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Abstract Carbon nanotubes were deposited directly on SUS304 plates by PECVD with acetylene mid hydi-ogen 
as precursors under various deposition conditions. Raman spectroscopy showed that carbon nanotubes were not fully 
graphitized at the deposition tempem~res, 600 to 750 ~ although defects decreased with increase of deposition tem- 
perature. SEM microscopy showed that carbon nanotubes were not straight, but their growth followed the tip growth 
model. PretTeatmellt of the substrate such as polishing and dipping in HF solution was required for the successful de- 
position. Using non-aqueous elecb-olyte we fabricated electrical double layer capacitance (EDLC) with SUS304 plates, 
on which carbon nanotubes were deposited, without any treatment, and measured charge/discharge characteristics. Dis- 
charge capacitance decreased with cycles from initial value of 128 F/g, but stabilized at 58 F/g after 50 cycles. 
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INTRODUC TION 

Since hjima discovered carbon nanotubes in 1991, they have been 
the object of intensive scientific study. Investigators have found that 
carbon nanotubes have e~xti-aor(_liilaly properties which could be at- 
tributed to their unique structure of graphite sheet rolled into tubes 
[Collins and Avotins, 2000]. Carbon n~lotubes have very high ten- 
sile sb-eugth and resilience, and theh- electric ctal~nt-canying capac- 
ity and heat tt-ansmission are extremely high. They are very good 
for field emission of elecb-ons at low voltage and are found to be 
able to store a large amount of hydrogerL Many applications are 
proposed to make use of carbon nalotubes: nano-scale electronic 
devices, field emission display, electrodes for secondary battelies, 
storage of gases, tip for STM, high power capacitors, etc. How- 
ever, to make use of carbon nanotubes properly some means should 
be available to grow carbon nanombes in specific locations, orien- 
tations, shapes and sizes. Currently, there are thi-ee ways to make 
carbon nanotubes: arc discharge, laser vaporization and chenfical 
vapor deposition (CVD). Arc discharge produces relatively defect- 
fi-ee carbon mnotubes, but purification is needed for the removal 
of carLx~naceous particles. Laser vaporization is costly and difficult 
to scale-up. CVD operates at relatively low temperatures, thus pro- 
duces carbon nanotubes riddled with defects. On the other hand, 
it is very versatile and easy to scale up for industrial production. 
Rece~ltly, investigators reported growing of carbon nmlotubes cli- 
recfly on solid substrates using various CVD processes: hot fila- 
ment plasma CVD [Huaug et al., 1998; Chen et al., 1997], thermal 
CVD [Fan et al., 1999; Lee et al., 2000] and microwave plasma 
CVD [Choiet al., 2000; Bower et al., 2000]. With plasma-en- 
hanced CVD (PECVD) deposition telnperature can be significantly 
lowered enabling the use of substi-ates which camot withstand ex- 
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posure to higher temperatures. 
Electric double layer capacitors (EDLC) are am'active energy 

storage devices particularly for applications involving high power 
requiremei~s and long cycle life [Conway, 1999]. The key factors 
detelmining cha-acteaistics of EDLC are the properties of the elec- 
trode materials. Carbons with very high specific surface area such 
as activated carbon powder and activated carbon fiber, of which 
specific surface area is in the range of 1,500 n{/g, are used as elec- 
trode materials. But they have a wide pore size distribution, thus 
most of the surface area resides in micropores which are not readily 
accessible by ions, thereby limiting their usefulness. Recently, in- 
vestigators reported EDLC made of carbon nanotube electrodes 
[Niu et al., 1997; Ma et al., 1999; Frackowiak et al., 2000]. How- 
ever, they prepared carbon electrcdes from carbon nanotubes, which 
were catalytically growll, through several prccessing steps: purifi- 
cation of powdery carbon nanotubes, forming with or without car- 
bc~l black and binders, and then attaching to electlic collector. 

In t t~ study we employed RF PECVD to deposit carbon nano- 
tubes directly on metallic substrates (SUS304) which can be used 
as cun-ent collectors. We smelled effects of deposition process vari- 
ables on the properties of carbon nanotubes depositec[ We also fabri- 
cated EDLC from them without any treatment and measured dis- 
chmge capacitance. 

EXPERIMENT 

The schematic diagram of the PECVD system used for the de- 
position of carbon nanotubes is shown Fig. 1. SUS304 plates cut 
into 1 • cm 2 rectmgular pieces were used as substmtes. They were 
polished with sand paper, and then cleaned with acetone and math- 
anol sequentially in an ultrasonic katK Afleiwa-ds, they were clipped 
inHF solution for 50-120 seconds. After substrates were placed on 
the heating block, CVD reactor was evacuated to 10 -3 tom Then 
hydrogen gas was introduced and tempel-ature was raised to the pie- 
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Fig. 1. Sehtmafie diagrmn of PECVI) system. 
1. Reactor 5. Pressure sensor 
2. SiC heater 6. Pressure cor~roller 
3. PID temperature controller 7. Vacuum pump 
4. RF generator 8. Indnerator 

Table 1. Conditions of em~bon na~notubes growth 

Temperature 600 -75 0 ~ C 
Pressure 1-10 torr 
Plasma power 40 W 
C2H2 flow rate 7-9 SCCM 
H2 flow rate 21-27 SCCM 

determined deposition tempwanlm Subsequently, plasma was twned 
on and acetylene was fed into the reactor to deposit carbon nano- 
tubes on the mbmates. Flowrates of  C2I-I2 and 1-12 were 7 to 9 SCCM 
and 21 to 27 SCCM, respectively. During deposition, plasmapower 
was set to 40 W. Deposition conditions are summarized in Table 1. 
Weight of  substraes was measured before and after deposition to 
estimate the mass of  deposited material. Fffluent gases fiz)m CVD 
reactor pa~sed through an eleclrie incinerator and water scrubber 
before discharge into exhaust duct. 

Deposited carbon nmotobes were examined ~Mth FE-SEM (Field 
Emission Scanning Electron Microscopy, Hitachi S-4100) and Ra- 
man spectroscopy (light source: Nd: YAG laser). The latter has re- 
solution of  4 em-1 oper~ed in the range of 100-2,000 em-1. 

We fabricated EDLC using carbon nanotubes deposited on 
SUS304 plates without any treatment Lithinm h e x m ' h ~ o s p h a t e  

, - ,  ~ " , r _ =  . - ,  - 0  . .  - , .  cJ  ,:-- 

Fig. 2, Capacitor cell assembly, 
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Fig. 3. SEM mio'ographs cm'bon nanotubes grown at 10 tort, 750 
~ for 20 lure (gas flow rate: C~H27 SCL-EVL H2 21 SCCM). 

dissolved to 1 M in the 1 : 1 mixture of ethylene carbonate and di- 
ethyl carbonate was used as electrolyte. Assembly of  the capacitor 
was carded out in adty room. The sWucture of the capacitor is il- 
lusWated in Fig. 2. Charge mddischatge characteristics of the capaci- 
tor was measured by WBCS 3000 (Won A Teeh). 

RESULTS AND DISCUSSION 

Fig. 3 shows typical SEM micrographs ofcwbon deposition on 
SUS304 plate. Carbon nanotubes grown were not straight and their 
diameter was not uniform, but metallic cap was clearly observable 
on the tip ofnanotobes (Fig. 3b). We didnot attempt to analyze the 
composition of  the tip, but Ni and Fe in SUS304 plate are sus- 
pected to act as catalyst There are two models for the g r o ~ h  of  
carbon nanotobes on solid subsW~es: tip grouch model and base 
g ro~h  model [Sinnott et al., 1999]. But grouch mechanisms are 
not clearly understood yet According to tip gro~qh model, ea'bon 
atoms decomposed from precursor come in contact with nano-size 
metallic catalyst and then transform into carbon nanotubes lifting 
catalyst particles ~vrn the mbstrate surface as nanotobes grow on 
the lower part of  the catalyst particle. Therefore, catalyst particles 
remain always at the tip of  carbon nanotobes as they grow upward 
[Chen et al., 1997]. In base growth model, catalyst particles are an- 
ehored firmly on the surface of the s u b ~ e  and carbon nanotubes 
grow fiz)m catalyst particle up. Thus, the tips of base grown ea'bon 
nanotubes are fi~e of catalyst particles [Lee and Park, 2000]. The 
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medlamsms for the formation of nano-sized partcles and detach- 
ment of them from solid subs~tes are not well t~derstood yet Thin 
fllins of metal deposited on substrates (e.g. Ni on glass or silicon 
wafea-) can be tmnsfomled into nano-sized islands ttn-ough themml 
trealment, and then diameter of carbon nanotubes grown with the 
catalysts islands is well correlated with the size of islands [Yudasaka 
et al., 1997; Bower et al., 2000]. Therefore, one way of growing 
thin nanotubes is depositing thin fllins of catalyst on substrates and 
then tpmsfcmling tim1 films into small islands. But if deposited cat- 
alyst film is too thin, catalyst islands formed through heat treat- 
merit could be too sparse for the growth of ilarlO[llbe8. Dianleter of 
nanotubes depends on the thic!~less and properties of depasited cat- 
alyst and substrate material together with process of carbon nano- 
tube fom~ation. In the case of solid substmte, the diameter of car- 
boil nanotubes is known to be affected by pretrealment of the sub- 
strate and carbon deposition conditions [Huang et al., 1998; Lee et 
al., 2000; Chen et al., 1997]. 

The effect of substmte pretrealment was very significant indeed 
on the formation of carbon nanotubes m this study, without palish- 
ing, the strface formation of carbon nanotubes on SUS304 plate 
was very poor at best. Dipping lkne m HF solution also affected 
growth of earbon nanotubes. Dipping time of 100 seconds was suit- 
able for the g r o ~ h  of carbon nanotubes: either longer, or shorter 
tnne resulted m deterioration of deposition. 

C~owth of well-aligned carbon nanotubes is valued for applica- 
tion in field emission display. For aligned-growth, nanotubes should 
be close to each other and growth rate should be high as well. How- 
ever, for the application to EDLC, straight alignment of carbon nano- 
tubes is not necessary. As is evident m Fig. 3, carbon nanotubes 
grown in this study were not straight. In the tortuous growth ofnano- 
tubes there is not enough time available for carbon-deposited atoms 
to diffuse, and they therefore fore1 pe,~tagonal or heptagonal struc- 
tures instead of hexagonal structures of graphite that could con- 
duce the tc~mous growth of carbon nanotubes. @owth of carbon 

nanotubes could be temm~ated when the surface of the catalyst 1 ~ -  
tides is covered by amorphous carbon or the deposition rate of car- 
bon atoms exceeds the rate of nanotube formation. 
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Fiom Rarnan spectroscopy we can gather itffc~madon on the struc- 
ture of carbons. A peak at 1,597 cm -z indicates graphite sheet, while 
a peak at 1,286 cm -z con-espands to carbonaceous particles [Rao et 
al., 1997, 2000]. Rao et al., correlated peak at 190 cln ~ with the di- 
ameter of carbon nanotubes [Rao et al., 1997]. A peak at 1,720 cm -~ 
is one of the salient features of single-walled nanotubes (SW2qT). 
Fig. 4 shows a typical Raman Spectroscopy for the carbon nano- 
tubes grown on SUS304 plate. Wtlile there is no peak at 1,720 cm -~, 
the peak at 1,286 cm 1 is lalger than that at 1,286 cm 1 indieating 
multiwalled carbon nanombes of incomplete gmphitization with 
many carbonaceous particles or defects. 

We obtained FWX~VI (full width half maximum) of peaks and 
calculated the ratio of FWXev/I of peak at 1,286 cm -~ (correspond- 
Lug to carbonaceous particles) to that at 1,597 cm -~ (correspandmg 
to graphite sheet). We can construe that the smaller the ratio, the 
more graptfitized carbon nanotubes. Fig. 5 shows FWXev/I ratio in- 
creases with deposition time clutmg the initial period of eal~oon ha- 
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Fig. 5. Change of FWHM ratio with growlh lime for carbon na- 
notubes grown at 10 torr, 750 ~ (gas flow rate: C2H: 7 
SCCM, H2 21 SCCM). 
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Fig. 4. F[-Raman speclrum for carbon nanotubes grown at 750 
~ for 10 rain on SUS304 plates (HF dipping 100 sec; gas 
flow rate: C2H2 7 SCCM, H2 21 SCCM). 
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Fig. 6. Variation of FWHM ratio with deposition temperature for 
carbon nanombes grown at 5 torr and 10 torr for 20 rain 
(gas flow rate: C2H2 7 SCCM, H2 21 SCCM). 
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notubes growth. We noticed that growth rate of calIX~l xD_notubes 
slowed down with deposition time and carbon growth stopped 20 
minutes after inb-oduction of acetylene gas probably clue to accu- 
lnulatioi1 of carbonaceous deposits on catalyst particles. 

Deposition temperature affected F'vVHM ratio as shown in Fig. 
6. Wittml tile range of experiment [u 600 ~ to 750 ~ file ratio 
decreased with deposition tempemlure, indicating decrease of de- 
fects in nanotubes with increase of deposition temperature. Below 
600 ~ very little deposition of carbon nanotubes occun-ed. Above 
750 ~ due to deformation of SUS304 plate, a normal deposition 
experiment could not be performed. Fig. 6 also shows that file 
FWHM ratio of carbon nanotubes deposited under file reactor pres- 
sure of 5 ton: was tigher than that of 10 ton: Tile reason fox- ff~ is 
not clearly understood. 

We fabricated EDLC using carbon rlanotubes deposited on 
SUS304 plates and tested its chaxge/dischage. Tile charge was at 
constant 3.6 V and file disct~ge at constalt 1.2mA. A typical d~ge-  

discharge curve is shown in Fig. 7. A significant IR drop was ob- 
served from 3.6 V to 2.2 V The amount of carbon deposits was too 
minuscule to apply conventional appm-ams for the measurement of 
specific surface area. Therefore, we estinlated file diameter of car- 
bon nanotubes from SEM micrograph and calculated specific sur- 
face area frc~n it. Diameter of tile x~lotubes used fox- tile capacitor 
was estimated to be about 33 nm and specific surface area 121 m2/ 
g. Capacity of tile first cycle was 129 F/g, but capacity decreased 
with repeated cycles. However, it stabilized at 58 F/g after 50 cycles 
(Fig. 8). Discharge efficiency was rather low at 45%. Considering 
flint we employed non-aqueous electrolyte and carbon with rela- 
tively small specific surface area (120 versus 1,500 m2/g), file dis- 
charge capacity is promising. There is ample room for improve- 
me~lt in discharge capacity with refinement of carbon deposition 
and treatment of carbons after deposition. 
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Fig. 7. Cltarge/discharge curve for a test cell made of carbon na- 
notubes deposited at 10 torr, 750 oC for 10 rain (gas f low 
rate: C:H2 7 SCCM,  H: 21 SCCM).  
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Fig. 8. Dischal,ge capacitance of carbon nanotubes deposited at 10 
ton', 750~ for 10 n~n (gas flow rate: C2H 2 7 SCCM, H 2 21 
SCCM). 

We deposited carbon nanotubes on SUS304 plates with acety- 
lene and hydrogen in a PECVD reactor. Pretreatment of the sub- 
strate sudl as polistmlg and dippitg in HF solution before deposition 
was necessary, and without proper pretreatnle~lt deposition of nano- 
tube was not possible. Carbon nanotubes grown in this study had 
many defects as evidenced by Rmnan spectroscopy, though defects 
decreased with increase of deposition texnpex-ature. W'e made ELDC 
with carbon rlanombes deposited on SUS304 plates without any 
further treatment A ct~geYdisct~ge test showed that capacitance 
decreased from an initial value of 129 F/g with cycles but it stabi- 
lized at 58 F/g after 50 cycles. Although t t~ value is lower than 
that of EDLC made with acivated r or powdered carlx~l nano- 
tubes, we demonstrated that decent capacitance could be obtained 
fox- EDLC directly fa/oncated [u carbon nanombes deposited on 
metal plates without any other tm~nent. With fiarther improvement 
in nanotube deposition and suitable posbeatme~lt we believe capaci- 
talce can be increased significantly. 
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