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ABSTRACT: Hybrid solar cells based on n-Si/poly(3,4-
ethylenedioxythiophene):poly(styrene- sulfonate) (PE-
DOT:PSS) heterojunction promise to be a low cost
photovoltaic technology by using simple device structure and
easy fabrication process. However, due to the low conductivity
of PEDOT:PSS, a metal grid deposited by vacuum evaporation
method is still required to enhance the charge collection
efficiency, which complicates the device fabrication process.
Here, a solution-processed graphene oxide (GO)-welded silver
nanowires (AgNWs) transparent conductive electrode (TCE)
was employed to replace the vacuum deposited metal grid. A
unique “sandwich” structure was developed by embedding an AgNW network between PEDOT:PSS and GO with a figure-of-
merit of 8.6 × 10−3 Ω−1, which was even higher than that of sputtered indium tin oxide electrode (6.6 × 10−3 Ω−1). A champion
power conversion efficiency of 13.3% was achieved, because of the decreased series resistance of the TCEs as well as the
enhanced built-in potential (Vbi) in the hybrid solar cells. The TCEs were obtained by facile low-temperature solution process
method, which was compatible with cost-effective mass production technology.
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■ INTRODUCTION

Crystalline silicon solar cells stand for more than 90% of the
photovoltaic (PV) market share, owing to the high power
conversion efficiency (PCE) as well as the sufficient raw
material supply. But the high cost of silicon solar cells is still the
main obstacle for their large-scale applications because of the
complex and energy-consuming fabrication processes as well as
the high material costs.1,2 Recently, organic−inorganic hybrid
solar cells based on conductive conjugated polymers and
crystalline silicon substrates attract wide research interests.3−6

The hybrid solar cells can combine the advantages of both
organic and inorganic counterparts. First, the crystalline silicon
substrates ensure excellent light-harvesting properties. Second,
the high-temperature dopant diffusion processes are avoided
because the PV effect of the hybrid solar cells comes from the
heterojunction formed by depositing organic layers on silicon
substrates. Moreover, the facile low-cost solution techniques
could be employed to process the organic materials in the
hybrid devices. The conjugated polymer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is widely used as hole-transporting window in the
hybrid solar cell because of its high conductivity and
transparency.7−12 However, extra electrodes, such as indium
tin oxide (ITO) and metal grids, are usually required to further
improve the lateral charge transport property of the
PEDOT:PSS films in the hybrid devices.13−15 Silver (Ag) grid
electrodes (thickness of 200 nm) are commonly deposited on

PEDOT:PSS layers by vacuum thermal evaporation methods
through shadow masks. But the deposition process is time-
consuming and costly. Meanwhile, a certain proportion of
incident light will be either reflected or blocked by the thick Ag
grids, leading to decreased light absorption of the solar cells.
Therefore, a cost-effective and highly conductive transparent
conductive electrode (TCE) under mild conditions is expected
to enhance the performance of the hybrid solar cell.
Alternative solution-processed TCEs, such as carbon nano-

tubes (CNTs),16,17 graphene,18,19 and metal nanowires,8,20−23

have been extensively investigated in recent years. The CNTs
networks and graphene films exhibit a great flexibility and
transparency, which could be used to fabricate PV devices. But
sheet resistance (Rs) of the carbon-based TCEs is still inferior
to conventional ITO electrodes.24 The random network of
silver nanowires (AgNWs) shows a promising high conductivity
(∼9.4 Ω/sq) and an excellent transmittance of over 90% in the
visible light range.25

However, large surface roughness and poor charge transport
across the junctions between adjacent AgNWs need to be
further improved for PV applications. Generally, several
postprocessing treatments, such as high-temperature thermal
annealing,20 mechanical pressing,26 hydrogen chloride vapor
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exposure,27 plasmonic welding,28 and joule heating welding,29

are necessary to ensure high conductivity and strong adhesion
of AgNW networks on substrates. Recently, composite TCEs
were fabricated with AgNWs and other functional materials to
overcome the drawbacks of the single-component AgNW
electrodes.30−34 Likewise, by assembling graphene oxide (GO)
with AgNWs, the film Rs could be decreased because the
AgNWs provided conductive paths for charge carrier to
transport across the grain boundaries of GO.35

Herein, solution-processed GO was utilized as ultrathin
overcoating layer to effectively weld AgNW junctions combined
with PEDOT:PSS to improve film conductivity without
sacrifice of light transparency. The as-fabricated AgNW/GO
composite films were applied on top of PEDOT:PSS to replace
the vacuum deposited metal grid electrodes in Si/PEDOT:PSS
hybrid solar cells. The tightly welded AgNW networks were
sandwiched between GO and PEDOT:PSS. Owing to the lower
optical loss and the improved conductivity of the AgNW/GO
films as well as the deepened work function (WF) of the
PEDOT:PSS films induced by GO, a champion PCE of as high
as 13.3% was achieved, which was even higher than that of the
reference devices with conventional vacuum deposited Ag grid
electrodes. Meanwhile, except for the vacuum deposited back
contacts, the whole fabrication processes of the hybrid solar
cells are based on fully solution-processed methods at room
temperature, which is compatible with the mass-production
technologies. As a result, the PEDOT:PSS/AgNW/GO
composite TCEs could be potentially used to further reduce
the fabrication cost of the organic−inorganic hybrid solar cells.

■ RESULTS AND DISCUSSION
In the hybrid n-Si/PEDOT:PSS solar cells, PV effect was
generated from the heterojunction at the interface between the
organic layers and the inorganic substrates. The crystalline n-
type silicon substrates harvest the incident light and convert the
photons into charge carriers. The light-induced holes and
electrons are separated and driven to the PEDOT:PSS layer
and the Al back electrode, respectively. The AgNW/GO films
were coated on the PEDOT:PSS layers to improve the lateral
charge transport property of holes in the TCEs.
To investigate the surface topography, transmittance, and

conductivity of the composite TCEs, we fabricated PE-
DOT:PSS/AgNW/GO sandwiched triple layers on either
glass substrates or silicon wafers, following the same processing
condition in the device fabrication process.
The morphology of AgNW networks prepared with 2.5 mg/

mL AgNW suspension with and without GO coverage was
characterized by scanning electron microscopy (SEM) and
atomic force microscope (AFM), as shown in Figure 1. The
SEM image demonstrates that a randomly cross-linked AgNW
network was built on silicon surface with a very low coverage
ratio (about 10−15%) permitting a high light transmittance.
After the GO thin film was deposited, the distribution of
AgNWs remained same, and the whole AgNW network was
encapsulated between GO and PEDOT:PSS. Especially, the
cross junctions of AgNWs were welded tightly by GO, bridging
the charge transport across adjacent AgNWs and lowering Rs of
the AgNW networks. Surface roughness of the composite TCEs
was further probed by AFM, as illustrated in Figure 1c, d.
According to the AFM image, it was found that the surface
morphology was smoothed with GO coating. Steep spikes and
valleys in Figure 1c are due to the loose stacking of AgNWs,
indicating that electrical contacts among the overlapping

AgNWs could be further enhanced by making the network
more compact. The root-mean-square (RMS) roughness
dramatically decreased from 160 nm of the pristine AgNW
network to 40 nm of the GO-covered AgNW one. The Rs also
decreased from 66.1 to 23.1 Ω/sq. We believe that the charge
transport enhancement of the composite film was ascribed to
the following three points. First, electrical contact quality in the
AgNW network was improved since the average spacing
between the overlapping AgNWs was decreased after the GO
coating. Second, contacting area between PEDOT:PSS and
AgNWs was enlarged because of the smoothed morphology of
the AgNW network. Third, the charge carriers could shuttle
among AgNWs through GO, which wrapped on the AgNW
junctions. For the AgNW film without GO coatings,
connections between adjacent AgNWs were primarily driven
by gravity force and van der Waals one.33 The bonding strength
was weak, which resulted in loose connections between
AgNWs. After GO solution was spin-coated onto the AgNW
network, the interconnection between AgNWs was greatly
improved. There are plenty of oxygen-containing functional
groups on GO nanosheet surface, including hydroxyl groups,
carboxyl groups, and epoxide groups.36,37 They are eligible to
strongly bonding with AgNWs and underneath PEDOT:PSS
caused by hydrophilic electrostatic interactions. The AgNW
network could be firmly encapsulated between GO and
PEDOT:PSS by the strong adhesion force. At the same time,
the AgNW network could be pressed more tightly by the
capillary forces during solvent evaporation process of GO
solution, as inferred from Figure 1b. The junctions between
AgNWs can be fused together compactly by the GO
overcoating layer. Additionally, optical loss due to the ultrathin
GO layer on the AgNW network is negligible (see Figure S2 in
the Supporting Information), which is critical to achieving a
high-performance solar cell. It is worth mentioning that there

Figure 1. SEM images of as-fabricated pristine AgNW networks (a)
before and (b) after GO coverage. Junctions in AgNW networks were
effectively welded by the GO overcoating layer as indicated by the
yellow arrows. Three-dimensional AFM images of the PEDOT:PSS/
AgNW composite TCEs (c) before and (d) after the GO coverage.
Surface roughness of AgNWs was reduced from 160 to 40 nm by the
GO overcoating layer.
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may be other materials with oxygen-containing functional
groups that potentially exhibit similar effects as GO. An
investigation into this mechanism in a subsequent study would
further enhance the AgNW mesh conductivity.
Rs and film transparency of the as-prepared composite TCEs

were measured accordingly, as shown in Figure 2 and Figure

S2, and summarized in Table S1 in the Supporting Information.
The films fabricated from various concentrations of AgNWs in
the range of 1−5 mg/mL were investigated. Uniform AgNW
networks could be formed on annealed PEDOT:PSS films by
spin coating method. Conductive AgNW networks provide
additional charge transport pathways, significantly reducing the
Rs of the PEDOT:PSS films, as shown in Figure 2a. An obvious
gradient of Rs variations in the AgNW/PEDOT:PSS composite
films coated with different concentrations of AgNW suspen-
sions was observed. Rs gradually increased with a decrease in
the AgNW concentrations, until it was diluted to 1 mg/mL, in
which case the distribution of AgNWs on PEDOT:PSS films
was too sparse to form an effective charge transport path. After
subsequent coating of GO layers, the AgNW networks were
well-embedded between PEDOT:PSS and GO overcoating

layers, with the internanowire junctions fused tightly together
by the GO nanosheets. As a result, Rs of the PEDOT:PSS/
AgNW/GO TCE was further reduced compared with that of
the PEDOT:PSS/AgNW one. The dropping tendency of Rs
with increasing AgNW concentration is as similar as that of the
composite TCEs without GO layers. An Rs as low as 13.3 Ω/sq
was achieved, which is comparable with ∼10 Ω/sq of
commercial ITO glass.20 For film fabricated from 1 mg/mL
AgNW suspension with or without GO, Rs roughly remains the
same, indicating that the conductivity improvement of
PEDOT:PSS films mainly comes from the percolated AgNW
networks.
To further verify the key role of GO for the conductivity

improvement of AgNWs, only the solvent of GO (mixed
solvent of H2O and isopropanol) was spin-coated onto AgNW
mesh to measure conductivity change before and after solvent
evaporation. The corresponding measured Rs values are
summarized in Table S4 and plotted in Figure S3a in the
Supporting Information. Rs shows slightly drop after solvent
treatment, indicating that the AgNW network would be bonded
more tightly not only by the capillary forces from solvent
evaporation but also the hydrophilic electrostatic interactions
between GO and underneath PEDOT:PSS. AgNW network
can be fused more compactly by the interaction.
The transmittance spectra of pristine PEDOT:PSS film,

PEDOT:PSS/AgNW and PEDOT:PSS/AgNW/GO composite
films with various AgNW concentrations are shown in Figure
S2 in the Supporting Information. The transmittance decreases
with an increase in AgNW concentration, along with a drop at
short wavelengths due to absorption of AgNWs by surface
plasmons.38 The corresponding transmittance at 550 nm is
gradually reduced from 93.4% (1 mg/mL) to 82.8% (5 mg/
mL). It is worth noting that in the hybrid PV devices, the trade-
off between conductivity and transmittance of the PE-
DOT:PSS/AgNW/GO TCEs needs to be optimized by tuning
AgNW concentration to balance light absorption and charge
transport.
For in-depth analysis of the PEDOT:PSS/AgNW/GO

composite TCEs, figure-of-merit (ΦTC) was used to evaluate
TCE quality, as defined by Haacke39

Φ =
T

RTC
w

10

s (1)

where Tw is the weighted-average transmittance over the range
350−1100 nm weighted by the current density of AM1.5G
solar spectrum. By assuming all of the transmission light is
absorbed by silicon, it can be obtained according to the
following equation8
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in which IAM1.5G(λ) and T(λ) represent the photon flux density
of AM1.5G solar spectrum and the light transmittance at a
certain incident wavelength λ, respectively. The as-integrated
Tw of PEDOT:PSS/AgNW (3.5 mg/mL)/GO TCE (82.3%) is
comparable with that of PEDOT:PSS/Ag grids (83.7%), as
shown in Figure S3 in the Supporting Information. The
calculated ΦTC values were plotted as a function of the
concentration of AgNW suspension, as shown in Figure 2b. GO
addition onto the PEDOT:PSS/AgNW films can boost ΦTC
value remarkably. The maximum ΦTC value is 8.6 × 10−3 Ω−1

Figure 2. Electrical and optical characteristics of the TCEs. (a)
Histograms of Rs of PEDOT:PSS, PEDOT:PSS/AgNW and
PEDOT:PSS/AgNW/GO films. The statistics of Rs proposed in
each group is obtained from five measurements in different regions of
the corresponding films. (b) Figure of merit values of PEDOT:PSS/
AgNWs with or without GO as a function of AgNW suspension
concentration.
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for the GO-coated PEDOT:PSS/AgNW film, which is even
higher than that of sputtered ITO electrode (6.6 × 10−3 Ω−1).8

To directly investigate the electrical properties of
PEDOT:PSS/AgNW/GO TCE for solar cell application, we
performed an electrical simulation relevant to the light
transmittance via the relation as follows

∫ λ λ λ λ⟨ ⟩ =J q I T d( )EQE( ) ( )sc 350nm

1100nm

1.5 (3)

where ⟨Jsc⟩ denotes the simulated current density. I1.5(λ) and
T(λ) have the same meaning with the corresponding ones in eq

2, respectively, and q is the elementary charge. EQE(λ) is the
external quantum efficiency of solar cell, and here it is assumed
to be equal to 100%. The integrated ⟨Jsc⟩ are 32.7 and 31.4
mA/cm2 for PEDOT:PSS/Ag grids and PEDOT:PSS/AgNW
(3.5 mg/mL)/GO TCEs, respectively, inferring comparable
electrical properties of these two systems (Table S4 in the
Supporting Information).
The schematic device structure of the organic−inorganic

hybrid solar cells based on the PEDOT:PSS/AgNW/GO
composite TCEs is depicted in Figure 3a. Different top
electrodes, including thermal evaporated silver grids and

Figure 3. (a) Schematic diagram of the Si/PEDOT:PSS hybrid solar cells based on the PEDOT:PSS/AgNW/GO composite TCEs. (b) Current
density versus voltage characteristics of the hybrid solar cells based on AgNW/GO composite TCEs with AgNW concentrations of 5, 3.5, and 1.5
mg/mL, silver grids electrode, and pristine AgNW TCE with a concentration of 3.5 mg/mL, respectively. (c) EQE spectra of the hybrid solar cells
based on the PEDOT:PSS/AgNW and PEDOT:PSS/AgNW/GO TCEs with 3.5 mg/mL AgNW.

Table 1. Electrical Output Characteristics of Si/PEDOT:PSS Hybrid Solar Cells Based on the AgNW/GO Composite
Electrodes

concentration of AgNWsa(mg/mL) Jsc
b (mA/cm2) Voc

b (V) FFb(%) PCEb(%) series resistance (Ω cm2)

5 25.4 0.610 78.6 12.2 2.26
25.4 ± 0.1 0.610 ± 0.002 78.6 ± 0.3 12.2 ± 0.0

3.5 28.4 0.601 78.4 13.3 1.79
28.1 ± 0.2 0.598 ± 0.003 78.7 ± 0.3 13.2 ± 0.1

2.5 27.5 0.610 73.7 12.4 2.39
27.4 ± 0.2 0.609 ± 0.002 73.8 ± 0.2 12.3 ± 0.1

2 27.6 0.602 72.9 12.1 2.41
27.6 ± 0.3 0.602 ± 0.001 72.5 ± 0.8 12.0 ± 0.1

1.5 28.0 0.602 72.8 12.3 2.45
28.1 ± 0.3 0.602 ± 0.002 71.9 ± 0.9 12.2 ± 0.1

aData and statistics based on five cells of each concentration. bNumbers in bold are the maximum record values.
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solution processed pristine AgNW networks, were also
fabricated for comparison.
The hybrid solar cells with different kinds of top anodes were

measured under simulated AM1.5 solar illumination at 100
mW/cm2. Figure 3b illustrates the current density−voltage (J−
V) characteristics of the hybrid solar cells based on AgNW/GO
composite TCEs with AgNW concentrations of 5, 3.5, and 1.5
mg/mL; silver grid electrode;and pristine AgNW TCE with a
concentration of 3.5 mg/mL. The short-circuit current density
(Jsc), the open-circuit voltage (Voc), the fill factor (FF), and the
PCE of solar cells with different top anodes are summarized in
Table 1 and Table S2 in the Supporting Information. The
devices based on PEDOT:PSS/AgNW/GO TCEs show higher
PCE than those based on either conventional Ag grids or
PEDOT:PSS/AgNW TCEs without GO. With the GO layer,
the PCE of the hybrid devices is enhanced from ∼11 to ∼12%
on average. In particular, the FF is significantly improved by
integration of GO because of reduced series resistance of the
devices (Table 1 and Table S2 in the Supporting Information).
Series resistance was extracted from slope of J−V curves at J =
0.40 Series resistance of the devices with PEDOT:PSS/AgNW/
GO TCEs is much lower than that of the device without GO
and the Ag grids device. Series resistance of solar cells is
influenced by the lateral Rs as well as the contact resistance.41

Lateral resistance of PEDOT:PSS films was reduced by the
percolated AgNW networks. Meanwhile, contact resistance of
the “sandwich” structure of PEDOT:PSS/AgNW/GO is low
because of the strong electrostatic adhesion between hydro-
philic PEDOT:PSS and GO.
By analyzing the device performance, we found that GO

tended to take a more prominent role in the sparse distributed
AgNW network than the densely packed one. Specifically, for
the GO-covered device fabricated from 1.5 mg/mL AgNWs,
the FF and the PCE were improved by 12.2 and 11.8%,
respectively. While for the GO-covered device with a higher
AgNW concentration of 5 mg/mL, the corresponding FF and
the PCE were slightly increased by 5.4 and 3.4%, respectively.
This phenomenon can be explained as follows: due to the loose
morphology of the AgNW mesh, the sparse AgNW network
cannot provide enough conducting paths to deliver charge
carriers generated by light; it could be readily compensated by
increasing the amount of contacting junctions and decreasing
the junction resistance in AgNW network by the GO sheets
coating. For the dense AgNW network, the Rs is already very
low and the space for further improvements by the GO
coverage is rather limited. As a result of a balance between light
absorption and charge carrier collection, a remarkable PCE of

13.3% (with a Jsc of 28.4 mA/cm
2, a Voc of 0.601 V, and a FF of

78.4%) was achieved employing the PEDOT:PSS/AgNW/GO
composite TCEs with a AgNW suspension concentration of 3.5
mg/mL. It is worth noting that this result is also consistent with
the maximum ΦTC value of the PEDOT:PSS/AgNW/GO
composite TCEs fabricated from 3.5 mg/mL AgNW
concentration. The reference device based on the PE-
DOT:PSS/AgNW TCE with the same AgNW concentration
exhibited a lower PCE of 11.6% (with a Jsc of 28.3 mA/cm2, a
Voc of 0.579 V and a FF of 70.9%), which may be partially
caused by the large roughness of the pristine AgNW mesh. The
performance of the reference devices was consistent with the
previous results where nanostructured silicon substrates were
employed as photoactive layers and PEDOT:PSS/AgNWs
acted as TCEs.8 We believe that the higher efficiency of the
hybrid solar cell based on PEDOT:PSS/AgNW/GO composite
TCE can be attributed to the more efficient charge carrier
collection and transfer, wherein the AgNW networks were
effectively welded by GO nanosheets.
Though electrical conductivity has been improved using

composite electrode with and without GO coverage, similar Jsc
was obtained for those two types of devices. According to the
EQE spectra of hybrid solar cells as shown in Figure 3c, the
calculated Jsc was 27.8 and 27.7 mA/cm2 for the devices with
PEDOT:PSS/AgNW electrodes and PEDOT:PSS/AgNW/GO
composite electrodes, respectively. The integrated Jsc values are
in good accordance with those extracted from the J−V
characteristics. EQE spectra are closely correlated with both
optical and electrical characteristics of the solar cells, such as
light trapping and electrode conductivity, as well as charge
separation and transfer in the devices. As shown in Figure S2d
in the Supporting Information, reflectance is almost the same
for the PEDOT:PSS/AgNW films with or without GO,
indicating that light reflection is not the main reason for PV
performance difference. On the other hand, we compared light
transmittance of the PEDOT:PSS/AgNW films and the
PEDOT:PSS/AgNW/GO ones, as shown in Figure S2c in
the Supporting Information. This analysis confirms that for the
devices with PEDOT:PSS/AgNW/GO composite TCEs, the
slight decrease of EQE at the wavelengths shorter than 600 nm
is caused by the light absorption of GO. The improvement at
longer wavelengths is ascribed to enhanced charge transport
and collection in the GO-covered TCEs. Finally, almost the
same photocurrents are achieved in the both cases.
In addition, the Voc of the hybrid solar cells with

PEDOT:PSS/AgNW electrodes is slightly improved with GO
coating. We speculated that PEDOT:PSS WF was related with

Figure 4. (a) Surface potential profile of the PEDOT:PSS film with (left part) and without (right part) GO. (b) 1/C2−V plots of the hybrid solar
cells based on AgNW and AgNW/GO TCEs with 3.5 mg/mL AgNWs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508006q
ACS Appl. Mater. Interfaces 2015, 7, 3272−3279

3276

http://dx.doi.org/10.1021/am508006q


the interaction between PEDOT:PSS and GO. Built-in
potential (Vbi) of the Si/PEDOT:PSS heterojunction is
strongly dependent on WF of TCEs.42 As previously described,
within the sandwiched structure, GO could penetrate through
the voids of AgNW networks to contact directly with the
PEDOT:PSS underlayer driven by their strong electrostatic
adhesion force. From the SEM images (Figure 1), the shadow
ratios of AgNW network were only about 10−15%, a relatively
small proportion, which indicated that the majority of charge
carriers were separated among the region formed by
PEDOT:PSS and GO layer, then effectively collected by
AgNWs. To verify the assumption, we used the scanning Kelvin
probe microscope (SKPM) measurements to probe the surface
potential of the PEDOT:PSS/GO films, as shown in Figure 4a.
A very small amount of GO solution was dropped onto the
PEDOT:PSS film to form a clear boundary for SKPM
measurements. WF can be estimated via the equation43

= Φ − eVWF tip CPD (4)

in which Φtip is WF of the conductive tip, VCPD is contact
potential difference between sample and the tip, and e is the
elementary charge. It was observed that the VCPD of GO/
PEDOT:PSS was approximately 40 mV more negative than
that of PEDOT:PSS, indicating that WF was deepened with the
GO coating. Higher WF resulted in larger Vbi, which
interpreted the improved Voc in the devices with GO.
To further confirm Vbi enhancement by the GO overcoating

layers in the hybrid solar cells, capacitance versus voltage (C−
V) characteristics of the devices based on PEDOT:PSS/AgNW
and PEDOT:PSS/AgNW/GO electrodes were investigated, as
shown in Figure 4b. The 1/C2 value scales linearly with the bias
voltage (V) according to the Schottky Mott relation44

ε ε= +C V V eN1/ 2( )/2
bi D s 0 (5)

where ND is the doping level of the semiconductor and ε0 and
εs are the permittivity of vacuum and the semiconductor,
respectively. Vbi can be extracted from the extrapolation of 1/C2

to the horizontal axis. The Vbi of the device with PEDOT:PSS/
AgNW/GO composite electrode is 0.84 V, which is about 40
mV larger than 0.80 V of the reference device without GO
coating. The Vbi enhancement derived from the C−V
measurements is consistent with the result obtained from the
SKPM measurement. The enlarged Vbi allows for a wider
depletion region, which is favorable for better separation of
photon-generated carriers, resulting in the improvement of the
Voc. Moreover, the enhanced Vbi is beneficial for the charge
transfer and collection, thus contributing to the increase of the
FF.

■ CONCLUSION
In summary, GO nanosheets were employed as adhesive
materials to effectively weld the AgNW junctions combined
with PEDOT:PSS in order to decrease the Rs of percolated
AgNW/PEDOT:PSS networks. By sequentially spin-coating
the AgNW suspension and the GO solution on the
PEDOT:PSS layers, composite TCEs with a unique sand-
wiched structure were fabricated. A low Rs of 13.3 Ω/sq was
obtained in the composite TCE with a transmittance of 82.8%,
which is comparable with that of commercial ITO glass. The
flat PEDOT:PSS/AgNW/GO TCEs were employed in
organic−inorganic solar cells based on crystalline silicon
substrates to replace the traditional vacuum deposited Ag grid

electrodes. By optimizing light transmittance and Rs of the
composite TCEs, a high PCE of 13.3% was achieved. The
integration of GO improves the FF and the Voc by reducing the
series resistance and enhancing the Vbi of hybrid solar cells.
Furthermore, the composite TCEs were fabricated by full
solution-processed method under mild processing temperature.
This facile technique to prepare highly transparent and
conductive electrodes may contribute to the development of
cost-effective organic−inorganic hybrid silicon solar cells.

■ EXPERIMENTAL SECTION
PEDOT:PSS/AgNW/GO Composite Electrode Fabrication.

AgNWs were purchased from Kechuang Advanced Materials Co.,
Ltd. (Hangzhou, Zhejiang, China) with an average diameter of 25−35
nm and length of 10−20 μm. AgNW suspension (10 mg/mL in
ethanol as purchased) was diluted with isopropyl alcohol (IPA) to
various required concentrations and shaken for at least 5 min before
using. GO was synthesized and purified using a modified Hummers
method.36 The original GO aqueous solution was diluted to 1 mg/mL
with IPA, and ultrasonicated for 30 min at room temperature. Highly
conductive PEDOT:PSS (Heraeus PH 1000) solution mixed with 5 wt
% dimethyl sulfoxide (DMSO) and 1 wt % Triton (Sigma-Aldrich)
was spin-coated onto clean glasses or silicon substrates under a
rotation speed of 3600 r/min, followed by a subsequent annealing
process at 125 °C in nitrogen atmosphere for 15 min to remove the
solvent and enhance the π−π stacking of the conjugated polymer
chains.45 After cooling to room temperature, the AgNW suspension
with various concentrations and the GO solution (1 mg/mL) was
sequentially spin-coated layer by layer on the PEDOT:PSS covered
substrates. No further post-treatment was required.

Hybrid Device Fabrication. Clean n-type monocrystalline silicon
(100) wafers (290 ± 10 μm, single-side polished) with a resistivity of
0.05−0.1 Ω cm were dipped in an aqueous solution of 5 M
hydrofluoric acid (HF) to obtain clean oxide-free silicon surfaces. The
fabrication of top anode electrodes was followed by the same steps as
described in the PEDOT:PSS/AgNW/GO composite electrodes
fabrication section. For the preparation of reference devices with
conventional Ag grids as anodes, the Ag grids defined by a shadow
mask was deposited onto the PEDOT:PSS-coated silicon substrates by
a thermal evaporator (NANO 36, Kurt J. Lesker). Finally, a 200 nm
thick Al layer was thermally evaporated onto the rear surface of the
silicon substrates.

Optical and Electrical Characterizations. Transmittance and
reflectance spectra were measured by employing an integrating sphere
(PerkinElmer Lambda 700). The Rs measurement was carried out by a
standard four-point probe system (ST-2258A, Suzhou Jingge
Electronic Co., LTD). The Rs proposed here is the mean value
averaged over five measurements. The SEM images were obtained by a
FEI Quanta 200 FEG. The J−V characteristics were tested using a
Newport solar simulator to generate simulated air mass (AM) 1.5 solar
spectrum irradiation source at 100 mW/cm2. The EQE was measured
by a Keithley source meter under different wavelength light generated
by a Newport monochromator 74125. The morphologies of the
PEDOT:PSS/AgNW/GO and surface potentials of the PEDOT:PSS/
GO film were obtained by AFM and SKPM (Veeco, Multimode V),
respectively. The C−V measurement was performed with a Keithley
4200 semiconductor characterization system at a frequency of 1 kHz.

■ ASSOCIATED CONTENT
*S Supporting Information
Topography images of various electrodes, transmittance and
reflectance of different films, histograms of sheet resistance of
PEDOT:PSS/AgNW electrodes before and after solvent of GO
treatment and weighted transmittance of various electrodes
versus the concentration of AgNWs. Data tables for optical and
electrical characteristics of different electrodes, electrical output
characteristics of the reference devices, and electrical simulation
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data for different electrodes. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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