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Photopatterned resists pyrolyzed at different temperatures and different ambient atmospheres can be used as a carbenaceous mate
rial for microelectromechanical systems. Carbon films were prepared by pyrolysis of photoresists at temperatures ran@ing from 6

to 1100C. The carbon films were characterized by several analytical techniques, viz., profilometry, thermogravimetric analysis,
four-point probe measurements, scanning electron microscopy, transmission electron microscopy, atomic force microscopy, X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy. In addition, cyclic voltammetry was performed on the carbon film
electrodes, and the carbon films were compared to glassy carbon (GC) for their electrochemical behavior. Electron-transfer rate
constants for the benchmark Fe(@Nﬂf and Ru(NH)22* redox systems increased with increasing heat-treatment temperature,

and approached those observed on GC following treatment &iCLI0te pyrolyzed films have low capacitance and background
current, approximately one-fourth of that observed on GC. The oxygen/carbon atomic ratio determined from XPS-wi low (

for 1100C pretreatment), and increased more slowly upon exposure to air than that for GC treated under identical conditions.
Pyrolysis of photoresist films permits photolithographic fabrication of carbon electrode devices, and also appears tobgeld a ca

film with a smooth surface and unusual surface chemistry.
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Conventionally, microelectromechanical systems (MEMS) havespinning at 6000 rpm for 30 s in a spin coater. Multiple applications
been based mostly on silicérin this paper, we describe work car- of the photoresist were performed to produce a final thickness of
ried out to evaluate carbon films produced by the pyrolysis of phoabout 5-6um before pyrolysis. The photoresist films were carbon-
toresists for use in MEMS and as electrode matetifitgese carbon  ized by heating in different ambient gases at 600, 700, 800, 900,
electrodes have potential applications in batteries, electrochemicadl000, or 1108C. The pyrolysis atmospheres included30orr
sensors, and capacitors and in electrochemically based MEMS8acuum maintained with a turbo pump;~Z0Torr vacuum from a
devices. The advantage of using photoresists as the starting matertatbo pump; 99.999% Nat 1 atm, and forming gas (95%,N\6%
is that the photoresists can be patterned by photolithography tecli,) at 1 atm. N and forming gas were flowing at approximately 15
nigues, and hence complex-shaped electrodes can be produced. Petandard cubic centimeters per minute (sccm) during and after pyrol-
toresists are used extensively in the integrated circuits industry angsis. The pyrolyzed samples were cooled to room temperature in the
are very reproducible in their behavior, and hence the carbon filmpyrolysis atmosphere before exposure to air. In all cases, samples
produced by pyrolyzing these photoresists constitute a potentiallyvere heated at 2G6/min, and held at the maximum temperature for
reliable carbon source. 60 min before cooling.

Carbon materials have been used extensively for electroanalytical
chemistry, electrosynthetic chemistry, and energy conversion; sever
reviews are availabl’ Directly relevant to the current report are
examinations of carbon films made from pyrolysis of g&sés,
pyrolysis of sublimed organic filmig;1® sputtered carbon film',

Carbon film characterizatior—The thickness of the carbon

?‘l\ms before and after pyrolysis was determined using a profilome-
ter. A small groove was made in the film so that the silicon beneath
was exposed, and a surface profile was taken by moving the profiler

- e stylus across the groove. The thickness of the resist film was deter-
pyrolyzed photoresisfs; "~ °and patterned organic fims of poly- m)i/ned from the d?fference in height between the photoresist and

acrylonitrile!®2% and poly(furfuryl alcohol) resiAt23 The electro- - . ;

. : ; . - __.._uncoated silicon. Three such profiles were taken on each film, and
chemical properties of these carbon materials vary with fabrlcatlpq e average value was calculgted. For thermogravimetric analysis
temperature and pretreatment procedures, but most show quasi-r 'GA), a small amount of the photoresist was heated in an oven at

versible electron-transfer behavior, with rate constants forlOO’C for about 3 h to dry the resist by evaporating the solvent. A

— 14— 2
Fe(CNE in the range of 10°to 10 2 cms. four-point probe was used to calculate the sheet resistance of the car-

This report deals with the preparation, characterization, and elec- . . :
trochemical behavior of carbon films made from a positive photore(ibon films. Scanning electron microscopy (SEM) was employed to

sist material. The carbon films exhibit fast electron transfer tOobserve the surface porosity of the films, and transmission electron

Za— 3+/2+ . microscopy (TEM) was used for microstructure analysis. Atomic
Fe(CNE and Ru(NH)g ; but also have unusual properties orce microscopy (AFM) was performed to study the film surface

with respect to surface oxidation. Of emphasis in this study is th :
nature of the carbon surface and its suitability for eIectrochemica%”orfphom.gy‘ Raman spectroscopy (514.5 nm, Dll_or X-Y spectrome-
applications. er for microscopy, Kz?user Holospec for conventional Raman) was
used on the films to investigate the presence of any characteristic
Experimental graphite peaks. X-ray photoelectron spectroscopy (XPS) with a VG
Carbon film preparation—A positive photoresist, AZ4330 Escalab spectrometer was performed to determine the oxygen cov-
(Hoechst Celanese, Somerville, NJ), was used to form conductiv€rage on the films, based on{@nd G, peak area ratios, corrected
carbon films. The carbon films obtained from the AZ4330 photore-for instrumental sensitivity. The O/C atomic ratios of the vacuum
sist are referred to as the AZ film. Silicon wafers (2 in. CZ, n-type,PYrolyzed samples were determined immediately after pyrolysis,
<1-0-0> oriented, 13-17 mil, 1-2Q) were dipped in a dilute hydro- whereas the O/C atomic ratios of the films pyrolyzed in forming gas
fluoric acid solution before being spin-coated with a thin layer of theWere determined after 3-4 days of exposure to laboratory air. Cyclic

photoresist. The photoresist was applied manually on a silicon waféfoltammetry was performed with a Bioanalytical Systems BAS 100
potentiostat on electrodes fashioned from the pyrolyzed photoresist.

* Electrochemical Society Active Member. Both sides of the pyrolyzed photoresist sample were exposed to the
Z E-mail: madou.1@osu.edu electrolyte (with carbon film on one side and insulating,Si@the
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other),to reduce the possibility oflfn damage by a cell or O-ing.
Approximately 0.5 cnf of pyrolyzed photoesist and an equale
of unmodifed silicon were exposed to solution in typicabltamme
try expeiiments. Bakground wltammayrams with an uncded silk
con sample and a silicon sample teghwith ungrolyzed photoe-
sist shaved no wltammetic feaures and lav badkground curent.
To detemine sheetesistancea piobe head containingdir dosely
placed tungsten pbe tips vas placed on the sade of the esist
film. A known value of curent () was passed beeen the tw outer
probes using a ctent souce and the potentialM) was measd
between the tw inner ppbes.The sheetasistance as calculted as

Rs = (V/I)CF

where CF is a sheetasistance coection fictor tha depends on the
sample dimensions and theope tip spacingTo fabricate patemed
electodes,exposue of the photasist vas perbrmed with a Cobilt
mask alignerand AZ400K developer (Hoehst CelaneseSomer
ville, NJ) was useddr the deelopment of the imge. The deeloped
structure was yrolyzed in a nitogen dmosphee & 900C.

Results

Film shiinkage and veight loss—Film thickness after yrolysis
was typicaly 1-2 um. The pecent shinkage of the esist fims is
reported inTable I. The shinkage occured almost totayl in thick-
ness; bangs in laeral dimensions wre minor The shinkage
depended on cimg amosphee, with the high acuum (107 Torr)
producing the lavest,and nitogen geneally producing the highest
shiinkage. These diferences a pesumaly due to tace xygen in
the cuing amosphee. Lyonset all” shaved tha the diference in
shiinkage for a diferent photoesist between pue H, and pue N,
atmosphees was dout 10%,s0 a eaction betwen carbon and H
does not ppear to be a majoadtor in detenining shinkage.

TGA—A TGA plot of weight lossvs.time for a 11.8 mg sample
of dried AZ4330 photoesist heted in nitogen is shan in Fg. 1.
The TGA was perbrmed in the tempeture range of 20 to 120TC,
at a heéing rate of 50C/min from 20 to 400C and & a rte of
20°C/min from 400to 1200C. Stating with died AZ4330 kesist,
there ae signifcant weight losses of~11% betveen 150 and 25Q,
another 49% betaen 250 and 50CQ, and a moe gadual loss of an
additional 9% between 500 and 120C. The inal weight & 1200C
is 31% of the initial df weight for the case of a ndgen amos
phee. This compaes to aifm thickness of 20% of the wgjinal for
1000C in nitrogen, implying tha the gyrolyzed flm is denser than
the oiginal photoesist. Based onypolysis of oganic poymeis?*
the ealy weight loss coincides with the loss 0§® CO, and CQ,
while higher tempeture weight loss accompaniesoandization.
Combined with theilin shrinkage, the weight loss caesponds to an
increase in density ofpgroximately 55% for the case of a ndgen
atmosphee.

Sheet esistance—The \alues of sheetesistancedr the esist
films pyrolyzed & varous tempeatures in brming ¢gas ae gven in
Table Il. The AZ carbon fims & 60CC yielded unstae resistance
valuesand the mmber eported is questiortde. The carbonifm ob-
tained &4 700°C still shavs ety high resistancebut stdble measus-

Table I. Carbon film shrinkage in various furnace amospheres.
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Figure 1. Themogravimetiic anaysis of AZ4330 photoesist in nitogen
atmosphee.

ments could be mad&he esistance deeased dimdically for the
carbon fims produced 8800C and &ove.

The lovest \alue obsered for sheet esistance as 51.20)/C1 for
the 1100C hea-treagment in brming gas. for a flm thickness of 1.0
wm, this coresponds to aesistiity of 5.1 X 1073 Q) cm for the car
bon flm. For compaison, Tokai glassy carbon (GC) hasesistvity
of (4.5-5.0)x 10 2 Q cm for 1000C hea-treament and (4.0-4.5x
1073 Q cm for 2000C hea-treament3 As is the case with geral
other carbon ntaerials, the lesistvity may be \aried over a wide ange
depending on hdeareament tempeature, rangng from thda of a
semiconductor to thaf a conductor eer the 600 to 110C range.

Microscoy—The SEM imges of theAZ carbon fims produced
in different funace émosphees ae feaureless,with no evsidence
for poiosity & several high manifications. High esolutionTEM of
a small bip of pyrolyzed photoesist suppded on a gld gid indi-
caed the pesence of @as of gaphite-like stuctures in an amer
phous carbonilm. One sub example of the aphite-like crystal
planes obseed in the amgrhous carbon ntex is shavn in Hg. 2.
The ldtice image for the (002) plane as @ident in the carborilins,
even for those obtainedybhed-treament a 600C. The (002) dif
fraction ing was obsered ly selected-aa electon diffraction,and
it is more pominent in the carborilins obtained ¥ pyrolysis &
1000 and 110T. The tent of gaphite micocrystallites @paent
in Fig. 2 gpeas to be geder than thareported for similar maeri-
als by Kinoshitaet al? for curently unknavn reasonsAFM images
of several 1 X 1 wm regions of the grolyzed flm were fegureless
and shwed no &idence of poosity. The 0ot mean squar (ms)
roughness of theypolyzed suréce judgd fom AFM was g@proxi-
maely 1 nm. Pevious scanning tunnel migscope (STM)esults on
GC report an ms ioughness in theange of 4.1 to 4.5 nmadr pot
ished hea-treaed and laseactivated (25 mW/crf) surfaces?®

Table Il. Sheet resistance of thédZ carbon films pyrolyzed &
various tempemtures.

Tempesture of  Vacuum Vacuum  Forming Tempeeture of Sheet esistance
pyrolysis (C) (1077 Torr) (1075 Torr) gas Nitrogen pyrolysis (C) ((Vm)]
600 50.34 50.73 56.06 61.64 600 146.4
700 51.22 57.01 57.05 73.95 700 845.8
800 57.77 60.82 58.07 78.51 800 244.8
900 61.51 66.33 73.90 86.57 900 94.3
1000 65.21 70.98 81.60 80.51 1000 57.1
1100 — — 83.59 — 1100 51.2
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4.00 nm

Figure 2.High resolutionTEM image talen on a carborilfn produced §
the pyrolysis 0fAZ4330 photoesist in brming cas amosphee & 900°C.

Raman speabscofy—Raman spectrof theAZ photoresist vere
acquied after grolyzing under arious conditionsin order to assess
the deelopment of thelaracteistic s carbon bandsta-1360 and
~1600 cm!. The “D” (~1360 cm') and“E,y’ (~1582 cm?)
bands hee been studiedkéensiely, and their peak aa &tio (D/Exg
ratio) has been coelaed with disoder of the spcarbon mrix.26.27
A larger D/E,, ratio correlaes with smaller gphite cystallite siz
(L,), and indicées geder disoder The unprolyzed photoesist
itself was stongly fluorescent,and a Raman speatn was not
obtaindle. Specta acquied after helatreament in brming gas ae
shawvn in FHg. 3, with GC for compaison. Baselineasolution of the
D and Egbands vas not obseed for the yrolyzed flm. However,
higher teament tempeature does cause band rawing, indicating
less disader Pllowing higher tempeture cuing. This behaior is
qualitatively similar to other types ofypolyzed carbonjncluding
carbon ibers. The gpaent fedure & approximately 1180 cni?! is
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Figure 3.Raman spectr of theAZ carbon fims compaed with glassy car
bon. AZ1100: AZ carbon fims pyrolyzed @ 1100C, AZ600: AZ carbon
films pyrolyzed & 600°C, and GC-20glassy carbon hedreaed d& 2000C.
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Figure 4.Raman pofile of anAZ carbon fim pyrolyzed & 1100C. Ten
Raman specdrtalen along a 90@um line with a spot si& of ~10 um awe
shawvn. The sample &s not efocused beteen acquisitions.

reproducilde but curently unidentifed. The fumace émosphee did
not have a lage efect on the Raman spe&talthough the D/
band aea etio was slighty higher br vacuum teament compaed
to forming cas, at all tempeatures studiedFgure 4 shavs a sees
of 10 micioscopic Raman speatacquied along a 90pum line with
a spot sie of ~10 wm (10 times miavscope objecte). The constant
D/Eyg ratio along the 90@um line indicdes a unibrm microstiucture
of the prolyzed flm on a scale of the laser spotesi¢-10 pwm).
Equally constant spedrand D/, ratios were obtained along a
150 wm line using an~1 pm spot sie (100 times objeate). Con
stant intensities imgla smooth sudce since the miarscope dcus
was maintained along the 9Q0n line. In fact,the smoothfeaure-
less suréce of the prolyzed photoesist made it difcult to focus
both the optical and SEM @hes.

XPS—The unprolyzed esist shaved an géomic O/C etio of
22%. The obsered O/C #omic ratios following cuing a several
tempeegtures in both mcuum anddrming gas ae listed inTable IIl.
The \acuum @pasitus emplged for cuing did not pemit pyrolysis
tempeegtures dove 1000C. The @amosphee did not hae a lage
effect on the O/Ctamic ratios until the higher tempatures were
reated (1000-1100C). The \ery low O/C retio obseved fllowing
pyrolysis @ 1100C (1.2%) inceased shly with air exposue.
Hed-treged GC with compably low initial O/C sheved a nuch
more rapid increase in O/C with aingosue, reating ~6% in 24h.
Although contamingon by hydrocarbons fom lab air my affect the
obseved O/C ¢tio, it is dear tha the pyrolyzed flms ale oidized
much moe slavly than GCWhen studied as a function oé#ment
tempeeture, the O/C etio for pyrolyzed photoesist deczased gpa-
ly from the unprolyzed \alug and deceased shly between 600
and 1006C. Forming cas & 1100C yielded a ery low O/C d@omic

Table Ill. Atomic O/C ratios of the pyrolyzed AZ carbon films,
from XPS

Pyrolysis Forming cas Vacuun® Vacuun®
tempesture CC) (%) (1075 Torm) (1077 Tom)
600 6.7 6.4 54
700 6.4 5.6 4.1
800 9.3 4.9 52
900 5.0 4.9 4.6
1000 4.7 5.5 35
1100 1.2 — —

aXPS spectt obtained after 3-4 gla of air posue.
b XPS spect obtained immedtaly after fyrolysis.
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Figure 5.Cydic voltammayrams of 1 mm [Ru(Ngg]32 in 1 M KCl on
AZ carbon fims pyrolyzed in forming cas amosphee. The scanate used is
200 mV/s.

ratio (1.2%),even after the suaice vas eposed to airdr 4 das.
Improving the \acuum duing cuing reduced the O/Ctamic rtio,
presumaly due to the lever acygen level in the cuing amosphee.

Electrochemical meas@ments—Ru(NHy)E/2* has been
shavn to be elaively insensitve to suréce flms and functional
groups on carbof28and was eamined as a simple outer spie
dox system. Electn-transer rate constantsar Ru(NH;)E*/2* on
clean GC a& compaable to those on metaland ae not sepusly
affected ly surface monolgers or oides2?’ In adlition,
Fe(CNE /4~ was eamined due toxtensie compaative dda in the
literature,%72%including previous measwements on yrolyzed phe
toresist? Figure 5 shavs g/clic voltammarams of Ru(NH)ZH2*
obtained on the swate of carbonilims pyrolyzed a several temper
atures.Table IV lists obseved AE, (the diference in the peak poten
tials) values br 1 mM and 0.1 mM Ru(NgE™?* in 1 M KCI, for
electiodes brmed in both ecuum anddrming cas @mosphees. or
800 and 90T tredment,AE, s for 1 mM Ru(NH)Z*/2* were lag-
er than ér 0.1 mM,implying a signifcant contibution from theiR
drop in the electyde itself This table also listsAE, values br 1 mM
and 0.1 mM B(CNE# in 0.1 M H,SO,. AE, deceasesdr high
er treament tempeature, at least paty due to the lwer resistance
The efect of fim resistance on the obsed AE, was eamined in
more detail ly two different gproades. kst, the expected esis
tance br the flm was calculted fom the meased sheetesistance
at various cuimg tempeatures (Eble IlI) and the gometic dimen
sions of theifm. The esults ae shovn in Table V. Secondthe esis
tance vas estimted ly adjusting the cellasistance as an input to a
simulation program (Digsim, Bioanaytical SystemsWest La

fayette IN) until the sinulated oltammarams méched the rpeii-
mental esult.As shavn in Table V, the two deteminaions of esis
tance gree \ery well. Also listed inTable V is the corectedAE,
obtained § subtacting theiR eror calculded from the sheetesis
tance and peak aent. The corectedAE, deceases with cimg
tempeeture, indicating an incease in electn-transer rate with cur
ing tempeature. At 1100C, the rate constantk®) for Ru(NHy)& /2"
detemined fiom the corectedAE, is 0.055 cm/sThis rate constant
compaes fwvorably with those obseed for dean GC (0.1-
0.25cm/s)!26 Treament of polished GC in the 10T forming cas
atmosphee under the same conditions agrglyzed photoesist
yielded a ate constantdr both 1.0 and 0.1 mM Ru(NpE™/2* of
0.04 cm/sThe Fe(CNE /4~ redox couple in 1 M KCI alsoxhibit-
ed ohmic potential eor on pyrolyzed flms, and &hibited behsior
similar to tha of Ru(NHy)&™?*. (SeeTable VI) For a 1000C film,
the uncorected k° for Fe(CNE /4~ was 0.015 cm/sand vas
0.042cm/s after caection ofAE, for film resistance

The wltammetic badground curent in 1 M KCI was laver for
pyrolyzed photoesist thandr GC,following the same treament.
The gpaent cgacitance detemined fom the wltammetic bak-
ground curent for a flm treaed & 1000C in forming ¢as was
8 }LF/CI’T\Z, while tha for GC after the same hemeament was
~35 wF/c?. These alues compar with peviously reported \alues
of 33 + 6 pF/cn? for polished GC75 + 16 wF/cn? for fractued
GC,and 34uF/cn? for laseractivated GCZ® Cleaning with isoppyl
alcohol containing actated carbon in@ased theyolyzed photoe-
sist cgacitance to 9.aF/cn?, while the same é@tment inceased the
capacitance of a polished GC elexte fom 38 to 66.F/cr?. 30

Fabrication of carbon miarstructures—Photolith@raphy was
used to &bricate an intedigitated electode on the basis #Z4330
photoesist, using standat tediniques®® Figure 6 shavs a SEM
image of a section of the intdigitated electode after prolysis.The
daiker regions in the imge corespond to the carbon; the lighter
regions corespond to the silicon subate. The carbon sipes ae
~950 um wide and 2um thick, while the @p separmting the inter
digitated fingers is ~88 um wide On pyrolysis, a shinkage of
~71% of the photasist fim was obsered in thikness put no la-
eral shinkage or distotion of the stucture was obsered

Discussion

“Pyrolyzed carbonilm” is a geneal tem goplied to carbonilins
made under aarety of conditions and hing a ange of popeties.
To distinguish the ntarials in this aticle and point out their utilitydr
microfabrication, we refer to them as ypolyzed photoesist fims
(PPF).The pimary emphasis of this discussion is their eledtemi
cal piopeties,which ae compaed to those of seral similar maeri-
als inTable VII. Not all of the irvestigations listed used identical con
ditions, but several obsevations desere special noteFrst, the esis
tivity of PPF is compable to tha of GC,and & the lov end of the
range obseved for other grolysis pocedues. Secondhe rte con
stant br Fe(CNE /4~ is & least as high as théor other thin carbon

Table IV. Variation of AE, of the AZ carbon films (pyrolyzed in forming gas and \acuum) with the tempemture of pyrolysis.

1 mM Fe(CNR4~

0.1 mM Fe(CNR~4-

1 mM [Ru(NHy)gl "¥*2in 1 M KCI in 0.1 M H,SO, 0.1 mM [Ru(NHy)g *¥*2in 1 M KCI in 0.1 M H,S0O,
Cuiing Scan ate: = 200 mV/s Scan ate: = 200 mV/s Scan ate: = 200 mV/s Scan ate: = 200 mV/s
tempesture AE, AE, AE, AE, AE, AE,
(°C) (Forming cas,mV) (Vacuum,mV) (Forming gas,mV) (Forming gas,mV) (VacuummV) (Forming gas,mV)
600 — — — — — —
700 — 87 — — 158 339
800 146 92 142 88 100 77
900 109 93 101 72 90 69
1000 88 98 90 70 84 80
1100 70 — 84 70 — 63
Polished GC 60 60 65 60 60 54
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Table V. Correction for AE, due toiR (AZ carbon films
pyrolyzed in forming gas).

(a) Reda system:1 mM [Ru(NH,)]3+/2*, scan ate: 200 mV/s
Rfrom sheet CorrectedAE, using

Tempeature AE, Rfromfit resistance sheet esistance
(°C) (mv) (@ o (mV)
800 146 209 190 84
900 109 90 82 74
1000 88 60 65 67
1100 70 29 38 63

(b) Reda System0.1 mM [Ru(NH)g|3™/2*, scan ate: 200 mV/s

Rfrom sheet  CorrectedAE, using

Tempeegture AE, resistance sheet esistance
Q) (mV) () (mv)
800 88 190 82
900 72 82 67
1000 70 65 67
1100 70 38 69

Table VI. AE, for 1 mM Fe(CN)§ 4~ in 1 M KCI (AZ films
pyrolyzed in forming gas).

Curing Scan ate: Scan ate: Scan ate:
Tempeature = 200 mV/s =2Vis = 20V/s
(°C) AE, (mV) AE, (mV) AE, (mV)
600 — — —
700 — — —
800 277 471 —
900 200 365 >600
1000 152 304 >600
1100 80 125 263
Polished GC 65 73 96

films, and within an aler of magnitude of GC itselfRu(NHy)3 2+
rate constants are not eported for most mgerials listed inTable VII,
but the PPF &lue of ~0.05 cm/s compas #vorably with 0.04 br
similary prepared GC.The incease irk? values with prolysis tem
perture is likely to be due to the dezase inesistance and theay
ual filling in of the bandgp as gaphitization occus. For the curent

Carbon

—>  Silicon

Figure 6.SEM image of a section of the photolith@phically patemed car
bon electode after prolysis & 900°C in forming gas..The imae shavs
darker regions of carbon gEarted by lighter regions of silicon.

conditions,the kinetics of Ru(Ng3™/2* were indistinguishble on
1000 PPF or on GC &&ed in 1000forming gas.At least ly the ci-
teria consideed inTable VII, PPF has god popeties as an eleair
chemical sensowith the adled geure of photolith@raphic caabil-
ity. Redx systems aty significantly in their sensitiity to the stée of
the carbon suace?® and the PPF siate mg behae quite diferent
ly from GC br systems other than Ru(Wd™/2" and Fe(CNE /4",

The low capacitance of PPF obsed by voltammety (8 wF/cn?)
is impottant for possite anaytical gplicaions,and epresents con
tributions both fom doulbe-layer cgacitance and swte edo reac
tions. The lov O/C ratio of PPF shouldeduce the density oedox
active surfice goups sub as quinoneshus educing the dradaic
contiibution to obsered cgacitance The urusualy low value of
8 wF/cn? for PPF is m@hed ony by the sputteed fims of Sdle-
singeret al. ®which had a cpacitance of 7.5 F/c?. The lov value
for sputteed carbon is sprising, paticulady since the same par
reported an anomalougllow value of 6.8uwF/cn? for GC. The
smooth suidce of PPF mst be aleast paty responsike for its lov
cgpacitancesince its oughnessdctor (gtio of microscopic to go-
metiic area) is laver than thaof polished GCThe SEMAFM, and
Raman esults indicte a \ery smooth sudce with no égures ob
sewvable by light microscoly and an ppaent AFM roughness of
<10A. An adlitional factor thamay contiibute to lav capacitance is
the electonic stucture of PPF compad to GC,a piopety tha is
strongly dgpendent on thenal histoy. There is no diect esidence ér
an electonic contibution & presentput it remains a possibility

Table VII. Representdive characteristics of GC and gyrolyzed carbon flms.

Resistvity Cepacitance

Fabrication method (mQ cm) (wF cnd) KO aFe(CNR /4~ Reference
GC-20,Tokai, polished 4 33 0.06-0.15 7,28,29
GC-20,forming gas,1000C 4 22 0.044 Current work
Poly(furfuryl alcohol) pyrolysis,1100C 10 22
Polyacrylonitrile pyrolysis,1020C 2 20
Methane prolysis,1100C 20 0.004 12
Natural gas pyrolysis,1000C, on Macor >100 0.004-0.015 9
Methane grolysis 32 0.009 8
Organic flm pyrolysis, 1000C 4 15
Sputteed carbon 35 7.5 0.024-0.042 16
PPF brming grs,1100C 5.1 8.1 0.014 Curment work

0.04Z

21n 1 M KCI unless indicd otherwise

b Calculaed from wltammetic daa in Ref 12.
¢In 0.5 M H,SO,.

4 From obseved AE, a 2V/s.

€ Same as tomrected or film resistance
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