaunsifiaudaszinedidnnsauarlulaidueasinlatiaanis

WwinumAsuAnsruaWiiialadiavinnsdsuanwiumzadidninge

(electrode functionalization) Taavinn1s3a cyclic voltammetry 7 scan rate 50
mV/s 1u electrolyte #a 0.38 M phosphate buffer solution gouansluniwi 4.14
fusuaidnInsailildvinnsususaawiuiy (bare electrode) annszualning
Jalafianiasundeadlusedusninin 0.01 pA davinasdfuanwAudizas
awdnTnsaea EDC/NHS coupling agents (linked with EDC/NHS) aassuslwil
fianvindudenanofonisdauntasuasanwiufiizasdidninge wasidavinns
\ausadu glucose oxidase (linked with EDC/NHS + GOx) assualuinfien
Winduidntias  uazdnwaizuad cyclic voltammogram finsil@suuilasating
daauTaadansaiunisidunadizae reduction peak way oxidation peak 1
electrode potential windu -0.35 V (versus Ag) wiatvindu -0.33 V (versus SCE)
dofiazrlnaen formal redox potential uag FAD/FADH, (E°' = -0.43 versus
SCE) (Wang Y, Yao, 2012) dailu redox center uay glucose oxidase AW
4.15 uanvwan1sin cyclic voltammetry wag DLC electrode Avinasdausady
glucose oxidase 1malay EDC/NHS coupling agents vinnsnesaulu 0.38 M
phosphate buffer solution ¥ scan rate 50-500 mV/s doarnszud i

vindutfiavinansiinanusiuag scan rate uaaglvitiude diffusion-controlled

52



reaction wsiuialal potential scan rate figan31 50 mV/s cyclic voltammogram
fidnwaizuas background current (charging current) wiudia siuda'liauisaiv
vanstwneuad reduction peak way oxidation peak ‘6 viefiiilasunain
anuduwusidoiduaas charging current Audn scan rate doluneiidiadfiu
peak current #iAnduain redox reaction azfimnuFuiusidoFuAUTINAFA9
289 scan rate (Bard, Faulkner, 1980) duifuifialal scan rate ffiArgoasvinlu
background current dienunnnI1 peak current aguinluvinlwligiunsa

fotnaLiu peak current ‘e

-y

sfmsunisiindgAsennisuanildsudidnasaulnanse (direct electron transfer)
seuI glucose oxidase fu electrode agauisawiu reduction peak uay
oxidation peak AdaLau (Yang X et al., 2012; Wang Y, Yao, 2012) tlagunann
asdausamewissnineiufitzasdaidninsadu redox center wadiaulaii
saRusyTANauEifilssdngniw  waana1sia  cyclic  voltammetry a9
glucose oxidase electrode Tu microfluidic chip snnsaaqllainnisidiausalan
1o EDC/NHS coupling agents &un3aa39 glucose oxidase unvauuu DLC
electrode ‘lsathofitssdngan flasand redox peak current usiagduuu
cyclic voltammogram flald scan rate #AfiAnsin wsdensziiunisasorautlani
wgauanavinli redox center zagiaulanililavinnsidansanie Wi AuRus,
2290818nTnsa  redox peak current  AUsngduSefiaviasidaiaudy

background current

53



AN 4.14 wanisnagaunisiiiausasynivadnnsauazlulaiduiaasinanis
¥ cyclic voltammetry i scan rate 50 mV/s 1u 0.38 M phosphate buffer

solution

AN 4.15 uan1sin cyclic voltammetry uag DLC electrode Avinasidausia
Au glucose oxidase 1aalai EDC/NHS coupling agents vinnisnagaulu 0.38 M

phosphate buffer solution 7 scan rates 50-500 mV/s
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Wiavinn1sesiada glucose 1u 0.38 M phosphate buffer solution 7 scan rate 50
mV/s Taavinnsild@audianuiintuuas glucose (0 - 4 mM) u 038 M
phosphate buffer solution dousasluaw?l 4.16(a)  wunszualwihdian
Winduidavinnsinaanuinduzanitananalaalussnasay W
ANNFuRUsTENIInTEud W Ta lauazanuuiuaasinanany TAT
electrode potential windu -0.45 V (versus AQ) doilu redox potential wav
FAD/FADH, (-0.43 V versus SCE) u&adlunwil 4.16(b) denisiinduwacen
aszua Wi T iuwuudaduluzhoanuituiuzaniinang Taanly
nagay astAnduradnszualnidiarinnisuwin glucose inananIsuanildsay

Aldnnsauszuivaulanifudidninge (electrode reaction) wuay annilfAsenuas

tau'lafd (enzymatic reaction)

fnsunsasadiensiinaanglasuun first generation dogrluansiivinnns
nadaufiaandiau (0,) Tuanaatele ANTATIITU glucose ad@aNITATIRTAANS
anavuay O, 7usedulszanar -0.4 V (versus SCE) 1aa O, vinnsuantldeu
aldnasaudu glucose oxidase (reduced form: GOx (FADH) vinlwle glucose
oxidase (oxidized form: GOx (FAD) uag la@iasiautlasaanias (H,0,) oty
WiavihnsuinaAANNNtuEaY glucose azvinlvAnANuLNuEay O, luans
nagauiiAIanag doagiu'ldannisiainssus i Atalasidranasaiunis
WinduradAIAMNiNLdUaY  glucose LARNHANITNARDIFILEAITUATNT
4.16 (a-b) Anszud Wi Asalafiaindumuaianuinzunas glucose v

a oo

winadvaandiaulussmadavlifinasanisiinlfasannisuanildsudidnasau
wiadnauiledanisnsady  glucose Hunuuliandafinarelunisuanilday
aldnasauszuvaulanidudidninge (mediator-free glucose detection) (Wu,
Qu, 2006 ) a il 4.17 uaavliAsennisuanildaudi&nasauiiinduseninenis

ATATANRTAR
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AN 4.16 (a) wan13¥a cyclic voltammetry fiavinnsasaiatiaangiaaiy
0.38 M phosphate buffer solution 7 scan rate 50 mV/s (b) ANu&UWUFTENINY

nseua T Ta leuazanuntuuastinaangiadil electrode potential winAu

-0.45 V (versus Ag)
GOx Glucose
(Reduced form) (Reduced form)
Glucose
GOx {Oxidized form)
[Oxidized form)

AW 4.17 Detection of glucose
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4.3 sqiluan1snaaag

faunlaForasrzridulunisnaaadilanaasnnuiduaisuaunarainusing

sp? hybridization ifluasdisznaudiuann vuiufifivyWeddu C-0 Adaainnns
aandladiuaandiauluainia Sollunadsanisdausasaiuseiaaus @0
resistivity fiavindu 1.29 x 10° Q'cm wavaAdaginsuaundausianvindu 2.5
eV d&w¥u microfluidic electrochemical biosensor chip #lsvinaisasedu Taasd
Alanmsuaunarmwasidly working electrode vidvataaludfl ann1sneadau
Ugaseanmaaiiiwveiamnafia cyclic voltammetry Aussieanaida 10 mM
K3sFe(CN)s Tusnsazaia 1 M KNO3 wuinnisindfAseciluwuy quasi-reversible
nsuldsuuilasaasainssuaWihiialadavinnsidansadidnnsadunalag

glucose oxidaselaald EDC/NHS coupling agents wu&u15avinn1sagg
glucose oxidase ue&Iuuu DLC electrode ‘laatnefitsz@ngniw flavinnns
asrdminmanalasanunAnsud Wi ATa ladainduaiueiauLintueag
glucose dougavdvaandiauluasnasay'lifinasanisAnlfisenisuanldau
AldnATaU W3an13nI3TL glucose tilunuu mediator-free detection anAwans
nagauuaaslvitiuin PDMS microfluidic three-electrode cell chip Afiflau

Asuauaaansiludidninsadnisanmaialjisenaandiaduuaiinaa

NQLAR L6
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UNN 5

unssu

probe station system ‘ldgnaanuuuuazNEndy defighuilsznauvanda
naavilavAudeyaunaisuniu (Faraday cage) uas Tasvasanalu (probe station)
wazvinnsiiausiaduszuuedasiatauazlssananaiauautaa Tusunsy
LabVIEW °ffommmmmﬁmﬂﬁﬁ%mLﬂﬁ"LW‘v"\Iﬂmﬂ‘l?.f"mmﬁﬂ cyclic voltammetry
Taafinsudeuinunanisnaaadanniaiasianasrefudussuuinindnain
wWARIRAALANTE  Femaannnsinlaaldiafacfiafiasedudalnaidafunaiiin
dannszuuiaunasgsIu G9iiu probe station system Assroduseanunsalula
unuidaduglaluaunan 1y vunsuigamans uay NTianainszrinig
tafl v

NnIaNIMINEasuItaidauiaase microfluidic electrochemical
biosensor chip  lunisasatadfaseradiwihananstnw  delavinnis
foanuviflduasuauasasnasaieiinsanazanlanaafisranaigunindu
ANNETNY wWaldifludidnInsadmsunisdansadululaidusiaasaiatludy
war'ldasadauauifraslauidoanevidu ot tdidusidninse Taa'levin
nsnaaadfivil (1) amsinnevauidnioniann auidn10lwi wavauidnie

[

Wil lWihuasflauasuauasamasidoaneitlaamnaia RF-PECVD way (2)

AsnanLasgaldnTnIalululaswqddnddudrnsunisasaIuastinw

Asnaaadiuidausnfa AsitasraulanIvNIaaIn dulanelni uae
sutidmaiailwihzaslduafuauaarmwasiidoansilaamaiin - RF-PECVD
lavinnisifasnsasluflan waladainnisiianeiionenmann  wazn1e'lwi
uanlritiudenisldnundlasmalutasasrvuadflaumsuauaaainsiiia
aelulasiau laua ArdagnviauwagouauadLazaNugINIsalunsin i
Addu  weatelsAmuuuiuMuaslauiriunisiiagsianylitaminnnii

Adunlilarrunsiiaans Jdonalilfasannisuanildaudidnasaussninians

3nanduazaidninsauasflauiiiiasalulasiauisnsiindnnuasfauiilale
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Wun1sLIaans Fotluaniifmoiufilaasdidnnsadefigrudrdalunisusuan
sgdnsnwnisvinouaasdldninge

nsnaaasluidafiaas asndnaaaidninsalulutasnaddnddlaivsy
ANTeTIRTUATEINW Taeldvinn1sasny microfluidic electrochemical biosensor
chip domaludufifauamsuaunaainasiy working electrode n1s3tAsEKG e
wafla cyclic voltammetry Auans3aanaduinsgrundasliiiudodfasaninanaii
vinduiluwuy quasi-reversible lavinnisase glucose oxidase enzymelnelal
EDC/NHS coupling agents uuiuflanaisuauaarawasiialaiily glucose
sensor Wawilaainn1sasatainaanglaalauandluiiiuin microfluidic chip 7
f9fusnusansaungiaduuy mediator-free amperometric detection ‘6t

naildannnsmaaasluigastazasuidad aunsafiazinldwamnsa
Taansdsulsedanlaildlunisdonnsiialnlaai@n Tnsaifianuaiunsaly
s Wi dvindy dauddnetiufdduinsausanisiiadfasaniaana sauie

gunsavinnsidauaadu biosensor laacinvdilse&nanwunndedu

59



1ansnsaNvav

Bard AJ, Faulkner LR. Electrochemical Methods: Fundamentals and
Application. New York: Wiley; 1980.

Choia BG, Kima WS, Honga YH, Yoona JW, Yib SC, Choc CK, et al. Effect of
the addition of nitrogen gas and annealing on the electrical properties of DLC
films deposited by radio frequency plasma enhanced chemical vapor
deposition (RF-PECVD). J Ceram Process Res. 2007; 8(6): 411-16.

Colthup NB, Daly LH, Wiberley SE. Introduction to infrared and raman

spectroscopy. Boston: Academic press; 1990.

Eddings MA, Johnson MA, Gale BK. Determining the optimal PDMS-PDMS
bonding technique for microfluidic devices. Journal of Microelectronics
and Microengineering. 2008; 18.

Endrino JL, Marco JF, Allen M, Poolcharuansin P, Phani AR, Albella JM, et al.
Functionalization of hydrogen-free diamond-like carbon films using open-air
dielectric barrier discharge atmospheric plasma treatments. Appl Surf Sci.
2008; 254: 5323-28.

Evtukh AA. Electric conductivity of nitrogen-doped diamond-like carbon films
pool-frenkeland forwler-nordheim mechanisms. Ukrainian Journal of
Physics. 2008; 53: 983-90.

Ferrari AC, Robertson J. Interpretation of Raman spectra of disordered and
amorphous carbon. Phys Rev B. 2000; 61(20): 14095-107.

Ferrari AC, Rodil SE, Robertson J. Interpretation of infrared and raman

spectra of amorphous carbon nitrides. Phys Rev B. 2003; 67: 1-20.
Fukuda M. Optical semiconductor devices. Canada: Wiley; 1998.

Heinze J. Cyclic voltammetry — Electrochemical Spectroscopy. Angew Chem.
1984; 23(11): 831-47.

60



Irmer G, Dorner-Reisel A. Micro-Raman studies on DLC coatings. Adv Eng
Mater. 2005; 7: 694-705.

Jongwannasiri C, Moolsradoo N, Khantachawana A, Kaewtatip P, Watanabe S.
The comparison of biocompatibility properties between Ti alloys and

fluorinated diamond-like carbon films. Adv Mater Sci Eng. 2012

Maalouf R, Soldatkin A, Vittori O, Sigaud M, Saikali Y, Chebib H, et al. Study
of different carbon materials for amperometric enzyme biosensor
development. Mat Sci Eng C. 2006; 26(2-3): 564-67.

Massi M, Ocampo JMJ, Maciel HS, Grigorov K, Otani C, Santos LV, Mansano
RD. Plasma etching of DLC films for microfluidic channels. Microelectr J.
2003; 34: 635-38.

Orton J. The story of semiconductors. New York: Oxford University Press;
2004.

Rezai P, Selvaganapathy PR, Wohl GR. Plasma enhanced bonding of
polydimethylsiloxane (PDMS) with parylene. Transducer’11l —IEEE. 2011

June 5 - June 9; Beijing, China.

Schnupp R, Kiihnhold R, Temmel G, Burte E, Ryssel H. Thin carbon films as
electrodes for bioelectronic applications. Biosens Bioelectron. 1998; 13(7-
8): 889-94.

Silva SRP, Clay KJ, Speakman SP, Amaratunga GAJ. Diamond-like carbon thin
film deposition using a magnetically confined r.f.PECVD system. Diam Relat
Mater. 1995; 4(7): 977-83.

Silva SRP, Robertson J, Amaratunga GAJ, Rafferty B, Brown LM, Schwan J, et
al. Nitrogen modification of hydrogenated amorphous carbon films. 3. Appl.
Phys. 1997; 81(6): 2626-34.

Triroj N, Lapierre-Devlin MA, Kelley SO, Beresford R. Microfluidic three-
electrode cell array for low-current electrochemical detection. IEEE Sens J.
2006; 6(6): 1395-402.

61



Wang Y, Yao Y. Direct electron transfer of glucose oxidase promoted by
carbon nanotubes is without value in certain mediator-free applications.
Microchim Acta. 2012; 176: 271-77.

Wopschall R. H, Shain I. Effects of adsorption of electroactive species in
stationary electrode polarography. Anal. Chem. 1967; 39(13): 1514-27.

Wu J, Qu Y. Mediator-free amperometric determination of glucose based on
direct electron transfer between glucose oxidase and an oxidized boron-doped
diamond electrode. Anal Bioanal Chem. 2006; 385: 1330-35.

Yang M, Marino MJ, Bojan VJ, Eryilmaz OL, Erdemir A, Kim SH. Quantification
of oxygenated species on a diamond-like carbon (DLC) surface. App Surf
Sci. 2011; 257: 7633-38.

Yang W, Auciello O, Butler JE, Cai W, Carlisle JA, Gerbi JE, et al. DNA-
modified nanocrystalline diamond thin-films as stable, biologically active
substrates. Nat Mater. 2002; 1: 253-57.

Yang X, Bai J, Wang Y, Jiang X, He X. Hydrogen peroxide and glucose
biosensor based on silver nanowires synthesized by polyol process. Analyst.
2012; 137: 4362-67.

Zeng A, Liu E, Tan SN, Zhang S, Gao J. Cyclic voltammetry studies of
sputtered nitrogen doped diamond-like carbon film electrodes. Electroanal.
2002; 14(15-16): 1110-15.

62



As s TadideI2znnIS

1.1 n1933u
AL NS UI T T
International Journal:

1) R. Saensak, N. Faibut, S. Porntheeraphat, B. Paosawatyanyong, V.
Amornkitbamrung, and N. Triroj, “Voltammetric Responses of On-Chip
Glucose Oxidase Immobilized Diamond-Like Carbon Electrodes,” Procedia
Engineering, vol. 47, pp374-377, 2012.

National Journal:

1) R.Saensak and N. Triroj, “Investigation of Physical Properties and
Electrochemical Behavior of Nitrogen-Doped Diamond-Like Carbon Thin

Films,” KKU Engineering Journal. (accepted 2013)

Conference presentations and proceedings:

1) N. Triroj and R. Saensak, “Electrochemical Microfluidic Cell Integrated
with Diamond-Like Carbon Electrode for Enzymatic Glucose Detection,”
2013 International Symposium on Physics and Mechanics of New
Materials and Underwater Applications (PHENMA 2013), Kaohsiung,

Taiwan, June 2013.

2) R. Saensak, N. Faibut, S. Porntheeraphat, B. Paosawatyanyong, V.
Amornkitbamrung, and N. Triroj, “Voltammetric Responses of On-Chip
Glucose Oxidase Immobilized Diamond-Like Carbon Electrodes,” The 26™
European Conference on Solid-State Transducers (Eurosensors 2012),

Krakow, Poland, September 2012.

63



3) R. Saensak and N. Triroj, "Raman Spectroscopy Analysis of RF-PECVD
Diamond-Like Carbon Films for the Investigation of Improved Electrical
Conductivity Through Nitrogen Doping,” The 34" Electrical Engineering
Conference (EECON-34), Pattaya, Chonburi, Thailand, November-
December 2011.

1.2 n1siaunssay

probe station system Mn&ndugniinldldlunisizaunissaulusedulsayan
»3 3211 182346 Semiconductor Devices fivtin@nfinsudvnanvin projects

WarinnsTauariinnsiautidme Wi uasizauaralnsalansasdinin

1.3 nsuanlinitia

aunnszaulsyg1in 1 au

64



ANNANUIN
ATTLAEILLNS U E
International Journal:

1) R. Saensak, N. Faibut, S. Porntheeraphat, B. Paosawatyanyong, V.
Amornkitbamrung, and N. Triroj, “Voltammetric Responses of On-Chip
Glucose Oxidase Immobilized Diamond-Like Carbon Electrodes,” Procedia
Engineering, vol. 47, pp374-377, 2012.

National Journal:

1) R.Saensak and N. Triroj, “Investigation of Physical Properties and
Electrochemical Behavior of Nitrogen-Doped Diamond-Like Carbon Thin
Films,” KKU Engineering Journal. (accepted 2013)

Conference presentations and proceedings:

1) N. Triroj and R. Saensak, “Electrochemical Microfluidic Cell Integrated
with Diamond-Like Carbon Electrode for Enzymatic Glucose Detection,”
2013 International Symposium on Physics and Mechanics of New
Materials and Underwater Applications (PHENMA 2013), Kaohsiung,

Taiwan, June 2013.

2) R. Saensak, N. Faibut, S. Porntheeraphat, B. Paosawatyanyong, V.
Amornkitbamrung, and N. Triroj, “Voltammetric Responses of On-Chip
Glucose Oxidase Immobilized Diamond-Like Carbon Electrodes,” The 26™
European Conference on Solid-State Transducers (Eurosensors 2012),

Krakow, Poland, September 2012.

3) R. Saensak and N. Triroj, "Raman Spectroscopy Analysis of RF-PECVD
Diamond-Like Carbon Films for the Investigation of Improved Electrical
Conductivity Through Nitrogen Doping,” The 34™ Electrical Engineering
Conference (EECON-34), Pattaya, Chonburi, Thailand, November-
December 2011.

65



Available online at www.sciencedirect.com

SciVerse ScienceDirect Pr9cedi_a
Engineering

Ed

ELSEVIER Procedia Engineering 47 (2012) 374 — 377

www.elsevier.com/locate/procedia

Proc. Eurosensors XXVI, September 9-12, 2012, Krakdw, Poland

Voltammetric Responses of On-Chip Glucose Oxidase
Immobilized Diamond-Like Carbon Electrodes

R. Saensak®, N. Faibut®, S. Porntheeraphat®, B. Paosawatyanyong®,
V. Amornkitbamrung®, and N. Triroj* *

®Department of Electrical Engineering, Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand
PDepartment of Physics, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
“Thai Microelectronic Center (TMEC) National Electronics and Computer Technology Center (NECTEC),
Chachoengsao 24000, Thailand
Department of Physics, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand

Abstract

This work reports the fabrication and electrochemical characterization of the polydimethylsiloxane (PDMS)
microfluidic three-electrode cell chip utilizing diamond-like carbon (DLC) films as a working electrode for
amperometric biosensing applications. The DLC films are prepared by a radio-frequency plasma enhanced chemical
vapor deposition (RF-PECVD) technique with CH, as a carbon precursor gas. Raman spectroscopy is employed to
characterize the film structures. Cyclic voltammetry is used to investigate the responses of a standard redox species
(K3Fe(CN)g in KNO3) at the three-electrode system. Immobilization of glucose oxidase at the DLC surfaces is
attempt through a covalent linkage. Preliminary results indicate that a mediator-free amperometric detection of
glucose can be achieved with this device.

© 2012 Elsevier Ltd....Selection and/or peer-review under responsibility of the Symposium Cracoviense Sp. z.0.0.

Keywords: diamond-like carbon; microfluidic chip; cyclic voltammetry; glucose oxidase electrodes; mediator-free glucose detection

1. Introduction

Biocompatibility and chemically stability of diamond-like carbon electrodes are attractive as probing
interfaces for biomolecular detection [1, 2]. Successful contact and efficient communication between the
probe biosensors and the electrodes can be achieved through effective immobilization techniques. It is
known that DLC films exposed to air are easily oxidized, and the oxygen-containing functional groups

* Corresponding author. Tel.: +66 43 202 353 ext. 115; fax: +66 43 202 836.
E-mail address: napat@elec.kku.ac.th; napatr@kku.ac.th
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are formed on the surface [3]. The oxygen-containing functional groups are useful for immobilization of
biosensors at the electrode surface through covalent bonding.

In this study, DLC thin films are deposited on Si substrates by radio-frequency plasma enhanced
chemical vapor deposition (RF-PECVD) using a gas mixture of CH, and H,. Raman spectroscopy is used
to characterize the film structures. The DLC electrode on Si substrates is subsequently integrated in a
polydimethylsiloxane (PDMS) microfluidic three-electrode cell chip. Cyclic voltammetry of a redox
couple Fe(CN)s*/Fe(CN)s" is carried out to investigate the electrode responses in the cell. An
amperometric enzyme electrode is prepared by immobilization of glucose oxidase onto the surface of
DLC electrode via cross-linking agents. The functionality of the DLC electrodes for on-chip biosensing is
verified by a mediator-free amperometric detection of glucose in a phosphate buffer solution.

2. Experimental

RF-PECVD with a gas mixture of CH, (gas flow rate = 8.05 sccm) and H, (gas flow rate = 32.2 sccm)
is employed to prepare DLC films on Si substrates (25 Q-cm) using Ti as an adhesion layer. The base
pressure and the operating pressure are 2.5x10™ and 4.8x10™ torr, respectively. During the deposition, the
DC bias is set at -440 V using the power of 56 W, and the substrate temperature is kept at 106 °C. The
film thickness of 140 nm is obtained after 40 min deposition time. Raman spectrometer (Jobin Yvon
T64000) with Ar* excitation source (wavelength = 514.5 nm) is used to study the DLC film structures and
the data is analyzed by LabSpec software (version 3.03t).

The DLC electrode is then inserted in a PDMS microfluidic chip [4]. The microchannel used as the
electrochemical cell has a depth of 70 um and the overall volume of 2.24 pL. As shown in Fig. 1, the
three-electrode chip consists of a DLC working electrode (1 mm?), a Ag wire reference electrode, and a
sputtered Au on Si counter electrode (3 mm?).

Fig. 1. Fabrication result of the PDMS microfluidic three-electrode cell chip

Cyclic voltammetry (CV) of 10 mM KsFe(CN)g in 1 M KNO; is employed to study electrode
responses in the cell. The solution is loaded to the microchanel using a syringe. The potential is swept
from 0.7 V t0 -0.3 V and back to 0.7 V at scan rates ranging from 50 - 500 mV/s.

The following reagents are used for covalent coupling of enzymes onto the electrode: glucose oxidase
(GOx) from Aspergillus niger (E.C. 1.1.3.4, type II, > 15,000 units/g), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), D-(+)-glucose, and phosphate
buffer (PB, pH = 7.4) from Sigma-Aldrich. To prepare an enzyme electrode, a newly fabricated three-
electrode microfluidic chip is flushed with deionized (DI) water and loaded with a solution containing
EDC (0.2 M) and NHS (0.05 M) for 1 h at room temperature. Subsequently, GOx (5 mg/mL) in 0.1 M
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phosphate buffer is loaded into the channel to react with the monolayer on the electrode surface. After the
incubation at room temperature for 1 h, the microchannel is rinsed with PB solution and used immediately
or stored at 4 °C in PB solution when not in use.

Prior to the glucose detection experiments, glucose solution is allowed to mutarotate for 48 h.
Mediator-less amperometric detection of glucose is performed using cyclic voltammetry measurements of
various concentrations of glucose in 0.1 M PB solution. The potential is swept from 0 to -0.8 V and back
to 0 V with the scan rate of 50 mV/s.

3. Results and discussion

By fitting the experimental Raman data using Gaussian function, a D-peak at 1357.3 cm™ and a
G-peak at 1594.5 cm™ are obtained as shown in Fig. 2. Raman spectra analysis of the sample is provided
in Table 1. The integral intensity ratio (Ip/lg) of the two bands is 0.37. It can also be seen that the G-peak
is shifted toward higher wave numbers compared with pure graphite (1580 cm™). These results indicate
that our films are typical amorphous diamond-like carbon with a relatively high content of carbon in the
sp? hybridization state [5].

Fig. 2. Raman spectra of the prepared DLC films

Table 1: Analysis of the Raman spectra

Raman shift FWHM Area Intensity The integral intensity ratio
(In/lg)
D-peak 1357.3 cm™ 164.8 cm™ 100066 Ip =275.8
G-peak 1594.5 cm™ 204.3 cm™ 270434 I =635.2 0.37

Fig. 3. Electrochemical measurements of an on-chip DLC working electrode. (a) Cyclic voltammograms of 10 mM K;Fe(CN)g in
1 M KNOgsat various scan rates; (b) Plot of cathodic and anodic peak currents versus square root of the scan rates.

The formal redox potential (E*") measured from the cyclic voltammograms shown in Fig. 3a is 143.88
mV versus Ag reference electrode. Converting to Ag/AgCl scale, the resulting formal redox potential is
278.88 mV, comparable to what reported in the literature (240 mV) [6]. When increasing the scan rate,
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the peak potential separation (AE,) is also increased. Fig. 3b shows the plot of cathodic and anodic peak
currents versus square root of the scan rates. The cyclic voltammetric results suggest that the electrode
responses in the cell are subjected to quasi-reversible charge transfer under linear diffusion.

Fig. 4. Cyclic voltammetry results showing on-chip amperometric detection of glucose in 0.1 M phosphate buffer solution at the
potential scan rate of 50 mV/s.

The cyclic voltammograms of a mediator-free amperometric detection of glucose are illustrated in Fig.
4. Upon adding of glucose from 0 to 4 mM, an increase in the current response is observed. The results
indicate that electron transfer occurs between GOx and the electrode surface such that glucose
determinations are feasible [7].

4. Conclusion

Cyclic voltammetry results of Fe(CN)g>/Fe(CN)s* obtained from a DLC electrode embedded in the
PDMS microfluidic chip demonstrate that the electrode responses in the cell are subjected to quasi-
reversible charge transfer under linear diffusion. Immobilization of GOXx at the DLC surfaces is achieved
through EDC/NHS cross-linking agents. The increase of the current response with increasing glucose
concentration suggests successful contact between the probed enzyme and the electrode.
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Abstract

This work reports characterizations of diamond-like carbon (DLC) films used as electrodes for
electrochemical applications. DLC thin films are prepared on glass slides and silicon substrates by
radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) using a gas mixture of
methane and hydrogen. In addition, the DLC films are doped with nitrogen in order to reduce
electrical resistivity. Compared to the undoped DLC films, the electrical resistivity of nitrogen-doped
(N-doped) DLC films is decreased by three orders of magnitude. Raman spectroscopy and UV/Vis
spectroscopy analyses show the structural transformation in N-doped DLC films that causes the
reduction of band gap energy. Contact angle measurement at N-doped DLC films indicates
increased hydrophobicity. The results obtained from the cyclic voltammetry measurements with

Fe(CN);’/Fe(CN)BA’ redox species exhibit the correlation between the physical properties and

electrochemical behavior of DLC films.

Keywords : Diamond-like carbon (DLC), Radio frequency plasma enhanced chemical vapor

deposition (RF-PECVD), Nitrogen doping, Energy band gap, Electrochemical measurements
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Abstract

Diamond-like carbon (DLC) films are considered as
semiconductor materials which possess excellent physical and chemical
properties for electrochemical applications. In this report, DLC thin
films are prepared on glass slides and silicon substrates by radio
frequency plasma enhanced chemical vapor deposition (RF-PECVD)
using a gas mixture of hydrogen and methane. Doping the films with

nitrogen is carried out in order to improve the electrical conductivity of

the films. The film thickness measured by ellipsometry and the sheet
resistance obtained from four-point probe measurements are used to
calculate the electrical conductivity. The conductivity of the N-doped
DLC is 1.48x10° 2" -com™while the conductivity of the undoped DLC
is 1.09x107 £2".cm™. Raman spectroscopy analysis shows the effect of
structural transformation in DLC films on the change in electrical

property when the films are doped with nitrogen.

Keywords: Diamond-like carbon (DLC), nitrogen doped diamond-like
carbon, radio frequency plasma enhanced chemical vapor

deposition (RE-PECVD)
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Conditions Undoped DLC N-doped DLC

Base pressure (mbar) 2.0x10° 2.1x10°
CH, flow rate (sccm) 3.1 3.1

H, flow rate (sccm) 322 32.2

N, flow rate (sccm) - 1.86
Operating pressure (mbar) 33 3.8

DC bias (V) -427 -427
Deposition time (min) 120 120
Substrate temperature ‘o) 200 200
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Undoped DLC N-doped DLC

D-peak D-peak
Raman shift 1342 em’” Raman shift 1357 cm’”
FWHM 15489cm’ | FWHM 171.62 cm’'
Area 2296791 Area 4550.02
Intensity (1) 118.32 Intensity () 21.15

G-peak G-peak
Raman shift 1598 cm’”’ Raman shift 1583 cm’
FWHM 69.05 cm’' FWHM 99.24 cm’”
Area 11969.98 Area 2446.00
Intensity (I,) 138.32 Intensity (I ;) 19.67

The intensity ratio (I/I,) =0.86 | The intensity ratio (I,/I,) = 1.08
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