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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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