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ABSTRACT: Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PE-
DOT:PSS) is one of the most popular hole-transporting materials in organic—
Si hybrid solar cells. However, the inferior sheet resistance and the low work
function of the PEDOT:PSS layer hinder the power conversion efficiency
(PCE) of the devices. Here, two-dimensional cobalt sulfide (CoS) nanosheets
with a low sheet resistance and higher work function are blended into the
PEDOT:PSS films in order to enhance the device performance. By tuning the
morphology and concentration of CoS nanosheets in the PEDOT:PSS films, a
lower recombination rate at the organic—inorganic interfaces and improved
hole-transporting ability can be achieved simultaneously, yielding a PCE of
11.2% under simulated air mass 1.5 solar irradiation at 100 mW cm™> The
scanning Kelvin probe microscopy, the ultraviolet photoelectron spectroscopy,
four-probe sheet resistance measurement, and the transient electrical output
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characterization were used to study the origin of performance improvements in devices with CoS nanosheets blended in the

PEDOT:PSS films.

1. INTRODUCTION

Since the first introduction of the two-dimensional (2D) atomic
crystal graphene, it has been widely studied as a conceptual new
class of material in many applications because of its intriguing
properties.”> More recently, inspired by the layer structure of
graphene, 2D materials have attracted increasing attention due
to their unique dimension-dependent properties, such as
excellent charge transportation and fewer trap states.” More-
over, 2D materials have offered a new access to the low-
dimensional research. Among those 2D materials, transition-
metal chalcogenides distinguish themselves by their advanta-
geous electrical properties over the bulk materials. For example,
a high mobility of at least 200 cm* V™' S™! at room temperature
has been reported in a field effect transistor based on a single
layer of molybdenum disulfide (MoS,).* Solution processed
few-layer MoS, films were used as electron-blocking and hole-
transporting layers in inverted organic solar cells, yielding a
remarkable device performance.® A free-standing single-layer tin
disulfide was used in visible-light water splitting due to its fast
interfacial charge transport.® Among these transition-metal
chalcogenides, cobalt sulfide (CoS) displays a high conductivity
and great electrocatalytic abilities.””” The nanostructured CoS
has been successfully applied to different kinds of energy
devices, showing promising performances. For instance, CoS
nanowires were used in electrochemical capacitors, achieving a
specific capacitance as high as 508 F g™ CoS nanospheres
displayed excellent performance as cathode active materials for
lithium-rechargeable batteries.* The CoS nanosheets with a 2D
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configuration have been used in dye-sensitized solar cells
because of the higher catalytic activity as well as the enlarged
surface area for the redox reaction.” The CoS/ graphene10 and
CoS/multiwalled carbon nanotubes'! have also been success-
fully applied to dye-sensitized solar cells. Inspired by the
aforementioned applications, it is highly desirable to explore the
possibility to use the 2D CoS nanosheets for other
optoelectronic devices.

Recently, the economically feasible, cost-effective organic—
inorganic hybrid solar cells based on silicon and conjugated
polymer have attracted great research interests.'> >° These
devices benefit from the high quality and well-developed
fabrication techniques of silicon materials and the facial low-
temperature solution process of conjugated organic materials.
The water-soluble conductive polymer poly(3,4-ethylenedioxy-
thiophene)/poly(styrenesulfonate) (PEDOT:PSS) is widely
used in hybrid photovoltaic (PV) devices owing to its excellent
features, such as high conductivity, good film-forming proper-
ties, and high visible-light transmittance (the chemical structure
is shown in Figure 1a).”” Basically, the typical Si/PEDOT:PSS
hybrid solar cells are categorized into the Schottky solar cells in
which the PEDOT:PSS layer plays a key role in building up the
Schottky junction with n-type silicon (the energy diagram is
shown in Figure 1b).">**7** The conductivity of PEDOT:PSS
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Figure 1. (a) Chemical structure of PEDOT and PSS. (b) Energy
diagram of Schottky solar cell based on PEDOT:PSS and n-type
silicon. @ppporpss and @, g; are the work functions of PEDOT:PSS
and n-type silicon, respectively. @, is the Schottky barrier height. Ey. is
the energy of the Fermi level. E¢ and Ey are the conduction band and
valence band, respectively.

directly determines the hole collection property in the hybrid
devices. However, the sheet resistance of PEDOT:PSS films is
still inferior to that of the commonly used transparent
electrodes, such as indium tin oxide and aluminum doped
zinc oxide, which limits the hole transport and the overall
device performance of hybrid solar cells. Meanwhile, by tuning
the work function of the organic layers and controlling the
interface property of the silicon surfaces, there is still some
space to increase the built-in potential in the hybrid solar cells.
Recently, these limitations have been conquered in different
kinds of ways. For instance, by adding the organic solvent such
as dimethyl sulfoxide (DMSO) into the PEDOT:PSS solution,
the insulating PSS segregation shells can be reduced at the
surface of the PEDOT:PSS grains. The conductivity of the
PEDOT:PSS films can be dramatically increased from 0.2 to 99
S/cm, improving the performance of Si/PEDOT:PSS hybrid
solar cells.'” The perfluorinated ionomer (PFI) was also
introduced in the PEDOT:PSS films to increase the work
function of the hole-transporting layer and enhance the built-in
potential in the hybrid solar cells. In the PFI blended polymer
films, a considerable work function increase of 0.3 eV was
obtained. Finally, a power conversion efficiency (PCE) of 9.9%
was achieved, which was 20% higher than that of the control
devices without PFI additive.”

In this study, we employed the CoS nanosheets to enhance
the conductivity and deepen the work function of PEDOT:PSS
layers in order to improve the PV performances of the hybrid
silicon solar cells. The conductivity of PEDOT:PSS with and
without CoS nanosheets was measured by a four-probe
method. Scanning Kelvin probe microscopy (SKPM) and
ultraviolet photoelectron spectroscopy (UPS) have been used
to further explore the work function change of the PEDOT:PSS
films in the presence of CoS nanosheets. It is found that the
device with the CoS nanosheets blended PEDOT:PSS layers
achieved a PCE of 11.2%, which was 18.6% higher than that of
the pristine ones without CoS nanosheets.

2. EXPERIMENTAL SECTION

2.1. Synthesis of CoS Nanosheets. The synthesis of CoS
nanosheets was adapted from a typical hydrothermal method.”
A 20 mL portion of 0.1 M cobalt nitrite aqueous solution was
dropped into 20 mL of 0.1 M thiourea aqueous solution with
vigorous stirring at room temperature. After stirring for about
20 min, 0.1 M hexamethylenetetramine aqueous solution was
added into the above solution. Then, the solution was
transferred into a Teflon-lined autoclave and kept at 180 °C
for 24 h. The resultant product was obtained by centrifuging at
3000 rpm and then washed with deionized (DI) water and
ethanol, subsequently. This wash process was repeated three
times to completely remove the unreacted chemicals and
byproducts. Finally, CoS powder was dried in a vacuum oven at
80 °C for 3 h.

2.2. Device Fabrication. One-side-polished n-type 0.9—1.3
Q-cm Si (100) wafers were methylated through a two-step
chlorination/alkylation process.31’32 Triton (1 wt %) (Sigma-
Aldrich) and DMSO (5 wt %) were mixed in highly conductive
PEDOT:PSS solution (CLEVIOS PH 1000). The solid content
of the PEDOT:PSS solution is ~1.2%. The as-synthesized CoS
was dispersed into the PEDOT:PSS solution with concen-
trations of 0.05, 0.10, 0.15, and 0.20 mg/mL, respectively. The
weight ratio between PEDOT:PSS and CoS for its optimized
device performance is about 120:1. The mixed solution was
kept stirring for about 2 h. PEDOT:PSS solution was spin-
coated on the silicon substrate at 2000 rpm for 1 min and
subsequently sintered at 125 °C for 0.5 h under a nitrogen
atmosphere. A silver grid electrode was deposited on the
PEDOT:PSS layer. The Al back contact was deposited by a
vacuum thermal evaporator.

2.3. Characterization. The PV characterization was
conducted in an ambient environment. A Newport 91160
solar simulator equipped with a 300 W xenon lamp and an air
mass (AM) 1.5 filter was used to generate the simulated solar
spectrum irradiation source. The irradiation intensity was 100
mW/cm? calibrated by a Newport standard silicon solar cell
91150. The edges of the devices were covered with aluminum
foil, and the area for illumination was 1 cm X 0.8 cm. A
Newport monochromator 74125 and power meter 1918 with
silicon detector 918D were used in the external quantum
efficiency (EQE) measurements. All of the electrical data were
recorded by a Keithley 2612 sourcemeter. The morphology was
observed through an FEI Tecnai G2 F20 STWIN transmission
electron microscope (TEM). The transient photovoltage
measurements were conducted under white bias light with
intensities ranging from 0.1 to 1 sun generated by a light-
emitting diode (LED). The green laser light source from a laser
diode (532 nm, 30—200 mW, Kingbright) triggered by a
functional signal generator provided a square-wave modulated
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Figure 2. (a) TEM image of the CoS nanosheets. The inset shows that the corresponding colloidal ethanol dispersion displays the Tyndall effect. (b)
Optical microscope image of CoS on silicon substrate. The inset image shows the CoS film under a birefringent microscope. (c) Optical microscope
image of the CoS/PEDOT:PSS film. The optical microscope image of a pristine PEDOT:PSS film is also shown in the inset. (d) The UPS spectra of

PEDOT:PSS films with and without CoS.

illumination, leading to a small (~10 mV) perturbation voltage.
The photovoltage and photocurrent signals were recorded by a
Tektronix oscilloscope. UPS measurements were performed in
a KRATOS ULTRA-DLD ultra-high-vacuum surface analysis
system. The spectra were measured by using an unfiltered Hel
(21.22 eV) gas discharge lamp and a total instrumental energy
resolution of 100 meV. X-ray diffraction (XRD) measurement
was carried out using an X-ray powder diffractometer
(PANAlytical Empyrean).

3. RESULTS AND DISCUSSION

3.1. Analysis of PEDOT:PSS Films Mixed with CoS
Nanosheets. The crystal structure of CoS nanosheets
obtained by one-step hydrothermal reaction was examined by
XRD. As shown in Figure S1 (Supporting Information), the
diffraction peaks can be indexed to CoS, matching well with its
standard XRD pattern (Jaipurite CoS 75-0605). The TEM
image of the CoS nanosheets is shown in Figure 2a, revealing
the compact layer structure of the CoS nanosheets. The high-
resolution transmission electron microscopy (HRTEM) image
and selected area electron diffraction (SAED) pattern of the
CoS nanosheets are shown in Figure S2ab (Supporting
Information), which indicates its high crystalinity. When
these CoS nanosheets were dispersed in ethanol, the Tyndall

effect can be easily observed (Figure 2a, inset), indicating a
good dispersion capability. Figure 2b shows the optical
microscope image of the sheetlike CoS on a silicon substrate.
In the polarized light mode, the shape of CoS nanosheets is
clearly visible because of the birefringent property (shown in
Figure 2b, inset), which indicates that the as-synthesized CoS
has a good crystal quality. In addition, according to the different
brightness of the CoS nanosheets, they should be few-layer
(~3—4 layers) instead of single-layer.

Regarding CoS nanosheets synthesized by hydrothermal
reaction, a possible mechanism can be expected to explain the
CoS nucleation and growth, as shown below:

Co®* 4+ 2CH,N, = [Co(CH,N,), ** (1)

[Co(CeH,N,), PH + §*7 — CoS + 2CH),N, @)

The cobalt ions first react with hexamethylenetetramine to
form relatively stable cobalt complexes of [Co(C¢H;,N,),].
The cobalt complexes further react with sulfur ions, which are
slowly released from thiourea to form CoS nanosheets.
Therefore, there may be some organic ligands of hexamethy-
lenetetramine attaching on the CoS nanosheets. In order to
verify this point, the infrared spectroscopy measurement of the
CoS nanosheet and hexamethylenetetramine were conducted,
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Figure 3. (a) Electric output characteristics of Schottky solar cells based on n-Si and PEDOT:PSS with and without 0.10 mg/mL CoS under AM 1.5
light with the intensity of 100 mW/cm?. The schematic graph of the device structure is shown in the inset. (b) Dark-current—voltage curves and (c)

EQE spectra of the devices with and without 0.10 mg/mL CoS.

respectively, as shown in Figure S3 (Supporting Information).
Both spectra show vibrating peaks (2850—3000 cm™') for
carbon—hydrogen bonds and peaks of (1000—1350 cm™") for
carbon—nitrogen bonds, which indicates that there is
hexamethylenetetramine residue on the surface of the CoS
nanosheets. According to the zeta potential measurement
results, the CoS nanosheet displays a slight surface positive
charge, which originates from hexamethylenetetramine mole-
cules. In the PEDOT:PSS solution, the conductive PEDOT
grains are surrounded by the insulating PSS shells. The
chemical structures of PEDOT and PSS are illustrated in Figure
la. The PSS counterion is used in PEDOT synthesis to form a
stable dispersion. At the same time, for PEDOT with a positive
charge, the polyanion PSS is required to form a polyelectrolyte
complex. However, the PSS shell at the PEDOT grain surface
acts as a barrier for charge transport. The CoS nanosheet with a
positive charge can be easily adhered onto the PSS shell that
presents a negative charge. The interaction between the CoS
nanosheet and PEDOT:PSS enhances their compatibility, as
shown in Figure S4 (Supporting Information). Meanwhile, the
distribution of CoS nanosheets in the solid films of PEDOT:
PSS is very uniform, reflecting a good dispersivity of CoS in the
PEDOT:PSS solution, as shown in Figure 2c.
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The organic—inorganic hybrid device is based on the
Schottky junction between PEDOT:PSS and n-Si, as shown
in Figure 1b. PEDOT:PSS was a transparent window electrode
with a good light transparency (300—1100 nm, >90%). Here, a
silver grid electrode was deposited onto the PEDOT:PSS to
improve hole collection efficiency. The generated photocurrent
originates from the light harvesting of c¢-Si. Both the
conductivity and work functions of the transparent electrodes
play key roles in the PV performance of hybrid silicon solar
cells,'7?3282933 Therefore, the conductivity of the PEDOT:
PSS films with and without CoS was characterized by a four-
probe method. Since all the films were fabricated at the same
condition, the thicknesses of different films were almost
identical (~100 nm) as measured by an ellipsometry. By the
four-probe method, each film was measured at 10 different
positions in order to evaluate the film resistivity accurately. The
square resistivity of the pristine PEDOT:PSS film was slightly
decreased from 196 to 180 /[] when PEDOT:PSS was mixed
with 0.1 mg/mL CoS nanosheets. We believe that the sheet
resistivity reduction of the conductive polymer film mixed with
CoS nanosheets should be ascribed to the high charge carrier
transport properties of CoS nanosheets.

dx.doi.org/10.1021/jp506345a | J. Phys. Chem. C 2014, 118, 20238—20245
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Table 1. Parameters Extracted from the J—V Curves of Devices with or without CoS“

devices Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
W/O CoS 24.6 0.56 68.5 9.46
(24.5 + 0.10) (0.56 + 0.00) (67.5 + 0.01) (927 £ 0.19)
W/CoS 27.7 0.57 73.1 11.22
(274 + 0.30) (0.57 + 0.00) (72.8 + 0.30) (11.07 + 0.15)

“Data and statistics based on 10 cells of each type. Numbers in bold are the maximum recorded values. Numbers in italic are the average recorded

values.

The work function of PEDOT:PSS films with and without
CoS was also investigated by both SKPM and UPS measure-
ments. For n-type silicon contacting with PEDOT:PSS layers,
the built-in potential (V;;) increases when the work function of
PEDOT:PSS grows. The enhanced Vi; can supply a higher
driving force to sweep the light-induced charge carrier out of
the junction region, improving the PV performances of solar
cells. In order to quantitatively study the work function change
by incorporating CoS, the surface potential of the PEDOT:PSS
layers was probed by SKPM measurement.>*** The relation
between work function of the conductive tip (¢,) and the
sample (¢,) can be described by the equation ¢, = ¢, — eVcpp,
where e is the elementary charge and Vpp is the surface
potential directly measured by SKPM. The work function
variation can be easily observed by comparing the difference of
Vepp- It can be seen from Figure SS (Supporting Information)
that, in the PEDOT:PSS films blended with 0.10 mg/mL CoS
nanosheets, the Vpp was ~—300 mV, while the Vipp, of a pure
PEDOT:PSS layer was ~—120 mV. The Vpp of the composite
film decreased ~180 mV, indicating a corresponding increase of
the work function.

In order to further confirm the positive shift of work
function, UPS analysis was also performed. The work function
of the PEDOT:PSS film can be evaluated by abstracting the
cutoft value from the excitation source of 21.22 eV. As shown in
Figure 2d, the work function of the composite film shifted to a
more negative value (4.96 eV) compared with the pristine one
(4.8 eV). This shift is consistent with the SKPM measurement
results.

3.2. Photovoltaic Performance. In order to explore the
effect of CoS in hybrid silicon solar cells, devices were
fabricated with different amounts of CoS additive (0, 0.05, 0.10,
0.15, 0.20 mg/mL CoS in PEDOT:PSS solution).The
schematic diagram of the device structure based on n-Si and
PEDOT:PSS is presented in Figure 3a, inset. The device
performance was first enhanced by increasing the concentration
of CoS in PEDOT:PSS from pristine to the optimal value of 0.1
mg/mL (Figure S6, Supporting Information). The open-circuit
voltage (V) and fill factor (FF) finally dropped down steeply
if the CoS amount exceeded the optimal proportion, possibly
due to the device shorting problem caused by the big clusters of
CoS nanosheets in the organic hole-transporting layers. Figure
3a shows the current density—voltage (J—V) characteristics of
the devices with 0.1 mg/mL or without CoS in the dark and
under air mass 1.5 simulated solar light irradiation at 100 mW
cm™2 The electric output characteristics of short-circuit current
density (Jsc), Voo, FF, and PCE are summarized in Table 1.
The device with 0.1 mg/mL CoS in PEDOT:PSS showed a Js¢
of 27.4 mA/cm? an Vo of 0.57 V, and a EF of 73.1%, resulting
in a PCE of 11.2%. Meanwhile, the pristine device without CoS
exhibited an efficiency of 9.46% with a Jc of 24.6 mA/cm?, an
Voc of 0.56 V, and a FF of 68.5%. The higher FF and Jsc
achieved in the device with CoS were mainly attributed to the

improved hole-transporting property of the conductive polymer
layers. The Jsc increment from 24.6 to 27.4 mA/cm?® was
consistent with the integrated current values from the EQE
spectra (Figure 3¢).

The slightly improved Vi is ascribed to the increase of Vi,
across the PEDOT:PSS/n-Si junction, because the V}; is
directly proportional to the Voc. It is known that the Vy; is
related to the Schottky junction barrier height (®,), as shown
in the equation q®, = qV,; + (E¢c — Eg), where E is the energy
of the conduction band and Eg is the energy of the Fermi level.
In the model of a Schottky junction, @, is determined by the
work function of the PEDOT:PSS film (Wpppor.pss) and the
electron affinity of the semiconductor Si (yg;) via the equation
D, = Wpeporpss — Xsi- Accordingly, the increased Wpepor.pss
due to the addition of CoS could increase the @, in the hybrid
solar cells, leading to a higher measured V.

Besides the evidence of a positive V¢ shift under light
irradiation, the J—V data measured in the dark were also
analyzed in order to further confirm the increase of ®,. The
dark J—V curves of the devices with and without CoS are
plotted in Figure 3b. After fitting the J—V curves by the
equation I = Iy exp[(e(V—IRg))/(nkT)], the series resistance
(Rg), the reverse leakage current (I5), and the ideality factor (n)
of the devices with and without the CoS were extracted,
respectively. The device with CoS exhibited a lower I of 9.05 X
10~° mA/cm? and a smaller Rg of 0.87 Q-cm? than those of the
reference device (1.69 X 1077 mA/cm? 1.54 Q-cm?). It was
observed that the reverse leakage current (I5) was suppressed
significantly when CoS was added, indicating the decrease of
recombination processes in the space charge region owing to
the higher barrier caused by CoS. In order to further verify this
point, the @, was calculated on the basis of the following
equation

eV
I=1 -
S[eXP( nkT) ]
(o}
= AA*T? exp(——b)[exp(i) - l]
kT nkT

where A is the contact area, A* is the effective Richardson
constant (2252 A cm ™ k™ for n-type silicon), T is the absolute
temperature, e is the electronic charge, and k is the Boltzmann
constant. According to the calculation results, in the devices
with the optimal concentration of CoS nanosheets in
PEDOT:PSS, the @, increased from 0.83 to 0.91 eV.
Meanwhile, the ideality factor of the pristine device exhibited
a larger value of 1.897 compared with 1.523 of the device based
on CoS/PEDOT:PSS. The reduction of the n value reveals the
important role of CoS in decreasing the charge recombination
and improving the junction quality.

To further confirm the beneficial effect of CoS nanosheets in
the hybrid solar cells, the transient electric output character-
istics were measured.’’>” The photovoltage decay measure-

dx.doi.org/10.1021/jp506345a | J. Phys. Chem. C 2014, 118, 20238—20245
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Figure 4. Typical time-resolved (a) photovoltage and (b) photocurrent decay curves of the hybrid devices with and without CoS nanosheets biased
by white light irradiation and excited under a laser light pulse perturbation. (c) The differential capacitances C and (d) the carrier concentration N at

the different V¢ of the hybrid silicon solar cells with or without CoS.

ments were conducted at open-circuit condition, as shown in
Figure 4a. The photocurrent transient decay measurements
were conducted by connecting the PV devices in series with a
50 ohm resistor, as shown in Figure 4b. Steady-state
photovoltage with a value varying from 0 V to Vyc was
obtained under different bias light intensities. When the devices
were exposed to the short laser pulse, a certain amount of
photogenerated charge carriers were injected immediately,
leading to a temporary increase of charge carrier density. The
transient photocurrent decay was used to determine the
differential charge density, from which the carrier concentration
(N) could be estimated. When a small amount of charge AQ
was injected to the device, the differential capacitance (C) can
be obtained by recording the transient decay curves of both
photocurrent and photovoltage. The AQ and C can be
calculated by AQ = [{Idt and C = AQ/AV,, respectively,
where I is the transient photocurrent, AV, is the maximum
transient voltage (~10 mV), AQ is the charge obtained by
integrating the photocurrent transient with respect to time (t)
for the same laser pulse, and C is the capacitance at each V.
At last, the carrier concentration N can be acquired by
integrating the capacitance over steady-state photovoltage,

20243

which can be described by N = (1/Aed) / vee C dV, where d is
the device thickness.

At open-circuit condition, the measurement of photovoltage
decay opens a window for probing the recombination in the
device. The laser pulse perturbation leads to the transient decay
of photovoltage. A fast decay of photovoltage stands for the fast
recombination. In Figure 4a, a 2-fold increase in decay time can
be observed when there are CoS nanosheets in the PEDOT:
PSS layer. We believe that the CoS nanosheets adhered on the
PEDOT grains reduced the energy barrier caused by the PSS
shell, resulting in a more efficient charge transport. By
connecting the device in series with a 50 Q resistor, the
photocurrent decay was measured simultaneously under the
same laser perturbation as used in the photovoltage decay
measurement. A small amount of additional charge carriers
were injected into the device caused by the light pulse. The AQ
was calculated by integrating the photocurrent decay curve with
respect to time. A higher AQ showed that more charge carriers
were blocked in the device. In Figure 4b, the fast decay of
photocurrent in the device with CoS can be understood in that
the charge carriers were efficiently separated and collected. As
shown in Figure 4c, the device without CoS exhibited a higher
capacitance than the one with CoS. Similarly, in Figure 4d,

dx.doi.org/10.1021/jp506345a | J. Phys. Chem. C 2014, 118, 20238—20245
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which plots the N vs Vi, the device with CoS displayed a
lower carrier concentration. It is known that, in the bulk of the
junction, the stored charge can be described as carrier
concentration.”® On the other hand, the carrier concentration
is in proportion to the trap state density. Therefore, the lower
carrier concentration indicated that there were fewer trap states
and fewer charge recombination processes in the device based
on PEDOT:PSS blended with CoS nanosheets, resulting in
more efficient hole transport and better PV performances.

4. CONCLUSIONS

In summary, we demonstrated that CoS nanosheets can
dramatically enhance the performance of Si/PEDOT:PSS
hybrid PV devices, yielding a champion PCE of 11.2%. CoS
nanosheets can improve the conductivity and deepen the work
function level of PEDOT:PSS films, which enhances the hole
transport and increases the built-in potential in the Si/PEDOT:
PSS devices. The transient electric measurement indicated that
the charge recombination can be suppressed in the presence of
CoS nanosheets. Our results show that the unique 2D
transition-metal chalcogenides materials like CoS could be
employed to further improve the PV performance of hybrid
silicon solar cells.
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The XRD pattern, the HRTEM, and SAED pattern of CoS, the
infrared spectra, the cartoon model of CoS in PEDOT:PSS
film, the comparison of different CoS concentrations in
PEDOT:PSS, and the SKPM images are shown in the
Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.
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