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ABSTRACT: Hybrid organic-silicon heterojunction solar cells
promise a significant reduction on fabrication costs by avoiding
energy-intensive processes. However, their scalability remains
challenging without a low-cost transparent electrode. In this
work, we present solution-processed silver-nanowire meshes
that uniformly cover the microtextured surface of hybrid
heterojunction solar cells to enable efficient carrier collection
for large device area. We systematically compare the
characteristics and device performance with long and short
nanowires with an average length/diameter of 30 m/115 nm
and 15 pm/4S nm, respectively, to those with silver metal

grids. A remarkable power conversion efficiency of 10.1% is achieved with a device area of 1 X 1 cm” under 100 mW/cm” of
AM1.5G illumination for the hybrid solar cells employing long wires, which represents an enhancement factor of up to 36.5%
compared to the metal grid counterpart. The high-quality nanowire network displays an excellent spatial uniformity of
photocurrent generation via distributed nanowire meshes and low dependence on efficient charge transport under a high light-
injection condition with increased device area. The capability of silver nanowires as flexible transparent electrodes presents a
great opportunity to accelerate the mass deployment of high-efficiency hybrid silicon photovoltaics via simple and rapid soluble

processes.
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hotovoltaic technology is playing an increasingly important

role in electricity generation because of rising concerns
with petroleum scarcity and green-house gas emissions.
Nowadays, crystalline-silicon photovoltaics have a dominant
market share for their high efficiency, environmental friend-
liness, and abundant material supply.' However, their energy
payback time is still much longer than other thin-film-based
technologies,2 which is largely ascribed to the wafer cost and
energy-intensive fabrication processes, such as furnace diffusion
(900 °C), electrode cofiring (900 °C), and high-vacuum
chemical deposition (400 °C). Consequently, hybrid organic/
silicon solar cells have become an attractive approach in which
the device combines the advantages of rapid wet-chemical
processes with organic materials and wide absorption range
with silicon for the heterojunction formation.”~” Among the
multiple emerging organic materials, hybrid solar cells based on
conductive polymer poly(3,4-ethylenedioxy-thiophene):poly-
(styrenesulfonate) (PEDOT:PSS) directly spun-cast on planar
or nanostructured silicon surfaces exhibit the most promising
performance with a power conversion efficiency (PCE) of
approximately 10%.°”'* A validated device model has further
projected that an ultimate efficiency of over 20% is possible
with the band alignment of PEDOT:PSS and silicon by
controlling interface states, surface reflection, and other
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factors."”> Nevertheless, efficient carrier collection presents
one of the bottlenecks for the scalability of hybrid devices
because of the deteriorated series resistance of organic materials
in large area. Moreover, the conventional thermally evaporated
metal-grid electrodes in a high-vacuum environment also
restrain the possibilities of high-throughput production.
Therefore a low-cost transparent electrode created through
rapid processes is vital to accelerate the mass deployment of
hybrid silicon solar cells.

Indium—tin-oxide (ITO) is a high-performance, transparent
conducting material widely used in the display and thin-film
photovoltaic industries. However, ITO suffers from the long-
standing difficulties of indium shortage and brittleness, which
further hinder its applications in flexible devices."* In the
fabrication of hybrid PEDOT:PSS/Si solar cells, the sputtering
condition is also likely to damage the underlying polymer and
therefore is not preferred.''® Over the past few years,
alternatives to ITO have been proposed, including single-
walled carbon nanotubes (CNTs) and graphene sheets. The
former features high transparency and flexibility but exhibits
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Figure 1. Schematic illustration of the fabrication of a hybrid PEDOT:PSS/Si solar cell with solution-processed heterojunction and AgNW

transparent electrodes.
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Figure 2. (a) Measured AM1.5G-solar-spectrum-weighted transmittance as a function of the sheet resistance for AgNWs and PEDOT:PSS/AgNW
composites prepared with four different suspension concentrations, including the transmittance of glass substrates. (b) Transmittance spectra of the
PEDOT:PSS layer, AgNW meshes, both of them, and the referenced ITO coated glass. (c) Haze ratios of long and short AgNWs measured on glass

substrates.

relatively low conductivity due to internanotube junction
resistance.'”™!” The latter benefits from low material cost,
but has the disadvantages of complicated material preparation
and transfer processes, leading to a high sheet resistance.”’
Other techniques involving nanoimprint produce high-quality
nanoscale electrodes, but the molds cannot be easily applied to
textured surfaces.”’ Recently, networks of randomly distributed
metal nanowires, such as copper or silver nanowires (AgNWs)
have emerged as promising candidates to replace conventional
metal grids and ITO thin films because of comparable high
transparency and low resistance characteristics in addition to
high flexibility in textured and bendable substrates.”*”>°
Moreover, synthesis based on the polyol method is a cost-
effective approach to obtain size-controlled nanowires,®*’
which further enables various versatile applications in organic
devices.”*** In this work, we demonstrate the implementation
and characteristics of flexible AgNWs meshes as scalable
transparent electrodes for microtextured hybrid PEDOT:PSS/
Si solar cells. Long and short AgNWs with different dimensions
and suspension concentrations are prepared and both show
superior performance over identical cells using thermally
evaporated silver grids. A remarkable power conversion
efficiency (PCE) of 10.1% is achieved with a device area of 1
X 1 cm® under 100 mW/cm? of AM1.5G illumination for the
hybrid solar cells employing long AgNWs, which represents an
enhancement factor of up to 36.5% compared to the metal grid
counterpart. Overall, the capability of AgNWs as distributed
and flexible transparent electrodes for microtextured PE-
DOT:PSS/Si hybrid cells enables the simple formation of
solution-processed junction and frontal metal electrodes at
room temperature and atmospheric ambient, closing the gap in

6858

the attainment of high-efficiency, low-cost hybrid silicon
photovoltaics.

B RESULTS AND DISCUSSION

The fabrication of a solution-processed hybrid PEDOT:PSS/Si
heterojunction solar cell with AQNW networks is schematically
illustrated in Figure 1. The process starts with an n-type solar-
grade monocrystalline silicon wafer, which is surface-textured
by an anisotropic wet-etching mechanism employing a
potassium hydroxide solution to remove saw damage. This
technique is commonly used in the silicon photovoltaic
industry for commercial products on 5 in. square wafers. The
resulting microscale pyramidal structures, with heights of
approximately 2—6 pum, can effectively suppress reflective loss
by introducing multiple reflections at the surface and also
increase the junction area and conductive paths for photo-
generated carriers. The wafer and reference samples are then
dipped in dilute hydrofluoric acid to remove the native oxide
for the subsequent thermal evaporation of a 100-nm-thick
aluminum layer as the rear contact. Next, a highly conductive
PEDOT:PSS solution is prepared with appropriate surfactants
and additives to achieve a complete surface coverage of
PEDOT:PSS on the microtextured surface at a spin rate of
8000 rpm, which was found to be highly correlated to the solar
cell performance previously described in."* The heterojunction
formed by the wide-bandgap p-type PEDOT:PSS and n-type
silicon can effectively separate photogenerated excitons, where
silicon is the main absorber and the thin PEDOT:PSS acts as a
window and hole-conducting layer. Therefore, the device
exhibits a very low front surface recombination loss with a
working principle analogous to that of Heterojunction with an
Intrinsic Thin layer (HIT) solar cells but without the costly
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Figure 3. (a—d) SEM images of long AgNWs with concentrations of 1.33, 1.00, 0.67, and 0.33 wt %, respectively, spun-cast on microtextured
PEDOT:PSS/silicon solar cells, and (e) the cross-section of b. (f—i) SEM images of short AgNWs with concentrations of 0.56 wt %, 0.28 wt %, 0.14
wt %, and 0.07 wt %, respectively, and (j) the cross-section of g. Unspecified scale bars are 3 ym in length. Histograms of the spacing area
distribution for (k) long and (1) short AgNW meshes on micropyramidal surfaces.

high-vacuum processes.>* Finally, the AgNW meshes are spun-
cast onto the microtextured surface, forming distributed metal
networks for efficient carrier collection. The finished device
consists of a wet-etched micropyramidal n-type silicon substrate
with an aluminum rear electrode, a 40-nm-thick PEDOT:PSS
layer and AgNW meshes as the frontal electrode. The junction
formation and frontal electrode are both achieved by soluble
processes, which promise a significant reduction in fabrication
costs and also compatibility with current photovoltaic industry
techniques. Detailed fabrication processes are described in the
Experimental Section.

The properties of AGNW meshes are first investigated by
varying the concentration of suspensions and subsequently
spin-coating on glass substrates. We prepare long and short
AgNWs with lengths/diameters of 30 ygm/115 nm and 15 um/
45 nm, respectively, each with four different concentrations:
0.33, 0.67, 1.00, and 1.33 wt % for long wires, and 0.07, 0.14,
0.28, and 0.56 wt %, for short wires using isopropyl alcohol
(IPA) as a solvent. The chosen concentrations for long and
short AgNWs correspond to similar transparencies on flat glass
and roughly equal average spacing areas on microtextured
surfaces, to be discussed later. In order to distinctly evaluate the
figure of merit of the transmittance spectra for hybrid silicon
solar cells, the AM1.5G-solar-spectrum-weighted transmittance
is calculated for wavelengths ranging from 300 to 1100 nm
using eq 1

1100 nm

_ AOO nm T(/l)IAMISG(ﬂ’)dﬂ

1100 nm
IAMI.SG(/ﬁt)d/1

/3;00 nm

(1)
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where T(4) denotes the measured transmittance at an incident
wavelength A and Iy s is the photon flux density of the
AM1.5G spectrum. Figure 2a shows the measured weighted
transmittance as a function of the corresponding sheet
resistance for long and short AgNWs each with the four
different concentrations spun-cast on glass substrates. A 40-nm-
thick PEDOT:PSS layer and a 240-nm-thick ITO-coated glass
are also measured as references. The concentrations of AGNW
meshes can be optimized (long, 0.67 wt %; short, 0.14 wt %) to
be fairly comparable with the ITO glass with a weighted
transmittance of 79.5% and a sheet resistance of 15.3 Q/[].
However, both the transmittance and sheet resistance of AgNW
meshes decrease with the increased suspension concentration,
which presents a clear trade-off for photovoltaic devices. For
hybrid solar cells, the PEDOT:PSS layer itself is very
transparent (~85%) but with a poor sheet resistance, which
can be as high as 3250 Q/[], requiring additional metal finger
electrodes for effective charge transport. Nevertheless, we find
that by incorporating a PEDOT:PSS layer underneath AgNW
meshes, the composite reduces the sheet resistance significantly
without sacrificing much transmittance, as the soft conductive
material provides additional transport paths. The decrease in
sheet resistance with the addition of a PEDOT:PSS layer is
particularly manifest for sparse AgNW meshes with a sheet
resistance larger than 50 Q/[], whereas in meshes with a sheet
resistance below 10 Q/[], AgNWs dominate the conductivity
and the PEDOT:PSS layer makes negligible improvement.
These characteristics are very beneficial to hybrid solar cell in
which the trade-off between high transmittance and sheet
resistance of AgQNW meshes can be mitigated by using the
AgNW/PEDOT:PSS composite.
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Figure 4. Current density—voltage characteristics of hybrid solar cells with (a) metal grids, (b) long, and (c) short AgNW meshes as frontal
electrodes. (d) Measured reflectance and (e) external quantum efficiency (EQE) spectra for best-performing hybrid cells with metal grids and
AgNWs meshes. (f) EQE mapping of a 1 X 1 cm?® hybrid cell with long AgNWs (1.00 wt %) at an incident wavelength of 700 nm, showing an

average efficiency of 77.5% with a standard deviation of 0.84%.

Next, the transmittance spectra are plotted in Figure 2b for
glass substrates with a 240-nm-thick ITO, 40-nm-PEDOT:PSS
layer, long AgNW meshes (0.67 wt %), and the long AgNW/
PEDOT:PSS composite. The data indicate that the PE-
DOT:PSS layer absorbs light for wavelengths above 600 nm
and that the AgNWs exhibit reflective losses. Accordingly, the
composite PEDOT:PSS layer with AQNW meshes show a final
transmittance contributed to the absorption of PEDOT:PSS
and reflection of AgNWs and glass substrate. It is noteworthy
that the transmittance of AGNW meshes is nearly constant for a
broad spectral range, which is very different from the ITO glass
because of free carrier absorption at the near-infrared region.*®
Therefore, AgNW meshes are more suitable as transparent
electrodes than ITO to enhance the spectral response at the
near-infrared to infrared regime. Moreover, AQNW meshes with
diameters in the same order as visible-light wavelengths result
in scattering of the incident light, which is also advantageous, as
it increases the effective optical absorption path for solar cells to
improve light harvesting. The scattering capability is generally
characterized by a haze ratio, defined as the scattered
transmittance divided by the total transmittance, where the
scattered component denotes the transmitted light with a
scattering angle over 16.7°. Figure 2c shows the spectral
response of haze ratios for long and short AgNW meshes spin-
coated on a glass substrate with various concentrations. We first
observe that the scattering becomes more prominent for high
concentrations due to the increased density and layer thickness
of AgNW meshes. Moreover, because the total weighted
transmittance of long and short wires is comparable at
corresponding concentrations (Figure 2a), the long AgNWs
appear to scatter light more strongly than the short, particularly
in the short wavelength range. This characteristic could be
explained by the Mie theory as the scale of long nanowire
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diameters is closer to the incident wavelengths than the
diameters of short wires.*®

The morphologies of AgNWs on microtextured hybrid cells
are investigated next. The AgNW suspensions with various
concentrations investigated in Figure 2a are applied to
PEDOT:PSS/Si hybrid cells with micropyramidal textures.
Figures 3a—d show the scanning electron microscopic (SEM)
images for long AgNW meshes on hybrid cells with various
concentrations of 1.33, 1.00, 0.67, and 0.33 wt %, respectively.
A cross-sectional view of Figure 3b is shown in Figure 3e.
Similarly, Figure 3f—i show the short AGQNW meshes with
concentrations of 0.56, 0.28, 0.14, and 0.07 wt %, respectively,
and Figure 3j shows the cross-section of Figure 3g. It can be
clearly seen that the density of nanowire meshes is proportional
to the concentration of the suspension. Although d and i in
Figure 3 present the best optical transparency, the densities of
AgNW meshes are too sparse to form a connected network on
microtextured surfaces. Moreover, according to the cross-
sections, the distribution of short wires with diameters around
4S5 nm conforms to the micropyramids much better than the
long wires with diameters around 115 nm, demonstrating
excellent flexibility on textured surfaces. To quantitatively
evaluate the network quality from the morphology, we analyzed
the distribution of spacing areas enclosed by nanowires in
histograms, as shown in k and I in Figure 3 for long and short
AgNW meshes, respectively. The total count of each image is
normalized to 1000 for comparison. The average spacing area
and variance are 20.8 + 7.8, 10.1 + 1.4, 5.1 + 0.3, and 2.3 + 0.0
um? for long AgNWs, and 19.8 + 10.3, 9.5 + 1.7, 5.2 + 0.4, and
24 + 0.1 um?® for short AgNWs (see the Supporting
Information, Figure S1). It can be seen that that AgNWs of
high concentrations exhibit small and uniform spacing area
distributions, while those of low concentrations appear to have
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Table 1. Photovoltaic Characteristics of Hybrid Solar Cells Employing Metal Grids and AgNW Meshes As Frontal Electrodes,
Including Nanowire Properties, Such As Weighted Reflectance, Shadow Ratio, And Sheet Resistance

v, J FF PCE

samples V) (mA/cm?) (%) (%)
texture, no electrode 0.34 0.43 35.4 0.1
planar, long 0.67 wt % 0.55 234 54.2 7.0
planar, short 0.14 wt % 0.54 22.8 48.3 5.9
grids ratio 5.6% 0.51 19.7 36.6 3.7
grids ratio 8.3% 0.54 30.7 41.8 6.9
grids ratio 11.1% 0.52 27.8 48.9 7.1
grids ratio 16.7% 0.53 25.8 54.2 7.4
long AGNW 0.33 wt %  0.54 313 35.3 59
long AgNW 0.67 wt % 0.52 30.2 56.9 9.0
long AGNW 1.00 wt %  0.53 28.5 669 101
long AgNW 1.33 wt % 0.53 254 64.2 8.6
short AgNW 0.07 wt % 0.52 27.8 30.1 4.3
short AgNW 0.14 wt % 0.51 29.5 33.6 S.1
short AgNW 0.28 wt % 0.51 28.5 49.7 72
short AgNW 0.56 wt % 0.50 24.6 53.0 6.5

series resistance

weighted reflectance shadow ratio sheet resistance”

(Q em?) (%) (%) (/0
3386 9.5 0.0 38533
10.1 36.3 140 53
13.0 35.1 127 7.2

9.1 123 5.6

54 13.5 83

45 150 11.1

47 18.6 167

9.6 115 45 207.4
43 166 8.9 24
3.1 19.6 155 1.6
3.7 246 277 17
17.4 10.8 41 3236
12.0 132 7.8 318
7.2 163 145 45
6.6 209 203 36

“Not available for metal grids as they cannot be treated as homogeneous conductive thin films.

various areas larger than 10 pum?

distributions with high deviations.

Microtextured PEDOT:PSS/Si hybrid solar cells are
fabricated with an area of 1 cm” and various frontal electrode
configurations including thermally evaporated silver grids, and
long/short AgNWs. The silver grids have a fixed width of 100
um and various spacings, giving rise to shadow ratios of 16.7,
11.1, 8.3, and 5.6%. Alternatively, the long and short AgNWs
with the concentrations investigated previously are spun-cast
onto the pyramidal surfaces to achieve a distributed charge
collection capability. The corresponding current—density—
voltage (J—V) curves are measured under a simulated
AMI.5G one-sun illumination condition and plotted in Figure
4a—c. Planar hybrid solar cells with long and short AgNWs are
also employed to compare the characteristics with those of
microtextured devices, where the meshes with a concentration
of 0.67 and 0.14 wt %, respectively, show a comparable
transmittance of 76.5 and 79.7% and a sheet resistance of 6.7
and 8.4 Q/[] to ITO on a glass substrate (Figure 2a). To
elaborate the analysis of fabricated solar cells, we extracted the
series resistance from the slope of the light J=V curves at the
open-circuit bias point. Also, the surface reflection is measured
from the cells using an integrating sphere to capture both,
specular and scattered reflection components. We calculate the
AM1.5G spectrum weighted reflectance using a similar
expression as eq 1. The shadow ratios of AgNW meshes are
analyzed based on the SEM images shown in Figure 3.
Additionally, the sheet resistance of the PEDOT:PSS/AgNW
composite on micropyramidal surfaces is characterized by
evaporating a thin SiO, insulating layer between the
PEDOT:PSS and textured silicon. All the aforementioned
information, including photovoltaic characteristics such as the
open-circuit voltage (V,.), short circuit current density (J,.), fill
factor (FF), and PCE are summarized in Table 1.

As seen in Table 1, a textured PEDOT:PSS/Si hybrid cell
without any frontal electrode shows a low J,. (0.43 mA/cm?)
and a low FF (35.4%), which results in a poor PCE (0.1%)
because of insufficient carrier conduction. Incorporating a metal
grid or nanowire electrode can boost the FF of a hybrid solar
cell, which turns to be positively correlated to the grid shadow
ratio and nanowire concentrations (Table 1). Because compact

and uneven spacing
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grids or distributed nanowires can ensure efficient collection of
charge carriers, the conduction improvement is also reflected
on the lowered series resistance with dense electrodes as shown
in Figure 4a—c. Specifically, the highest FF reaches 54.2 and
53.0% for the silver grids (shadow ratio = 16.7%) and short
AgNWs (concentration = 0.56 wt %), respectively, with a
device area of 1 cm? For long AgNWs, the FF is enhanced even
further to 66.9% when using a suspension concentration of 1.00
wt % because of sufficient charge conducting paths under the
illumination intensity of 100 mW/ cm? of the AML1.5G
spectrum. On the other hand, the J. of hybrid solar cells first
increases quickly with the grid or nanowire density and then
decreases due to electrode obstruction. A J. of approximately
30 mA/cm? or more can be achieved with a moderate grid
shadow ratio = 8.3% for specific AQNW concentrations (long.
0.33 wt %; short, 0.14 wt %), but quickly deteriorates with the
increased electrode density, which is also reflected on the
weighted reflectance. Consequently, the highest PCE of hybrid
solar cells occurs at a trade-off between efficient carrier
collection and light absorption (see the Supporting Informa-
tion, Figure S2). A remarkable efficiency of 10.1% is achieved
ona 1 X 1 cm® hybrid solar cell employing long AgNWs with a
concentration of 1.00 wt %, which is far superior to that with
metal grids (max. PCE = 7.4%) and with short AgNWs (max.
PCE = 7.2%). Moreover, it is noteworthy that the devices with
very sparse AgNWs are still capable of generating a high
photocurrent, compared with that of the lowest grid ratio, even
though the surface reflections from the three electrode
configurations are nearly the same (Table 1). This observation
highlights the higher effectiveness of distributed electrodes on
collecting charge carriers over conventional metal grids.

Furthermore, as shown in panels b and ¢ in Figure 4, the
short AgNWs show worse FFs than the long wires and yet
comparable photocurrent outputs, which is also observed for
the planar counterparts (Table 1). The results may be analyzed
on the basis of the optical and electrical characteristics, as well
as the nanowire morphology on micropyramidal surfaces. First,
as the shadow ratios are similar for short and long AgNWs with
correspondent concentrations, the short AgNWs reveal higher
sheet resistance and lower surface reflectance than the long
wires (Table 1 and the Supporting Information, Figure S2).
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Therefore, we think that the reduced FF results from two
factors. First, the resistivity of AgNWs is dimension-dependent
where short AgNWs with smaller diameters exhibit higher
resistivity than long AgNWs.*”?® Second, because of the large
surface area of micropyramidal textures (~1.6 times of the
planar), the short nanowire network appears to have more
intersections, where the wire-to-wire junction resistance may
lead to a high sheet resistance compared with the long
3949 1n addition, the comparable photocurrent output can
be further examined using the measured reflectance and
external quantum efficiency (EQE) spectra. Figure 4d shows
the reflectance spectra of the best performing cells with three
different electrode configurations, as well as the planar
reference with long AgNWs. According to the figure, the
planar surface exhibits a high reflective loss (weighted
reflectance 36.3% in Tablel), which could be greatly
suppressed using surface textures. As expected, long AgNWs
show a reduced weighted reflectance of 19.6% from the
micropyramidal surface, although still higher than that of short
AgNWs (16.3%) and metal grids (18.6%). Nevertheless, the J.
of the long AgNWs coated cell reaches 28.5 mA/cm? which is
about the same as the short wires and larger than metal grids
(25.8 mA/cm?). Therefore, the long AgNWs show better
carrier transport despite high reflection, leading to comparable
photocurrent output with short wires. The measured EQE
spectra of devices with AgNWs are shown in Figure 4e. We
observe that the suppressed reflection due to textured silicon
also directly contributes to the EQE enhancement, compared
with that of the planar counterpart. Finally, the uniformity of
photocurrent generation by means of carrier collection via
distributed nanowires can be further analyzed by a spatial EQE
mapping tool, which scans the entire 1 X 1 cm? cell area with a
resolution of 1 mm. Figure 4f shows the quantum efficiency
distribution of the 10.1% hybrid solar cell at an incident
wavelength of 700 nm. The result shows an average EQE of
77.5% with a standard deviation of 0.84%, in contrast to a
1.45% standard deviation from the best device with metal grids,
demonstrating a good uniformity of photocurrent generation
using AgNWs as the frontal electrode.

It is worth noting that the integrated photogenerated current
based on the EQE spectra of microtextured hybrid cells with
AgNWs shown in Figure 4e (long, 30.7 mA/ cm?; short, 32.1
mA/cm?) does not coincide with the measured J,. from the
measured J—V curves (both, 28.5 mA/cm?). In particular, the
device with short AgNWs shows a higher spectral response
than with long wires. We think that the discrepancy may arise
from the different light bias conditions used in the two
characterization systems. To elaborate, the EQE measurement
is performed under a low light injection condition, where only a
small amount of photogenerated carriers needs to be collected.
Therefore, carrier transport within the polymer and nanowire
meshes does not suffer from accumulated charges, leading to a
space charge limited condition.*' To investigate further, we
apply a bias light during the EQE measurement using a
tungsten lamp source with an irradiance of 6.6 mW/cm? and
define an EQE decrease ratio as a function of the wavelength,
calculated bY (EQEwithout bias EQEwith bias)/ EQ_Ewithout biayy a5
shown in Figure 5a. Because the definition removes the spectral
dependence of the surface reflection and photogenerated carrier
distribution of an EQE spectrum, the ratio is nearly wavelength-
independent. In other words, the factor represents a figure of
merit to evaluate the charge transport capability under the
influence of excess carriers with an external light bias. Because
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Figure 5. (a) EQE decrease ratios, calculated by (EQE.mout biss —
EQE.ith bias)/EQE without bias for sparse and dense metal grids and
AgNW meshes under an external bias light with an irradiance of 6.6
mW/cm?® (b) Dependence of the fill factor on the cell area varying
from 0.25 cm® to 1 cm? for hybrid cells with metal grids and AgNW
electrodes.

the decrease ratio is depicted by the potency of charge
transport within the polymer and within the electrode, we can
separately analyze the hybrid cells with metal grids and AgNW
meshes. First, we observe that the device with large-spacing
metal grids (5.6% shadowing) shows a slightly higher EQE
decrease ratio than with small-spacing (11.1% shadowing).
Although a low decrease ratio basically states that dense grids
are advantageous to collect carriers when they are in excess, the
marginal difference suggests that charge transport is mainly
limited within the PEDOT:PSS layer because of the large grid
spacing. On the contrary, the ratios between AgNWs with a
high and low suspension concentration can differ by more than
15%, as shown in Figure Sa. First, the sparsest AgNWs meshes
for long and short AgNWs show identical EQE decrease ratios,
which are both larger than that of the sparsest metal grids. Since
the average spacing areas of AgNWs are approximately 20 ym?,
the observation indicates insufficient formations of AgNW
networks that worsen the charge transport. With an optimized
concentration, the EQE decrease ratio of AgNWs is suppressed
down to ~5 and ~8% for the long and short AgNWs,
respectively, and the implications could be many-fold. First, the
EQE decrease ratios indicate that AgNWs outperform the metal
grid for carrier transport due to distributed networks with
spacing areas on the order of a few um?® Second, charge
transport with AgNWs is mainly limited by the conduction
within the wire meshes and therefore the long AgNWs (1.00 wt
%) exhibit a lower ratio than the short wires (0.28 wt %). As a
result, devices with AgNWs exhibit a higher integrated
photocurrent than the initial measurement because of limited
carrier collection at a high injection condition. Consequently,
the short AgNWs may exhibit a higher EQE response than the
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long wires. Importantly, the low EQE decrease ratio with the
long AgNW meshes further asserts their capability to meet the
demands of solar cells used in the AMI1.5G illumination
condition.

Finally, we investigate the carrier conduction with the three
frontal electrode configurations measured for different cell
areas. Figure Sb shows the FFs for cells with areas of 0.25 cm?
and 1 cm’® employing sparse and dense silver grids and
nanowires. Generally, the FFs with all different electrodes
encounter a reduction with the increased device area. We can
see that the sparse metal grids (5.6% shadowing) show a low
FF (40.2%) at a 0.25 cm® area, whereas the dense metal grids
(11.1% shadowing) improves the FF to 57.3% but then drops
to 48.9% for 1 cm® The sparse AgNWs show the same
attributes as the metal grids, and long AgNW meshes have
higher FFs than the short wires at correspondent concen-
trations. However, the best performing long AgNW meshes
with a concentration of 1.00 wt % exhibit only a minor FF
decrease from 68.6 to 66.9% by increasing the area, showing
great promise to improve carrier conduction for large device
area.

B CONCLUSION

In conclusion, hybrid PEDOT:PSS/Si solar cells employing
typical metal grids and silver nanowires as frontal electrodes are
investigated. A power conversion efficiency of 10.1% is achieved
inalX1cm?cell area by means of wet-etched texture surfaces,
followed by solution-processed junction and frontal electrodes
formation. The external quantum efficiency characterization
reveals an excellent spatial uniformity of photocurrent
generation via nanowire meshes and suggests a low dependence
on efficient charge transport under a high light-injection
condition with increased device area. The rapid and simple
fabrication processes at room temperature in atmospheric
ambient provides a promising cost-effective alternative to
conventional silicon photovoltaics.

B EXPERIMENTAL SECTION

Hybrid Solar Cell Fabrication. All devices were started from n-
type (100) solar-grade monocrystalline wafers with a thickness of 200
pum and a resistivity of 2 € cm. The wafers were first immersed in a
mixture of potassium hydroxide solution (KOH:H,0 = 1:1) at 80 °C
for 40 min to remove any saw damage and texture the surface into
micropyramids with heights of ca. 2—6 um via an anisotropic etching
mechanism. No further cleaning steps were taken. The textured and
planar samples were subsequently dipped in dilute hydrofluoric acid at
a concentration of 1.2% for 20 s to remove the native oxide. After that,
a 100-nm-thick aluminum layer was thermally evaporated on the rear
surface for ohmic contact. Then, a highly conductive polymer solution
was prepared. The mixture consisted of a PEDOT:PSS dispersion
(PH1000, Clevios Inc.), S wt % dimethyl sulfoxide (DMSO) as a
secondary dopant to increase the conductivity, and 0.2 wt %
hexaethylene glycol monododecyl ether to act as a surfactant to
modify the interface condition between PEDOT:PSS and silicon.
Finally, the PEDOS:PSS mixture was directly spun-cast on the silicon
surface at 8000 rpm for 120 s followed by thermal annealing at 115 °C
for 10 min. All processes were performed at room temperature in
atmospheric ambient.

Frontal Electrode Fabrication. All samples with the top
PEDOT:PSS layer were processed into cells by adding the frontal
electrodes. Conventional silver metal grids with a thickness of 130 nm
were thermally evaporated through patterned aluminum foils. The
metal grids were designed with a fixed width of 100 ym and varying
spacings of 500 um, 800 ym, 1100 ym, and 1700 pm, corresponding
to shadow ratios of 16.7, 11.1, 8.3, and 5.6%, respectively. Two sizes of
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AgNWs were purchased; the long nanowires were from Seashell
Technology (AgNW-115) with lengths of ca. 30 ym and diameters of
ca. 115 nm and the short nanowires were from Ke-chuang advanced
materials corporation (AWO04S) with lengths of ca. 1S um and
diameters of ca. 45 nm. The AgNW suspensions were stored in IPA
and subsequently diluted down to proper concentrations by the same
solvent. A micropipet was used to drop 50 uL of the suspension on the
samples and then spun-cast at 2000 rpm for S0 s, followed by heating
to 90 °C for 3 min to vaporize any residual solvent. After that, the cells
immediately underwent the efficiency measurements.

Optical and Electrical Characterizations. Optical transmittance
was carried out using a dual light source and integrating sphere system
(U4100, Hitachi Inc.). An InGaAs detector was employed to measure
the monochromatic light for a wavelength range of 240 to 2600 nm. A
barium sulfate coated integrating sphere with a diameter of 6 cm was
used to collect the total transmitted light including specular and
scattered components. The scattered transmittance could be recorded
by dividing the specular component parallel to the incident light from
a circular hole with a diameter of 1.8 cm where the scattered angles of
the transmitted light over 16.7° would be categorized as the scattering
component. Samples for transmittance and haze ratio measurements
were prepared by spin-coating the PEDOT:PSS and AGNW meshes on
glass substrates (Eagle 2000, Corning Inc.) and the ITO coated glass
was purchased from Sigma-aldrich. Baseline was defined by scanning
the blank sample (air), and all the measured data include the 92%
transmittance of the glass substrate. The reflectance spectra were
measured from complete cells utilizing a custom-built integrating
sphere with a diameter of 15 cm to collect the back scattered light in
all directions. A 300 W xenon lamp was used as a light source and the
photons were analyzed using a spectrometer (SPM-002-ET, Photon-
control Inc.). Polished silicon was used for calibration with a spot size
of about 1 cm® The sheet resistance measurement was performed
using standard four-point probes. The sheet resistance in Figure 2 was
measured from AgNWs or PEDOT:PSS coated planar glass substrates
and the data in Table 1 was measured using planar or textured silicon
substrates with a 100-nm-thick SiO, layer which was electron-beam
evaporated as an insulator between PEDOT:PSS and silicon.

Solar Cell Characterizations. Solar cell performances were
characterized using a class A solar simulator (91192A, Newport
Inc.) under a standard illumination condition of 100 mW/ cm? with
the AM1.5G spectrum. The temperature of the device under test was
controlled at 25 °C by a balanced cooling water and heat plate system.
Prior to measurement, the illumination intensity was calibrated using a
certified silicon cell from Fraunhofer Inc. A shadow mask with an area
of 1 X 1 cm” was used to define the illumination area as well as the
device area. The areas of finger grids and silver nanowires are included
in the device area, but not the bus bars.** The solar cells with either
AgNWs or metal grid electrodes suffer from efficiency degradation
after exposed to air, mainly due to the deteriorated PEDOT:PSS layer.
The degradation of AgNWs after spin-coating has not been
observed.* The EQE system employed a 300 W xenon lamp source
with a monochromator for a beam spot size of 1 mm X3 mm and the
signal was detected via a lock-in amplifier (SR830, Standard research
system) operated at a chopping frequency of 260 Hz. The intensity
was calibrated by a silicon photodetector (818UV, Newport Inc.). To
carry out the position-dependent EQE mapping, a labview controlled
translation stage was applied under the selected single wavelength of
incident light with a resolution of 1 mm. For the light-biased EQE
measurement, a 300 W tungsten light source (66984, Newport Inc.)
was employed with a 900 nm short-pass filter. The illumination
intensity and spectrum were measured by a calibrated spectroradi-
ometer (S-2440, Soma Inc.) with an irradiance of 6.6 mW/cm?.

B ASSOCIATED CONTENT

© Supporting Information

The statistical distributions of spacing areas enclosed by
AgNWs, and the plots of AMI1.5G-spectrum-weighted
reflectance, sheet resistance, and power conversion efficiency
versus the shadow ratio of various electrode configurations.
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