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Continuous carbide-derived carbon films with high volumetric capacitance
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Monolithic porous carbon film has a great potential for integrated

supercapacitors due to no polymer binder, reduced macropore

volume, and good adhesion between current collector and active

material. It is demonstrated that continuous carbide-derived carbon

(CDC) films can be synthesized on various substrates by dry etching.

CDC films show high volumetric capacitance of �180 F cm�3 in

1.5 M TEABF4/acetonitrile electrolyte.
Materials and devices for microscale and on-chip power storage

applications have received increased attention as the era of mobile

electronics and communication devices has come and the demand for

improved performance has followed. Especially for these applica-

tions, electrochemical capacitors or supercapacitors have great

potential to play an important role, even when compared with other
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Broader context

Microscale electrical power sources which are able to provide enou

active RFID tags which can reach tens or even hundreds of metres, M

and pharmaceutical purpose, and sensors working in wireless mon

candidates for those applications, supercapacitors can potentially p

a longer lifetime. However, porous activated carbon electrodes that

the volumetric and areal energy density in a small form factor requ

devices or sensors. However, supercapacitors are still attractive,

sustaining micro-modules when combined with energy-harvesting d

generators. In this study, porous carbide-derived carbon films have

an excellent volumetric capacitance above 180 F cm�3 in an organic

compatible with electronic device fabrication, it can be implemented

A moderate synthesis temperature (250–400 �C) allows the use of a
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currently available electrical energy storage (battery) technologies in

terms of power density and device reliability.1–7

The way semiconductor technologies have evolved shows that the

integration of all components onto Si wafers would be the ultimate

solution to most problems facing long term use of mobile electronic

devices. In a similar way, integration of electrical energy storage

devices with solar cells would be beneficial for storing energy more

efficiently during peak hours. However, generally, porous carbon

electrodes for micro-supercapacitors have been employing polymer

binders. It was reported that powder-based carbon electrodes

patterned on Si substrate by ink-jet techniques showed good perfor-

mance as a micro-supercapacitor.8 The electrodes consisting of carbon

powder mixed with a binder may not necessarily be the ideal solution

for integrated micro-devices because of the thickness control, surface

uniformity, and reliability issues that come from using particles on

a chip. A great potential of monolithic porous carbon films for

supercapacitors was recently demonstrated.7 Nanoporous carbide-

derived carbon (CDC) films on titanium carbide (TiC) have shown

very high volumetric capacitance and a potential for being integrated

into electronic devices and solar batteries. Carbide-derived carbons

have attracted much interest in the past because of their tunable pore

size that enables applications in sorbents and electrochemical capac-

itors.9–11 A new concept for manufacturing supercapacitors, with the

electrodes directly connected to the substrate, unlike conventional

supercapacitor electrodes produced from carbon powders, was

proposed by Chmiola et al.7 Elimination of polymer binders and

macropores between the particles, and a naturally strong interface
gh energy and satisfy the peak power demand are required for

EMS devices of several microns in size designed for the medical

itoring systems. While batteries have been considered as prime

rovide a higher power density, maintenance-free operation and

are conventionally used in supercapacitors have failed to reach

ired for power supplies for integrated circuits, microelectronic

because of fast charging/discharging, which can enable self-

evices such as solar cell, piezoelectric or thermoelectric micro-

been developed for micro-supercapacitor electrodes and showed

electrolyte. Since the synthesis method makes use of processes

in manufacturing supercapacitors integrated with silicon chips.

variety of substrates.
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between the current collector and the active material led to a signifi-

cant increase in the volumetric capacitance. However, synthesis of

CDC on bulk TiC ceramics has limitations. Also, the uniformity and

integrity of the films should be improved further. The continuous

porous carbon film on the Si wafer is expected to take current elec-

trochemical capacitor technologies to another level, enabling utili-

zation of a variety of conventional microfabrication technologies.

The objective of this work was to produce uniform and adherent

porous carbon films on various substrates by a process compatible

with Si-based device fabrication processes and to demonstrate suffi-

ciently high capacitance of those films.

Titanium carbide films were deposited by reactive DC magnetron

sputtering with a Titanium target and acetylene (C2H2) gas as

a carbon source.12 The Ti target is run at 200 W at an overall pressure

of 30 mTorr. The gases were mixed in a manifold with an argon flow

rate of 40 sccm and a C2H2 flow rate of 2.5 sccm.13,14 The substrate is

heated to approx. 700 �C to produce textured TiC in the (111)

orientation. The resulting deposition rate was approximately 25 nm

min�1 on Si wafer (resistivity 1–100 Ohm cm with 200 nm wet thermal

oxide), glassy carbon (SIGRADUR, G plate, one side diamond

polished, Ra < 10 nm), Al2O3 ((0001) oriented epi-polished) and

highly ordered pyrolytic graphite (HOPG, monochromator grade).

The reactive-sputtered TiC films were etched by chlorine gas to form

CDC films. TiC films on glassy carbon substrates or Si wafers were

chlorinated in a horizontal tube furnace.15 Argon purging was done

for at least 24 hours before heating up to keep samples from oxida-

tion during thermal treatment. Samples were heated to the temper-

ature range from 250 �C to 500 �C in Argon atmosphere. Once the

desired temperature was reached, chlorine gas passed through the

1 inch diameter quartz tube at the speed of 10–15 cm3 min�1 for

30 minutes. After chlorination, the furnace was cooled to room

temperature under flowing argon.16 Scanning electron microscopy

(SEM) analysis was conducted using a Zeiss Supra VP-50 field

emission scanning electron microscope to observe the surface

morphology and measure the film thickness. Raman spectra of carbon

film were acquired using a Renishaw RM 1000 Raman micro-

spectrometer (1800 l per mm grating) with an Ar ion laser (514.5 nm,

Spectra-Physics) in a backscattering geometry. The laser beam was

focused with a 20� objective (spot size: approximately 5 mm).

Stainless steel tube fittings and rods were used to set up the elec-

trochemical cell. Two 15 mm diameter stainless steel rods were put

together with the carbon film on a glassy carbon substrate and

activated carbon electrode in-between, separated by a PTFE
Scheme 1 Schematic of the sample preparation, electrochemical tests.
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separator (Scheme 1). 1.5 M tetraethylammonium tetrafluoroborate

(TEABF4) in acetonitrile was used as an electrolyte. More than 20 mg

of activated carbon electrode with 5 wt% of PTFE was used as the

counter electrode, so that it could be regarded as a quasi-reference

(constant-potential) electrode. Cyclic voltammetry, impedance spec-

troscopy and galvanostatic cycling were conducted using a Biologic

VMP3 potentiostat on the 2-electrode cells prepared.

One of the most common carbide materials, TiC, was chosen as

a starting material for CDC films synthesis, because it has been well

documented that carbon films produced from TiC can be used for

supercapacitor electrodes.7,15 It can be deposited using chemical

(CVD) and physical vapor deposition (PVD) techniques, but there

has only been a single report on continuous CDC films produced

from TiC films manufactured by magnetron sputtering.16 Therefore,

we chose this method for making TiC films. TiC films can grow

epitaxially in the (111) orientation at 700 �C on Al2O3 substrates.13,14

This technique also can produce TiC films on other substrates even if

there is no epitaxial growth. Although the co-deposited films are

smoother, reactive sputtering provides the options of significantly

higher deposition rates and room temperature processing, both of

which are important for device fabrication.

Titanium carbide films were deposited on Si wafers, glassy carbon,

graphite, quartz and alumina substrates (Fig. 1 and 2). Wide range of

TiC compositions were tried and since Ti-rich or carbon-rich films are

not desirable to control the pore size, Ti : C ratio was kept between

40 : 60 and 50 : 50, preferably close to 50 : 50 to achieve higher

crystallinity. Continuous porous carbon films were synthesized by

chlorination at 250–500 �C following the reaction:

TiC + 2Cl2 / TiCl4 + C

As shown in Fig. 2, carbon films were successfully produced on all

substrates listed above. The primary factors considered in synthe-

sizing porous carbon films are cracking and delamination of film.

Thickness of initial TiC and chlorination temperature affects crack

formation. It is mainly because removal of Ti atoms creates a tensile

stress in the film, which increases with the film thickness during

chlorination. Regarding substrates, besides graphite or HOPG, which

is softer, cleaves easily and has a rougher surface compared to Al2O3,

oxidized Si and polished glassy carbon, tendency to film cracking

does not change much when changing substrates. Uniform porous

carbon films up to around 3 mm in thickness can be synthesized on Si

wafers by chlorination below 400 �C.

TiC film deposited by reactive magnetron sputtering had

a columnar structure (Fig. 1b) which may be one of the reasons

why some cracks form in lateral direction in CDC film during
Fig. 1 Raman spectra of TiC film and CDC film on Si wafer, and CDC

film on glassy carbon (a). Scanning electron micrographs of (b) TiC and

(c) CDC film produced at 300 �C on glassy carbon.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Scanning electron micrographs of CDC films on highly ordered

pyrolytic graphite (HOPG) produced at 500 �C (a), on Al2O3 produced at

400 �C (b), on glassy carbon produced at 300 �C (c), and oxidized Si wafer

produced at 300 �C (d).

Fig. 3 Electrochemical characterization; (a) cyclic voltammetry of CDC

films produced at 250, 300, and 400 �C, respectively, normalized by the

volume of CDC films, (b) Nyquist impedance plot of CDC film produced

at 300 �C, (c) volumetric capacitance vs. chlorination temperature, and

(d) volumetric capacitance vs. scan rate.
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dry etching process at elevated temperatures. However, grain-

boundary cracks were in the 100 nm range and only appeared at

chlorination temperatures of 400 �C and above (Fig. 2a), with the

crack density and size increasing with the increasing temperature

and film thickness.

Scanning electron micrographs clearly show that deposited TiC

film on glassy carbon has uniform thickness of around 1mm, smooth

surface and CDC films produced at temperatures between 250 and

350 �C inherited the TiC film morphology and had 0.8–1 mm thick-

ness which is very close to the TiC thickness (Fig. 2). Through this

transformation of carbide to carbon films it is well known that the

general microstructure and surface morphology of the carbide film is

retained after CDC formation.17

Precautions were taken when growing films on Si. When TiC

is deposited on Si wafer without SiO2 and etched by chlorine,

chlorine gas reacts not only with titanium atoms from TiC films

but also with the Si wafer underneath at the same time, resulting

in delamination of the carbon film from the substrate. Thermal

oxide (SiO2) of about 200 nm in thickness was used to protect the

Si wafers and to avoid delamination of carbon films (Fig. 2d).

This protection was sufficient at temperatures up to 500 �C for

up to 30 minutes.

The deposited TiC film only has weak carbon bands in Raman

spectra (Fig. 1a) originating from traces of free carbon, however, the

synthesized CDC film shows, regardless of substrate, the character-

istic broad D- and G-bands of graphitic carbon at around 1350 cm�1

and 1580 cm�1, respectively, which indicates that TiC has been

transformed to carbon having a disordered microstructure.16,18,19 This

amorphous carbon structure results from the low synthesis temper-

ature.15 These results show that carbon films can be produced from

TiC at temperatures as low as 250 �C and complete chlorination of

micrometre-thick films can be achieved in 30 minutes or less. This was

also confirmed by energy-dispersive X-ray spectroscopy in an SEM.

There was no residual Ti in the films, showing that lower synthesis

temperatures than reported in the literature can be achieved.7,20 As

shown in Fig. 1, the TiC film and CDC film on glassy carbon show

the same surface morphology. Thus, we anticipate that CDC films on

Si and other substrates will have the same capacitance as the films

produced on the glassy carbon surface.
This journal is ª The Royal Society of Chemistry 2011
For the electrochemical measurements, highly conductive glassy

carbon was used to make an electrochemical cell with an electrical

contact directly to the substrate without adding a current collector or

performing other operations that may affect capacitance of the

carbon films or create contact impedance at the current collector/film

interface. They were tested to characterize electrochemical properties

by using a simple 2-electrode electrochemical cell configuration with

an over-capacitive activated carbon used as the counter electrode,

which has a much larger surface area than the carbon film on glassy

carbon substrate (Scheme 1).

CDC films were tested in a 1.5 M solution of tetraethylammonium

tetrafluoroborate (TEABF4) in acetonitrile (AN), which is the most

common organic electrolyte. Cyclic voltammetry (CV) and electro-

chemical impedance spectroscopy (EIS) results in Fig. 3a and b indi-

cate that CDC film shows an electrochemical capacitive behavior

typical for a double layer capacitor. The sample produced at 400 �C

showed volumetric capacitance above 180 F cm�3 at 20 mV s�1 scan

rate, which is 3 times higher compared to conventional carbon elec-

trodes (about 50 F cm�3 (ref. 21)) and almost identical to the data

reported for CDC films on TiC.7 This shows that we have reached the

goal of achieving the same excellent volumetric capacitance value on

a film produced by sputtering on a non-carbide substrate. Further-

more, volumetric capacitance of CDC films decreases as the chlori-

nation temperature decreases (Fig. 3c), which means that the average

pore size of CDC film becomes closer to electrolyte’s ion size. This is in

agreement with the previous results regarding capacitive behavior of

TiC-derived carbon powder showing a decrease of capacitance with

temperature for CDC produced below 500–600 �C.20 It was shown

that if the average pore size is too small for cations or anions to enter,

then distortion on CV was observed, resulting in capacitance

decrease.22 In Fig. 3a, it can be seen that at negative potentials, larger

TEA ions have difficulties to enter small pores in CDC films. No

distortion was observed for smaller BF4 ions, suggesting that the pores

even at the lowest synthesis temperature were close to 0.6–0.7 nm.20

Still, the capacitance values are very high compared to the published

data for any kind of powder EDLC electrode even at the lowest

synthesis temperature. Thus, while some capacitance is compromised
Energy Environ. Sci., 2011, 4, 135–138 | 137
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by going to temperatures below 400 �C, the decreased capacitance is

still high enough for device applications and the lower synthesis

temperature may decrease process cost and increase the range of

substrates that can be used. The previous studies showed an increase in

the volumetric capacitance with a decrease in the scan rate and we

observed it for CDC films as well. Still, cycling at 500 mV s�1 could be

performed for the films produced at 400 �C (Fig. 3d).

Excellent volumetric capacitance of CDC films, their good

adhesion to various substrates and the synthesis temperatures in the

250–500 �C range suggest that CDC film supercapacitors can be used

for applications in power sources for MEMS devices, intermediate

storage for energy harvesting microsystems, and numerous sensors

and sensor networks.

Conclusions

It has been demonstrated that continuous carbon films are able to be

synthesized by dry etching of sputtered TiC films on glassy carbon, Si

and other substrates. Carbon films show high volumetric capacitance

of up to 180 F cm�3 at 20 mV s�1 scan rate in 1.5 M TEABF4/

acetonitrile. Volumetric capacitance decreases as chlorination

temperature decreases from 400 �C to 250 �C because as chlorination

temperature decreases, the average pore size becomes smaller which

constrains TEA cation adsorption/desorption in pores. Optimization

of the film synthesis conditions is expected to enhance ion accessibility

to pores by tailoring pore size, which would lead to further increase in

capacitance and response rate, resulting in an increase in both energy

and power density.
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