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ABSTRACT: Hybrid metallic nanowire-embedded, highly conductive poly(3,4-ethylenedioxy
thiophene):polystyrenesulfonate (PEDOT:PSS) with synergetic properties is indispensable for
enhancing the performances of conductive polymer-based electronic devices. Here, we report
embedment of silver nanowires (AgNWs), with diameter ~100 nm and a high concentration
(500 mg/mL) of nanowires dispersed in either ethanol or isopropanol, in PEDOT:PSS and
compare the effects of the nanowire-dispersing solvents as well as its thicker diameter and high
concentration on the overall properties and particularly its charge transfer characteristics and
planar heterojunction solar cell (HSC) properties. Furthermore, electrostatic force microscopy
is applied to elucidate the direct charge transfer from AgNWs to the PEDOT:PSS matrix. The
AgNW-embedded PEDOT:PSS-based planar HSCs show a very high open-circuit voltage of
over 638 mV and a high power conversion efficiency greater than 15.3% and without any
significant influence from the AgNW dispersing solvents. While charge transfer in
PEDOT:PSS without AgNWs occurs through the conducting PEDOT grains, enhanced
charge transfer is realized in AgNW-embedded PEDOT:PSS with charge transport from

PEDOT grains to AgNWs and then to PEDOT grains before reaching the top electrode in the HSC. The AgNW-embedded
PEDOT:PSS hybrid materials pave a simple way to enhance the charge transfer performance in not only HSCs but also other hybrid

or heterojunction electronics.

KEYWORDS: conducting polymer, poly(3,4-ethylenedioxy thiophene):polystyrenesulfonate or PEDOT:PSS, silver nanowire,

electrostatic force microscopy, charge transfer, heterojunction solar cell

B INTRODUCTION

The aqueous-based conducting polymer poly(3,4-ethylene-
dioxy thiophene):poly(styrenesulfonate) (PEDOT:PSS) has
found several applications in polymer-based electronic devices,
including all polymer and heterojunction solar cells
(HSCs)."™” The cost-effective device fabrication processes,
such as spin-coating, can be used to generate homogeneous
PEDOT:PSS thin films on different substrates after the
addition of appropriate surfactants,®”'> which makes PE-
DOT:PSS highly desirable for inexpensive device fabrication.
Significant efforts to further enhance the conductivity of this
polymer have been carried out by various methods including
solvent addition and post-surface treatments. The addition of
appropriate cosolvents”'"'” has been reported to be one of the
most popular methods among the many different approaches
to improve its conductivity. Higher conductivities obtained
with surface treatments,'*™"” such as the acid treatment,'® have
also been reported. However, these procedures are quite
complex and they become less practical and increase device
manufacturing cost. Among the different solvent addition
approaches to improve the properties of PEDOT:PSS, the
simple and most viable method to achieve the highest
conductivities has been cosolvent addition, which involves
the addition of appropriate amounts of either ethylene glycol
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(EG)*'® or mixed cosolvents (EG and methanol)'” in
PEDOT:PSS. Typically, cosolvent addition facilitates the
formation of PEDOT microstructure grains with highly
conducting quinoid chains preferably over its less conducting
benzoid counterparts in the PEDOT:PSS matrix.'”~>' The
mixed cosolvent process has also been found to enhance the
separation and removal of the insulating PSS from the
PEDOT:PSS matrix, in addition to facilitating the formation
of highly conducting quinoid chains."

Alternate approaches to enhance the conductivity of
PEDOT:PSS by forming hybrid structures, such as adding
nanoparticles or nanowires into the solution or in between or
on top of the films, have also been attempted.”**”>® Recently,
we reported the enhancement of PEDOT:PSS conductivity
and HSC performance achieved by efficient embedment of
AgNWs with an average diameter of 25 nm in PEDOT:PSS.*’
AgNWs have been chosen for embedding in PEDOT:PSS
because of its highly conductive nature, ease of fabrication,
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flexibility, and commercial availability. As direct addition of
AgNWs into the PEDOT:PSS solution is found to cause
structural deterioration of AgNWs, more effective embedment
can be carried out by premixing the AgNWs in the mixed
cosolvent prior to adding to the PEDOT:PSS solution.”*
Further development of more effective embedment methods of
nanoparticles or nanowires in PEDOT:PSS for fabricating
highly conductive hybrid structures is important to exploit the
widespread use of these hybrid materials in not only HSCs but
also other electronic devices.

Planar HSCs with high efficiencies are of special interest in
building inexpensive solar cells because they can be achieved
by simple fabrication routes. The power conversion efficiency
(PCE) of HSCs made of p-type PEDOT:PSS and n-type Si has
been recently reported to exceed 15%.””** However, the high
efficiencies of most of these HSCs made on planar substrates
(i.e., without complex substrate structure modifications) have
been obtained by employing antireflective coatings,””
interface engineering that involved tuning the contact
properties of silicon substrates,’”>” and optimizing the
PEDOT:PSS properties.'” Incorporating metallic nanowires,
such as AgNWs, in PEDOT:PSS to create hybrid material
systems with ultralong (several tens of microns) nanowires as
efficient charge transfer conduits can be advantageous in
enhancing not only the solar cell properties but also the
conducting properties of PEDOT:PSS in general.”’ Efforts to
elucidate the charge transport characteristics in this type of
hybrid structures could further open up their potential use in
fabricating other low-cost high-efficiency electronic devices.

Although HSCs comprising AgNWs (embedded inside or as
layers in between) and PEDOT:PSS have been reported,
better understanding of how the different dispersing solvents
that contain the AgNWs can influence the properties of
PEDOT:PSS and HSCs is acutely needed. Such a study can
benefit exploiting the development of this technologically
important PEDOT:PSS for its widespread use in polymer-
based electronic devices. Therefore, in this study, we
incorporate AgNWs with diameter ~100 nm, predispersed in
either isopropanol (IPA) or ethanol (EtOH), in PEDOT:PSS,
in order to examine its influence on the overall properties of
the hybrid films including their charge transfer properties and
HSC performance. The use of two different dispersing
solutions (i.e., IPA and EtOH) for AgNWs will allow us to
determine the effect of these dispersing solutions on the
aforementioned properties. Furthermore, a rather high
concentration of 500 mg/mL AgNWs (relative to a typical
range of 1—5 mg/mL)” is chosen for the embedment to
obtain higher conductivities with their expected better
interconnecting networks. Interestingly, we find that the
antireflective properties of PEDOT:PSS films are also
enhanced with the embedment of AgNWs as compared to
mixed cosolvent-modified PEDOT:PSS films (without
AgNWs) on Si substrates. We utilize electrostatic force
microscopy (EFM) to study the charge transfer properties
between AgNWs and PEDOT:PSS, and the results demon-
strate that the AgNWs act as essential charge transfer paths
while the AgNW-dispersing solvents produce only minor
differences in their charge transfer characteristics. The addition
of AgNWs also improves the HSC performance and a high
PCE of 15.4% can be obtained for these simple planar cells
without the need for any additional post-treatment or elaborate
interface engineering.

B EXPERIMENTAL SECTION

PEDOT:PSS (PH1000), AgNWs (500 mg/mL dispersed in either
IPA or EtOH) with diameter ~100 nm and length ~15—30 ym, and
all other chemicals were purchased from commercial sources. A 16 wt
% of the stock cosolvent mixture of S0 wt % of EG and S0 wt % of
methanol (MeOH) was mixed with the PEDOT:PSS solution
(filtered through a 045 pum PVDF syringe filter) to prepare the
EM16 solution.'”*® Typical solutions prepared with different
constituents in this study are schematically shown in Figure Sl
(Supporting Information). The optimized 0.25 wt % of suspensions of
AgNWs in IPA or EtOH was mixed with the mixed cosolvent prior to
adding 16 wt % of the AgNW-suspended mixed cosolvent to the
PEDOT:PSS solution (denoted as AgNW—IPA and AgNW—EtOH,
respectively).”® A 0.25 wt % fluorosurfactant (FS-300) was also added
to the modified PEDOT:PSS solutions to improve the wettability of
the solutions on the substrates.'>* The thin films deposited on glass
substrates were used for sheet resistance and EFM studies. Planar
Si(100) substrates (380 + 25 um thick, single side polished,
phosphorus-doped, n-type, resistivity of 0.05—0.10 ohm-cm, Virginia
Semiconductor Inc.) were used for solar cell device fabrication and for
other characterization.”> The PEDOT:PSS film deposition using spin-
coating and other HSC device fabrication steps have been reported
elsewhere.””?

The AgNWs and film surface morphologies were examined by
scanning electron microscopy (SEM, Zeiss Merlin) and by trans-
mission electron microscopy (TEM, Zeiss Libra 200 MC). The sheet
resistances were measured by using the four-point probe method (van
der Pauw configuration, Ecopia HMS-5300).’ The reflectance
spectra of the films were obtained in a UV—Vis spectrophotometer
(PerkinElmer Lambda 1050). The measurement methods for HSCs
have been reported earlier.” Chemical-state composition of the
AgNWs was analyzed as a function of Ar ion sputtering time (30, 60,
180, and 300 s) by depth-profiling X-ray photoelectron spectroscopy
(XPS, Thermo-VG Scientific ESCALab 250). The spectra were
obtained using a monochromatic Al Ka source (1486.6 eV), and Casa
XPS software was used for peak fitting (after appropriate Shirley
background correction) and analysis.”® The atomic force microscopy
(AFM) or EFM measurements were performed in an ambient
atmosphere with an Asylum Research Cypher microscope. A Ti/Ir-
coated silicon tip (ASYLEC-01-R2) with a resonance frequency at
~58-97 kHz and a spring constant k ~ 2.8 N/m was used in AFM or
EFM imaging.

B RESULTS AND DISCUSSION

A very high concentration of AgNWs (500 mg/mL) with
diameter ~100 nm, dispersed in EtOH or in IPA, is embedded
in PEDOT:PSS to study their effect on modifying the overall
properties, especially the charge transfer characteristics and
HSC efficiency enhancement. An SEM image of typical
AgNWs (dispersed in IPA) used for the embedment in
PEDOT:PPS is shown in Figure la and the corresponding
TEM image of a single nanowire is shown in Figure 1b, which
confirms that the average diameter of the nanowires is 100 +
10 nm. Similar results are also observed for the nanowires
dispersed in EtOH (Figure S2ab, Supporting Information).
The low-magnification SEM images (Figure S3a,b, Supporting
Information) confirm that the ultralong AgNWs in both IPA
and EtOH are of several tens of micrometers long. The SEM
image of AgNW-embedded PEDOT:PSS in Figure lc shows
the same nanowire morphology as AgNWs before their
addition into PEDOT:PSS (Figure la), which is also
confirmed by the corresponding TEM result (Figure 1d).
The ellipsoidal PEDOT grains are also faintly visible between
the AgNWs in the TEM image. The chemical structures of
PEDOT:PSS with quinoid (center) and benzoid (edges)
chains in PEDOT and of the insulating PSS chains, along with
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Figure 1. SEM and TEM images of AgNWs (a,b) before and (c,d)
after addition to PEDOT:PSS.

those of mixed cosolvent EG and methanol (labelled as EM),
solvent IPA or EtOH used for dispersing AgNWs, and the
schematic representations of the prepared solutions without
and with AgNWs are shown in Figure S1 (Supporting
Information). The EM16 solution is prepared for comparison
with an optimized 16 wt % of the mixed cosolvent of EG and
methanol addition to PEDOT:PSS."? Solutions labeled
AgNW-IPA and AgNW—EtOH are obtained by preblending
optimized 0.25 wt % AgNWs (in the respective dispersing
solvents) in the mixed cosolvent solution first prior to adding
the AgNW-embedded mixed cosolvent solution to PE-
DOT:PSS.”

The highly conducting metallic nanowires effectively
embedded in PEDOT:PSS are expected to improve the
conductivity. To evaluate their effects on the conductivity, the
PEDOT:PSS films with and without AgNWs are deposited on
glass substrates for sheet resistance measurement and charge
transfer characterization. The sheet resistance (R,) measure-
ment (Table S1, Supporting Information) shows a value of
139.0 Q/[] for the EM16 film (i.e., without the AgNWs). The
AgNW—IPA film, obtained by an optimized 0.25 wt % AgNWs
dispersed in IPA and then preblended with the mixed
cosolvent prior to adding to PEDOT:PSS, is found to show
a decrease in R to 132.5 Q/[]. In addition, the R, value for the
AgNW-EtOH film, obtained by an optimized 0.25 wt %
AgNWs in EtOH preblended with the mixed cosolvent before
adding to PEDOT:PSS, is also reduced to 133.5 Q/[] but is
slightly higher than the AGQNW—IPA film. It is evident that the
embedment of AgNWs in PEDOT:PSS by premixing the NWs
in the mixed cosolvent prior to the addition to PEDOT:PSS
(AgNW—IPA or AgNW—EtOH) has improved the conducting
nature of the hybrid AgNW-PEDOT:PSS films compared to
the EM16 film.”> To verify the conducting nature of the
AgNWs, films of AgNWs (separately dispersed in IPA and
EtOH) drop-casted directly on glass substrates are also tested
and the results show very low sheet resistance values (R, < 20
Q/[]). It is known from our earlier studies that there is a slight
increase in the sheet resistance (R, > 140 Q/[]) for the
PEDOT:PSS film with just the solvent (IPA or EtOH) used to
disperse the AgNWs added in PEDOT:PSS, that is, adding

11461

aliquot of IPA or EtOH but without any AgNWs to
PEDOT:PSS.” It is therefore evident that the conductivity
enhancement is limited at present by the PEDOT:PSS
properties only and it appears not significantly influenced by
the dispersing solvents. In addition, nanowires with a diameter
that is slightly larger than the PEDOT:PSS film thickness are
causing a rougher surface as evidenced from the AFM studies,
discussed later.

Figure 2a shows a schematic diagram of a typical HSC with a
AgNW-embedded PEDOT:PSS layer on a Si/SiO, substrate
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Figure 2. (a) Schematic diagram of a typical HSC with a PEDOT:PSS
layer embedded with AgNWs on a Si/SiO,, substrate. (b) Reflectance
spectra of AgNW—IPA, AgNW—EtOH, and EM16 films, and (c)
current density vs voltage profiles and (d) external quantum efficiency
curves of HSCs made from AgNW—IPA, AgNW—EtOH, and EM16
films, all on planar Si/SiO, substrates.

sandwiched between a comb-shaped Ag top electrode and an
Al thin-film bottom electrode. It is known that the inherent
antireflective property of the PEDOT:PSS film on a Si/SiO,
substrate can improve the photovoltaic properties. The
reflectance spectra of the films (Figure 2b), obtained with
and without AgNWs in PEDOT:PSS, on Si/SiO, substrates
along with that of a pristine Si/SiO, substrate illustrate similar
high antireflective properties and the reflectance minima
reached below 7.3% near 600 nm for all the films. Furthermore,
the reflectance minima of the AQNW—IPA and AgNW—-EtOH
samples exhibit small blue shifts of ~39 and ~24 nm,
respectively, relative to the EM16 sample. The slight difference
in the shifts of the reflectance minima between the two
different AgNW-embedded PEDOT:PSS samples is likely
caused by the top surface characteristics and scattering effects,
which are evidenced from the AFM topography results. In
addition, the transmittance spectra of the PEDOT:PSS films
embedded with and without AgNWs on glass substrates show
very high transmittance in the 400—1000 nm region (Figure
S4, Supporting Information), which are a little lower than that
of the pristine glass substrate. The high antireflective properties
of AgNW-embedded PEDOT:PSS films [as indicated by the
low reflectance (<30%) in the 450—1000 nm region] are
observed to be beneficial in improving the HSC properties as
discussed below.

A very high photovoltaic performance is achieved for the
HSCs fabricated with the hybrid AgNW—IPA and AgNW-—
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EtOH films deposited on planar n-type Si/SiO, substrates.
Figure 2c,d shows the current density versus voltage (J—V)
curves and EQE spectra of the fabricated HSCs. The
photovoltaic properties of the HSCs including open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and PCE are summarized in Table S1, Supporting
Information. The highest Vi of 639.0 mV (Jgc of 32.7 mA/
cm? and FF of 73.4%) with a PCE of 15.3% is obtained for the
best-performance AgNW—IPA cell. Similarly, a high Vi of
638.4 mV (Jsc of 31.1 mA/cm? and FF of 77.4%) with a PCE
of 15.4% is obtained for the best-performance AgNW—EtOH
cell. An EM16-based HSC (i.e., without AgNWs) is also
prepared for comparison and it shows a slightly lower V¢ of
630.0 mV (Jsc of 30.6 mA/cm* and FF of 74.7%) and a
discernibly lower PCE of 14.4% when compared to the AgNW-
embedded cells. In addition, typical diode characteristics are
observed for all the solar cells measured in the dark. Similar
high performance with a V¢ of 635 mV and a PCE of 15.2%
or greater are achieved for four or more similar AQNW—IPA or
AgNW—EtOH cells. The slightly higher Vo for AgNW-
embedded PEDOT:PSS HSCs in comparison to the EM16 cell
is achieved by the reduced interface defect formation’ and
recombination, improved built-in electric field, and eflicient
charge transport from the interface to the top electrode (as
discussed below). The EQE spectra for the AgNW-embedded
HSCs also show a slightly higher efficiency in the blue (lower)
wavelength region than the EM16 cell, which is in agreement
with the observed improvement in the antireflective property
(Figure 2b). Evidently, the reduced sheet resistance and
improved antireflectance of the AgNW-embedded PE-
DOT:PSS films lead to the enhancement in the front carrier
collection, interface carrier transport, and the solar cell
performance.

The HSC efficiencies for the cells made of PEDOT:PSS
embedded with thicker AgNWs (100 nm diam) using AgNW—
IPA and AgNW—EtOH are higher in comparison with the
highest PCE of 15% obtained for a typical cell embedded with
thinner AgNWs (25 nm diam, dispersed in IPA).>’
Interestingly, the PEDOT:PSS films embedded with thicker
AgNWs using AgNW—IPA and AgNW—EtOH show slightly
higher sheet resistance values than PEDOT:PSS films
embedded with thinner AgNWs, which is likely due to the
oxidation of the thicker AgNWs. To confirm the oxidation, we
collect depth-profiling XPS of Ag 3d and O 1s regions of
pristine thicker AgNWs as a function of Ar ion sputtering time
for 30, 60, 180, and 300 s. The Ag 3d;,, peak for AgNWs drop-
casted from IPA dispersion (designated as AgNW-I, Figure 3a)
is observed at 367.4 eV (Ag 3d,, at 373.4 eV), which indicates
a core—shell-like structure of AgNWs with an oxide layer
(Ag,0) on the peripheries.””** The Ag peak is blue-shifted by
0.4 eV after 30 s of sputtering, which likely corresponds to the
Ag,0 peak position after the removal of the top carbonaceous
layer (arising from ambient handling). The peak is further
shifted to the typical metallic Ag 3d;,, peak position of 368.2
eV (Ag 3ds, at 374.2 eV) after sputtering for 60 s or more.”**
A slightly different trend is observed for the AgNWs drop-
casted from EtOH dispersion (designated as AgNW-E, Figure
3b) with the Ag 3d;,, peak at 367.9 eV (Ag 3d,,, at 373.9 V),
which is 0.5 eV higher than that of the AgNW-I sample before
sputtering. Sputtering for 30 s only causes the Ag 3d;,, peak to
blue-shift slightly (by ~0.1 eV) for the AgNW-E sample. The
corresponding metallic Ag 3ds,, peak is observed at 368.2 eV
(Ag 3d,/, at 374.2 eV) after sputtering for 60 s or above,

180 s
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Figure 3. XPS spectra of (ab) Ag 3d and (c,d) O 1s spectra of
AgNW-I (a,c) and AgNW-E (b,d) samples and upon sputtering for
30, 60, 180, and 300 s.

similar to that observed for the AQNW-I sample. It is clear that
both the AgNWs show similar metallic features after sputtering
for 60 s or more, which is also in agreement with the shifts
observed in the O 1s peak positions. The O 1s feature of the
AgNW-I sample before sputtering (Figure 3c) shows a major
peak at 532.3 eV and a weaker peak at 530.8 eV, which
becomes two distinct peaks at 533.1 and S31.5 eV, respectively,
after sputtering for 30 s. For the AgNW-E sample, two distinct
peaks at 532.7 and 531.2 eV with nearly the same intensities
are observed before sputtering (Figure 3d), and they become
weakened and blue-shifted to 533.0 and S531.5 eV after
sputtering for 30 s. The slight variation in the nature of this
oxide layer could lead to variation in the fill factor values of the
AgNW-embedded HSCs. Interestingly, both samples show two
distinct O 1s features at similar positions and nearly the same
relative intensities after sputtering for 60 s, and both features
become further diminished upon further sputtering for 300 s.
These two features are consistent with subsurface and
chemisorbed oxygen species. These results suggest the
presence of oxides on these thick metallic AgNWs irrespective
of their dispersing solvents and indicate a core—shell structure
with a Ag,O shell covering a metallic core. The Ag,O shell on
the metallic Ag core in the AgNW-I sample comprises a
mixture of AgO and Ag,0 components and the shell is mostly
Ag,0 for AgNW-E. The presence of the oxide shell on AgNWs
could hinder the conductivity in comparison to the thinner
nanowires (25 nm diam). Indeed, depth-profiling XPS studies
of the thinner AgNWs show discernibly lower extent of
oxidation of the nanowires (Figure SS, Supporting Informa-
tion). There is also no shift in the Ag 3d or O 1s peak positions
before or after sputtering, which further confirms the presence
of substantially less metallic surface oxides, which results in
lower sheet resistance when mixed with PEDOT:PSS.”> Even
in the case of the thicker AgNWs, it appears that the metallic
oxide is more conducting than the PEDOT:PSS itself. These
oxides therefore contribute in improving the charge transfer
properties of AgNW-embedded PEDOT:PSS films and
ultimately the performance of HSCs.

Using the EFM mode in our AFM system, we determine the
charge transfer characteristics between the AgNWs and
PEDOT:PSS. Tapping-mode AFM images for the EMISG,
AgNW—IPA, and AgNW—EtOH films on glass substrates are
shown in Figure 4a—c, respectively. The embedded AgNWs
are clearly visible in their respective AFM images in Figure
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Figure 4. AFM images of (a) EM16, (b) AgNW—IPA, and (c) AgNW—EtOH films deposited on glass substrates. (d) Schematic representation of
the EFM measurement method for a PEDOT:PSS film embedded with AgNWs on a glass substrate. (e—g) Corresponding EFM phase images
under various biases for the EM16, AgNW—IPA, and AgNW—EtOH films, respectively. (h) Plots of the phases at five different applied biases for
the EM16, AgNW—IPA, and AgNW—EtOH films. The solid lines are obtained by polynomial fittings and the dash lines represent the symmetry

axis of the fitting parabola. The scale bar in the images is 600 nm.

4b,c. The EM16 sample shows a smooth surface with an
estimated RMS surface roughness of 2.4 nm, which is increased
to 14.1 nm for the AgNW—IPA sample and to 15.2 nm for the
AgNW—EtOH sample because of the presence of the AgNWs.
Figure 4d demonstrates the typical EFM testing method with
the films (deposited on glass substrates) grounded during the
measurement. A bias voltage (from —10 to 10 V with an
increment of S V) is applied to the tip during the EFM
measurement to allow extraction of the Coulombic force.*>*
The resulting phase shift maps obtained with the five different
applied bias voltages over the same sample area as the AFM
measurement are combined into a single image for comparison
(Figure 4e—g). The left-axis labels in Figure 4e indicate the
applied bias voltages used for the acquired images,
appropriately selected stripes of which are used for the
combined image. The EFM phase images of nanowires-
embedded PEDOT:PSS show a well-resolved nanowire at
higher applied biases (%5 and +10 V), while EM16 shows
slightly higher degrees of phase shift with positive biases than
the respective negative biases. For the EM16 film, an applied
bias of 10 V shows a higher phase shift of slightly above 130°,
while the same applied bias voltage in the opposite polarity
gives a phase shift below 120°. Both AgNW-embedded films
exhibit high phase shifts of above 140° at the higher applied
biases of +10 V. The changes in the phase shift degree for the
EM16, AgNW—IPA, and AgNW—EtOH samples are summar-
ized in Figure 4h. It is known that the negative shift of the
symmetry axis of the fitting parabola indicates negative charges
at the surface and vice versa.’® The fitted curve of the EM16
film shows that the symmetry axis is located at a bias voltage of
—1.5 V. This small offset from the zero bias voltage is in accord

with the electron affinity of the PEDOT:PSS. The fitted curves
of the AQNW—IPA and AgNW—EtOH samples show their
corresponding symmetry axes to be near 0 V (Figure 4h),
which indicates the effective improvement in the charge
transfer between AgNWs and PEDOT:PSS and therefore the
reduced electron affinity of the sample surface.

Further analysis of the topography and charge transfer
characteristics of the EM16 and AgNW—IPA samples (Figure
Sab) is performed by obtaining the respective height and
phase profiles along selected linescans across the image area.
The height profile of the EM16 sample confirms its generally
smooth surface (Figure Sc). On the other hand, a step height
of about 60 nm is found in the height profile for the AgNW—
IPA film (Figure Sd), indicating that the AgNW diameter is
larger than the film thickness and the AgNWs therefore cause
the increased surface roughness of the film. Similar observation
can also be made for the other AgNW-embedded PEDOT:PSS
film (AgNW—EtOH). It should be noted that the thickness of
the PEDOT:PSS film (without AgNWs) is about 85 nm and
for the AgNW-embedded PEDOT:PSS films the thickness is
higher (by ~60 nm) at the locations of the AgNWs. Because
the EFM phase images are acquired at a selected tip bias with
the tip withdrawn, the phase images are mainly affected by the
charge transfer properties of the sample surface. An increase in
the phase profile is observed at the location of the nanowire for
the AgNW-embedded samples, and this phase increase is
found to increase with increasing tip bias. This change in the
phase signature can be attributed to the enhanced charge
transfer with the AgNWs. The slight dip in the phase linescan
on one side of the nanowire is caused by a topographical
crosstalk effect (which is related to the direction of the tip
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Figure S. (a,b) EFM images obtained at an applied bias of 10 V and
(c,d) height profiles of the AFM image (black) and phase profiles of
the corresponding EFM images (red), obtained along the respective
linescans marked in (ab), for (a,c) EM16 and (b,d) AgNW-IPA
samples. Schematic representations of the charge transfer process in
typical HSCs made of (e) EM16 and (f) AgNW-embedded
PEDOT:PSS samples. The charge transfer in EM16 occurs through
the conducting PEDOT grains (represented by ovals), and that in the
AgNW—IPA or AgNW—EtOH samples occurs from PEDOT grains
to AgNWs and then from the AgNWs to the grains, and finally to the
top silver electrode.

scan) in the EFM phase signal. This EFM study illustrates the
charge transfer modification in hybrid and heterostructure
electronic systems and such an effect can also be applied to
other similar systems.

The consequence of embedding these AgNWs with a
diameter larger than the PEDOT:PSS film thickness triggers
modifications in the film morphology, which is schematically
illustrated in Figure Se,f. For the EM16 sample, the reduction
of the coil-like benzoid structures and formation of extended
quinoid structures in the ellipsoidal PEDOT grains are known
to be caused by the mixed cosolvent addition to PEDOT:PSS,
and these changes lead to a highly conductive thin film. In
addition, the separation and removal of PSS from PEDOT
during the spin-coating process is facilitated by methanol in the
mixed cosolvent (EM) solution. As the EG in the mixed
cosolvent stabilizes the extended quinoid structures in the
PEDOT:PSS matrix, the remaining insulating PSS in the film is
expected to segregate to the voids among the grains, which
leads to a more closely packed matrix of highly conducting
PEDOT grains. For an AgNW-embedded PEDOT:PSS film,
the nanowires are embedded in a layer of highly conducting
PEDOT grains and the charge transfer takes place from the
grains to the Ag metal core through the conductive Ag, O shell
of the AgNW and then to other grains before reaching the
electrodes. Along with the improved antireflective property
and reduced sheet resistance, this more efficient charge transfer
process enhances the properties of HSCs. This has made
possible a very high Vo of 639.0 mV and a high Jsc of 32.7

mA/cm?, with the PCE reaching greater than 15.3% for the
planar cells.

B CONCLUSIONS

In summary, we characterize the charge transfer properties of
AgNW-embedded PEDOT:PSS by using EFM analysis. The
HSC made from a hybrid AgNW-embedded PEDOT:PSS film
(AgNW—IPA) on a planar silicon substrate shows a very high
Voc of 639 mV and a very high PCE of 15.3%. Different
dispersing solvents for the AgNWs only slightly influence the
overall properties of PEDOT:PSS and its charge transfer
characteristics as observed from the EFM studies. In addition,
we do not observe any significant effect of these dispersing
solvents (IPA and EtOH) on the impressive HSC properties
themselves. Indeed, the PCEs greater than 15.3% achieved for
both AgNW-embedded PEDOT:PSS-based HSCs in this work
are among the highest efficiencies ever reported for planar
single-junction HSCs. This is even more remarkable
considering that this high PCE is obtained without the use
of any top antireflective coating, interface engineering, and
complex fabrication processes. Further enhancement in the
HSC properties can clearly be achieved by these additional
fabrication processes such as PEDOT:PSS post surface
treatments, antireflective coating, and interface modifications.
The present method of producing hybrid metallic nanowire-
embedded PEDOT:PSS with efficient charge transfer proper-
ties can be incorporated into organic—organic or organic—
inorganic electronic devices other than HSCs to further
advance their performance, and the EFM analysis method
could also be used to study the charge transfer characteristics
in other similar systems at high spatial resolution.
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