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Flexible integrated micro-scale energy storage has attracted increasing research interest
due to numerous compelling device applications. This paper presents a facile and scalable
technique to fabricate a flexible high surface area carbon based micro-supercapacitor via
pyrolysis of a commercial photoresist and transfer to a flexible substrate. Cyclic voltamme-
try, galvanostatic charge/discharge, and AC impedance spectroscopy are used to character-
ize the fabricated devices, which show near ideal electrochemical behavior and retention of
initial electrochemical performance after 300 bending cycles. The devices exhibit
maximum energy density of 1mWhcm™3

favorably to state-of-the-art flexible and rigid carbon-based micro-supercapacitor devices.

in aqueous electrolyte, which compares

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Supercapacitors are electrochemical energy storage devices
that typically have high power density, long cycle lifetime,
low environmental impact, and safe operation relative to cur-
rent battery technologies [1-6]. Micro-scale supercapacitors,
or “micro-supercapacitors,” can be integrated with the mi-
cro-devices they power, simplifying fabrication and maintain-
ing small form factors. In particular, micro-supercapacitors
can enable technologies that require fast cycling and/or infre-
quent maintenance such as wireless sensor networks,
implantable biomedical devices, and autonomous micro-
robots [2,7,8]. Most commonly, micro-supercapacitors are
fabricated on rigid substrates such as Si, but growing interest
in flexible electronics applications such as wearable electron-
ics and roll-up displays has stimulated the development of
flexible energy storage solutions, including flexible micro-
supercapacitors [8-10].
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A common electrode material used in conventional sup-
ercapacitors is activated carbon [2,3,11], which has a high sur-
face area to volume ratio and is earth abundant and
inexpensive. For micro-supercapacitors, however, activated
carbon is difficult to deposit and pattern on the micro-scale
[12], and hence, other carbon-based electrodes have been
investigated, such as onion-like carbon [5], inkjet printed acti-
vated carbon [13], carbon nanotubes [14], carbide-derived car-
bons [12,15,16], graphene [17-20], reduced graphene oxide and
carbon nanotube composites [21], graphene/carbon nanotube
carpets [22], and photoresist-derived carbon [23]. However,
limited work has been reported on the development of car-
bon-based flexible micro-supercapacitors. Possible candi-
dates for micro-supercapacitor electrode materials that can
be deposited directly on flexible substrates include pseudoca-
pacitive polymers such as polypyrrole [8] and polyaniline [24],
and carbon-based electrodes including laser-scribed graph-
ene oxide [17], reduced graphene oxide [18], and inkjet-
printed graphene [19].
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Another promising method for flexible micro-supercapac-
itor fabrication is the transfer of prepatterned electrodes onto
flexible substrates, analogous to the dry transfer of carbon
nanotubes onto polymer substrates for flexible electronics
[25,26]. This technique has the advantage of good device-to-
substrate adhesion [25] and allows for the use of high temper-
ature-processed materials on polymer substrates, which
would otherwise be impossible given the limitations imposed
by glass transition temperature of many polymers. Addition-
ally, lithographic patterning can be done using traditional
microfabrication processes designed for rigid substrates prior
to transfer. In this study, pyrolysis of patterned photoresist is
used to form high specific surface area carbon electrodes [23].
This technique is simple and can utilize existing microfabri-
cation infrastructure for easy integration with micro-devices.
The subsequent transfer to a polymer substrate is demon-
strated to yield a robust, flexible micro-supercapacitor device
with good electrochemical performance.

2. Experimental
2.1. Sample preparation

Fig. 1a shows a schematic illustration of the flexible planar
microsupercapacitor fabrication process. The synthesis of
the photoresist-derived carbon film is previously described
in detail [23]. Briefly, a layer of SiO, is deposited via thermal
oxidation on a 4” Si(100) wafer. Then, a commercial positive
photoresist, (PR, SPR-220-7.0) is spin-coated onto the wafer
without any pretreatment and is patterned in a two-pad con-
figuration using photolithography. The sample is loaded into
a horizontal hot-wall tube furnace (Thermo Scientific Lind-
berg Blue M) and prebaked at 300 °C in 1 Torr Ar (Praxair) for
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30 min to drive off water and volatile solvents. Then, the tem-
perature is increased to 900 °C in the same ambient at an
approximate rate of 40 °C/min. Once 900 °C is reached, the
gas is changed to 10% H,/90% Ar (Praxair) and the sample is
held at 900 °C for 1 h. The sample is then cooled at a rate of
about 25 °C/min to room temperature in the same H,/Ar gas
environment. The size and shape of the pyrolyzed electrodes
are identical to that of the patterned photoresist, demonstrat-
ing the good pattern fidelity post-pyrolysis (Fig. 1b). For the re-
sults presented in this paper, the electrodes have 3.7 mm
width, 8.4 mm length, and 0.9 ym thickness, with an inter-
electrode gap distance of 1.1 mm. After pyrolysis, a double-
transfer process is used to move the patterned electrodes to
a flexible substrate. First, the pyrolyzed-PR film is transferred
to polycarbonate (PC, thickness of 100 um, McMaster-Carr) by
melting the PC onto the sample at 300 °C in air for 3 min. After
cooling to room temperature, the PC is carefully peeled off
from the substrate. The carbon preferentially adheres to the
PC, and the electrodes are cleanly removed from the sub-
strate. Then, a polyethylene film (PE, thickness of 100 pm,
McMaster-Carr) is applied to the exposed surface of the trans-
ferred carbon film by melting the PE to the polycarbonate at
200 °C in air for 5 min. During this process, a pressure of about
18 kPa is applied on the top of the sample to reduce curling
from any thermal mismatch and to maximize the adhesion
between the carbon and the polyethylene films. After cooling
to room temperature, the transferred film with PC and PE is
immersed in methylene chloride solution overnight to dis-
solve the PC. Fig. 1c shows an optical image of the device after
the 2nd transfer. As will be discussed, a double transfer pro-
cess is necessary, as the surface of the carbon film after one
transfer is found to have significantly different morphological
and electrochemical properties than the opposite surface.

Attach and
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¢ Attach PE

Dissolve PC

Fig. 1 - (a) Schematic illustration of flexible micro-supercapacitor fabrication process. PC is polycarbonate, PE is polyethylene,
PDMS is polydimethylsiloxane. Photographs of (b) patterned photoresist electrodes before (left) and after (right) pyrolysis, (c)
photoresist-derived carbon electrodes transferred to polyethylene and being flexed and (d) fully-fabricated device. (A color

version of this figure can be viewed online.)
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2.2. Characterization methods

The surface roughness of the carbon film is investigated via
atomic force microscopy (AFM, Digital Instruments Nano-
scope IIIa) in tapping mode. The surface wettability is probed
via water contact angle measurements (Rame Hart Model
290).

The electrochemical performance of the flexible microsup-
ercapacitor is measured via cyclic voltammetry (CV), galvano-
static charge/discharge, and AC impedance spectroscopy
using a commercial potentiostat (AC Instruments, 660D Mod-
el). To obtain these measurements, an adhesive conductive
tape (Cu/Ni tape, Ted Pella, #16067) is connected to the edge
of each carbon film pad (see Fig. 1d), and a polydimethylsilox-
ane (PDMS) stamp is used to isolate the conductive tape from
the electrolyte (step 6 in Fig. 1a). A central hole is cut into the
PDMS and filled with electrolyte for testing. All the electro-
chemical measurements are performed in an aqueous elec-
trolyte of 0.5 M H,SOy,.

3. Results and discussion

3.1.  Comparison of
electrodes

single and double-transferred

Due to the temperature limitations of most bulk flexible
materials, many substrates would not survive the pyrolysis
temperatures required to form conductive high surface area
carbon films. Therefore, in order to fabricate a flexible device
using pyrolyzed photoresist electrodes, post-pyrolysis trans-
fer to a flexible substrate is required. However, a single trans-
fer is found to yield a different film surface relative to the as-
pyrolyzed surface. The first transfer (step 3 in Fig. 1a) exposes
the electrode surface which is at the photoresist/substrate
interface during pyrolysis, and hence, this surface is denoted
as the “bottom” film surface, while the second transfer (step 5
in Fig. 1a) re-exposes the surface in contact with the gas (H,
and Ar) during pyrolysis, and is denoted as the “top” surface.
In this study, both the top and bottom surfaces are examined
to compare the differences in electrochemical performance.
The AFM images of the top (as measured before transfer)
and bottom (as measured after first transfer) of the carbon
film, shown in Fig. 2, illustrate the morphological differences
in the two surfaces. The top surface of the film is significantly

rougher than the bottom with RMS roughness of 1.3 and
<0.3nm, respectively. The bottom surface also shows no
apparent porosity. This difference results from two experi-
mental factors: first, the bottom surface of the photoresist is
in contact with the smooth oxide substrate during pyrolysis,
leading it to form a matching smooth surface; and second,
the mechanism of pore formation during pyrolysis involves
the vaporization of volatile photoresist components (which
escape from the vapor/photoresist interface), and the etching
effects of H, (which is present only at the vapor/photoresist
interface) [23,27]. Transport limitations may not allow these
processes to propagate all the way through the film thickness.

In accordance with the AFM results, CV results show that
the top surface, obtained by double transfer, yields about
75 times higher areal capacitance at a scan rate of 100 mV s™*
compared to the bottom surface, obtained after single trans-
fer (Fig. 3). The bottom of the film yields an areal capacitance
of ~10 pF cm ™2, a value that is about two times higher than
that of a smooth film [28]. The specific areal capacitance of
the top surface is measured to be significantly higher,
0.75mF cm™2, in agreement with our previous work with
untransferred, unpatterned photoresist-derived carbon films
[23]. Water contact angle measurements are performed to
compare the wetting of both surfaces. The top and bottom
surfaces yield contact angles of 12° and 60° respectively,
which confirms that the top surface is more hydrophilic than
the bottom surface, resulting in more effective wetting of the
pores by aqueous electrolytes. A double-transfer process is
therefore necessary to obtain high energy density for the
device.

3.2.  Electrochemical performance

The CV curves of the flexible micro-supercapacitor at several
different scan rates are shown in Fig. 4. The CV shape is semi-
rectangular at scan rates of up to 10 Vs~ ?, indicating ideal
capacitive performance (see Fig. 4a—c). Since the CV curves re-
tain a rectangular form even at the high scan rate of 10 Vs,
this is a good indication of the high-power capability of the
device. The skewing of the CV shape at higher scan rates indi-
cates some power limitations arising from the electrode resis-
tance as well as the electrolyte resistance in the pores [29].
Our previous work suggests that the carbon film consists of
a highly porous network [23], leading to possible mass trans-

(b)

Fig. 2 - AFM images of the (a) top and (b) bottom surface of the pyrolyzed photoresist-derived carbon film. Both images have a
z-scale of 10 nm. (A color version of this figure can be viewed online.)
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Fig. 3 - Cyclic voltammograms obtained on the photoresist-
derived carbon electrode after one transfer (bottom surface)
and after two transfers (top surface). The scan rate used is
100 mV s, Electrolyte used is 0.5 M H,SO,. (A color version
of this figure can be viewed online.)

fer limitations. Therefore, at higher scan rates, where the ions
must access the micro-pores inside of the film in a short
amount of time, the capacitance of the film is lower [30].
Fig. 4d, which shows higher capacitance at lower scan rates,
illustrates this effect. The volumetric capacitance of the de-
vice is calculated from Eq. (1):

where C is the volumetric capacitance in F cm 3, I is the aver-
age current magnitude over the positive and negative sweep
at a specific scan rate, AV/At, A is the projected active area
of both electrodes, and tf is the thickness of the carbon film
(measured via cross-sectional SEM, 0.9 um) [23]. The active
area includes only the portion of electrode directly in contact
with electrolyte. Volumetric data, rather than gravimetric
data, are presented, as mass-based measurements are less
meaningful for micro-scale applications [31,32]. The calcu-
lated volumetric capacitance of the device ranges from 1.7
to 11F cm 2 over the tested scan rates. Lifetime CV cycling
shows that the flexible micro-supercapacitor exhibits robust
cycling stability, maintaining ~86% of the initial capacitance
over 10,000 complete charge/discharge cycles as shown in
Fig. 4e.

Galvanostatic charge/discharge has been performed at
various currents densities, up to nearly 0.5kAcm™>. The
charge/discharge curves are linear, indicating ideal capacitive
behavior (see Fig. 5a and b). A small IR drop can be seen at the
start of each discharge cycle, with larger drops seen at higher
current densities. The volumetric capacitance can be calcu-
lated from Eq. (1), as done for the CV, where I is now the ap-
plied current, AV is the voltage window excluding the IR
drop during discharging, and At is the time required to dis-
charge to 0V. The equivalent series resistance values are
approximated from Eq. (2):
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Fig. 4 - Cyclic voltammograms of fabricated flexible micro-supercapacitor at scan rates of (a) 13-30 Vs, (b) 1-10 Vs, and ()
10-100 mV s . (d) Calculated volumetric capacitance as a function of scan rate. (e) Lifetime of the flexible supercapacitor over
10,000 CV cycles from 0 to 0.8 V at a scan rate of 100 mV st Electrolyte used is 0.5 M H,SO,. All values are based on the total
working electrode volume. (A color version of this figure can be viewed online.)
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Fig. 5 - Galvanostatic charge/discharge curves of flexible micro-supercapacitor for different currents, (a) 3.1-31 mA cm 3, (b)
65-463 A cm 3, and (c) corresponding volumetric capacitances. Electrolyte used is 0.5 M H,SO,. All values are based on the
total working electrode volume. (A color version of this figure can be viewed online.)

where Vg, is the magnitude of the IR drop, I is the applied
discharge current, and A is the active area of both electrodes
[33]. The capacitance values obtained via charge/discharge
measurements show good agreement with the calculated
capacitance from CV (see Fig. 5c). The ESR is calculated to
be 8 Q cm? at a current of 277 Acm >,

Another figure of merit for evaluating device cycling speed
is the —45° phase angle crossover frequency, obtained from
AC impedance data; a high frequency implies fast cycling per-
formance. As seen in Fig. 6a, the —45° crossover frequency of
our device is ~122 Hz in the aqueous electrolyte. The cross-
over frequency value is somewhat lower than other high
power microsupercapacitors fabricated on rigid substrates
and measured in aqueous electrolytes, e.g.,, 200 Hz for re-
duced graphene oxide and carbon nanotube (rGO-CNT) com-
posites [21], and 460-1343 Hz for graphene/carbon nanotube
carpets-based micro-supercapacitors (G/CNTs-MCs) [22], but
is significantly higher than other porous electrode materials
such as activated carbon, which show —45° crossover fre-
quencies of less than 10 Hz (estimated from impedance data
in references [5| and [13]). Flexible micro-supercapacitors
based on laser scribed graphene electrodes show a crossover
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frequency of ~50 Hz in aqueous solution, indicating that the
device presented in this paper has a faster cycling perfor-
mance [17]. The Nyquist plot shown in Fig. 6b shows a sub-
vertical line which indicates a deviation from ideal capacitive
behavior, likely due to the film’s distribution of pore size lead-
ing to limited utilization of film micro-pores at high frequen-
cies [34].
3.3.  Energy and power density
The theoretical energy and power densities of the device are
calculated from CV data using Egs. (3) and (4):
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where E is the energy density in Wh cm 3, C is the volumetric
capacitance in F cm ™3, AV is the operating voltage window in
V, P is the power density in W cm ™3, and At is the discharge
time in s. The flexible micro-supercapacitor presented in this
paper provides outstanding energy density as shown in Fig. 7.
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Fig. 6 - AC impedance spectroscopy results of flexible micro-supercapacitor with AC amplitude of 5 mV and DC voltage of 0 V.
(a) Negative phase versus frequency plot for the micro-supercapacitor where the —45° crossover frequency is at 122 Hz. (b)
Nyquist plot for the flexible micro-supercapacitor. The inset shows the high frequency regime. Electrolyte used is 0.5 M

H,S0,.
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Fig. 7 - Ragone plot comparing the present flexible micro-
supercapacitor to other micro-supercapacitors. All the
results are measured in aqueous electrolytes. “Device
volume” indicates that the energy and power density are
given in reference to the volume of the fully-fabricated
device including electrode, inter-electrode gap, and current
collector volume. These density values will necessarily be
smaller than the values given in reference to the electrode
volume only. Laser-scribed graphene (LSG), reduced
graphene oxide and carbon nanotube (rGO-CNT) & carbon
nanotube (CNT), graphene and carbon nanotube carpet
based micro-supercapacitor (G/CNTCs) data are obtained
from Refs. [17,21,22] respectively. The type of substrate,
flexible or rigid, is indicated in the plot. (A color version of
this figure can be viewed online.)

The theoretical power and energy densities range from 0.05 to
56 W cm > and 0.8 to 1 Wh cm 3, respectively. Despite a sim-
ple two-pad geometry and a rather simple fabrication pro-
cess, the energy density is competitive with other recently
reported flexible and rigid micro-supercapacitors measured
in aqueous electrolytes [17,21,22]. The device does not yield
the highest power density due to the transport limitations
inherent in a porous network, but the achieved power is still
competitive as indicated by the good CV performance at high
scan rates and the high crossover frequency in the AC imped-
ance results. Furthermore, a dense interdigitated electrode
geometry has been shown to improve power performance in
other carbon-based micro-supercapacitors and the simple
geometry of the presented micro-supercapacitor likely fur-
ther contributes to the power limitations due to the large
mean ionic diffusion path [17]. Optimization of the electrode
geometry for improved power performance is currently under
investigation. Standard photolithography provides high reso-
lution patterning of photoresist on the nanoscale; numerous
geometries or configurations of electrodes can be fabricated
and integrated on-chip with micro-devices.

3.4.  Flexing performance

In order to determine the mechanical stability of the micro-
supercapacitor upon flexing, the 1x1cm? device is placed
on the round surface of a cylinder with varied radii of 17.5,
12.5, and 5 mm. One end of the sample edge is fixed to the cyl-
inder wall, and the other edge is manually bent to the cylinder
surface and allowed to unbend. The device is bent 100 times

2
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Fig. 8 - Cyclic voltammogram comparison of the device
before and after 100 bending cycles at each indicated radius.
Scan rate used is 100 mV s *. (A color version of this figure
can be viewed online.)

at the largest radius of curvature, tested in the unbent config-
uration, bent 100 times at the next largest curvature, tested,
and finally bent 100 times at the smallest curvature, resulting
in 300 total bending cycles. Flexing tests show good capacitive
performance retention after repeated bending. As seen in
Fig. 8, the cyclic voltammogram shows a consistent rectangu-
lar shape at 100 mV s~ after repetitive bending of the device
at three different radii. There is only a ~2% deviation in the
volumetric capacitance after 300 flexing cycles. Other flexible
electrode materials such as laser-scribed graphene have been
demonstrated to yield good micro-supercapacitor perfor-
mance in the bent configuration, but robust mechanical sta-
bility has not yet been demonstrated [17], and is an
important consideration for applications which require re-
peated flexing cycles. The flexible micro-supercapacitor pre-
sented in the work shows consistent performance after
repeated flexing, demonstrating the mechanical stability of
the film, and is therefore promising for flexible energy storage
applications.

4. Conclusion

In summary, we have fabricated a flexible micro-supercapac-
itor using photoresist-derived carbon electrodes. The elec-
trodes can be easily patterned and integrated for on-chip
energy storage applications by using existing lithographic
techniques. Furthermore, the electrode fabrication can be
scaled to wafer-scale processing and the pyrolyzed electrodes
can be easily transferred to flexible substrates while demon-
strating excellent electrochemical performance including
high energy and power densities, robust lifetime cycling per-
formance, and high flexibility. This technique holds promise
for the fabrication of high performance flexible micro-sup-
ercapacitors that are scalable and easily integrated with exist-
ing microfabrication technologies.
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