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With the development of microscale and standalone electronic devices the demand for microscale
energy storage is increasing. Micro-supercapacitors are emerging as the candidate for microscale
energy storage, especially when combined with energy harvesters. In this work, we enhance the
capacitance of porous silicon (PS) supercapacitor electrodes up to 4x by adding a new high-surface-
area nanoelectrode on the existing topography, thus forming a hierarchical 3D supercapacitor electrode
that can be used in micro-supercapacitor applications. The nanoelectrode is based on grass-like
alumina (GLA) — a recently reported conformal nanoporous coating — with two surrounding TiN films,
all materials deposited by atomic layer deposition. The GLA nanoelectrode can be deposited conformally
on complex topographies like here on PS, as the total thickness of the electrode structure does not
exceed 200 nm allowing it to be fitted in existing electrodes. The GLA nanoelectrode increased the
capacitance of the PS supercapacitors alone by up to fourfold or 4x and reduced the self-discharge to
a mere 25% loss after 20 h compared to a TiN coated PS reference and state-of-the-art PS both with

Received 12th July 2022, significantly higher losses. The GLA nanoelectrode showed remarkable stability for 10 000 galvanostatic

Accepted 15th October 2022 cycles with a decrease in the capacitance only by 5% and no structural changes were identified from
DOI: 10.1039/d2ya00177b SEM images. Microelectronics compatible processing, the conformal deposition process and the

nanoscale thickness of the GLA nanoelectrode allow it to enhance 3D electrodes commonly used in
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Introduction

Advances in small or even microscale electronic devices, as well as
portable and standalone electronic devices increase the demand
for microscale energy storage units and power sources." Micro-
scale energy and power systems are required for further advances
in micro-electromechanical systems (MEMS), nanorobotics,
mobile and remote sensors, communication devices, portable
and wearable personal electronics, and especially in implanta-
ble medical devices along with other self-powered micro- and
nanosystems.'

Currently, self-powered microsystems primarily rely on thin
film batteries as their energy storage." However, batteries are
limited in their lifetime and power output, and microbatteries
are not an exception. Supercapacitors can be quickly charged or
discharged, which means fast energy transport,* ® and are able
to sustain a large number of cycles, often more than a million
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cycles, before degradation,” making them a promising candi-
date as the required alternative for batteries.

In conventional supercapacitors, the energy is stored as a
thin electrochemical double layer at the electrode-electrolyte
interface (capacitive process). Alternatively, energy can be
stored through reduction/oxidation of the electrode surface
(faradaic process). With the faradaic processes, a much higher
energy density can be reached but it occurs much more slowly
and drags down the efficiency of the device which is why they
cannot be utilized when considering devices with an extremely
high power. Currently conventional supercapacitors are too
large to be integrated with microscale electronic devices, there-
fore micro-supercapacitors compatible with microelectronics
fabrication must be used.

These micro-supercapacitors have gained attention in recent
years, and some approaches utilize various 3D architectures to
allow an increased energy density' such as interdigital deep
reactive ion etched silicon beams,” carbon microrods,®*° inter-
digital micromolded activated carbon,'* porous silicon,"> porous
carbon nanotubes and/or graphene."*'* When using porous
silicon (PS) as the active electrode material for the micro-
supercapacitor, a thin TiN coating (5-30 nm) has been shown to
improve the stability, conductivity and capacitance of the PS
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Fig. 1 Fabrication steps (b—g) of a high surface area hierarchical electrode based on grass-like alumina. The GLA nanoelectrode is grown here on the
surface of porous silicon (a), and this schematic demonstrates the 200 um deep porous silicon used in this work. Note that the height of the GLA layer is

higher than the thickness of the as-deposited Al,Os layer.

structure.*>*®

Additionally, TiN coated PS has been shown to
exhibit excellent wettability with aqueous and organic electrolytes
and superior electrolyte wettability compared to just PS both with
aqueous and organic electrolytes.”

Atomic layer deposition (ALD) is known for the ability to
conformally coat complex 3D structures.'”> ALD has also been
widely utilized in supercapacitors, mainly for the deposition of
pseudocapacitive active materials and to create a protective
layer on the support material and/or to enhance the
wettability.'”**** TiN has also been used as a pseudocapacitive
material® but we did not notice any pseudocapacity in aqueous
Na,SO,. Recently, grass-like alumina (GLA) a nanostructured
conformal thin film based on the ALD of Al,O; has been
reported®® and used for various applications including broad
band and omnidirectional antireflection coatings for glass®®
and packaged black silicon photodiodes,”” superhydrophobic
antireflection coatings,”® and for enhanced IR absorbers.>’

In this work we demonstrate hierarchical porous silicon
supercapacitors with improved characteristics such as energy
density, capacitance and self-discharge by conformally coating
the porous silicon substrate with a GLA nanoelectrode. The
GLA nanoelectrode is made by sandwiching the GLA nano-
structure between two ALD TiN films. Microstructured PS is
conformally coated with this GLA nanoelectrode to achieve a
hierarchical structure with higher energy density/charge storage
in a coin cell supercapacitor and is suitable for silicon-based
micro-supercapacitors with various geometries, including inter-
digitated configuration. The GLA nanoelectrode is continuous
and regular even on 40:1 aspect ratio PS. Finally, we investigate
the electrochemical behavior of the assembled supercapacitor
cells and establish the capacitance enhancement by adding the
GLA nanoelectrode, as well as investigate the cell behavior during
10000 charge-discharge cycles.

Experimental
Hierarchical electrode fabrication

Porous silicon (PS), which composes the base structure of the
supercapacitor electrodes, was purchased from SiLiMiXT.
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PS layers with a pore size of 5 um + 10% and porous layer
thicknesses of 50 pum and 200 pm were prepared on 6 inch
P type silicon wafers with a resistivity of 30-50 Q cm. Wafers
were pre-cut into 10 x 10 mm? chips by the supplier. In total,
4 types of supercapacitor cells were prepared using 50 pm and
200 pm deep PS without a GLA nanoelectrode (only passivated
with TiN) and with a GLA nanoelectrode (coated with TiN-GLA-
TiN system), and 3 chips were dedicated to each cell (2 chips are
needed to make the capacitor, and 1 extra was prepared for
reserve).

All PS chips were dipped into HF for 1 min to strip off the
native SiO, (Fig. 1b and c). Immediately after the oxide strip,
the chips entered the ALD reactor for TiN deposition via
thermal ALD (Fig. 1d). The deposition proceeded for 750 cycles
at 500 °C with TiCl, and NH; as precursors, and N, as a carrier
gas targeting at 15 nm thickness. TiCl, was pulsed for 100 ms
with 60 sccm carrier gas flow, and NH; was pulsed for 100 ms
with 80 sccm carrier gas flow. The ALD TiN layer thicknesses
were calculated from a known growth-per-cycle (GPC) GPC =
0.2 A for this specific process, at this temperature for this tool.
After this, half of the chips were used as supercapacitor plates
as such (3 chips with 50 um PS and 3 chips with 200 um PS) as
shown in Fig. 1d (referred to in the text as PS cells), and the
other half was further processed with a GLA nanoelectrode
(same number of chips). The next step for the ones with the
GLA nanoelectrode is the deposition of Al,0; by ALD (Fig. 1e).
Thermal ALD deposition was executed for 130 cycles at 120 °C
with 200 ms trimethylaluminum and 200 ms H,O pulses, N,
gas carried both precursors to the reaction chamber with a flow
of 150 scem, resulting in 11 nm (GPC = 0.85 A) of alumina
which was verified by He-Ne ellipsometry from monitor
samples of flat Si. The deposited Al,O; was transformed into
GLA by immersion into de-ionized water (DIW) at 90 °C for
30 min (Fig. 1f); this process is described elsewhere in detail.>®
Whole chips were immersed and then dried with a N, gun. The
final step in the GLA nanoelectrode process is the deposition of
a top TiN layer (Fig. 1g). This layer was produced with the same
process as the bottom TiN layer, but the target thickness was
10 nm, which corresponds to 500 ALD cycles. Al,O; deposition
was carried out in a BENEQ TFS-500 ALD system, and TiN

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Coin cell assembly.

deposition was carried out in a Picosun SUNALE R-200 Advanced
ALD system. Both materials were deposited via thermal ALD
processes.

Scanning electron microscope (SEM) images of the super-
capacitor chips with a GLA electrode were taken at a cross-
section before and after galvanostatic cycling using Zeiss Supra
40 field emission SEM. Cross-sections were obtained by cleaving
the supercapacitor chips along Si crystal planes.

Cell assembly

Symmetrical sandwich cells were assembled using CR 2032
coin cell cases (Shenzhen Gaojueneng Technology Co., Ltd),
& 19 mm and 260 pum thick glass fiber separators (GF/A,
Whatman plc), stainless steel spacers ¢ 15.5 mm, 0.5 mm
thick (MTI) and stainless steel wave springs & 14.5 mm,
0.3 mm thick (MTI). 0.5 M Na,SO, (J.T. Baker) dissolved in
ultrapure ion-exchanged Milli-Q water (Merck Millipore) was
used as the electrolyte. Details of the assembly are shown in
Fig. 2. A PS sample was positioned in the middle of the coin cell
bottom (Fig. 2a) and the separator was placed on top of it and
200 pl of the electrolyte was added (Fig. 2b). An identical
sample was positioned on top of the separator for the sym-
metrical cell structure (Fig. 2c). A stainless steel spacer and
wave spring were placed on top of the sample (Fig. 2d) and the
coin cell top was used to close the cell (Fig. 2e). In order to
guarantee that all the pores were filled with the electrolyte, the
measurement protocol was started the day after the assembly.

Electrochemical characterization

The electrochemical measurements were conducted using an
AUTOLAB PGSTAT302N potentiostat and Nova 2.1 software
(Metrohm). All the tests were carried out at room temperature.
The voltage window of the system was examined with cyclic
voltammetry (CV) by performing 2 cycles at 50 mV s~ ' from 0 V
to an increasing upper voltage limit (0.5, 0.6, 0.7, 0.8, 0.9 and
1.0 V). The voltage window of the system is limited by the
stainless-steel coin cell parts, not by the electrodes, as shown in
the ESIt (Fig. S1). Based on the voltage window tests, an upper
voltage limit of 0.8 V was chosen. Hence, all the electrochemical
tests were performed in the cell voltage window of 0.0-0.8 V.
The cell was stabilized with 50 CV cycles at 20 mV s~ before the
actual characterization. The rate capability was studied using
CV and galvanostatic cycling. CV was recorded at 1, 2, 5, 10, 20,
50, 100 and 200 mV s~ ' with a potential step corresponding to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.02 s (2 cycles per scan rate, the 2nd scans were analyzed).
However, due to equipment restrictions, the potential step was
not smaller than 153 pV. The galvanostatic cycling was recorded
at 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and 1 mA cm 2
(4 cycles per current, the 2nd, 3rd and 4th cycles were analyzed).
The capacitance is calculated from the discharge of the galva-
nostatic cycling at a voltage window of 0.6-0.2 V. Electro-
chemical impedance spectra (EIS) were recorded from 100 kHz
to 10 mHz at an open circuit voltage in zero charge with a 5 mV
amplitude. The self-discharge rate of the cell was measured
by charging the cell at 0.1 mA cm 2 until 80% of the full
charge (0.64 V) and holding it at that voltage for 30 min before
turning the cell off and recording the voltage drop for 20 h.
As a durability experiment, 10000 galvanostatic cycles were
recorded at a current that was equivalent to 10 s per cycle. The
rate capability measurements and the EIS were remeasured
after the cycling.

Results & analysis

Fig. 3 shows cross-sectional SEM images of the fabricated
supercapacitor electrodes before (a and b) and after (c and d)
cycling. Subfigures (a) and (c) demonstrate the microstructure
of PS used as the substrate, while (b) shows the GLA nanoelec-
trode on the cleaved PS sidewall and (d) shows the nanostruc-
ture of the GLA nanoelectrode on the bottom of a PS pore.
Fig. 3a and c correspond to the schematic in Fig. 1a and the
nanostructure schematic of the electrode in Fig. 1g is shown in
reality in Fig. 3b and d. In Fig. 3 the subfigure (c) contains
fibers resting on the top of the PS, which originate from the
separator used in the assembled supercapacitor. It can be seen
from the subfigure (d) that the GLA electrode has been con-
formally deposited even at the bottom of the 200 um deep PS.
Comparison of images (b) and (d) concludes that there is no
cycling induced degradation of the GLA electrode observable by
SEM. The GLA nanoelectrode thickness does not exceed 200 nm,
which allows it to fit into the structure of PS. Additional SEM
images are provided in Fig. S2 (ESIt).

Fig. 4 shows the two fundamental electrochemical charac-
terization methods for the 200 um PS + GLA cell: cyclic
voltammetry and galvanostatic cycling. In the CV curves, a
rectangular shape is obtained and in the galvanostatic cycling,
a triangular shape. These are the ideal shapes of an electro-
chemical double layer supercapacitor with the corresponding

Energy Adv., 2022, 1,1041-1050 | 1043
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Fig. 3 Scanning electron microscope images of the GLA nanoelectrode deposited on 200 pm deep porous silicon. (a and b) Before galvanostatic
cycling; (c and d) after 10 000 galvanostatic cycles. (b) The GLA nanoelectrode on the cleaved PS sidewall and (d) an image from the bottom of the PS.
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Fig. 4 Cyclic voltammograms (a and b) and galvanostatic cycles (c and d) of the 200 um PS + GLA cell with different charge/discharge rates. In (b), the
current density has been normalized with the scan rate in order to plot the capacitance and in (d), the time has been normalized with the applied current
density in order to plot the capacity. These normalizations have been carried out for a more convenient comparison between different rates.

electrochemical methods which means that the cell operates rates, the shapes show some non-ideal behavior due to the fara-
with capacitive processes. With the slowest charge/discharge daic reaction caused by the cell components (see Fig. S1, ESIt).

1044 | Energy Adv, 2022, 1,1041-1050 © 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ya00177b

Open Access Article. Published on 08 November 2022. Downloaded on 4/7/2026 5:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

This is seen mainly at high cell voltages as increased faradaic
current in the CV curves and as a decreasing slope in the
galvanostatic charge/discharge curves. At higher rates, the
faradaic reactions do not have enough time to occur to a
significant degree, resulting in a mostly capacitive response
of the system. Moreover, at higher rates, the self-discharge
(discussed further in the end of this section) can be taken as
negligible, which also affects the shape of the curves. Overall,
the system works rather ideally when the rate is high enough
(=5mVs ! or >0.01 mA cm™?). Fig. $5-S20 in the ESI{ contain
the same data as in Fig. 4 for all the samples that were
fabricated in this work.

The capacitance of each cell in the galvanostatic cycling is
shown in Fig. 5. The capacitance has been quantified with the
same charge/discharge currents as shown in Fig. 4 and plotted
before and after 10 000 galvanostatic cycles. The capacitance is
normalized with the area of the electrode (1 cm?) in Fig. 5a and
with the total volume of the active layers in the cell in Fig. 5b.
To determine the volume, the height of the PS pillars is
considered as the depth of the sample. For example, the total
active volume of the 200 pm PS cell is 2 x 10 mm x 10 mm X
0.2 mm = 40 mm®. The volume normalized capacitances of the
50 um PS and 200 pm PS are almost identical. Similarly, the
values for 50 pm PS + GLA and 200 pm PS + GLA are close to
each other. This shows that the GLA has been conformally
synthesized inside the pores between the PS pillars and it
increases the area of the electrochemical double layer. The
capacitance increase of the GLA nanoelectrode is 2.5-4.0-fold
which is impressive. The best performing cell, 200 pm PS + GLA
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shows capacitance values of 5-11 mF cm™> which is the largest
areal capacitance ever reported for silicon based aqueous
microsupercapacitors corresponding to 120-270 mF cm 3,
depending on the applied current density.

The increase of the PS cell capacitance with the addition of
the GLA nanoelectrode can solely be attributed to the increase
in surface area. This can be seen from the capacitance formula
&rg0A

d
is the relative permittivity of the electrolyte, ¢, is the vacuum
permittivity, d is the effective thickness of the double-layer and A is
the area of the capacitor. As the PS cell has 15 nm of TiN facing the
electrolyte and the PS + GLA cell has 10 nm of TiN facing the
electrolyte, the surface chemistry of these situations is the same.
Therefore from the capacitance formula it can be concluded that the
increase in capacitance is solely due to the increased surface area.

All the cells show a decrease of capacitance with increasing
current density. With higher current, the electrochemical
double layer is forced to form faster which in some cases results
in a lower capacitance. In our case, the main cause of capacitance
decrease is the limited diffusion rate of the electrolyte in and
out of the PS pores. The capacitance decrease is higher for the
samples with the GLA which is explained by the smaller volume
for the electrolyte to diffuse between the pillar structure and the
higher capacity which requires more electrolyte to be diffused.
The 10000 galvanostatic cycles do not cause a substantial
decrease in the capacitances which means that the structure
of the material is stable in these conditions. The volumetric capa-
city of the PS cells in these measurements was ~11 pA h cm™3

C =

where for electrochemical double-layer capacitors &,

*E 10F © o a.1| e 50um PSinitial ‘T’E 250} o . b.
© gl s || © 50 pm PS cycled o 200! « 8 ]
‘e ° e 50 um PS+GLA initial | 'g o
@ 6f ® s 4 1| © 50umPS+GLAcycled | ¢ 150} © sy, s
£, /| ® 200 pm PS initial = Ce o e
£, 1| © 200 um PS cycled < 100; s . * ]
82t ° P+ e ... . {|® 200umPS+GLAinitial | & 50} * P w6 @
8 © e e o . . v P Y[ o 200umPS+GLAcycled| § 8
0 - : 0 s - -
0.001 0.01 0.1 1 0.001  0.01 0.1 1
Current Density, mA cm Current Density, mA cm ™
£1.02 . . . . : : :
8 c. 0.6
§1.oo N '
® ® 50pumPS -
£0.98 o 50 um PS+GLA $0.5
50.96 ® 200 pumPS =
wn V. [e)
a ® 200pmPS+GLA| 34
£0.94
s 0.92 0.3
"0 2 4 6 8 10 0 5 10 15 20

Cycle number x103

Time, h

Fig. 5 The discharge capacitances of the supercapacitor cells in galvanostatic cycling with different charge/discharge currents (a and b), the discharge
capacity of the supercapacitor cells for 10 000 galvanostatic cycles (c) and the self-discharge of the cell for 20 h (d). In (a), the capacitance has been
normalized with the area and in (b), it has been normalized with the volume. The cycling capacities are presented relative to the average capacity of the
first ten discharge cycles. For the self-discharge, the cell was charged to 0.64 V before opening the circuit.
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and for PS + GLA it was ~32 pA h ecm > at 0.1 mA cm >
The coulombic efficiency, which is determined as the ratio of
discharge and charge capacity, was >97% for all the cells when
the current density was at least 0.01 mA cm™ 2 The volumetric
energy of the PS cells in these measurements was ~4 uW h cm™>
and for PS + GLA it was ~12 pW h cm ™ at 0.1 mA cm™ 2. The
energy efficiency of the cells was mainly 75-85%.

The stability of the materials was studied with galvanostatic
cycling. Because the cells had major differences in capacity, the
cells were cycled with a current equivalent to 10 s per cycle. This
corresponds to 28 h of cycling and the current density varied in
the range of 0.05-1 mA cm ™. The voltage window of the cycling
was 0.0-0.8 V. The capacity decrease during galvanostatic
cycling is presented in Fig. 5c. The system suffers from only
minor capacity reduction as all the cells have roughly 95% or
more of the initial capacity left after 10000 cycles. Generally,
an increased surface area leads to a higher amount of side
reactions with the electrolyte, leading to a lowered cycle life.
In contrast, in the case of the GLA nanoelectrode, the cycle life
is not lowered by the additional surface area provided by
the GLA layer, demonstrating the excellent performance of
the GLA nanoelectrode in improving the capacitance of the
supercapacitor. The roughly 95% of the initial capacity left after
10000 cycles shows the viability of the GLA nanoelectrode
as an approach to increase the performance of real-world
supercapacitors.

One of the drawbacks of supercapacitors is their relatively
high self-discharge rate.® This means that supercapacitors
cannot be used for long term energy storage because the energy
efficiency decreases as the device experiences self-discharge.
We tested the self-discharge rate of the studied cells by char-
ging the device up to 80% of the maximum voltage (0.64 V) and
applying that voltage for 0.5 h in order to stabilize the system
and to eliminate the effects of overpotential arising during the
galvanostatic charging. Then the circuit was opened, and
the voltage was monitored for 20 h (Fig. 5d). The cell voltage
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of the best performing material, 200 pum PS + GLA, drops from
0.64 V to 0.48 V in 20 h corresponding to a 25% loss. In
comparison, in the state-of-the-art devices by Grigoras et al.'”
the voltage dropped from 1.2 V to 0.4 V in 20 h, a 67% loss for
their device. The low self-discharge achieved by our GLA
nanoelectrode devices is thus clearly favorable compared to
state-of-the-art microsupercapacitors. The voltage drop (in this
work) is clearly dependent on the total capacity of the cell since
the cells with the highest capacity (200 pm PS) experience less
voltage discharge than the 50 pm PS cells. Most remarkably, the
GLA further decreases the rate of self-discharge. In terms of the
self-discharge, it would be beneficial to use longer pillars, so
that the charge could not escape that fast.

The electrochemical impedance spectra of the cells are pre-
sented in Fig. 6. The ideal spectrum of a double layer super-
capacitor is a straight vertical line at Z’ equaling the ohmic
resistance of the cell. All the spectra show a small semicircular
feature at high frequencies and then rise up in an almost right
angle relative to the Z’-axis. The ohmic resistance of the cell can
be considered as the intercept with the Z’-axis and the area-
specific ohmic resistance is similar for both PS cells (~5 Q cm?)
and for both PS + GLA cells (~3 Q cm?). This means that the
GLA nanoelectrode coating increases the conductivity of the
material. This is probably due to the thicker TiN (roughly 15 nm
below and 10 nm above the GLA) which improves the in-plane
conductivity. The PS electrode has only 15 nm TiN on the side
facing the electrolyte. PS pores coated with conductive layers
have previously resulted in higher pore surface conductivity
which results in a higher utilizable capacitance.’® For the
spacer cell (see the discussion in the ESIt) the area-specific
ohmic resistance in 0.5 M Na,SO, was 1.2 Q cm? (Fig. $3, ESI{)
which means that the silicon substrate causes a significant
resistance in the system. However, for a more optimized
system, the thickness of the substrate can be lower which
causes less resistance. In addition, wafers with much lower
resistivities for example 0.005 Q cm are commercially available

6 ' In|t'|al ' ' 65— 'After cfycllngl '
5 ) ’ : — 5¢ O .
o ® 50 ym PS initial o
Jl ‘. . || ® 50umPS+GLA initial al ¢ o
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Fig. 6 Electrochemical impedance spectra of the supercapacitor cells before (left) and after the galvanostatic cycling (right) at zero charge open circuit

voltage.
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Table 1 List of silicon based aqueous microsupercapacitor electrodes/devices with their relevant properties

Electrode capacitance Electrode Voltage Device energy Device power
Electrode material (mF cm™?) thickness (um) Electrolyte window (V) (uWW hem™2) (mW cm™?) Ref.
PS + GLA 5-11 200 0.5 M Na,SO, 0.8 0.48 0.34 at 1 mA cm ™2 This work
PS 1.7-3 200 0.5 M Na,SO, 0.8 0.16 0.34 at 1 mA cm™ > This work
TiN in a PS matrix 3.1 6 1 M Nacl 1.2 0.6 48 17
SiC coated Si nanowires 1.7 32 1 M KCl 1.0 0.24 — 35
In,0; coated PS 1.36 0.8 1 M Na,SO, 1.2 0.21 0.12 36
Graphitized C on poly-SiC 0.743 0.5 1 M H,SO, 0.7 0.026 1.50 37

compared to the values of 30-50 Q cm used in this work. These
optimization steps would even in a conservative estimate bring
down the silicon resistance by a factor of a thousand. Moreover,
if the materials are used in a chip supercapacitor, the system
can be designed so that there is no need for the current to travel
through the whole thickness of the silicon chip.

The width of the high frequency feature is clearly higher for
the 200 pm PS than for the 50 pm one. This suggests that the
feature is caused by diffusion as for the longer pillars the
electrolyte has to diffuse a longer distance. The effective area-
specific resistance increase of the diffusion is ~0.2 Q cm? for
the 50 pm and ~0.6 Q cm? for the 200 um one. Based on this,
the total performance of the cell is not that highly dependent
on the diffusion and even longer PS pillars could be used with
this geometry. The 10 000 galvanostatic cycles do not have an
effect on the EIS either, demonstrating the stability of the
material in the studied conditions and indicating real-world
robustness of the GLA nanoelectrode.

Discussion

The fabrication techniques used for the GLA nanoelectrode are
known to be scalable and accessible in batch processing, which
makes it attractive for industrial applications. We have demon-
strated compatibility with Si technology, which opens the route
for further development of in-chip micro-supercapacitors.
On the other hand, the majority of macro supercapacitors
utilize various powders, and powders can also be coated by
ALD methods. Additional studies are required to develop a
similar method to enhance powder-based supercapacitors by
GLA nanoelectrodes. Moreover, the same methodology of GLA
nanoelectrode enhancement should be applicable to all-solid-
state supercapacitors, ceramic and film capacitors, as well as
some battery structures. Such investigations are outside the
scope of this work, but they demand attention in the near
future. It should be noted that the GLA synthesis can be applied
to other micro-supercapacitor geometries than the sandwich
structure (as done in this work), such as the interdigital
structure.

TiN-GLA-TiN likely contains transitionary film at the inter-
face of different materials, such as AlIO,N, and TiO,N,. This is
not particularly problematic, as the TiN and Al,O; interface is
utilized in some MOSFET structures,*” where TiN plays the role
of the gate material, and Al,O; is the gate oxide. The diffusion
of oxygen from alumina into TiN is reported to be about 1 nm**

© 2022 The Author(s). Published by the Royal Society of Chemistry

or even indetectable.** The top TiN layer in the electrode struc-
ture presented in this work has a thickness of about 10 nm,
which ensures that the electrolyte-facing surface of the elec-
trode comprises only TiN, and the oxygen diffusion phenomena
inside the electrode do not alter the system from the perspec-
tive of its application in supercapacitors. Another important
characteristic for the electrode is its conductivity; it was demon-
strated that the addition of GLA and TiN layers on top of TiN
coated porous silicon actually improves the conductivity in the
supercapacitors (see the impendence spectra presented in
Fig. 6).

Table 1 shows a list of silicon based aqueous microsuperca-
pacitor electrodes/devices with their relevant properties. The
capacitance of the 200 um PS cell (~2 mF cm ?) is already
comparable to other PS electrodes reported in the literature.
With different silicon structure geometries, capacitances of
1-5 mF cm™> have been reported."” '7?>3%*% However, the
GLA nanoelectrode boosts the capacitance of the PS electrodes
to the next level (5-11 mF em™> or 2.5-4x increase), and no
aqueous silicon microsupercapacitor reported as high a capa-
citance. Higher capacitance values (10-300 mF cm™?) can be
achieved with porous carbon structures, such as carbon nano-
tubes, graphene and etched activated carbon and even higher
ones (100-2000 mF cm ) with pseudocapacitive materials
utilizing faradaic processes such as oxides (e.g. RuO,, MnO,)
or conductive polymers (e.g. polyaniline, polypyrrole).*
However, the pseudocapacitive materials lack in durability
and rate capability resulting in lower maximum power and
energy efficiency,"®*' and porous carbon electrodes often
require additives such as binders or conductive additives which
decrease the energy density.>® Unlike carbon-based supercapa-
citors, their silicon-based counterparts can be scaled down to
accommodate microscale devices. Using a silicon substrate also
allows production of supercapacitors on the same chips in
parallel with other electronics.

The PS electrodes are often very stable when coated with TiN
and capacitance deterioration of 5-20% has been reported over
thousands of cycles.">'” Therefore, with the 5% capacitance
decrease over 10000 cycles reported here, the stability of
200 pm PS + GLA is at least at the expected level. Since the
energy of a supercapacitor device is more dependent on the
voltage window than on the capacitance of the electrode
materials, the aqueous system used in this work with the 0.8 V
upper limit does not yield a high energy density (0.48 uW h cm ™,
12 uW h em ™ for the 200 um PS + GLA). Although, in comparison
to the highest energy density aqueous systems on silicon these are
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reasonable results as a specific energy of up to 0.6 yW h cm™? has
been reported'”**” (see Table 1). The power densities obtained
in both 200 pm cells, PS and PS + GLA, are equal to 0.34 mW cm >
at a current density of 1 mA cm™ 2 This value is notably lower than
for some other reported aqueous systems, even though the
corresponding capacitances of those system were lower (see
Table 1).

We chose aqueous 0.5 M Na,SO, as the electrolyte because
it is common in fundamental supercapacitor experiments.
We have also tested organic electrolyte (1 M TEABF, in propyl-
ene carbonate), but the cell did not provide the expected
double layer capacitor-like behavior (Fig. S4, ESIT). This experi-
ment was performed without the GLA which means that the
issue relates to either the microstructure of the PS or the TiN
layer, not the addition of GLA. It should be noted that with
organic electrolyte the system is expected to have a lower
capacitance and rate capability because of the larger ion size
and slower diffusion. Due to the operation mode of ALD, the
synthesis can be performed on a variety of different substrate
geometries. The geometry was not optimized in this study.
Therefore, a different geometry could enable the use of organic
electrolyte and optimization of the substrate could result in
even higher capacitance. Furthermore, other conductive mate-
rials instead of the TiN could be used, e.g. metals deposited by
ALD. Nevertheless, the experiments performed in the aqueous
electrolyte already show that the addition of GLA increases the
capacitance of the porous silicon by a remarkable 2.5-4.0 times
and is therefore highly beneficial.

Conclusions

This work demonstrates a new kind of conformal nanoelectrode
for hierarchical supercapacitors made by ALD. The GLA nano-
electrode increases the capacitance of PS supercapacitors up to
fourfold or 4x and consists of a TiN-GLA-TiN stack. We have
shown that the GLA nanoelectrode is applicable on the complex
3D structure of porous silicon with a 40:1 aspect ratio and due
to conformality of the ALD process it is suitable for large scale
batch processing. The GLA enhances the surface area of the
underlaying PS substrate making it applicable as a microsuper-
capacitor electrode especially as it uses silicon microelectronics
compatible processing. The supercapacitor device with a 200 pm
thick PS and 0.5 M Na,SO, as the electrolyte achieves a specific
capacitance of 5-11 mF cm 2 which is more than the best PS
microsupercapacitors reported in the literature (see Table 1) but
with dramatically reduced self-discharge. Although alumina is
not an electrically conductive material, with the GLA nanoelec-
trode (TiN-GLA-TiN stack), the resistance of the PS electrode was
actually decreased. The GLA nanoelectrode structure is stable
over 10000 galvanostatic cycles and shows a very low self-
discharge rate making it a promising surface area enhancer for
PS electrode-based supercapacitors and microsupercapacitors.
Furthermore, the GLA electrode enhancement can be applied
to other types of (super-)capacitors both in the macro- and
microscale.
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Abbreviations

PS Porous silicon
ALD Atomic layer deposition

GLA Grass-like alumina

SEM Scanning electrode microscope

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectra
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