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A scalable selective-area electrochemical method is  gjer Electrodeposition
reported for the fabrication of interconnected metal nanostruc-
tures. In this work, the fabrication of silver nanowire grids for the
application of transparent electrodes is explored. The presented
method is based on a through-the-mask electrodeposition method,
where the mask is made by using substrate conformal imprint
lithography. We find that the nucleation density of the silver
nanoparticles is the key parameter for successful homogeneous
void-free filling of the template. We independently controlled the
density of the silver nuclei and their growth by using a double
potential pulse. The silver nanowire grids show high transmission Tofess
(95.9%) and low sheet resistance (as low as 3.7 /sq), resulting in
a superior figure of merit (FoM). Due to the bottom-up nature of
this technique, arbitrarily high aspect ratio nanowires can be achieved, therefore decreasing the sheet resistance without affecting
transmittance and carrier collection. The presented method can be generalized to the large-area nanofabrication of any well-defined
nanostructure design of any metal transparent electrode for multiple applications.

electrodeposition, silver, nanowire grid, transparent electrode, high aspect ratio

designed to increase device performance by making use of
nanophotonic effects such as (plasmonic) light trappings’m’17
or spectral splitting for tandem devices. ™'’ Metal NW
networks can be fabricated using solution-based processes
that enable high-throughput large-scale manufacturing.”’
Random networks have been demonstrated by colloidal
synthesis of NWs followed by drop casting.”' ~** As-deposited
networks often result in poor electrical uniformity throughout
the electrode, which is improved by subsequent thermal
elnnealing.21_24 Similar to ITO, colloidal-based NW networks
suffer from a trade-off between transparency and resistance.
Increasing the NW radius or density is used to reduce sheet
resistance but reduces transparency at the same time.

On the other hand, increasing the aspect ratio of the NW
cross section offers the possibility to break this transparency—
resistance trade-off. A reliable approach to fabricating arbitrary
NW cross sections is the use of lithography. Initial work
demonstrated the high potential of periodic Ag NW networks
by using e-beam evaporation and lift-off. While post-annealing

Transparent electrodes (TEs) are critical components in
numerous optoelectronic devices, such as displays,' smart
windows,” touchscreens,’ (organic) light-emitting diodes
(LEDs),* and solar cells.”™ As technology advances, high-
quality TEs are nowadays required to reduce the power
consumption in efficient optoelectronic devices. In solar cells,
high-quality TEs are essential to minimize power losses,
particularly in cells with the top layer having a short carrier
diffusion length, such as amorphous silicon, silicon hetero-
junction (SHJ), perovskite, copper indium gallium diselenide
(CIGS), or organic cells.””™"" In most commercial applica-
tions, metal oxides, indium tin oxide (ITO) in particular, have
been most widely used due to their high transmittance, good
conductivity, and complementary metal—oxide—semiconduc-
tor (CMOS)-compatible fabrication.”” However, indium is a
rare element that should be replaced,'” and after decades of
optimization, ITO has reached its fundamental limits for
transparency and sheet resistance, where the two are linked by
the ITO thickness.”"* —

In recent years, metal nanowire (NW) networks have January 22, 2024
received strong attention due to their excellent conductivity February 26, 2024
and mechanical flexibility, which broadens the range of TE February 29, 2024
applications to flexible optoelectronics." March 13, 2024

A wide variety of NW network geometries have been
proposed in the context of solar cell applications, which can be
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Figure 1. (a) Schematic representation of the SCIL imprinting procedure. (b) Schematic representation of the RIE of the mask to etch the residual
layer of the sol—gel and transfer the pattern to the PMMA layer. (c) Schematic representation of the electrochemical filling of the trenches. (d)
Schematic representation of the influence of the nucleation density. The top and bottom rows show the effect of a too low and a sufficiently large
nucleation density, respectively. (e) SEM image of a typical template-assisted electrodeposited Ag NW grid having a pitch of 2 ym. The inset shows

the crossing of two NWs in more detail.

is not necessary for a low junction resistance, this method still
suffers from complex and expensive fabrication and is limited
to small NW heights (i.e., low aspect ratio of the NW cross
section) to avoid lift-off issues.”'**%%¢

On the contrary, template-assisted electrodeposition com-
bines solution-based processing with well-defined bottom-up
patterning without the need for lift-off. In template-assisted
electrodeposition, tailor-made trenches in an insulating mask
are conformally filled from the bottom up. Metal microwire
grids have been demonstrated by this method, where the
original template mask can even be reused multiple times by
carefully peeling off the metal grid.””*® However, as the
trenches are scaled down to the nanoscale, achieving uniform,
void-free filling over a large area without a seed layer remains a
challenge.”

In this work, we demonstrate the fabrication of highly
performing TEs by combining substrate conformal imprint
lithography (SCIL) with electrodeposition as a scalable and
sustainable method for the large-scale fabrication of sub-100
nm metal nanostructures. It has been shown that SCIL can be
used for imprinting both rigid and flexible substrates up to an
area of a 200 mm wafer with sub-10 nm resolution.’® First,
SCIL is used to make an insulating template consisting of a
grid of deep nanotrenches (80 nm in width and up to 300 nm
in depth). Subsequently, these nanotrenches are selectively
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filled with silver by electrodeposition. Using this method, we
obtain NW grids with tailored aspect ratio wires (a height/
width ratio of up to ~3.5). We show that the high aspect ratio
Ag NW grids have a superior figure of merit (FoM), where we
improve the sheet resistance without affecting transmittance or
carrier collection. This template-assisted electrodeposition
method is, therefore, a more sustainable method, enabling
wafer-scale manufacturing of highly performing TEs.

Substrate conformal imprinting (SCIL) was used for the fabrication of
the mask. ITO substrates (KinTec, 10 and 100 £/sq, 25 X 25 mm?)
were cleaned by brushing them with soap and sonicated for 10 min in
ultrapure water, 10 min in acetone, and 5 min in isopropanol. The
ITO substrates were cleaned for 1 min by using an oxygen plasma
(Oxford Plasmalab 80+, SO W, S mTorr) to activate the surface. The
poly(methyl methacrylate) (PMMA) (MW = 950 A8 1:1 anisole,
Kayaku Advanced Materials, Inc.) spacer was spin-coated onto the
ITO substrate at 2000 rpm for 45 s and baked at 150 °C for 2 min.
The surface of PMMA was activated using a 30 s oxygen plasma etch
(Oxford Plasmalab 80+, SO W, S mTorr). The sol—gel (T1100, SCIL
Nanoimprint Solutions) was spin-coated on the PMMA layer at 2000
rpm for 10 s. The polydimethylsiloxane (PDMS) stamp was pushed
into the sol—gel layer and removed after 6 min of curing at room
temperature. The residual layer of the sol—gel at the bottom of the

https://doi.org/10.1021/acsaom.4c00037
ACS Appl. Opt. Mater. 2024, 2, 508—516


https://pubs.acs.org/doi/10.1021/acsaom.4c00037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00037?fig=fig1&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.4c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(6)105_ ® 2um /z
| 4um S,
100 R
/’ /’
/,/ ’//,
95 1 ’ ’
£ vl 2 um
< 90 i | e—
£ A7 S00{i
B . 2 ("
3 g5+ el g |
Ca ° 1
R § 100 ——r
80 Foudlact g |
3
751 o &
40 0 40
Width (nm)
0 100 200 300 400
Height (nm)

2 um ;
B 4um /’ I
%
300 e
L,
E,
2501 %
2 3
< 1 - Al
g 20 E ?'i
o Pt
2 150 IIJI,'I o 7
.,
.
7 o
100 A g =
50 -r
0+

200 300 400 500

Growth time (s)

0 100

Figure 2. (a) Width of the wires as seen from the top (SEM) vs the grid height obtained from the transferred charge for a pitch of 2 (black circles)
and 4 pm (red squares). The inset shows the reconstructed height profile for the 2 ym pitch, including the definition of the inner angle a. The error
bars correspond to the standard deviation of the Gaussian fit to the width distribution obtained from the SEM images. (b) Cross-sectional SEM
image of a Ag NW grid having a pitch of 2 ym, a height of 219 nm, a top width of 98 nm, and a base width of 78 nm. The inner angle o between the
ITO substrate and the Ag NW is 92.6°. (c) Height of the Ag NW grids vs the growth time for a pitch of 2 (black circles) and 4 ym (red squares).
The height obtained from AFM and the transferred charge are represented by closed and open markers, respectively. The error on the height
obtained from the transferred charge method is propagated from the error on the width, and the error on the height obtained from AFM is the

standard deviation of the Gaussian fit to the height distribution.

imprint was removed using a reactive ion etch using HF;/Ar (Oxford
Plasmalab 80+, 67 W, 15 mTorr) for 2 min and 30 s, and the PMMA
was etched using O, plasma (Oxford Plasmalab 80+, 200 W, §
mTorr) for 228 s. The final depths of the trenches were between 300
and 350 nm.

A custom-built PEEK cell of 24 mL volume was used, using a standard
three-electrode configuration (see Figure S1 in the Supporting
Information). A Pt disc (exposed area of 3.08 cm*) was used as the
counter electrode, and a Ag/AgCl electrode (leakless miniature
ET072, EDAQ) was used as the reference electrode. Before the start
of each experiment, the miniature reference electrode was calibrated
against a saturated Ag/AgCl reference electrode (XR300, Hach). All
experiments were performed using an SP-300 BioLogic potentiostat.

A commercial silver plating solution (Clean Earth Solutions, 45.220
g) was used for the electrochemical superfilling of the nanotrenches.
The double pulse method was used to control the nucleation density
and growth rate of the wires independently. A nucleation pulse of E, =
—0.96 V vs Ag/AgCl was applied for t, = 750 ms, followed by a
growth pulse of Eg = —0.06 V vs Ag/AgCl with varying growth time ty
from 14 to 550 s.

The sheet resistance Ry, of the samples was measured directly before
and directly after the electrochemical deposition of silver using the
van der Pauw method. Four gold pins located at the bottom of the
electrochemical cell were used to perform a four-point probe
resistance measurement using an SP-300 BioLogic potentiostat. A
cloverleaf type of configuration was used, where four scratches were
made on the ITO substrate to make sure that the current ran through
the center region of the sample. For a more detailed description and
calculation of the sheet resistance, see section S2 of the Supporting
Information.

The PMMA/sol—gel mask was removed by submerging the samples
(vertically oriented) in 40 °C acetone for >15 min while stirring the
solution with a magnetic stir bar.

The transmission spectra of the samples were obtained by using a
PerkinElmer UV/vis/NIR Lambda 750 integrating sphere. The
transmission spectra of the bare Ag NW grids were obtained by
dividing the Ag NW + ITO spectra by the ITO reference spectra. The
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average transmission was obtained by taking a weighted average using
the AMLS spectrum. For more details, see section S3 of the
Supporting Information.

Morphological and structural characterization of the Ag NW grids was
performed using an FEI Verios 460 scanning electron microscope
(SEM) that operated at S kV and 100 pA, using a working distance of
4 mm. An edge detection Python algorithm was used to extract the
width from the SEM images. First, a threshold was used to convert the
SEM images to binary images. Next, the width in pixels of the
nanowires was extracted line by line for both the vertical and
horizontal directions and transformed into the width in nanometers
by using the pixel size. The average width was obtained by extracting
the expected value from a Gaussian fit to the combined width
distributions of the horizontal and vertical nanowires. The error in the
width was taken to be the standard deviation of the Gaussian fit.
Topographical maps were obtained with atomic force microscopy
(AFM) using a Bruker Dimension Icon instrument and a ScanAsyst-
Air probe (Bruker, nominal tip radius of 2 nm). The height of the
wires was extracted by fitting a Gaussian distribution to the masked
area corresponding to the wires in the AFM images.

X-ray diffraction (XRD) was performed on Ag NW grids on thin ITO
substrates (100 Q/sq) by using a Bruker D2 Phase diffractometer.
The Cu K, irradiation was operated at 30 kV and 10 mA. The
substrates were scanned between 20 = 36° and 40° with a 0.008°
increment and a dwell time of 0.1 s. More than 40 scans were
obtained to increase the signal-to-noise ratio. The XRD scans were
corrected by subtracting the background and removing the K,, peak.

The fabrication of the high aspect ratio Ag NW grids is
schematically shown in Figure la—c. First, a PMMA/sol—gel
mask on an ITO substrate was made using substrate conformal
imprint lithography (SCIL). Note that ITO was used here as a
proof of concept, but any other conductive substrate can be
used, including doped silicon (see section S4 of the Supporting
Information). Alternatively, subsequent peel-off and transfer of
the nanowires to another substrate may be considered.””*" To
pattern the mask, the sol—gel layer is imprinted with a PDMS
stamp with the desired grid geometry and is then transferred to
PMMA by using a reactive ion etch (RIE) until the substrate is
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exposed. The PMMA/sol—gel stack determines the final depth
of the trench, which in this work is typically around 300—350
nm (aspect ratio of ~4). Here, we used two different stamps
with square grids of 80 nm-wide nanowires and a pitch L of
either 2 or 4 ym. Both stamps have an imprint area of 2.0 X 2.0
cm?,

After imprinting, the nanosized trenches are filled with silver
using electrochemical deposition using a commercial Ag
plating solution (see the Experimental Section). The growth
area is restricted to an area of 0.95 cm” by the O-ring used in
the electrochemical cell.

To achieve high-quality, homogeneous, and void-free NW
grids, we use the double potential pulse technique to
independently control the nucleation density and the grain
growth rate.”> More details on the nucleation mechanism of
silver on ITO substrates can be found in our previous work.”
For a complete filling, the nucleation density must be
sufficiently large (>2 X 10° cm™) such that the coalescence
thickness is smaller than the depth of the trench, as
schematically represented in Figure 1d. On nonwetting
substrates, a high nucleation density is achieved by applying
a high overpotential (E, = —0.96 V) over a short period of
time. Once the grids are filled with small Ag nuclei, a small
overpotential (E, = —0.06 V) is applied to slowly and
uniformly grow the nuclei until they coalesce into a grid. The
height of the grid is then determined by the duration of the
growth pulse.

An SEM image of a typical electrochemically grown Ag NW
grid is shown in Figure le. The grid is highly uniform over
large areas (see section SS of the Supporting Information).
The inset of Figure le shows that the edges of the individual
wires are straight and well-defined, suggesting a highly
conformal filling (for more evidence of conformal filling, see
section S6 of the Supporting Information). We note that in
some cases, small voids can be found at the bottom of the grid
owing to the limited density of Ag nuclei. More interestingly,
from the close-up SEM image, one can also see that the
intersections of the individual wires consist of a continuous
deposit. This suggests that no additional resistance is expected
at the junctions.

The cross-sectional SEM image of a NW is shown in Figure
2b. Due to the nonperfect anisotropic plasma etch of the
PMMA layer, the trench has a slight trapezoidal profile (i.e.,
narrow at the bottom, wide at the top, and a characteristic
inner angle of @ > 90°) that is followed by the Ag filling. Thus,
the width extracted from the SEM images by an edge detection
algorithm always results in a value that is slightly larger than
the nominal width from the stamp (80 nm), and this value
increases as the grid grows taller.

The SEM width as a function of height is shown in Figure
2a. We find a clear linear increase in width as a function of
height, consistent with the trapezoidal trench profile. The
reconstructed Ag NW grid height profile from the width-vs-
height measurements is shown in the inset of Figure 2a. The
inner angle a of the reconstructed height profile is calculated
to be 93.8 + 1.4° and 93.7 + 0.8° for the 2 and 4 ym samples,
respectively, which is highly consistent with that extracted from
the cross-sectional SEM image (aggy = 92.6°). Extrapolating
the width to zero height, we find that the base width of the
trapezoid is 80 + 3 and 78 & 3 nm for the 2 and 4 ym samples,
respectively, which agrees well with the nominal width of the
stamp of 80 nm.
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To assess the growth rate and the effect of the grid
geometry, we plot the grid height as a function of growth time,
as shown in Figure 2c. The height of the electrochemically
deposited Ag NW grids was determined using two methods.
The first method calculates the height based on the total
charge transferred during the electrochemical deposition. Here,
we assume a Faradaic efficiency of 100% for the Ag deposition
and homogeneous growth across all the electrochemical active
areas; thus, it serves as an upper limit for the height (for more
details, see section S7 of the Supporting Information). The
second method is using atomic force microscopy (AFM), for
which the PMMA/sol—gel mask was removed. Mask removal
is unfortunately not easy for tall NWs (>200 nm). For samples
where lift-off was unsuccessful, the height is only estimated
from the integrated electrical charge during electrochemical
deposition.

Figure 2c shows that both the height from AFM and that
from the transferred charge agree well with each other
(validating the near 100% Faradaic efficiency and homoge-
neous deposition) and scale linearly with growth time. At the
early stages of growth (growth time < SO s), the height
increases rapidly with time, indicative of the still 3D diffusion-
limited growth of individual nuclei. Under this condition,
homogeneous growth does not hold, and there might be a
higher discrepancy between the height values obtained from
the two methods.

Once coalescence is reached (growth time > S0 s), the
growth rate (given by the height vs time slope) stabilizes to a
constant value, which is highly dependent on the geometry of
the grid. Note that under the same growth conditions, the
growth rate for the 4 ym pitch samples is almost twice as large
compared to that of the 2 ym samples (0.64 and 0.35 nm/s,
respectively). The increased growth rate in the sparser grid is
explained by the reduced ion competition between neighbor-
ing grid lines. In either case, we can tune the aspect ratio of the
tailored NW grid from ~0.5 up to ~3.5, within a maximum
growth duration of 500 s. Knowing the trench geometry, the
highly reproducible and homogeneous growth enables in situ
monitoring of the grid height by using the total transferred
charge.

Now, we focus on the functional performance of the NW
grids as TEs. First, we investigated the electronic character-
istics. We focus on the resistivity p, as it is important not only
for the electronic performance of the electrodeposited grids
but also for assessing material quality. We obtain the resistivity
from the sheet resistance of the NW grid R38 by using p = Rj$
X hyy where hy = hw/L is the effective thickness of an
equivalent Ag film. Here, h is the height of the NW obtained
from the charge measurement, w is the average width of the
NW, and L is the pitch of the grid. RA8 is, in turn, obtained by
measuring the sheet resistance of the ITO substrate and ITO +
Ag NW grids using the van der Pauw configuration just before
and after the electrochemical filling of the trenches,
respectively (see the Experimental Section for more details).
The two contributions (ITO and Ag grid) are decoupled by
assuming two parallel resistors. For more information on the
measurement and sheet resistance calculation, see section S2 of
the Supporting Information.

Figure 3a shows the normalized resistivity as a function of
the Ag NW grid height. We find that the resistivity of all
samples follows the same monotonic increase with decreasing
height, irrespective of pitch, which is consistent with the fact
that electrons in smaller NWs will suffer from increased surface
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Figure 3. (a) Normalized resistivity vs the height of the Ag NW grids
as obtained from the transferred charge for a pitch of 2 (black circles:
thick ITO, green triangles: thin ITO) and 4 ym (red squares). The
dashed blue line represents the best fit to the electron scattering
model using the parameters 4 = 58 nm, w = 94 nm, R = 0.20, p = 0,
and d = 32 nm. (b) Normalized transmission spectra for a pitch of 2
um for three different heights (41, 131, and 228 nm). The inset shows
the ratio of the AM1.5G weighted transmittance spectra Ty sg by its
geometrical shading Tg,,.

scattering. As a check, we consider the model for the resistivity
that includes both inelastic scattering at the surface and
scattering at grain boundaries, described by the models of
Fuchs and Sondheimer’*** and Mayadas and Shatzkes,*
respectively. The combined model results into””**

-1

L= é0{ +3a’[1 —aln(l + 1/a)]
Pag 2
3 w+h A
+ —C(1 — —
;1 —p) 0
where p,; is the bulk resistivity of silver (1.59 uQ cm),
=4 R is a scattering factor, d is the average grain
d1-R

diameter, 4 is the electron mean free path (52—58 nm for
Ag),zo"w’40 R is the electron reflectivity coefficient (e.g., the
fraction of electrons that are scattered by grain boundaries
between 0 and 1), and C is a geometrical constant, which is 1.2
for nanowires with a rectangular cross section.””*' The
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parameter p is the fraction of electrons that are specularly
scattered on the NW surface.

To determine the average grain diameter d, we use the
position and full width at half-maximum (fwhm) of the
Ag(111) XRD peak in combination with the Scherrer equation
(see section S8 of the Supporting Information).””**** Due to
the overlap of the Ag(111) peak with that of ITO, we have
grown additional samples on thinner ITO substrates (Ry, =
100 Q/sq). The Ag NW grids grown on thin ITO substrates
are represented by green triangles in Figure 3a and show
comparable resistivity values for the given grid height.

From the XRD analysis, we obtain an average grain diameter
d of 32 + 2 nm, which is much smaller than expected from the
nucleation density (i.e., the average distance between nuclei is
~130 nm for a nucleation density of ~7 X 10° cm™2). This
result suggests that renucleation takes place during growth,
resulting in a smaller average grain diameter. Kung et al. found
a similar average grain diameter using the same electrolyte for
the electrodeposition of Ag NWs.*

Using the average grain diameter from XRD and the average
NW width, eq 1 is fitted to the resistivity data in Figure 3a
(represented by the blue dashed line), with fit parameters
being R = 0.20 and p = 0. The latter indicates that electron
surface scattering is completely diffuse, which is typical for
rough surfaces.”* As the surface scattering contribution is most
relevant in shallow Ag NW grids, where the surface is the
roughest, it is not surprising that the fit leads to p = 0.

From our data and the model, we see that surface scattering
is responsible for the strong increase in resistivity for Ag NWs
with an aspect ratio <1.5, and it stabilizes to a constant value
of p/pag ® 1.7—1.8 for NW aspect ratios >2.3. This result
highlights not only the high quality of our deposits (resistivity
<2 times that of bulk Ag) but also the need for high aspect
ratio NWs.

Now, we turn our attention to the optical properties of the
Ag NW grids. The transmission of the Ag NW grids is obtained
by normalizing the experimentally obtained transmission
spectra of the Ag NW/ITO/glass by the experimentally
obtained ITO reference spectra of each corresponding sample
(for more details, see section S3 of the Supporting
Information). The normalized transmission spectra for three
different grid heights of the 2 ym series are shown in Figure
3b. Despite the strongly diffracting nature of the sample, no
diffraction signatures are observed in the transmission spectra
for all heights. This is most likely due to the fact that we use a
focused noncoherent, nonpolarized light source. In general, it
is found that the transmission is quite flat over a broad spectral
range of 500—1200 nm, which uniformly decreases with
increasing grid height. The dip in the normalized transmission
spectra around 400 nm may be attributed to the increasing
contribution of the surface plasmon resonance (SPR) of
individual Ag NWs (for more details, see section S9 of the
Supporting Information). The overall trend of decreasing
transmission with increasing height is also reflected in the
average transmission obtained by taking the AM1.5G spectrum
weighted average of the individual transmission spectra over
the spectral range 350—1200 nm (Figure S11). The decreased
average transmission in taller grids is mainly the result of the
increased shading of the grid due to the trapezoid shape of the
wires (i.e., taller wires are wider). The average transmission is
indeed very similar to that expected from geometric shading
(see the inset in Figure 3b), where Ty, = (L — w)*/L? with w

and L being the width and pitch of the grid, respectively.
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Figure 4. Performance characterization of the Ag NW grids, including similar systems found in the literature (electroless Ag nanogrids,*
evaporated Ag nanogrids,23 random Ag NWs,” EHD printed Ag nanogrids,46 aligned Ag NWs,"” electrospun Ag NWs).** The data from this work
are represented by red squares, black circles, and green triangles for the 2, 4, and 2 ym on thin ITO samples, respectively. Five different values of

FoM are represented by the dashed gray lines.

Finally, we compile both the optical and electronic
characteristics in a typical transmittance vs sheet resistance
plot, as shown in Figure 4. Here, we also included the used
ITO substrate and several other Ag NW networks from the
literature for reference. In all the previous works with colloidal-
based NW networks, there is a clear trade-off between
transparency and sheet resistance. Namely, resistivity is
reduced at the expense of transparency by introducing either
wider NWs or more NWs. Similarly, the thickness is the main
tuning knob for adjusting sheet resistance in ITO, which has a
direct impact on its transparency.

On the contrary, our approach reduces the sheet resistance
through anisotropic addition of material only in the vertical
direction, keeping the optical footprint (almost) untouched.
Thus, the transmittance of the grids and the carrier collection
are not significantly affected by decreasing the sheet resistance.
While the average transmittance is tuned by the grid filling
fraction (ox w/L), the sheet resistance is independently
controlled by the NW aspect ratio (h/w). As such, by
tweaking the aspect ratio in the 4 ym pitch grid between ~0.5
and 3.5, we cover about 2 orders of magnitude in sheet
resistance with less than 3% absolute change in transmittance.

Comparing the performance of various TEs is not
straightforward. Often, only the sheet resistance and trans-
parency (either at S50 nm or weighted by the AML.SG
spectrum) are specified. Two commonly used figures of merit
(FoM) for TEs are the Haacke FoM* and the Dressel—
Griiner (DG) FoM.>” The Haacke FoM considers the ratio of
transparency (raised to a power of 10) to the sheet resistance.
On the other hand, the DG FoM accounts for the electron
response to electric fields, either dynamic (light) or static
(voltage). While the sheet resistance is determined by the
electrical DC (direct current) conductivity, the transmittance
is determined by the optical conductivity. Both the Haacke and
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DG FoMs hold only for thin films>' In grid-like networks,
their value can be made arbitrarily large, as the sheet resistance
decreases by increasing the pitch and width proportionally. In
this case, transparency is maintained, while the sheet resistance
is reduced. A more relevant FoM for comparing all kinds of
TEs is defined by Anand et al, developed explicitly for
assessing TE performance in photovoltaic applications.”” The
FoM is based on the impact of sheet resistance and
transmittance on the maximum attainable power according
to the detailed balance limit:

PMPP(EGr T(/l)r Rsh)
Pypp(Eg, T = 100%V T, Ry, = 0.0001 Q/sq)
)

where the bandgap E; of the absorber is taken to be the
bandgap of Si (1.14 eV). The maximum power point Py;pp can
be calculated by solving the single-diode implicit Shockley
equation, where the short-circuit current Isc is calculated by
considering the transmission spectra of the TE weighted by the
AM1.5G solar spectrum, and the series resistance of the device
is determined by the sheet resistance of the TE. More details
about the calculation of the FoM can be found in section S10
of the Supporting Information.

FoM isolines are shown in Figure 4, as given by eq 2. At low
sheet resistance values, the output power of the device is
limited by the total amount of absorbed photon. Therefore, for
a specific solar cell configuration, improving transparency is
more important than decreasing the sheet resistance at those
low values (<10 €/sq). Interestingly, most literature values
exhibit a decrease in the exact FoM as the sheet resistance
decreases due to a significant decrease in transmission. On the
contrary, our approach decreases the sheet resistance without
compromising transmittance and carrier collection by main-

FoMpy =
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Table 1. Comparison of Different Ag NW-Based TEs Reported in the Literature

Ry, (Q/sq)
this work 3.7
aligned Ag nanowires*’ 17.1
Cu microgrids™ 0.03
randomly dispersed Ag NWs** 16.6
evaporated Ag nanowire grids”’ 172
electrospun Ag random nanowires** 29.0
electroless filled Ag nanowire grids*’ 7.9
ITO (used in this work) 9.5
electrohydrodynamic printed Ag nanogrids*® 23.5
ITO (industrial standard)*® 582

taining a constant distance from the exciton generated in the
active layer to the Ag NW grid.

Table 1 summarizes the performance of the best electro-
chemically grown Ag NW grid (w = 99 nm, L = 4 um, h = 345
nm) and those for other similar Ag nanowire TEs, as well as for
80 nm thick ITO, which is used as industrial standard.®”>>%3
From the table, one can clearly see how the electrochemically
grown Ag NW grid largely outperforms all other nanoscale
approaches. This result was obtained for the most sparse grid
with the largest aspect ratio. We expect that even more sparse
grids (i.e., larger pitch) and even higher aspect ratios will lead
to even higher FoMs. However, at some point, potential
mechanical and electronic stability issues of the grids must be
considered.

It should be noted that Chen et al. demonstrated
electrochemically grown Cu microgrids (L = 320 pum) using
very large pitch distances that exhibit very high Haacke and
DG FoMs.”® However, as discussed earlier, the FoMs of
Haacke and DG can be made to be arbitrarily large by
increasing the pitch. When looking at the PV-oriented FoM
introduced by Anand et al., despite the extremely low sheet
resistance of the Cu microgrid, the power output of the solar
cell is still worse than that expected by our nanowire grids.
Furthermore, it is important to keep in mind that in solar cells,
the pitch distance will be limited to the diffusion length of the
minority carrier of the underlying layer. Especially amorphous
silicon, perovskite, CIGS, or organic solar cells suffer from
short diffusion lengths,” "' limiting the pitch only to tens of
microns.

An additional potential advantage of NW grids with pitch
distances on the order of the wavelength of light (up to a few
microns) is that the grid adds in-plane momentum to the
incident light that can help trap the light in thin-film solar cells.
Smart geometrical designing of the NW grid can thus have dual
optical—electric functionality in thin-film solar cells.

In this work, we demonstrated the large-area (0.95 cm?)
fabrication of highly performing transparent silver nanowire
electrodes by using a combination of substrate conformal
lithography and electrochemical filling. The lift-off-free and
bottom-up nature of this method allowed us to grow grids with
high aspect ratio NWs, resulting in highly transparent (95.9%)
and low sheet resistance (3.7 Q/sq) TEs.

We showed that by increasing the NW height, the grid
resistance decreases while the NW grid footprint remains
constant without affecting carrier collection. We demonstrated
that the FoM of our Ag NW grids is precisely controlled by
adjusting the grid height through the deposition time, resulting

Tamisc (%) FoM Haacke (mQ™") FoM DG FoMpy
95.9 179.9 2447 0.944
95.7 37.8 500 0.888
86.6 7816.5 83321 0.866
92.4 27.3 281 0.861
87.7 15.7 162 0.819
91.6 14.4 146 0.810
82.9 19.5 244 0.805
83.2 17.0 208 0.804
87.8 11.7 120 0.799
87.7 4.6 48 0.683

in a large exact FoM that has been specified for photovoltaic
applications.

While in this work we mostly focused on the NW grid
transparency, the design can be taken a step further by
incorporating smart optical functionalities, such as tailored
diffraction and other forms of light steering. The presented
method is highly scalable, and it takes advantage of the fact
that nanoimprint lithography has been demonstrated in an
industrial roll-to-roll process and that electroplating is a well-
established industrial technology.

This approach can be generalized to the large-area
nanofabrication of a wide range of metals and nanostructure
designs with the potential to be used for multiple applications.
The main limitation of the method is the need for a conductive
substrate, such as ITO, to enable electrochemical deposition.
Although grid transfer onto other substrates may be possible,
we showed that the grids are equally uniform and have the
same material quality when grown on substrates of higher
resistance (i.e, 100 Q/sq ITO). Consequently, we infer that
uniform NW grids may be grown directly on the emitter layer
of a solar cell, which will be the subject of future work.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.4c00037.

Schematic of the electrochemical cell; formula for
decoupling the sheet resistance of the Ag NW grid
from its substrate; formula for calculating the AM1.5G
average transmission; SEM images of Ag NW grids
fabricated on Si substrates; large-area SEM images of the
Ag NW grids; titled SEM image highlighting conformal
growth; formula for calculating the NW grid height from
the total transferred charge; Scherrer equation for
calculating the average grain size; FDTD simulations
of the Ag NW grids, validating the used normalization
method; and formulas for calculating the three different
FoMs (PDF)
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