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Embedding nanowires, such as silver nanowires (AgNWs), in a

transparent conductive polymer poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) to enhance its conductivity is technologi-
cally important for improving the performances of devices comprising
transparent conductive layers. Addition of nanowires in the highly conducting
form of cosolvent (ethylene glycol) or mixed-cosolvent (ethylene glycol and
methanol) modified PEDOT:PSS could change the nanowire structure and
significantly alter the conductivity. Here, we report a simple method to embed
AgNWs in PEDOT:PSS efficiently to improve its conductivity. By
incorporating nanowires in the mixed cosolvent matrix prior to addition
into PEDOT:PSS, this method preserves the structure of the nanowires while
enabling conductivity enhancement. In contrast, the addition of AgNWs into
cosolvent-premodified PEDOT:PSS leads to breaking of nanowires and
conductivity impediment. The hybrid films with efficiently embedded AgNWs
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and mixed-cosolvent-modified PEDOT:PSS show a sheet resistance of 104 Q/[], which is among the lowest ever reported
for the as-deposited films, with conductivity enhancement of 33% relative to that of mixed-cosolvent-modified
PEDOT:PSS. The resulting planar heterojunction solar cell (HSC) based on AgNW-embedded PEDOT:PSS exhibits a
power conversion efficiency of greater than 15%. This demonstrates the importance of reducing sheet resistance by
integrating nanowires into the PEDOT:PSS matrix as effective charge-transfer conduits interconnecting the highly
conducting quinoid chains. The present approach to efficiently embed AgNWs in PEDOT:PSS could be readily extended
to other nanowires or nanoparticles for improving the performance of PEDOT:PSS for applications in not just HSCs but
indeed other electronic devices that require both transparent and highly conductive layers.
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he highly conducting polymer poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS) has found many applications as a trans-
parent conducting layer in organic and organic—inorganic
electronic devices. > The aqueous nature of the PEDOT:PSS
solution and the simple fabrication processes, such as spin-
coating, allow the formation of uniform and homogeneous thin
films, making PEDOT:PSS highly attractive for low-cost device
fabrication. Several methods to improve the conductivity of
PEDOT:PSS have been reported, and they mainly involve the
addition of cosolvents’™® and surfactants’ "' to modify its
microstructure in the solution phase or the removal of the
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insulating PSS by post-treatments™' >~ "> of the films. Addition
of cosolvents is generally more attractive than post-treatments
because certain post-treatment processes, such as acid
treatment,” often increase the complexities (and therefore
the cost) in the device fabrication process. Recently, we
reported that the addition of mixed cosolvents [ethylene glycol
(EG) and methanol] to PEDOT:PSS can lower the sheet
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resistance and improve the conductivity to a greater extent
than the addition of a single commonly used cosolvent: EG or
dimethylsulfoxide.”® Typically, the cosolvent or mixed
cosolvent addition to a PEDOT:PSS solution enhances the
conductivity of PEDOT:PSS by facilitating the formation of
PEDOT microstructured grains with quinoid chains rather
than its less conducting benzoid counterparts.'®™"”

Even though PEDOT:PSS films show high conductivities as
a polymer film, improvement in their conductivity by using
simple and low-cost methods to outperform the commonly
used transparent conducting oxides (TCOs), such as indium
tin oxide (ITO), is essential for PEDOT:PSS to become a
viable lower-cost alternative to TCOs.”® In order to achieve
higher conductivities, hybrid films that incorporate inorganic
nanowires into PEDOT:PSS have attracted much recent
attention.”' ~** Among the different choices of nanowires,
silver nanowires (AgNWs) are widely used because of their
highly conducting nature, flexibility, easy preparation, and
commercial availability.”' ~** However, these nanowires have
also shown junction resistance that can be detrimental to
improving the conductivity.”' Enhancement in the conductiv-
ity of the hybrid AgNWs and PEDOT:PSS combination has
been reported, and this was achieved by incorporating
nanowires on top or inside PEDOT:PSS layers to produce a
conductive layered hybrid film.”'~>* Any successful simple
preparation technique for embedding nanowires in a
PEDOT:PSS solution to obtain a conductivity higher than
that of the cosolvent-modified PEDOT:PSS is highly desirable
because of the widespread application of PEDOT:PSS in the
fabrication of a wide variety of electronic devices, including all
organic or organic—inorganic heterojunction solar cells
(HSCs) and flexible electronic devices.

HSCs made of PEDOT:PSS and Si substrates have been
recently reported to show very high efficiencies greater than
15%.7%%° Most of these high-efficiency devices have, however,
been fabricated with complex device processing, such as
surface texturing of Si substrates”™ ° or a back-junction
method involving PEDOT:PSS back-coating.”’ For planar
HSCs (involving planar and not surface-textured substrates),
efficiencies up to 14—15% could only be achieved by
introducin% antireflective coatings,4’32 optimizing PEDOT:PSS
properties,” and interface engineering by tuning the contact
properties of silicon substrates.”® High-efficiency HSCs that
can be produced on planar Si substrates without any complex
device fabrication steps are therefore of special interest to
reducing the manufacturing cost. Furthermore, simple and
effective approaches for incorporating AgNWs in PEDOT:PSS
can be beneficial to improve not only the conducting
properties but also the solar cell properties because of the
scattering and plasmonic effects of nanowires. Although
nanowire-coated HSCs involving spin-coated”' or drop-
casted”* AgNWs on top of a PEDOT:PSS layer have been
reported, their efficiencies were only 10—11%. Significant
improvement in the efficiency of planar HSCs by incorporating
embedded NWs by other methods at least to the present
optimal level of 14—15% should be possible and be pursued,
given their tremendous commercial potential of low-cost
photovoltaic applications.

In the present work, we show that embedding AgNWs after
the cosolvent modification of PEDOT:PSS is detrimental,
leading to degradation of the AgNWs and reduction in the
conductivity. We therefore investigate whether incorporating
the nanowires into the cosolvent or mixed cosolvent before
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addition to the PEDOT:PSS solution could lead to a better
outcome. Here, we demonstrate that blending AgNWs into the
cosolvent or mixed cosolvent before addition to PEDOT:PSS
provides a better yet still simple method for embedding
AgNWs into PEDOT:PSS to greatly enhance the conductivity
of the hybrid films. The hybrid PEDOT:PSS films modified by
mixed cosolvent that is preblended with AgNWs are found (on
glass substrates) to show high visible-light transparency and a
sheet resistance, R, of 104 Q/[], which is among the lowest
reported R values for as-deposited PEDOT:PSS films. These
AgNW-embedded mixed-cosolvent-modified PEDOT:PSS
films also exhibit a significant conductivity enhancement of
33% relative to that obtained with just mixed-cosolvent-
modified PEDOT:PSS. Furthermore, we also obtain one of the
highest ever reported efficiencies, greater than 15%, for HSCs
fabricated with the highly conducting hybrid AgNW-
embedded mixed-cosolvent-modified PEDOT:PSS films on
planar n-type Si substrates, without the need for any complex
surface texturing of the Si substrate, elaborate interface
engineering, or expensive antireflective coating. Our results
suggest that the formation of conducting PEDOT grains along
the efficiently embedded AgNWs not only reduces the sheet
resistance but also improves the antireflective properties, which
together greatly increase the performance of HSCs.

RESULTS AND DISCUSSION

Two different solutions are used to embed AgNWs in
PEDOT:PSS, and they are shown schematically in Figure la.
A typical transmission electron microscopy (TEM) image of
AgNWs used for the embedment is shown in Figure 1b, and a
corresponding high-resolution TEM image shown in the inset
depicts a lattice spacing of 0.236 nm corresponding to the
(111) interplanar separation of the Ag face-centered cubic
lattice.” The PEDOT:PSS solution mixed with an optimized
16 wt % of the mixed cosolvent from a stock 50:50 wt %
mixture of EG and methanol (MeOH), which is designated
here as EMI16,” is also prepared for comparison. Solution
AgNW-EM16 is obtained by preblending optimized 0.25 wt %
AgNWs (suspended in isopropyl alcohol, IPA) in the mixed
cosolvent solution first before adding the resulting AgNW-
embedded mixed cosolvent solution to PEDOT:PSS, whereas
a solution of AGNW+EM16 is obtained by adding AgNWs
(suspended in IPA) to PEDOT:PSS premodified with the
mixed cosolvent (ie., EM16). Appropriate aliquots of these
solutions are then spin-coated (at an optimized spin rate of
4000 rpm, Figure S1) individually onto glass substrates. It
should be noted that the fabrication of a AgNW film with
AgNW-dispersed solution using spin-coating was not possible
as it was not adhering to the glass substrate to form a uniform
film. For comparison, the AgNW-suspended solution (0.25 wt
% of stock solution diluted in IPA) is drop-casted on a glass
substrate, which shows a sheet resistance of ~26 Q/[]. The
sheet resistances and conductivities of the EM16, AgNW-
EM16, and AgNW+EM16 films are compared in Figure Ic,
and their respective current—voltage (I—V) characteristics are
shown in Figure 1d, with the schematic of the device structure
depicted in Figure 1d, inset. The trend found for the I-V
curves among the three films are in good accord with that for
their corresponding sheet resistance results. The EM16 film
(i.e., without the AgNWs) shows a sheet resistance (R;) of 138
/] (and conductivity of 906 S/cm). The AgNW-EM16 film,
obtained by preblending an optimized 0.25 wt % AgNW
solution with the mixed cosolvent before addition to
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Figure 1. (a) Schematic diagram of solution preparation by mixed cosolvent addition in PEDOT:PSS (EM16), addition of the mixed
cosolvent EM16 preblended with AgNWs in PEDOT:PSS (AgNW-EM16), and addition of AgNWs to EM16 (AgNW+EM16). Chemical
structures of PEDOT with quinoid and benozid components and the mixture of cosolvents ethylene glycol (E) and methanol (M) are also
shown. (b) Typical TEM and HRTEM images (inset) of AgNWs used for the embedment in PEDOT:PSS. (c) Sheet resistance and
conductivity and (d) current—voltage (I-V) characteristics of EM16, AgNW-EM16, and AgNW+EM16 films deposited on glass substrates.
Inset in (d) shows the schematic diagram of the device structure used for -V characterization.

PEDOT:PSS, is found to show a ~23% reduction in R to 104
Q/[] (and an increase in its conductivity to 1202 S/cm).
Employing a higher or lower amount of AgNWs from the
optimized value in the mixed cosolvent (before adding to
PEDOT:PSS) increases the R, value and concomitantly
reduces the conductivity (Figure S2) in comparison to that
of the AgNW-EM16 film. On the other hand, the addition of
0.25 wt % AgNWs to mixed-cosolvent-modified PEDOT:PSS
(AgNW+EM16) causes an increase in R to 141 Q/[] (with a
decrease in its conductivity to 887 S/cm), which is slightly
higher than that of the EM16 film (Figure 1c). Similar results
are also obtained for PEDOT:PSS films upon addition of
cosolvent EG preblended with 0.25 wt % AgNWs (AgNW-E7,
Figure S3), where R; decreases (conductivity increases) from
170 Q/[] (588 S/cm) for 7 wt % EG added PEDOT:PSS
(denoted as E7)® to 132 Q/[] (887 S/cm) for AgNW-E7.
Evidently, the embedment of AgNWs in PEDOT:PSS by
preblending the NWs in a mixed cosolvent prior to the
addition to PEDOT:PSS (AgNW-EM16) has produced a
performance superior to that of preblending the NWs in a
single cosolvent EG (AgNW-E7). Preblending an optimized
amount of 0.25 wt % AgNWs in the mixed cosolvent and then
adding the AgNW-embedded mixed cosolvent to PEDOT:PSS
can therefore produce a hybrid AgNW-PEDOT:PSS film with
the lowest sheet resistance and the highest conductivity. The
R, value of 104 Q/[] obtained for the AgNW-EM16 film is a
significant result as this is among the lowest sheet resistance
value ever reported for as-deposited PEDOT:PSS films.

To investigate the influence of the solvent (IPA) used to
disperse the AgNWs on the conductivity enhancement of the
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PEDOT:PSS films, we prepare, in a separate experiment,
PEDOT:PSS solutions with the same cosolvents as AgNW-
EM16 and AgNW+EM16, that is, adding an aliquot of IPA but
without any AgNWs. The deposited films show conductivities
less than 800 S/cm irrespective of the IPA addition to the
mixed cosolvent EM16 before or after PEDOT:PSS is
premodified. It indicates that whereas the embedment of
AgNWs in PEDOT:PSS could increase the conductivity, the
enhancement is not caused by the solvent used to disperse the
AgNWs. It also suggests that the conductivity of PEDOT:PSS
could be further enhanced by employing an alternate solvent to
disperse AgNWs to accommodate a higher concentration of
AgNWs,

Scanning electron microscopy (SEM) and TEM can be used
to determine the surface morphology and microstructures of
AgNWs and PEDOT:PSS. Figure 2a,b shows the SEM images
of AgNW-EM16 and AgNW+EMI16 films, respectively.
Schematic representations of AgNWs in PEDOT:PSS films
on the Si/SiO, substrates are shown in the insets of Figure
2a,b, depicting the effects of the two embedment methods of
AgNWs in PEDOT:PSS. Long intact AgNWs embedded in the
PEDOT:PSS films are evident for the AgNW-EM16 sample
(Figure 2a), whereas degradation of the long AgNWs are
observed for the AgNW+EM16 (Figure 2b). Such a difference
is also observed in the corresponding TEM images of these
films (Figure 2c,d), where the (black) nanowire structure of
the AgNWs obtained from AgNW-EM16 (PEDOT:PSS
modified with a mixed cosolvent that is preblended with
AgNWs) remains intact. However, breaking of the nanowires is
found for the AgNWs added to mixed-cosolvent-modified
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Figure 2. (a,b) SEM, (c,d) TEM, and (e,f) EFTEM of AgNW-EM16 (a,c,e) and AgNW+EM16 (b,d,f) samples. The left insets in (a,b) show
magnified views of the marked areas. The top-right insets in (a,b) show 3D schematic representations of AgNWs embedded in PEDOT:PSS
on Si/SiO, substrates. The TEM and EFTEM images are collected for the films deposited on TEM grids.

(a) oo [ T T T T
= 80 [

70 [
60
50 |
40
30
20
10 [

Transmittance (%

o 1 1 1 1
400 I('300 80|0 1000I

Normalized Intensity

(arb. unit)

0
400 600 800 1000

00 1200 1300 1400 1500 1600

-
-

Wavelength (nm)
—_—

EM16
__ AgNW-EM16

80
70 |
60
50
40 [
30 [
20 |
10

Reflectance (%) &

--- AQNW+EM16 ]

T

T T T

Raman Shift cm™)
: . ; m)
(d)

Intensity (arb. unit)

ol v
400 600 800 1000

Wavelength (nm)

172 170 168 166 164

Binding Energy (eV)

162

Figure 3. (a) Transmittance, (b) reflectance, (c) Raman, and (d) XPS S 2p spectra of EM16, AgNW-EM16, and AgNW-+EM16 films on glass
substrates (a) and on Si/SiO, substrates (b—d). For comparison, the transmittance spectrum of a glass substrate and reflectance spectrum of
a Si/SiO, substrate are included in (a,b), respectively. The inset in (a) shows a magnified view of the transmittance spectra.

PEDOT:PSS (AgNW+EM16). Earlier, we reported the use of
a low-energy-loss (plasmon) energy-filtered TEM (EFTEM)
imaging technique to observe the PEDOT:PSS grains of
cosolvent-modified PEDOT:PSS.® The low-energy-loss
EFTEM study can be used to accentuate the bright insulating
PSS chains from the darker highly conducting PEDOT grains
in the TEM images. Furthermore, the peripheries of the long
AgNWs generally appear less bright (Figure 2e) than the
brighter deteriorated/broken segments of AgNWs (Figure 2f),
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which indicates that the insulating PSS moieties surround the
broken AgNW segments more extensively than the properly
embedded uninterrupted AgNWs in PEDOT:PSS.

The transmittance spectra of all the PEDOT:PSS films on
glass substrates in Figure 3a show very high transmittance with
a maximum at 480 nm greater than 89% but slightly less than
that of the bare glass substrate. A slightly higher transmittance
in the 380—1100 nm region is found for the EM16 and
AgNW-EM16 samples compared to that of the AgNW+EM16
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sample (Figure 3a, inset). Remarkably, effective embedment of
AgNWs in PEDOT:PSS in the AgNW-EM16 sample has
preserved its high transparency, similar to the EM16 film. The
estimated figure of merit values of EM16, AgNW-EM16, and
AgNW+EM16 films are 0.65, 0.86, and 0.63, respectively. The
highly transparent and conducting nature of these films
reinforces its potential for use in transparent conductive
electronic devices. As the antireflective property of PE-
DOT:PSS films on Si/SiO, substrates is a well-known
advantage for improving the photovoltaic properties, we
compare, in Figure 3b, the reflectance spectra of the films,
before and after the embedment of AgNWs in PEDOT:PSS,
on Si/SiO, substrates along with that of a typical (bare) Si/
SiO, substrate. All the PEDOT:PSS films show similarly high
antireflective properties with reflectance minima less than 8.0%
near 550 nm. Interestingly, the reflectance minimum of the
AgNW-EM16 sample at 548 nm exhibits small blue shifts of
~27 and ~S1 nm relative to the AgNW+EM16 and EM16
samples, respectively.

Our results show that the AQNW-EM16 film exhibits a lower
sheet resistance and a higher conductivity than the EM16 and
AgNW+EM16 films (Figure 1c). The AgNW-EM16 film also
shows a transmittance spectrum slightly lower than that of the
EM16 film (Figure 3a), in contrast to the discernibly lower
transmittance found for the AGNW+EM16 film as a result of
the degradation of AgNWs. All the films appear to show similar
reflectance minima %, with the highest antireflective property
(lowest reflectance) near the blue wavelength range (400—580
nm) observed for the AgNW-EM16 film. This antireflective
property is likely due to the presence of AgNWs and its
surrounding medium, in addition to the plasmonic and
scattering effects of the NWs. Even though the addition of
AgNWs to the mixed-cosolvent-premodified PEDOT:PSS
(AgNW+NW16) results in the deterioration of NWs into
broken NW segments and nanoparticles (Figure 2b), the
AgNW+EM16 film shows an antireflective property near the
blue wavelength range (with a blue shift in the reflectance
minimum to a slightly lower wavelength) slightly better than
that of the EM16 film because of the scattering effects of
broken NWs.** The high antireflective properties of AgNW-
embedded PEDOT:PSS film are found to be advantageous in
enhancing the HSC properties, as discussed below.

Figure 3c,d shows the respective Raman spectra and XPS S
2p spectra of AgNW-EM16, AgNW+EM16, and EM16 films
on Si/SiO, substrates. No significant differences are observed
from these spectra. In accord with the typical Raman features
of PEDOT reported in the literature,” >’ the observed Raman
features correspond to the symmetric stretching modes of
quinoid (C,—Cj at 1425 cm™') and benzoid (C,=Cpat 1453
cm™'), the asymmetric stretching modes of C,—C; (at 1530
and 1568 cm™"), and the stretching vibrations of C;=Cj (at
1366 cm™") and C,—=C,, (between 1200 and 1300 cm™"). The
XPS spectra show two S 2p bands, each corresponding to a
doublet of S 2p;/, and S 2p,/, components with a 1.2 eV spin—
orbit splitting and a 2:1 intensity ratio. The weaker S 2p;/,
(2py2) peak at 163.7 eV (164.9 eV) corresponds to the sulfur
atoms of PEDOT, whereas the stronger S 2p,, (2p,,,) peak at
167.8 eV (169.0 eV) corresponds to PSS. Insignificant
variations in the intensity ratios of the PEDOT to PSS
features indicate that the top surface structure modified by the
mixed cosolvent in PEDOT:PSS is mostly preserved
irrespective of the embedment methods of AgNWs to
PEDOT:PSS.”’
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A HSC fabricated with the highly conducting hybrid AgNW-
EM16 film deposited on a planar n-type Si/SiO, substrate is
also found to exhibit exceptional photovoltaic performance.
Figure 4 shows the current density versus voltage (J—V) curves
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Figure 4. Photovoltaic properties of HSCs made from AgNW-
EM16 and EM16 films deposited on planar Si/SiO, substrates. (a)
Current density vs voltage and (b) external quantum efficiency
curves of the AgNW-EM16-based and EM16-based HSCs. The
inset in (a) shows a schematic diagram of the device structure of
the AgNW-EM16-based HSC.

and external quantum efficiency (EQE) spectra of the
fabricated HSCs, along with the device structure shown
schematically as an inset. The highest power conversion
efficiency (PCE) of 15.1%, along with V¢ of 622 mV, Jgc of
31.05 mA/cm? and FF of 78%, is obtained for the best-
performance AQNW-EM16 cell. Reproducibly high PCE values
have also been achieved for the other HSCs in the set of
similarly prepared AgNW-EM16 HSCs (Table S1). For
comparison, we also prepare an EMI16-based HSC (ie,
without the embedment of AgNWs), which shows a lower
PCE of 14.3%, along with V¢ of 617 mV, Jsc of 28.85 mA/
cm?, and FF of 80%. The AgNW-EM16 cell shows slightly
lower series (1.4 Q cm?) and shunt resistances (644 Q cm?) in
comparison to that of the EM16 cell (1.8 and 987 Q cm?,
respectively). The slightly higher FF (by 2%), likely arising
from its higher shunt resistance, is observed for the best EM16
cell when compared to the highest-efficiency AgNW-EM16
cell. The higher shunt resistance is likely the result of the
smooth surface characteristics” that enable better contact with
the Ag top grid and thus more efficient carrier collection. The
cells made from AgNW-EMI16 exhibit PCEs nearly a full
percent (0.8%) higher than that of the EM16 cell. In addition,
the solar cells measured in the dark show typical diode
characteristics. The EQE spectrum for the AgNW-EM16 cell
also shows a discernibly higher efliciency in the lower
wavelength (blue) region (compared to that of the EM16
cell), which is in good accord with the observed enhancement
in the antireflective property (Figure 3b). It is clear that the
structural modification obtained for the PEDOT:PSS films
modified with mixed cosolvent preblended with AgNWs results
in lower sheet resistance and higher antireflectance that lead to
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the improvement in the front carrier collection and the overall
solar cell performance.

The consequence of different methods of embedding
AgNWs into cosolvent-modified PEDOT:PSS that trigger
structural modifications of AgNWs and PEDOT:PSS is
schematically illustrated in Figure S. The 3D chemical

/

Quinoid Benzoid

PE
SS

AAZ )

Figure 5. Schematic representations of AgNWs embedded in
PEDOT:PSS with mixed cosolvent preblended with nanowires
prior to addition into PEDOT:PSS (top) and AgNWs added to the
mixed-cosolvent-modified PEDOT:PSS (bottom). The 3D chem-
ical structures of PSS (center-left), quinoid (center-middle), and
benzoid (center-right) chains present in the PEDOT:PSS matrix
are shown along with its possible chain formation mechanism
affected by the AgNW embedment process.

structures of the highly conducting quinoid and less
conducting benzoid components of PEDOT and of the
insulating PSS chains are also shown in the figure (center).
It is well-known that the addition of a cosolvent would lead to
the formation of ellipsoidal PEDOT grains surrounded by
PSS.>** Moreover, a mixture of appropriate cosolvents (mixed
cosolvent) in the PEDOT:PSS further enhances not just the
formation of PEDOT grains but also the coverage of a thinner
layer of PSS, with the excess PSS in the matrix possibly either
segregated to the voids between the grain boundaries or spun
away during the spin-coating step.” As the separation of PSS
from PEDOT by MeOH is well-known,"””” the mixed
cosolvent (containing both EG and MeOH) could also
facilitate such PSS separation. The separated PSS could be
removed during the spin-coating process’ and/or subse-
quently connected back to PEDOT via an EG interface,*’
which is schematically shown in Figure S4. The reduction of
the coil-like benzoid structures that are located along the grain
boundaries to a more linear or extended quinoid structure is
also enhanced by the mixed cosolvent.****' The addition of
AgNWs in the mixed cosolvent promotes the formation of
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aligned PEDOT grains along the nanowires while preserving
the lengths and structures of the nanowires. The close packing
of PEDOT grains induced by the mixed cosolvent is preserved
when AgNWs are incorporated into the cosolvent prior to
addition into the PEDOT:PSS solution, and this close packing
evidently aids in maintaining the high transmittance properties
of the films. Furthermore, it is possible that the highly
conducting quinoid chains (on the perimeters of the PEDOT
grains) are in physical contact with the AgNWs that are
connecting to the neighboring PEDOT grains. The AgNWs
therefore serve as conduits that facilitate the charge-transfer
process and improve the conductivity.

The presence of brighter regions around the broken AgNW
segments in the EFTEM image (Figure 2f) suggests that these
broken segments are covered by segregated insulating PSS
moieties. It is possible that when subjecting the AgNWs to the
mixed-cosolvent-premodified PEDOT:PSS, where the PEDOT
grain formation has already occurred (before the arrival of the
NWs), the excess PSS moieties in the PEDOT grain
boundaries tend to engulf the AgNWs, initiating the etching
of AgNWs due to the acidic nature of the PSS. Further etching
is accelerated at these initially etched active sites, causing the
breaking of nanowires and, subsequently, the observed increase
in the sheet resistance. Moreover, the quinoid chains remain
inside the PEDOT grains, and the grain boundaries are
populated with the benzoid chains. As the broken AgNWs are
surrounded by the PSS moieties, the peripheries of PEDOT
grains interacting with the broken AgNWs are also likely filled
with benzoid chains. This results in less charge transfer,
causing lower conductivity. Proper embedment of AgNWs in
PEDOT:PSS therefore facilitates the interaction of the
extended quinoid chains and charge transfer with the
nanowires, increasing the conductivity. Indeed, the sheet
resistance of the AQNW-EM16 film (104 ©/[]) is comparable
to that of the commercially available ITO-coated polyethylene
terephthalate (~60 to 300 Q/[]) or ITO-coated glass (~8 to
100 Q/[]) substrates, which illustrates the potential of its
commercial application in low-cost transparent conductive and
flexible electronic devices. The lower sheet resistance and
higher antireflective properties of the AgNW-EM16 film are
the main contributors to the higher efficiencies in these HSCs.
The HSC fabricated with the efficiently embedded AgNW-
EM16 film exhibits the highest PCE of 15.1%, which is among
the highest efficiency ever reported for a planar HSC to date
without the need for any additional antireflective coating or
interlayers.

CONCLUSION

In summary, we present a simple method of effectively
embedding AgNWs in a PEDOT:PSS solution to improve the
conductivity and efficiency of a HSC. Mixing AgNWs to a
cosolvent or mixed cosolvent prior to addition into
PEDOT:PSS (AgNW-EM16) is important to preserving the
integrity of the nanowires while engineering the PEDOT:PSS
structure. This approach enables us to achieve a AgNW-
embedded mixed-cosolvent-modified PEDOT:PSS film with a
significantly higher conductivity of 1202 S/cm in comparison
to that of the EM16 film (906 S/cm) and a high overall visible-
light transparency greater than 85%. Our data suggest that the
highly conducting form of quinoid chains in the PEDOT grains
is in contact with the long AgNWs that are interconnecting the
nearby grains. The AgNWs work as channels for promoting the
charge-transfer process and thereby improve the conductivity.
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On the other hand, the addition of AgNWs after the mixed
cosolvent modification of PEDOT:PSS (AgNW+EM16)
causes deterioration of the nanowires and contributes to the
increase in the sheet resistance in comparison to mixed-
cosolvent-modified PEDOT:PSS (EM16). The hybrid solar
cell made from a AgNW-EM16 film on a planar silicon
substrate shows a very high V¢ of 622 mV and a record high
PCE of 15.1%. Indeed, the PCE achieved in this work is among
the highest efficiency ever reported for planar single-junction
HSCs, without the use of any antireflective or back material
coating and complex fabrication of silicon nanostructures.
These and other additional processing including post-treat-
ment of the AgNW-EM16 film, solar cell fabrication on
surface-structured silicon substrates, interface engineering, and
antireflective coating on PEDOT:PSS film are expected to
further enhance the HSC performance. The present simple
approach of efficiently embedding nanowires in PEDOT:PSS
can also be extended to incorporate other similar nanowires
and nanoparticles by fine-tuning their dimensions and their
concentrations in the dispersion and by choosing a suitable
dispersing solvent, which could be beneficial to advancing the
performances of the organic—organic or organic—inorganic
electronic devices.

EXPERIMENTAL DETAILS

Preparation of AgNW-Embedded PEDOT:PSS Solutions.
Highly conducting-grade PEDOT:PSS (PH1000), AgNWs (AgNW-
25, 1 wt % suspension in IPA) with an average diameter of 15—35 nm
and an average length of 15—30 um, and all other chemicals were
purchased from commercial sources and used as-received unless
otherwise specified. The PEDOT:PSS solution was filtered through a
0.45 pum PVDF syringe filter prior to being mixed with the solvents or
AgNWs. Initially, a stock cosolvent mixture of S0 wt % EG and 50 wt
% MeOH was prepared. Typical solution preparation processes are
schematically shown in Figure la. The PEDOT:PSS solution was
added to an optimized 16 wt % solution of the stock mixture of mixed
cosolvent (denoted as EM16) mixed with IPA solutions of different
wt % (0.1, 0.25, 0.5, and 0.75) suspensions of AgNWs. After the sheet
resistance studies, the PEDOT:PSS solution added with mixed
cosolvent EM16 preblended with an optimized 0.25 wt % AgNWs
solution was found to exhibit the lowest sheet resistance (Figure S1).
This film was used for further device fabrication and characterization.
The film samples prepared using such a solution containing 0.25 wt %
AgNWs are designated here as AgNW-EM16 (Figure la). For
comparison, 16 wt % of mixed-cosolvent-modified PEDOT:PSS
solution (EM16) and EM16 subsequently blended with 0.25 wt %
AgNWs (designated as AgNW+EM16, Figure la) were separately
prepared. Other sets of solutions were also prepared by using 0.25 and
0.5 wt % AgNWs premixed with an appropriately optimized amount
of 7 wt % EG. The resulting solution preblended with an optimized
0.25 wt % AgNW solution was then added to PEDOT:PSS (AgNW-
E7). A PEDOT:PSS solution just added with 7 wt % EG without
employing any AgNWs (E7) was also prepared. Prior to spin-coating
an appropriate amount of the modified PEDOT:PSS solutions onto
the substrates, 0.25 wt % fluorosurfactant (FS-300) was also added to
improve the wettability of the solutions on glass and Si/SiO,
substrates.

Hybrid AgNW-PEDOT:PSS Film Preparation and HSC
Fabrication. The films deposited on glass substrates were used for
sheet resistance and transmittance property studies. Phosphorus-
doped, n-type Si(100) substrates (380 + 25 um thick, Virginia
Semiconductor Inc.), with a resistivity of 0.05—0.10 Q-cm, were used
for solar cell device fabrication and for other characterizations. Details
of the PEDOT:PSS film preparation and device fabrication processes
have been reported elsewhere.*'" Briefly, an appropriate aliquot of the
PEDOT:PSS solution modified with a cosolvent or a mixed cosolvent
with or without preblending with AgNWSs was spin-coated on
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appropriately cleaned glass substrates and then subsequently annealed
at 109 + 1 °C on a hot plate in air for 10 min. Initially, the films were
deposited on glass substrates at four different spin rates of 2000, 4000,
6000, and 8000 rpm. An optimized spin rate of 4000 rpm was found
to give the lowest measured sheet resistance values and was therefore
chosen for all subsequent depositions (Figure S1). Cleaned Si
substrates were immersed in 5% hydrofluoric acid for 2 min to remove
the native oxide layer, followed by thorough rinsing in filtered high-
resistivity (18.2 MQ) water. An aluminum metal bottom electrode
(200 nm thick) was then deposited on the unpolished side of the Si
substrate in a dual-target magnetron sputtering system (EMSS75X).
As it was important to form an appropriately optimized interface
oxide layer prior to the PEDOT:PSS deposition on the Si substrates,''
the Si substrates were kept in ambient atmosphere for at least 20—60
min to form a SiO, layer after the bottom electrode deposition. We
denoted the resulting substrates as Si/SiO, substrates. A shadow mask
was used to deposit the top comb-type silver metal grid electrode (50
nm thick) on the polymer layer for HSC characterization.

Characterization of PEDOT:PSS Films and HSCs. The sheet
resistances and current—voltage characteristics were measured by
using the four-point probe method in a van der Pauw configuration
(Ecopia HMS-5300). The transmittance and reflectance spectra of the
films were obtained in a UV—vis spectrophotometer (PerkinElmer
Lambda 35). The Raman spectra were collected at room temperature
with a laser wavelength of 785 nm and laser power of 10 mW in a
Bruker Senterra Raman confocal microscope. X-ray photoelectron
spectroscopy studies were carried out in a Thermo-VG Scientific
ESCALab 250 microprobe. The spectra were obtained using a
monochromatic Al Ka source (1486.6 eV), and CasaXPS software
was used for peak fitting (after correction with the Shirley
background). The surface morphologies of the films were examined
by scanning electron microscopy in a Zeiss LEO 1530 microscope.
Transmission electron microscopy measurements were carried out in
a Zeiss Libra 200 MC microscope operated at 200 keV. Low-energy-
loss (or plasmon) energy-filtered TEM images were acquired by using
an exit slit with an appropriate slit width for the double-corrected
omega energy filter.®

The solar cell measurement methods have been reported
previously.'" Briefly, the solar cell properties were analyzed by using
a solar cell characterization system capable of both I-V and EQE
measurements (PV Measurements IVS and QEX10). The I-V
measurements were performed under 100 mW/cm® (1 Sun)
illumination using a class ABA solar simulator (with an AM 1.5G
filter) in air. Prior to the I—V measurement, a Si reference cell
(PVM782 with a BK7 window) was used to calibrate the light source
intensity. An aluminum metal aperture mask was used to define the
area of the device (7 X 7 mm?®) during the I—V measurement. The
EQE measurements were carried out under monochromatic light (in
between two fingers of the top comb electrode), as filtered by a dual-
grating monochromator from a xenon arc lamp source, coupled with a
germanium photodiode. The approximate illumination area for the
EQE measurements was 1 X 3.5 mm>.
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