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Short communication

Micro-supercapacitors from carbide derived carbon (CDC) films on silicon chips
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On-chip micro-supercapacitors were fabricated based on TiCeCDC films.

TiCeCDC films are pure carbon films without organic binders.

Micro-supercapacitors were produced based on standard microfabrication steps.

Ideal capacitive behavior is demonstrated with two types of current collectors.

Low series resistance was achieved.
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a b s t r a c t

Interdigitated on-chip micro-supercapacitors based on Carbide Derived Carbon (CDC) films were fabri-

cated and tested. A titanium carbide (TiC) film was patterned and treated with chlorine to obtain a TiC

derived carbon (TiCeCDC) film, followed by the deposition of two types of current collectors (Ti/Au and

Al) using standard micro-fabrication processes. CDC based micro-supercapacitors were electrochemically

characterized by cyclic voltammetry and impedance spectroscopy using a 1 M tetraethylammonium

tetrafluoroborate, NEt4BF4, in propylene carbonate (PC) electrolyte. A capacitance of 0.78 mF for the

device and 1.5 mF cm!2 as the specific capacitance for the footprint of the device was measured for a 2 V

potential range at 100 mV s!1. A specific energy of 3.0 mJ cm!2 and a specific power of 84 mW cm!2 were

calculated for the devices. These devices provide a pathway for fabricating pure carbon-based micro-

supercapacitors by micro-fabrication, and can be used for powering micro-electromechanical systems

(MEMS) and electronic devices.

1. Introduction

The development of Micro-Electro-Mechanical Systems (MEMS)

allows new functions to portable electronic devices without

compromising their size. Therefore, decreasing the size of power

sources becomes a key objective for fitting the operating envelope

of the small devices. Li-ion micro-batteries are the most widely

used power sources nowadays. While extensive research has

significantly enhanced performance levels since early 1990s [1,2],

redox reaction rates limit their power performance. Although this

shortcoming has been tackled by using new designs, such as

3-dimensional [3] and thin-film electrodes [4], there is a demand

for higher power devices.

Electrical double-layer capacitors (EDLC or supercapacitors),

which store energy by adsorption and desorption of ions from the

electrolyte driven by an applied potential at the surface of porous

active materials, are able to deliver energy in short time, thus

offering high power capability. Implementation of electrochemical

micro-supercapacitors on a chip has therefore attracted significant

interest as a potential replacement or complementing device for

micro-batteries in order to enhance the total performance of the

power source.

EDLCs operate within a voltage window up to 3 V by using an

organic electrolyte to achieve high energy and power performance

[5]. However, as it is difficult to process carbon powders into films
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using conventional micro-fabrication processes, the development

of micro-supercapacitors still poses a challenge. Although demon-

strating the proof-of-concept, first trials of carbon-based micro-

supercapacitors [6,7] showed modest performance (specific

capacitance of 0.8 mF cm!2, voltage window limited to 0.8e1 V).

Subsequent experiments reported on the use of thicker electrodes

(up to 50 mm) prepared by the addition of a binder [8] and novel

approaches that implemented vertically-aligned carbon nanotubes

(CNTs) [9], leading to the improved performance with specific

capacitance reaching 90 mF cm!2 [8]. However, powder electrodes

need the addition of a binder and nanotube electrodes have a low

volumetric energy density, which limits their performance. There is

the need for a binder-free carbon thin-film with an adapted micro-

fabrication process leading to scalable manufacturing of micro-

devices directly on silicon chips. This can be potentially achieved

by using porous carbon films.

Continuous carbon coatings had been produced from silicon

carbide using chlorine gas etching at high temperature [10]. Bulk

TiCeCDC thin-films synthesized by the chlorination of TiC ceramics

have proved to be a promising materials for supercapacitors with

volumetric capacitance as high as 180 F cm!3, compared to

w50 F cm!3 for conventional rolled films based on carbon powders

[11]. The objective of the current study is to produce CDC electrodes

using a TiC precursor already sputtered on a Si substrate. This is

a promising technology compatiblewithMEMS typemicro-devices,

which has been demonstrated for supercapacitors in a sandwich

configuration [12]. A volumetric capacitance as high as 180 F cm!3

was obtained in sandwich configurations, in agreement with prior

results. However, MEMS systems need micro-supercapacitors in an

on-chip planar interdigitated configuration without any polymer

separators or binders. Moreover, they must be produced by tech-

nologies compatible with electronic device fabrication.

In this work, we report for the first time, the preparation of

micro-supercapacitors based on TiCeCDC thin films using

conventional microfabrication processes. They present an alterna-

tive to micro-supercapacitors based on carbon powder and

produced using various printing or electrophoresis deposition

techniques, with much higher density materials, higher purity (no

organic binders), and the possibility to tune the porosity with high

accuracy. Optimization of this process may lead to micro-

supercapacitors with much higher energy density compared to

prior technologies.

2. Experimental

Micro-supercapacitors with interdigitated configuration were

fabricated using conventional micro-fabrication techniques:

reactive magnetron sputtering of TiC films, photolithography and

reactive ion etching (RIE) of TiC to create an interdigitated pattern,

chlorination of TiC to transform the carbide into highly porous TiCe

CDC, which is the active material of the micro-supercapacitor, and

metallic current collectors (Ti/Au or Al) deposition through

a patterned shadow mask.

2.1. Fabrication process

The fabrication process is shown in Fig. 1. The TiC film was

fabricated on a Si wafer with a 500 nm thick SiO2 layer to ensure

good insulation between the two electrodes. DC magnetron sput-

tering with a titanium target and acetylene (C2H2) gas was used, as

described in our previous work [13]. The pattern of interdigitated

electrodes was applied on the photoresist film using photolithog-

raphy and then transferred to the TiC film through RIE using SF6 as

etching gas [14]. Afterwards, the TiC film reacted with chlorine for

5 min at 450 #C for converting to CDC. The Raman spectra of the

TiCeCDC film after chlorination (Fig. 2) were recorded using the

excitation wavelength of 514.5 nm. The two broad peaks around

1360 and 1600 cm!1, representing D- and G-peaks of graphite,

respectively, confirmed the formation of disordered graphitic

carbon. The spectra are typical of amorphous CDC films produced at

low temperatures [15].

The Ti/Au current collectors, with thickness of 100 nm/400 nm

respectively, were evaporated onto the pattern through a designed

shadow mask with narrower electrode fingers, to allow for elec-

trolyte percolation during electrochemical characterization. The
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Fig. 1. Schematic illustration of the fabrication process for micro-supercapacitors: a) As-received Si/SiO2/TiC wafer; b) Photolithography; c) Reactive ion etching (RIE); d) Removal of

photoresist by acetone and chromosulfuric acid; e) Chlorination; f) Current collector deposition.

Fig. 2. Raman spectra of the TiCeCDC film chlorinated for 5 min.



deposited current collectors were annealed at 250 #C for 20 min

under vacuum in order to improve the metal conductivity and

release the mechanical stress between the Ti/Au and the TiCeCDC

layers. Other samples with a different current collector (Al of

400 nm thickness) were implemented in similar devices using the

procedures described above, except annealing.

The design of the device is a 2 $ 4 fingers interdigitated on-chip

micro-supercapacitor as shown in Fig. 3, with a finger length of

l ¼ 6.35 mm; a finger width of w ¼ 0.8 mm and an interspace

distance of i ¼ 0.15 mm, leading thus to a footprint area of

8.1 $ 6.4 mm2. The area of a single electrode is 0.26 cm2. 6.2 mm-

long current collectors were deposited through a mask, with

a width of 0.5 mm; the current collector area on a single electrode

was 0.16 cm2.

The thickness of the TiCeCDC filmwasmeasured to be 1.6 mmby

SEM, as shown in Fig. 4. The TiCeCDC layer well adhered to the SiO2

layer without any cracks or voids between the carbon film and the

substrate. The CDC layer was continuous with a typical columnar

texture [13], repeating that of the as-deposited TiC.

2.2. Electrochemical testing

The micro-supercapacitors were clipped with a connector and

characterized by dipping the chip in 1 M (NEt4BF4) in propylene

carbonate (PC) electrolyte in a glove box under Ar atmosphere (H2O

and O2 level lower than 0.1 ppm). Cyclic Voltammograms (CVs)

were recorded at different scan rates and Electrochemical Imped-

ance Spectroscopy (EIS) experiments were conducted using a Bio-

logic VMP2 potentiostat. EIS measurements were made at the rest

potential by applying a sinusoidal potential signal with amplitude

of 10 mV at OCV and collecting the response from 50 kHz to

10 mHz.

3. Results and discussion

3.1. Electrochemical impedance spectroscopy (EIS) measurement

Fig. 5 shows both the Nyquist plots of micro-supercapacitors

with Ti/Au current collectors (red curves) (in the web version)

and that with Al current collectors (blue curves) (in the web

version). The axes of the Nyquist plot are normalized to the area of

one single electrode (0.26 cm2).

Fig. 3. a) The design of the interdigitated electrode pattern of TiCeCDC; b) The design of the hard mask used for metal current collectors.

Fig. 4. The cross-section of the TiCeCDC film based micro-supercapacitor electrode,

with 1.6 mm of TiCeCDC and 500 nm of SiO2.

Fig. 5. Nyquist plot of the micro-supercapacitor with a) Ti/Au current collectors and b)

Al current collectors in 1 M NEt4BF4 in PC.



In Fig. 5, the red curve shows a constant vertical increase of the

imaginary part of the impedance, which describes a capacitive

behavior without redox reaction [16]. Furthermore, the lack of

curvature at the intermediate frequency range signifies a good

contact between the collector/carbon interface [17]. The curve shift

from the theoretical 90# vertical line indicates the possible pres-

ence of minor redox impurities (redox shuttle) in the electro-

chemical system.

Although exhibiting a constant vertical increase of the imagi-

nary part at low frequencies, the Nyquist plot of the microdevice

assembled with Al current collectors shows a loop at high

frequency range that is due to the contact resistance between Al

layer and TiCeCDC layer, originating from slight oxidation of

Al during deposition [18].

For both current collector types, the intersections between the

plots and the real axis provide the Equivalent Series Resistance

(ESR) of the device. These values are almost the same for the two

cells, at about 6.6 U cm2 (25 U) for the Ti/Au current collector and

6.0 U cm2 (23 U) for the Al current collector. The absolute ESR value

of the micro-supercapacitors, apparently high (23e25 U) is due to

the small size of the device. Concerning the resistance in U cm2, it

is in the range of what is reported for either macro-sized

supercapacitors [16] using aluminum current collectors or micro-

supercapacitors prepared by electrophoretic deposition [19]:

around 3 U cm2. The difference in specific ESR for the micro-

supercapacitors prepared in this paper may arise from the

relative high resistance of CDC produced below 600 #C [20].

Although both plots show a shift from the ideal vertical line at

low frequencies, the larger shift observed for the systems with Au

current collectors is assumed to originate from a higher catalytic

activity of Ti/Au than that of Al, thus increasing the leakage current.

3.2. Cyclic voltammograms

CVs were recorded on the interdigitated on-chip micro-super-

capacitor with Ti/Au current collectors in 1 M NEt4BF4 in PC elec-

trolyte. The CV recorded at 100 mV s!1, shown in Fig. 6, presents

a typical rectangular shape within a voltage range of 2 V, although

a shift from the ideal capacitive behavior was observed at high

voltage because of the redox shuttle (impurities), which is in

agreement with the EIS results described in Section 3.1. Further-

more, the micro-device could keep a relative rectangular shape,

meaning little shift from ideal capacitive behavior at a scan rate of

10 V s!1, which is a very high rate even for micro-supercapacitors

[19]. A capacitance of 0.74 mF was calculated for a single on-chip

device from CV data at 100 mV s!1 over a 2 V range, leading to

a specific capacitance of 1.4 mF cm!2 (per footprint area of the

device). Considering the thickness of the TiCeCDC film, which is

1.6 mm as shown in Fig. 4, the volumetric capacitance of the active

material TiCeCDC film was calculated at 35 F cm!3. Although the

capacitance is lower than that of the TiCeCDC thin-film device

assembled in a sandwich configuration tested in NEt4BF4 acetoni-

trile electrolyte (180 F cm!3) [12], this is the first demonstration of

the proof of concept of the technology. Several hypotheses can be

proposed for the low capacitance achieved: the first is a much

larger transport distance for ions between electrodes, as all ionic

transport occurs within the plane. However, the ability of the

device to operate at very high rates suggests that the capacitance is

controlled by sorption and desorption of ions, rather than transport

between the electrodes. In this work, NEt4BF4 in PC was used as an

electrolyte whose viscosity may limit ion mobility and prevent

a good impregnation of the TiCeCDC material. PC solvent leads to

a larger effective ion size compared to acetonitrile based electro-

lytes [21] and the pores of the 450 #C TiCeCDC are too small for the

PC-based solvent. Moreover, the leakage current from electrolysis

of impurities in the system might also be a cause for the reduction

Fig. 6. CV curves of the micro-supercapacitor at scan rates of a) 100 mV s!1, b) 1 V s!1 and c) 10 V s!1 with Ti/Au current collectors in 1 M NEt4BF4 in PC.

Fig. 7. CV curves at 100 mV s!1 for devices with different types of current collectors in

1 M NEt4BF4 in PC.



of capacitance. All these possibilities will be investigated in future

experiments.

Fig. 7 shows a comparison of CVs for microdevices with Al and

Ti/Au current collectors at 100 mV s!1 in the same electrolyte. The

device with the Al current collector has a more distorted CV, indi-

cating an increase in the resistance of the device as explained

above. A capacitance of 0.78mFwas calculated for thewhole device

from the CV at 100 mV s!1 over the 2 V range, with specific

capacitance 1.5 mF cm!2 normalized by the footprint area and

volumetric capacitance of 37 F cm!3 for electrode material. These

extracted capacitances are very close to the results obtained on the

micro-supercapacitors with Ti/Au current collectors.

The prepared TiCeCDC micro-supercapacitors showed a

maximum specific energy of 3.0 mJ cm!2 and a maximum specific

power of 84 mW cm!2. Compared to the literature data, the energy

and power performance are within the range of values reported for

carbon-based micro-supercapacitors [8,9,22] with the major

advantage of being a simple micro-fabrication process. The specific

power and energy performance may be further increased by

improving the design of the cell, tuning the carbon pore size to the

electrolyte ion size and by optimizing the interface between the

carbon film and the current collector.

4. Conclusion

Micro-supercapacitors with interdigitated monolithic TiCeCDC

film electrodes have been produced on a Si wafer using a conven-

tional micro-fabrication process. The pure carbon film was

produced by chlorinating TiC film sputtered onto a silicon wafer.

The prepared micro-devices were characterized by electrochemical

impedance spectroscopy and cyclic voltammetry, and showed good

performance (1.5 mF cm!2; 3.0 mJ cm!2; 84 mW cm!2). Thus, this

study has demonstrated feasibility of manufacturing micro-devices

by direct fabrication on a chip. This successful realization of on-chip

micro-supercapacitors based on TiCeCDC films paves the way to

a full and effective integration of micro-size energy storage devices

into MEMS and electronics.
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