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The electroreflectance technique is shown to be
an effective method for visualizing ageing
behavior of microsupercapacitors.
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technique by quantifying local charge accumulation. Two separate devices with interdigitated
electrodes were evaulated over a period of 4.1 million charge/discharge cycles. The key results

are spatial mapping of charge accumulation in the gold electrodes derived from variation in the
observed electrode reflectance. The nominal device exhibited little change in spatial distribution
throughout the ageing cycle and serves as a comparison for the test device, which exhibited some
nonuniform charge accumulation behavior. Further, an accelerated ageing test was completed by
applying increasing voltage pulses up to 1.46V to the device. Visual evidence of electrode ageing
emerged in the reflectance distribution. An equivalent circuit model was developed to assess the
evolution of individual circuit elements that correlate to the physical causes of ageing.

1 Introduction

As portable electronics decrease in size, conventional energy stor-
age components such as batteries, fuel cells, and capacitors be-
come less suitable due to their size and weight. Modern micro-
fabrication technology has led to miniaturized energy storage de-
vices such as microbatteries ! and microsupercapacitors? that can
be integrated with electronic devices. Microsupercapacitors offer
advantages over their battery counterparts in terms of high rate
capability and long cyclic stability. They store charge through re-
versible ion adsorption at the electrode/electrolyte interface, al-
lowing charge/discharge at very high rates. However, their en-
ergy density is lower than that of batteries. 2

Most of the notable advancements in the microsupercapaci-
tor field in the past decade have involved improvements in en-
ergy density with nanostructured electrode materials3:4:5:6.7
as well as unique fabrication methods® featuring flexible sub-
strates?> 10: 11 Comparatively less focus has been given to eval-
uating cyclic stability and operation lifetime. Lifetime prediction
and the evaluation of degradation behavior of such devices is crit-
ical to the reliability of the entire system including the electronic
devices that they power.

Supercapacitor ageing is caused by degradation of the elec-
trode materials and the electrolyte and is sensitive to different
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types of device usage. Mechanisms include a decrease in ac-
tive electrode surface area, decrease in electrolyte conductivity,
and the presence of parastic electrochemical reactions. In one
particular study, El Brouji et al.1? showed that blockage of elec-
trode pores occurred only in ageing by charge cycling, resulting
in greater capacitance loss, as opposed to electrically floating the
device for up to 4000 hours. Device temperature can also be a
contributing factor to ageing, as demonstrated by Bohlen et al. 13
in an impedance model showing that temperature and voltage
create a self-accelerating feedback cycle with ageing of the de-
vice. In microsupercapacitors, voltage is a greater concern than
internal heat generation due to low operating currents; however,
thermal characterization of microsupercapacitors remains largely
unstudied 14.

Further, some prior studies have reported initial increases in
capacitance upon prolonged use. Ratajczak et al.l® reported an
initial increase in capacitance when electrically floating activated-
carbon capacitors in aqueous Li;SO4 electrolyte. The effect ap-
peared to be stronger at elevated temperatures and was attributed
to better wetting of the electrode material by the electrolyte. Lu
et al. 1 studied capacitor with TiN electrodes and KOH electrolyte
with a cyclic capacitance that increased by 20% near the 1,000
cycle followed by an immedate drop below 10% relative to the
initial capacitance. El Brouji et al. 12 observed capacitance recov-
ery in rest periods between cycling tests and attributed the result
to impurities moving away from pores.

Other studies have shown that positive and negative electrodes
behave differently in response to ageing. In an accelerated ageing
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study of activated-carbon supercapacitors with EtyNBF, in ace-
tonitrile electrolyte, Cericola et al.1”7 showed that the negative
electrode gradually increased in capacitance while the positive
electrode exponentially decreased in capacitance. This behavior
changed significantly for different electrolyte compositions and
electrode mass ratios. Lastly, in a detailed study utilizing XPS, Ra-
man and IR spectroscopies, and posimtery, Bettner et al. 18 found
that the negative electrode suffered more in the case of carbon-
based electrode materials.

An ageing study with the electroreflectance measurement tech-
nique enables observation of non-idealities, how they evolve over
time, and their effects on device capacitance. Visualization of a
spatial map of charge accumulation in supercapacitor electrodes
can be achieved by measuring the change in reflectance of the
device resulting from an input electrical signal. The measure-
ment enhances more conventional measurement techniques such
as cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS), which are used to study average device perfor-
mance characteristics. The reflectance change observed in an
experiment can be attributed to electric field modulation of the
optical properties of gold, as concluded on the basis of a series
of studies completed in the 1960s and 1970s19:20,21,22,23,24
Electroreflectance is a change in the refractive index of the elec-
trode caused by charge formation. Hence, free electron theory
was chosen here for the electroreflectance model to calculate the
reflectance change of the gold microsupercapacitor.

The study herein includes experimental and subsequent model
analysis of a microsupercapacitor. Both a nominal device and a
device exhibiting "burn-in" behavior were studied for mutual com-
parison. A total of 4.1 million cycles were applied to each device
at a high charge/discharge rate while the capacitance and elec-
troreflectance signals were periodically recorded. Next, an addi-
tional 2.0 million cycles were applied to the nominal device at in-
creased voltages in order to accelerate ageing. Electroreflectance
was utilized to obtain information about the degradation occur-
ring in the device with repeated cycling. Lastly, both an equiv-
alent circuit model and electroreflectance model were employed
to bring further insight into the cause of ageing.

2 Experimental Methods

2.1 Sample Fabrication

Interdigitated microsupercapacitor electrodes were fabricated by
electron-beam deposition of Ti (10 nm) and Au (80 nm) on a glass
slide followed by conventional photolithography and wet chem-
ical etching. Each electrode consisted of eight electrode fingers
measuring 40 um wide and 600 um long with spacing 20 um
between opposite electrodes.

The electrolyte was composed of H3;PO4 suspended in a
polyvinyl alcohol (PVA) polymer matrix. It was prepared by com-
bining ultra-pure water, concentrated phosphoric acid, and pow-
dered PVA (molecular weight 89,000-98,000, 99+% hydrolyzed,
Sigma-Aldrich) in a 1:1:10 ratio by weight and vigorously mix-
ing at 90°C until clear. Using a micropipette, 10 uL of electrolyte
solution was applied to the microsupercapacitor electrodes and
cured for several days in ambient conditions. Cu wires were at-
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Fig. 1 (a) Photograph and (b) schematic of the microsupercapacitor
device. The device consisted of eight interdigitated fingers on each
electrode; three fingers are shown here as an example.
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Fig. 2 (a) Diagram of the circuit configuration used in the
electroreflectance experiments where Ry, = 22 kQ. (b) Example of the
voltage and current signals measured in the electroreflectance
experiments. The full cycle length was 150 ms. Data shown is the
signature at 1.5 million cycles of the microsupercapacitor with burn-in
behavior, which is the maximum signal observed.

tached to electrode contact pads with solder.

A schematic and photograph is displayed in Fig. 1. The de-
vice stores charge by forming an electrostatic double layer at
each electrode-electrolyte interface and is thus termed a super-
capacitor. In contrast, an electrolytic capacitor stores electrostatic
charge across a dielectric layer, often composed of an oxide mate-
rial. 2° In the microsupercapacitor, the phosphoric acid electrolyte
dissocates primarily into H* and H,PO] ions. Upon charging,
these ions are respectively attracted to the negative and positive
electrodes.

An electroreflectance method was used to study the distribution
of charge in the microsupercapacitor electrodes. The method is
described in detail in the companion paper by Maize et al.26 The
optical reflectance of the electrodes changes due to the accumula-
tion of electrons in the conduction band, thus resulting in a spatial
distribution image of the microsupercapacitor. This measurement
was performed with two separate devices: one defect-free and
the other showing charactistics of a decreased initial capacitance.
Next, high voltages were applied to the defect-free sample to in-
duce accelerated ageing.

2.2 Sample Measurement

A RC circuit enabled extraction of the microsupercapacitor charge
and discharge current, as shown in Fig. 2 where Ry, = 22 kQ.
A triangular voltage pulse at 20% duty cycle was repeatedly ap-
plied to the circuit in three intervals corresponding to charge, dis-
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vm(t) = 4 2—66.67%1,0.015 <t < 0.030s D
0, 0.030 < < 0.150s

An example of the voltage and current signals is shown in Fig.
2. For ideal capacitor behavior, the current shape would be a step
function. Simultaneously, a pulsed light (A =530 nm) illuminated
the sample while the reflectance signal was recorded through a
10x lens. Each image respresents the normalized difference in
reflectance between two images: one recorded just before the
voltage is applied and one recorded at varying times during the
voltage cycle.

The microsupercapacitor was cycled for a period of eight days,
with the exception of routine de-mounting of the device for cyclic
voltammetry (CV) measurements. The CV curves were measured
using a BASi Epsilon electrochemical system at 13 different scan
rates ranging from 25 mV/s to 25,000 mV/s. The number of
cycles performed with the device was calculated based on the
elapsed cycling time and cycle period length (150 ms) with the
electroreflectance system plus the number of cycles performed for
the CV measurements. The device remained in laboratory ambi-
ent conditions for the duration of the study (19.0 - 21.5°C; 35 -
50% relative humidity).

2.3 Experimental Analysis Method

An image processing scheme was developed in MATLAB in or-
der to extract the mean, standard deviation, skewness, kurtosis,
and probability distribution (histogram) from the electrode area
in each reflectance image. Only the mean and standard deviation
are presented here for clarity. The program generated a mask
from each high-contrast CCD image that was then utilized to ex-
tract the reflectance intensity associated with each electrode from
the reflectance image. Conceptually, the data not only provide
insight into the magnitude of reflectance change and the distribu-
tion of the intensity across each electrode, but also how these two
characteristics changed during each voltage cycle and throughout
the entire ageing study.

3 Model Formulation

An equivalent circuit model enables further understanding of the
physical phenomenoa occurring in the device, while an electrore-
flectance model verifies the experimental reflectance results. An
abbreviated description of both an electroreflectance and circuit
model is included here, while the companion paper2® provides a
full presentation of each model.

3.1 Equivalent Circuit Model

The circuit model was fit to the measured current to extract in-
dividual equivalent circuit elements and to quantify the accumu-
lated charge. Because the device was expected to behave as a
pure electrical double layer capacitor, it was modeled as a Ran-
dles circuit?” consisting of an equivalent series resistance (ESR)
R; in series with a parallel combination of double layer capacitor

This journal is © The Royal Society of Chemistry [year]

Fig. 3 Randles equivalent circuit for a single electrode finger. The full
device was modeled by considering eight of these circuits in parallel and
assuming that each finger is identical.

Cy and leakage resistance Ry, as shown in Fig. 3. In general, fac-
tors contributing to ESR in a supercapacitor include (i) electrolyte
resistance, (ii) contact resistance between the electrode and cur-
rent collector, (iii) bulk resistance of the electrode material, and
(iv) resistance of ions migrating through the separator. 28

The leakage resistance R;, represents the phenomenon of self-
discharge during which the device spontaneously loses charge.
It causes the input current during charge to be greater than the
output current during discharge. Physical mechanisms of self-
discharge include ohmic leakage, parasitic Faradaic reactions, and
charge redistribution.>® However, in this study charge redistribu-
tion can be considered insignificant due to the absence pores in
the electrode material. 2%

Each finger pair of the present device represents a capacitor.
N fingers of each polarity, in parallel, correspond to N capacitors
in parallel. Thus the device consisting of 8 interdigitated fingers
was represented by 8 equivalent parallel branches of Randles cir-
cuits. Based on the equivalent circuit, the expression governing
the voltage v(¢) across Cy; is given by the following expression
where vy (¢) is defined in Eq. 1:

v(t)  (8Ry+Rs+Rp)

1) = (3R + Ry)Ca )+ EERER ) 2

The current i(¢) flowing through the main circuit can be calcuated
as follows. One-eighth of i(r) flows through each branch.
dv(t) | v(1)

t
P E) 3)

i(t) =8(Ca

The current charging a single finger electrode i (¢) is given by

il(f)=Cd1d27(tt)=%*%tL) @

The total charge ¢ accumulated in a single gold finger electrode

is found by integrating i; (). The unknown parameters of the

model (R, Cy;, and R;) were evaluated by matching the current

i(t) to the experimentally-measured current. The current profile

was evaluated by considering all combinations of the parameters

between the defined lower and upper limits and minimizing the
mean square error, MSE,,,.

3.2 Electroreflectance Model
The electroreflectance model relates the electrode charge accu-
mulation, as obtained previously, to the reflectance change. The
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complex refractive index of gold is a function of its complex di-
electric constant & defined as 30

Ai=VE (5)

The dielectric constant consists of contributions from free elec-
trons and bound electrons; however only free electrons contribute
significantly?! as follows

()= 1- 52 (©)

&lo)=1— ——5——+

4 o’ +io/t
where 7 is the frequency-dependent relaxation time of electrons
in the conduction band?!:31, and w is the incident light angular
frequency. ®, is the plasma frequency given by>2

_ | ne
@p = gm* 7

where 7 is the free electron number density, e is the electron
charge, m* is the electron effective mass, and g is the permit-
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Fig. 4 (a) Measured capacitance and (b) CV curves at a scan rate of 25
V/s for the nominal microsupercapacitor.
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Fig. 5 Mean reflectance change for positive (star) and negative (circle)
electrodes during charge (left) and discharge (right) phases for the
nominal microsupercapacitor. (a) Positive electrode during charge
phase, (b) positive electrode during discharge phase, (c) negative
electrode during charge phase, and (d) negative electrode during
discharge phase. Each data point was averaged over 2,000 cycles.
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tivity of free space. A change in the free electron concentration
An induces a change in plasma frequency Aw, in a relation given

by

Aw, A
2= (14 212 ®)
wp Mo
where 7 is the intrinsic electron concentration in gold (5.9 x

1028 /m?).

The refractive index values were considered to be shifted on
the frequency axis by the same fraction that w, is shifted, at a
fixed value of a),,.21 The excess electron number density (An)
accumulating on the electrode surface is given by

q
An = Aed C)
where A is the surface area of a single finger electrode. d is the
unknown skin layer thickness, which refers to the thickness of the
gold layer participating in charge accumulation. A is estimated to
be 43,275 um?, corresponding to 1/8" of the total electrode area
that is covered by the electrolyte.

The Fresnel laws of reflection were used to evaluate the differ-
ential reflectance % for the three-medium model consisting of
air (7; =1), an ion double layer whose thickness was assumed
to be 100 A (,=1.333)19:20 and gold (7i3=0.818 +2.285i in the
uncharged state, A = 530nm). The reflectance as a function of the
reflection coefficient is given by

=2if 2
rip +rg3e } (10)

R=rly = { -
12 1+ riprpze2iB

where ry»3 is a reflectance coefficient?#4:39, r;; are reflectance co-
efficients from medium i to medium j, and f is the phase factor
B= % Finally, the differential reflectance change was calcu-
lated at every time step from the expression

AR Rcharged - Runchurged

— Jmodel = 1n
( R )mo ¢ Runcharged

where Ryncharged @Nd Repargea Tefer to the reflectance of the elec-
trode in the nominal and charged states respectively.

In summary, the state of charge of the device dictates the free
electron concentration, which affects the plasma frequency. The
plasma frequency is related to the complex dielectric constant,
which affects refractive index of the electrode and thus the re-
flectance property. Therefore, the variation of the state of charge
upon charge or discharge of the device induced the electrode re-
flectance change.

4 Results: Nominal Microsupercapacitor

The ageing experiment was first performed with a "nominal" mi-
crosupercapacitor with close-to-ideal behavior as a control for fur-
ther samples. CV curves and capacitance values are shown in Fig.
4. The maximum scan rate of the capacitance measurements was
25 V/s, whereas the electroreflectance cycling scan rate was 66.7
V/s. These two scan rates were chosen to be as close as possible
within the constraints of the measurement systems. There are no
pseudocapacitance reactions present, and the microsupercapaci-
tor is close to ideal. The capacitance remains at a fairly constant
value throughout the cycling period, indicating that no significant
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changes occurred to degrade the device performance at these cy-
cling conditions.

This device was tested with the previously described electrore-
flectance technique. The reflectance change associated with the
nominal microsupercapacitor is shown in Fig. 5. The magnitude
of reflectance change was relatively constant throughout the test-
ing period, as expected given the constant trend of capacitance.
The positive electrode exhibited a slight increasing trend, which
is considered small in this case. Reflectance images throughout
the study indicated that charge accumulated uniformly on both
electrodes during charge/discharge processes.

The time-series of reflectance change during each individual
voltage pulse were very consistent in shape throughout the age-
ing period (not shown here for brevity; see Fig. 11 for an exam-
ple). The shape of each series closely followed that of the voltage
pulse applied to the device, while the reflectance change was pos-
itive on the positive electrode and was negative on the ground

3
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Fig. 6 (a) Mean reflectance change of each electrode at 17.5 ms into
the voltage pulse and capacitance calculated from the equivalent circuit
model. The corresponding capacitance at 25 V/s is shown for
comparison, measured separately with CV curves shown in (b). Data
corresponds to the microsupercapacitor with burn-in behavior.

x103 x103

(a)4 o3 ——ooms | (b)4 ",, —175ms
st 25ms i 20.0ms
3 Fra |+ s0ms s iy 25ms
x, | e Tems |, #s . ||+250ms
Y # 100ms| Z°[ 4 ¥ 27.5ms
A e | 125 ms gl e, | +300ms
Fw —+—15.0ms e | 325 ms
ol - 175ms ol T - 350ms

0 2 4 0 2 4

Millions of Cycles Millions of Cycles

x10°
(c)ofE=mrm===n = ooms
25ms
5.0ms
7.5ms x5 7Y o
10.0 ms Eg £ 27.5ms
—©-125ms 3 5 30.0ms
—=—15.0ms O Ea]| o325 ms
~175ms 4 B ~=-35.0ms
0 2 4

2
Millions of Cycles Millions of Cycles

Fig. 7 Mean reflectance change for positive (star) and negative (circle)
electrodes during charge (left) and discharge (right) phases for the
microsupercapacitor with burn-in behavior. The graphs correspond to
the (a) positive electrode during charge phase, (b) positive electrode
during discharge phase, (c) negative electrode during charge phase,
and (d) negative electrode during discharge phase. Each data point is
averaged over 2,000 cycles.

electrode. However, in general, the positive electrode reflectance
change was slightly larger in magnitude than that of the negative
reflectance change.

5 Results: Microsupercapacitor with Burn-
In Behavior

5.1 Experimental Results

A repeat measurement was performed on a sample exhibiting
non-uniform charge accumulation on the negative electrode. Mi-
crosupercapacitor CV curves at various cycling times, capacitance
values, and the mean reflectance of each electrode are displayed
in Fig. 6. The CV curves were again relatively rectangular in
shape, which is indicative of ideal electrochemical behavior.

A summary of the mean reflectance throughout the study is
shown in Fig. 7. It is clear that a discontinuity in measured ca-
pacitance occurred between 1.2 and 1.5 million cycles. The CV
curve shape indicates the device behaved more ideally at and be-
yond 1.5 million cycles. While no known external factor occurred
to cause the sudden increase in capacitance, it provided an inter-
esting feature to study the corresponding charge distribution. The
relation between capacitance and reflectance along with several
reflectance series associated with this device are presented in the
electroreflectance modeling section below (Fig. 11).

Reflectance images before and after the sudden increase in ca-
pacitance are shown in Fig. 8 during charging, maximum charge,
and discharging phases of operation. At 1.2 million cycles, an
area on the negative electrode exhibited less charge accumula-
tion than its complement area. The unactivated area became pro-

1.2 Million Cycles 1.5 Million Cycles

5.0 ms (a) 5:0ms (b)
+ : i it
17.5 ms (c) 17.5 ms (d)

30.0 ms (e) 30.0 ms (f)

Fig. 8 For the microsupercapacitor with burn-in behavior,
electroreflectance images before ((a,c,e)) and after ((b,d,f)) the
discontinuous capacitance increase at time steps during charging (5.0
ms), charged (17.5 ms), and discharging (30.0 ms).
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Fig. 9 Current and voltage profiles for various ageing conditions for the
microsupercapacitor with burn-in behavior. Reported for various ageing
conditions in millions of cycles.

gressively smaller from 0.0 to 1.2 million cycles until a sudden
activation occurred. Therefore, at 1.5 million cycles, the area ap-
peared to be fully activated.

Between 1.5 and 4.1 million cycles, the reflectance of each elec-
trode decreased uniformly. These two distinct phases of ageing
behavior suggested a change in dominance of two underlying
physical mechanisms. We hypothesize that the first phase was
dominated by decreased wetting of the electrolyte to the elec-
trode, and the second phase was dominated by breakdown of the
electrolyte. This point is supported further by the equivalent cir-
cuit model results presented below.

During the discharge phase when the electrodes were fully acti-
vated, as shown in Fig. 8(f), the charge dissipated away first from
the area furthest from the electrode lead (bottom-left on the neg-
ative electrode). This effect was consistently observed through-
out every discharge cycle recorded, and visually represents elec-
trons funnelling out of the negative electrode during diffusive-
dominated discharge. This pattern may be more subtle during
the charging phase as the dominating mechanism is electrostatic
force, which is likely to cause uniform charge accumulation.

5.2 Model Results

The microsupercapacitor with burn-in behavior was chosen for
model analysis in order to understand its discontinuous behavior.
The experimental and fitted model current profiles for various
ageing conditions are shown in Fig. 9. For the experimenally-
measured current profiles, the magnitude of the maximum cur-
rent was larger than the magnitude of the minumum current. For
example, for the ageing condition of 1.5 million cycles, the max-
imum was 6.7 A while the magnitude of the minumum was 5.9
UHA. This difference occurs because a fraction of the accumulated
charge was dissipated by self-discharge.

The fitted circuit parameters of the electrical model are repre-
sented in Table 1 for various cycling conditions. The capacitance
of the model device was obtained by multiplying C,; by 8, because
there were 8 electrode fingers each with capacitance Cy; in paral-
lel. The device capacitance is compared with the experimentally-
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Fig. 10 Calculated charge accumulation in one positively charged finger
electrode for the microsupercapacitor with burn-in behavior. Reported
for various ageing conditions in millions of cycles.

Table 1 Fitted parameters for the microsupercapacitor with burn-in
behavior. C,; refers to the capacitance of a single finger electrode.

Millions of Cycles Cy (nF) Ry (kQ) R, (kQ) MSE
0.6 4.9 250 9.5x10° 4.1x1071%
1.1 5.1 206 9.5x10° 4.4x10~ 4
1.5 12 119 1.1x10* 5.8x10° 14
2.0 11 108 9.0x103 5.0x10°14
2.8 9.8 75.4 7.5x103 5.0x10° 14
3.2 9.8 97.2 8.5x10° 2.9x10° 1
3.7 9.0 141 8.0x10° 3.4x10°14
4.0 8.9 108 8.0x10° 4.3x10714

measured capacitance from CV measurements in Fig. 6.

We hypothesize that two different phenomenoa dominate the
device performance at two different ageing phases. From 0.0 to
1.5 million cycles, the device increased in capacitance. Similarly,
Ry increased and reached its highest value at 1.5 million cycles. In
a comparable inverse trend, R; experienced a significant decrease
during this period. In other words, both values moved closer to-
ward an ideal double layer capacitor (R, = « and Ry = 0). The
trend in ESR supports the previously stated hypothesis that the
initial capacitance trend occurs due to poor inital wetting of the
electrolyte to the electrode, as also evidenced by the nonunifor-
mity in the reflectance images (Fig. 8). By definition, as the
electrolyte wets the electrode more effectively, ESR decreases.

In the second phase, from 1.5 to 4.1 million cycles, the device
gradually decreased in capacitance. In this phase, the ESR fluc-
tated and no significant degradation of the electrode was visible
in the reflectance images. However, R; gradually declined dur-
ing this phase, and therefore was the dominant cause of ageing.
This is likely to be a result from increasing ohmic leakage through
conduction paths between the electrodes.

The fitted circuit parameters were used to quantify the charge
accumulation in a single finger electrode capacitor C,;, resulting
in the values shown in Fig. 10. The external resistor in the mea-
surement circuit induced an RC time constant, therefore causing
the charge to reach maximum after the peak voltage (15 ms) and
to reach zero after the end of discharge (30 ms). Throughout
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Fig. 11 Reflectance change obtained from model and experiment for
various cycling conditions of the device with burn-in behavior.

ageing, the peak charge increased from its lowest value of 2.1 nC
(0.6 million cycles) to a value of 4.7 nC (1.5 million cycles) and
thereafter reduced to 3.8 nC (4.0 million cycles). As expected,
this trend follows the trend of capacitance C,; with ageing.

The reflectance change obtained from the model and the exper-
iment are plotted in Fig. 11. The shape of the reflectance change
with time followed closely that of the calculated charge varia-
tion with time. Also, the magnitudes of the positive and negative
experimentally-observed reflectance change were approximately
equal, agreeing well with the assumption that charge formation
only perturbs the refractive index of gold. Overall, the reflectance
change varies linearly with charge accumulation and thus capac-
itance. 26

The skin layer thickness d was unknown for the reflectance
calculations, and hence a parametric variation was performed to
minimize the mean square error MSE,.; as shown in Fig. 12 for
several ageing conditions. The final value for d was assumed to
be 80 A for all reflectance calculations. Because this thickness
is a fraction of the actual thickness of gold (80 nm), the under-
lying titanium layer was not considered in the model. Similarly,
Hansen et al.%! reported that a change in reflectance is caused by
a change in electron concentration in the first 50 A of bulk gold.

6 Results: High-Voltage Cycling

An increased-voltage study was completed in order to simulate
accelerated ageing. The nominal microsupercapacitor was used
subsequent to the previously described study. Increasingly higher
voltages were applied to the device circuit: 1.4V, 1.6V, and 1.8V.
The voltage pulse length remained at 30 ms, which corresponded
to increased scan rates for each voltage level. In this case, the
reflectance change signal was only recorded at 16 ms into the
voltage pulse because it was greatest in magnitude. As previously,
each image was averaged over 2,000 cycles (5 minutes). This

——0.6 million cycles
——1.5 million cycles| 1
——4.0 million cycles

0.5+

z o
0'910 60 80 100 120

Skin Layer Thickness (A)

Fig. 12 (MSE),.s as a function of assumed skin layer thickness at
various ageing conditions.

modified scheme has the advantage of enabling the record of data
points more frequently in terms of number of cycles. On the other
hand, the disadvantage is that reflectance change is not recorded
at any other time steps during the voltage pulse.

CV curves were recorded between each voltage step, as shown
in Fig. 13. The results indicate that the capacitance slightly
increased throughout this measurement despite the decreasing
trend during the last phase in reflectance measurements. This ef-
fect was likely due to the fact that the capacitance was measured
at 25 V/s, while the reflectance measurements were recorded at
greater scan rates that slightly varied due to the external resistor.

The mean reflectance change and standard deviation results
are shown in Fig. 14. The device reflectance did not change
significantly during the first phase (1.4V), then began to change
during the second phase (1.6V), and clearly degraded during the
third phase (1.8V). Because of the presence of the resistor in the
circuit, the measured maximum voltages applied to the device
were 1.19V, 1.31V, and 1.46V, respectively. We note that PVA elec-
trolyte requires some moisture to function correctly. Electrolysis
of water occurs at 1.23V; therefore degradation in performance
was expected.

A change in standard deviation of the reflectance images was
also observed. During the second phase (1.6V), the standard devi-
ation trend is similar for both electrodes. Therefore, the physical
source of this effect was likely the electrolyte. However, a de-
tailed understanding of this trend remains unclear. For the third
phase (1.8V), a change in standard deviation occurred only on
the negative electrode. The results indicate that the mean did not
change significantly, but the reflectance distribution became more
varied.  This trend was likely related to the visibly-degrading
negative electrode in the CCD image. In contrast, the mean for
the positive electrode decreased significantly, while the standard
deviation remained relatively constant, indicating that the entire
electrode was degrading, yet more uniformly.

As shown in Fig. 15, the negative electrode clearly underwent
visible ageing during the third phase (1.8V). The effect is con-
sistent with previous references claiming that the negative elec-
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Fig. 13 (a) Capacitance and (b) CV curves of the nominal
microsupercapacitor during increased-voltage cycling, all measured at
25 V/s. The applied voltage was increased after each capacitance
measurement. Each successive data point refers to capacitance
measurements after cycling at vy,=1.0V, 1.4V, 1.6V, and 1.8V.
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Fig. 14 Mean reflectance change at 16 ms into the voltage pulse during
increased voltage cycling. Data were recorded for applied voltages of
vy =1.4V, 1.6V, and 1.8V.

trode is subject to more degradation. However, it seemed that this
degradation did not strongly affect the reflectance change. Recall
that this electrode primarly interacted with the H ions. Because
the degradation was limited to a single electrode, we conclude
that the bulk electrolyte was not the cause of the ageing, but
rather the electrode surface changed. An edge effect along the
outline of each electrode finger is also evident in the CCD image.
The degradation is less apparent toward the lead-side of the de-
vice (toward the right in the image), as the electric field may be
weaker in that area. Further, individual defect spots emerged on
the CCD image and became visible on the reflectance image, as
highlighted in Fig. 15.

Analyst

6.2 Million Cycles

5.6 Million Cycles

x10°

Fig. 15 (a,b) CCD and (c,d) reflectance images (a,c) before and (b,d)
after cycling with an applied voltage of 1.8V to the test circuit during the
increased-voltage experiment. Annotation highlights individual defect
areas.

7 Conclusion

Gold microsupercapacitors with interdigitated electrodes were
studied using an electroreflectance method. Reflectance and CCD
images were recorded over a period of 4.1 million cycles for a
nominal device and a device with initial nonuniform charge be-
havior. The performance of the nominal device had insignificant
changes in reflectance and capacitance. In contrast, the capacitor
with burn-in behavior exhibited two phases of ageing behavior.
The reflectance images and equivalent circuit model supported
the hypothesis that the device behavior was first dominated by
wetting of the electrolyte followed by ohmic leakage through the
electrolyte. Next, an accelerated ageing test demonstrated that
the negative electrode is impacted more greatly in response to
increased voltage, as visualized from CCD images. To complete
the study, a numerical model included the relationship between
electrode charge accumulation and reflectance change and fur-
thermore successfully predicted the observed reflectance signal.
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