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ARTICLE INFO ABSTRACT

In this work, we put forward an effective approach by combining both highly transparent and conductive carbon
nanotube (CNT) network and poly (3, 4-ethylene dioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) film to
co-form-coordinate heterojunctions with silicon, and have developed a hybrid PEDOT:PSS-CNT/n-Si solar cell.
The power conversion efficiency (PCE) of the as-designed solar cell can be improved up to 10.2%, which is much
higher than the PCE values of both PEDOT:PSS/n-Si (5.5%) and CNT/n-Si (6.1%) solar cells fabricated using
the same materials and process. PEDOT:PSS can fill the hundreds nanometer scale pores of the CNT network,
both CNT network and PEDOT:PSS patches contact with the silicon concomitantly and form pgynergy-n
heterojunctions through seamless contact with n-Si. The PEDOT:PSS-CNT composite film exhibits a much
lower sheet resistance and remains high optical transmittance. Once the photo-generated holes are extracted to
the PEDOT:PSS-CNT composite film, CNT network can serve as a carrier transport bridge, which is different
from the design that inserts an ultrathin polymer between the CNT and Si. Incorporation of the continuous CNT
network with PEDOT:PSS jointly in the as-designed simple and explicit structure has generated synergistic
effects, which can make full use of the respective merits and then considerably enhance the PCE of hybrid
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1. Introduction

Over the past decades, there has been an enormous interest in
developing photovoltaic devices using carbon nanotube (CNT), since
CNTs can form a two-dimensional network exhibiting outstanding
optical and electrical properties [1]. CNT has high carrier mobility
(~10° em? V™1 s71) [2], high current carrying capacity (> 10° A cm™2)
[3,4], and tunable band gap. On the other hand, traditional silicon solar
cells still dominate the photovoltaic market at present because of its
superior stability and high power conversion efficiency (highest record
is 25.6%), while they suffer rigorous ion implantation, annealing
processes and doping at high temperature [5]. In order to avoid these
complicated process, therefore, hybrid CNTs and silicon heterojunction
solar cells have been extensively studied that take advantages of
superior optoelectronic properties of CNT and mature silicon technol-
ogies [6—11], especially since the heterojunction between p-CNT and n-
Si can form at room temperature. In the past few years, about 12%

efficiency has been achieved by optimized the optical transmittance of
CNT films for small area (window size of 1 mm in diameter) CNT/Si
solar cell [9]. Some researchers improved the photovoltaic performance
by means of post-processing, for example, infiltrating nitric acid into
the heterojunction [12], coating CNT film surface with metal oxide
layers such as TiO, [13,14] and MoOy [15]. Since the ionic liquid
electrolyte between the CNT networks and Si could electrically
modulate the Fermi level offset and the junction interface dipole, the
power conversion efficiency of as-prepared device could reach 8.4%
and be adjusted between 4% and 11% continuously and reversibly [8].
It was revealed that dominant photocarriers are generated in Si and
then the carriers transport mechanism is diffusion-dominated p-n
junction transport [7]. There are also some researches about influence
of the CNTs’ conductivity type and chirality on the CNT/Si solar cells
[11,16,17].

Heterojunction solar cells based on p-type conjugated polymers and
n-Si is another alternative to the traditional silicon solar cells, which
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could be made through solution processing at mild temperature [18—
22]. The most commonly used conductive polymer, poly (3, 4-ethylene
dioxythiophene): poly (styrenesulfonate) (PEDOT:PSS), which is well
known as a hole transport layer in organic solar cells, exhibits fairly
high conductivity and transparency. In recent years, a variety of
investigations have been carried out on hybrid polymer/n-Si solar cells
[23-26], including various interface engineering and surface modifica-
tion to improve the performance of devices reported widely [27-32].
The excellent efficiency values of 11% and 14.14% are obtained by
combination of heavy doping, anisotropy etching in Si wafers (e.g.,
nanocones or bowl-like nanopores), provided excellent antireflection
function, and forming a strong inversion layer and a hole block layer by
inserting a layer of 1, 4, 5, 8, 9, 11-hexaazatriphenylene hexacarboni-
trile and a nanoscale perylene diimide layer, respectively [31-33].
However, if n-Si, without decoration, is used in the hybrid
PEDOT:PSS/n-Si solar cells, the efficiency are between 1.6—10.26%
[33-37].

Several researchers report about improving efficiency of hybrid
solar cells by dispersion of CNTs into PEDOT:PSS [34], this approach
is inadequate mainly because the CNTs are randomly dispersed in the
conductive polymer, so the efficiency enhancement (e.g., from 10.26%
to 10.93%) by incorporating the CNTs is quite limited. In the literature,
since CNTs are very short (about several micrometers), they contact by
X-type junctions that formed under room temperature. Because of the
weak interaction between short CNTs contacted by X-type junctions,
PEDOT:PSS could open the X-type junction. Therefore, the continuous
CNT conductive path cannot be constituted. Inserting a polymer
between the silicon and CNTs [38,39], in which the thickness of the
polymer must be controlled carefully to 10 nm, can also promote the
efficiency (from 6.0% of Si-CNT to 7.7% of Si-PEDOT:PSS-CNT) by
creating a better depletion layer within silicon. In these structures
mentioned above, since a lot of short CNTs were randomly dispersed in
the conductive polymer or coated on polymer, CNTs did not directly
participate in the formation of heterojunctions with silicon. The
excellent optical and electrical properties of CNTs were not fully
utilized in these assemblies of hybrid silicon solar cells. Our CNT
continuous network was directly synthesized by CVD, in which the CNT
bundles are interconnected well with each other by Y-type junctions
[40,41] that formed at high-temperature synthesis process, as shown in
Fig. S1 and Fig. 2b. And individual CNT is super long, larger than
several hundred micrometers. What's more, because of the strong
interaction between CNT bundles interconnected by Y-type junctions,
PEDOT:PSS could not open the Y-type junction, there is a continuous
conductive path formed in CNT network. Besides, what if both the
CNTs and conductive polymer participate in the formation of hetero-
junction with Si?

In the present work, we put forward a novel approach by combining
both highly transparent and conductive CNT network and PEDOT:PSS
film to co-form-coordinate heterojunctions with silicon through seam-
less contact of entire area for efficient carriers separation and trans-
port, and have developed a hybrid PEDOT:PSS-CNT/n-Si solar cell in
which both CNT network and PEDOT:PSS can take their advantages
synergistically. The efficiency of the as-designed solar cell can be
improved up to 10.2%. The outstanding performance of the as-
designed hybrid solar cell verifies the validity of this approach, which
opens up a promising way to a highly efficient, highly reproducible and
highly scalable preparation of photovoltaic devices.

2. Experimental section
2.1. Synthesis of CNT films

The large area and freestanding CNT films with high optical
transmittance and low sheet resistance were prepared by a developed

chemical vapor deposition method. In brief, methane and ferrocene
with a small quantity of sulfur were used as carbon source and catalyst
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precursor, respectively. The catalyst precursor sublimated at ~100 °C
and methane (~10 sccm) mixed with Ar served as carrier gas arrived at
the reaction furnace. The growth temperature was set at 1050 °C and
the growth time was controlled between several minutes and hours.
The transmittance and thickness of the as-synthesized CNT film could
be controlled by adjusting the growth parameters, such as growth time
and carbon feedstock etc. The CNT film was immersed in Nitric acid
(65 wt%) for 5 h to remove the residual catalysts and then washed with
deionized water repeatedly before used.

2.2. Solar cell devices fabrication

A 500 nm thermal oxide SiO» covered and one side polished n-type
Si (100) wafer with bulk resistivity 1-5Q cm was patterned with
square windows (3x3 mm?®) by ultraviolet photolithography. The
thermal oxide SiO» was etched by the BOE solution (volume ratio of
NH4F (40 wt% aqueous solution) and HF (40 wt%) is 6:1). Before the
solar cell's fabrication, the patterned Si substrate was treated with
0.5 M nitric acid for one minute, so the Si surface was coated with an
ultrathin silicon oxide. The silicon oxide in our solar cell may be a little
thicker for the PEDOT:PSS/n-Si solar cell, which treated with 10%
nitric acid for 3 s is best [42]. The thin oxide layer on Si surface can
help to suppress the charge recombination and increase the minority
carrier lifetime [43,44]. For PEDOT:PSS/n-Si solar cells, the
PEDOT:PSS solution (Clevios PH 1000, purchased from Heraeus)
was prepared by mixing 5 vol% dimethylsulfoxide (DMSO) and 1 vol
% Zonyl FS-300 fluorosurfactant (obtained from Alfa Aesar).
PEDOT:PSS solution was spun coated on the patterned silicon sub-
strates at different spin speeds (2000, 3000 and 4000 rpm) and then
annealed at 120 °C for 15 min in the air. For CNT/n-Si solar cells, a
piece of CNT film was firstly mounted onto a PET frame with desired
square hole, then a few drops of ethanol on the PET frame can help the
CNT film tightly adhere to the PET frame when the ethanol is
evaporated. When preparing the CNT/n-Si solar cell, the CNT film at
the central hole of the PET frame was transferred onto the surface of Si.
A drop of ethanol is indispensable to ensure a tight contact between
CNT film and silicon as well. We use blade to cut the CNT film, and take
away PET frame. Therefore, there is no PET on a completed device. For
the composite PEDOT:PSS-CNT/n-Si solar cells, we put the CNT
network on the silicon first, and after fully volatilization of ethanol,
the PEDOT:PSS solution was spun coated on the CNT network. More
than ten devices were prepared at each spin speed. The anode was
made by painting the silver paste around the active window, and
Eutectic Gallium-Indium (EGaln, obtained from Alfa Aesar) was
applied to the back side of Si, which served as cathode. The stability
of CNT/n-Si solar cells in air is quite well within one week. However,
because the PEDOT:PSS is strongly hygroscopic [45,46], its resistance
increase gradually. The stability of PEDOT:PSS-CNT/n-Si solar cells in
air is poor, the PCE drops to about 78% of the original PCE within one
day in air.

2.3. Characterization and measurements

The optical transmission spectra of CNT network, PEDOT:PSS and
PEDOT:PSS-CNT composite film were measured utilizing a UV-Vis—
NIR spectrophotometer (UV-3600, Shimadzu). The performances of
the solar cells were carried out using a solar simulator (CHF-XM 500,
Beijing Trusttech Co. Ltd.) under AM 1.5 G with a calibrated irradia-
tion intensity of 100 mW/cm?. The outer area except the active window
was covered with an opaque mask to shield the incident light. The J-V
data were collected using a Keithley 4200-SCS. Raman spectra were
recorded using LabRAM HR 800 (HORIBA Jobin Yvon Inc.). The
morphology of the CNT network and PEDOT:PSS-CNT composite film
was characterized by SEM (Hitachi S-5200) and AFM (Bruker
MultiMode-8 ScanAsyst). We scratched the composite PEDOT:PSS-
CNT film and made the composite film at the edge of the scratch turn
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Fig. 1. (a) Schematic of the PEDOT:PSS-CNT/n-Si solar cell. (b) Diagram of the back surface of the PEDOT:PSS-CNT composite film at the interface between it and n-Si. J-V
characteristics of PEDOT:PSS/n-Si, CNT/n-Si and PEDOT:PSS-CNT/n-Si heterojunction solar cells: (c) in the dark and (d) under illumination of a simulated AM 1.5 G 100 mW/cm?
solar light. CNT network with an optical transmittance of about 75% was used and PEDOT:PSS solution was spin-coated at 3000 rpm.

over, in order to observe the back surface morphology. Sheet resis-
tances of the three types of films were measured by Keithley 2400 with
a four-electrode method. We determined the thickness of the films
from the Bruker Dektak XT stylus profiler. The work functions of the
different films were measured by an ultraviolet photoemission spectro-
scopy (UPS) on Thermo Scientific ESCALab 250Xi instruments.

3. Results and discussion

Fig. 1a shows the schematic of the as-designed device structure of a
hybrid PEDOT:PSS-CNT/n-Si heterojunction solar cell. An ultrathin
freestanding CNT network exhibits a continuously porous spider web
like structure, shown in Figs. 2a and 2b, in which the CNT bundles
interconnected well with each other by Y-type junction. Such a
structure enables the CNT network to possess high electrical and
mechanical properties. It was transferred to the pre-patterned n-Si/
SiO, wafer, where the thermal oxidation SiO, was etched using a
buffered oxide etch (BOE) solution and the exposed n-Si was regarded
as active window. The square active window where the Si was exposed
was defined as the active area of the solar cell. The flexibility of the CNT
network makes it compliant with the active window and contact tightly
to the exposed n-Si, forming heterojunctions conformally at the inter-
face between the CNT bundles and silicon. Nevertheless, the effective
heterojunction area, i.e., the contacting portion between the CNT
bundles and Si, accounts for less than 35% of the area of silicon active
window (obtained from the atomic force microscope images of CNT
network) because the porosity of as-used CNT network is rather high.
Then, PEDOT:PSS solution was spin-coated on the CNT/n-Si at
different spin speed followed by thermal annealing. With spin coating
a layer of about 90-140 nm thick PEDOT:PSS, the surface of the
hybrid film becomes flat, and the CNT spider network structure cannot
be observed from the top of PEDOT:PSS-CNT composite film, as shown
in Figs. 2¢ and d. In Figs. 2e and f, it is clearly observed that
PEDOT:PSS can patch the hundreds nanometer scale pores of the
CNT network. So, both the CNTs or their bundles and the PEDOT:PSS
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patches filling the voids of CNT network contact with the silicon
concomitantly and increase the effective p-n junction area. The back
surface structure of PEDOT:PSS-CNT composite film is schematically
illustrated in Fig. 1b and figuratively conjures up a “highway network”,
i.e., spider network of CNTs or CNT bundles act like the interconnected
“highways” crisscrossing the “continent” made of PEDOT:PSS film.

In order to understand the mechanism of the as-designed solar
cells, we also fabricated a basic CNT/n-Si solar cell and a PEDOT:PSS/
n-Si solar cell without any additional processing (top grid lines,
elaborately decoration of Si or combination of a strong inversion layer
and a nanoscale hole block layer etc.), where only a CNT network or a
PEDOT:PSS film coated on silicon, respectively.

The current density-voltage (J-V) characteristics of the three types
of hybrid solar cells: PEDOT:PSS-CNT/n-Si, PEDOT:PSS/n-Si, and
CNT/n-Si were measured in the dark (Fig. 1¢) and under illumination
with a simulated air mass (AM) 1.5 G 100 mW/cm? solar light
(Fig. 1d). The J-V characteristics measured in the dark (Fig. 1c) clearly
reveals the diode properties for all of the three types of solar cells. The
composite PEDOT:PSS-CNT/n-Si solar cell exhibits much higher
rectification ratio than the other two solar cells. Fig. 1d shows all
devices display typical photovoltaic behavior. In general, solar cell
incorporated with PEDOT:PSS-CNT composite film and Si shows more
desirable J-V characteristics than those incorporated with only
PEDOT:PSS film or CNT network. The PEDOT:PSS-CNT/n-Si solar
cell exhibits a better performance: a short-circuit current density (Jg.)
of 28.6 mA/cm?, an open-circuit voltage (V,.) of 548 mV, a fill factor
(FF) of 65.4% and a high power conversion efficiency (PCE) of 10.2%,
whereas for the PEDOT:PSS/n-Si solar cell and the CNT/n-Si solar cell
the Jg. are 27.8 and 25.9 mA/cm?, V. are 502 and 481 mV, FF are
39.2% and 49.0%, and PCE are 5.5% and 6.1%, respectively (Fig. 1d).
Excitingly, the efficiency of composite PEDOT:PSS-CNT/n-Si solar cell
was improved by about 67% in comparison to the CNT/n-Si solar cell,
and the enhancement can be primarily attributed to the improvement
of FF, which is enhanced by about 33%. When compared with
PEDOT:PSS/n-Si solar cell, the as-designed device shows 85% im-
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Fig. 2. Scanning electron microscope (SEM) and atomic force microscope (AFM) images of (a, b) CNT network, white circles in (b) show the Y-type junctions in CNT network; (c, d)
front surface of PEDOT:PSS-CNT composite film. SEM images of (e) interface between the PEDOT:PSS-CNT composite film and silicon, (f) back surface of PEDOT:PSS-CNT composite

film.

provement in efficiency and over 67% enhancement in FF. It can be
suggested that the as-designed solar cell incorporated with hybrid
PEDOT:PSS-CNT film more effectively suppresses the carriers recom-
bination and promotes the carriers extraction. So, why has the PCE of
as-designed hybrid PEDOT:PSS-CNT/n-Si solar cell been improved so
significantly, even nearly reached the sum of the PCE values of both
PEDOT:PSS/n-Si and CNT/n-Si solar cells?

Since CNT network or PEDOT:PSS film act as a transparent and
conductive film for light passing through, carriers separation and
transportation, its optical transparence and conductivity should sig-
nificantly influence the performance of the solar cells. For our CNT film
with spider like network structure, the thinner and sparse CNT network
has a higher optical transmittance that can ensure more photons
reaching the Si substrate and producing more photo-generated car-
riers. On the other hand, thicker and dense CNT network shows lower
sheet resistance that can enhance the ability of transporting photo-
generated carriers, and the high surface density can also increase the
effective area of p-n junctions. Therefore, there is a tradeoff between
the optical transmittance and sheet resistance of the CNT network.
Similarly, PEDOT:PSS deposited at various spin speed manifest that
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different optical transmittance and sheet resistance will strongly
influence the performance of the solar cells. We also carried out
systematic experiments on CNT networks with different optical trans-
mittance and PEDOT:PSS films with various thicknesses. Detailed
results are summarized in Table 1 and Fig. S2. It can be revealed from
the measured photovoltaic parameters (Table 1) that all the devices
incorporated with PEDOT:PSS-CNT composite films exhibit improved
efficiencies in comparison to those with only CNT networks or
PEDOT:PSS films. The spin coating speed for the PEDOT:PSS is
optimized at 3000 rpm in the situation that CNT network with 75%
optical transmittance was incorporated (Fig. S3). Different from that of
the PEDOT:PSS-CNT/n-Si solar cells, the optimal spin speed for the
PEDOT:PSS/n-Si is 2000 rpm, because the optical transmittance and
conductivity of the two films are quite different. The performance data
of the PEDOT:PSS-CNT/n-Si solar cells incorporating CNT networks
with optical transmittance of ~80% (relatively thin) and ~70% (rela-
tively thick) are summarized in the Fig. S4, Fig. S5, Table S2 and Table
S3.

The reflectance spectra of the PEDOT:PSS/n-Si, CNT/n-Si and
PEDOT:PSS-CNT/n-Si solar cells (Fig. 3a) are recorded to evaluate the
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Photovoltaic properties of the PEDOT:PSS/n-Si, CNT/n-Si and PEDOT:PSS-CNT/n-Si solar cells. The optical transmittance of the used CNT networks is about 75%.

Device Spin coating speed [rpm] Thickness [nm] Jse [mA/em?2] Voc [mV] FF [%] PCE [%] R, [Q-cm?Z] n

PEDOT:PSS /Si 2000 138 24.9 558 49.1 6.8 6.6 4.4
CNT/Si - 72 26.6 495 51.1 6.7 1.7 3.4
PEDOT:PSS-CNT/Si 2000 224 29.0 541 61.2 9.6 1.6 3.4
PEDOT:PSS /Si 3000 118 27.8 502 39.2 5.5 6.7 5.9
CNT/Si - 72 25.9 481 49.0 6.1 1.5 3.9
PEDOT:PSS-CNT/Si 3000 171 28.6 548 65.4 10.2 1.2 3.8
PEDOT:PSS /Si 4000 91 25.3 523 41.6 5.5 8.1 53
CNT/Si - 72 27.4 485 51.6 6.9 1.8 33
PEDOT:PSS-CNT/Si 4000 153 26.8 548 62.6 9.2 1.7 4.1

antireflection effect of the PEDOT:PSS film. A polished Si without
textures exhibits about 37% reflectance between 400 nm and 1100 nm.
The reflectivity of the CNT/n-Si solar cell is slightly lower than that of
the bare Si, about 28% across the visible region because of the optical
absorption of CNT film. However, the PEDOT:PSS/n-Si solar cell
shows a relatively low reflectance (average 10%) between 600 nm
and 900 nm where the silicon can absorb maximum solar radiation.
The wavelength corresponding to the minimum reflectance shows a red
shift for the PEDOT:PSS-CNT/n-Si compared to PEDOT:PSS/n-Si,
because the thickness of PEDOT:PSS-CNT composite film increases
when incorporating the CNT network as shown in Fig. 3c. In order to
guarantee a as low as possible reflectance in the visible region, the
thickness of the hybrid PEDOT:PSS-CNT film should be appropriate.
When the spin speed of the PEDOT:PSS is 3000 rpm, the reflectance is
lower in the visible region as shown in Fig. S6. The reflectance of the
PEDOT:PSS-CNT/n-Si is much lower than the other two devices in
entire wavelength, which could give rise to more photo-generated
carriers due to the increase in light absorption by silicon. Therefore, the
enhancement of J. should be partially ascribed to the antireflection
effect of CNT and PEDOT:PSS. It is very exciting that the PEDOT:PSS
serves as not only the p-type conductive polymer which fill the pores in
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a CNT network to form p-n heterojunction with the Si, but also the
antireflection layer to ensure that the solar cells can absorb more
sunlight.

The optical transmittance spectra and sheet resistance of the CNT
networks, PEDOT:PSS films and hybrid PEDOT:PSS-CNT films are
shown in Fig. 3b. The as-synthesized CNT networks have both low
sheet resistance and high optical transmittance, which are much
superior to those fabricated by filtrating suspended CNTs solution
[47]. PEDOT:PSS film also shows extremely high transmittance above
90% (Fig. S7). Thus the optical transmittance decreases slightly from
82% of the CNT network to 78% of the composite film (PEDOT:PSS
spin coated at 3000 rpm). This drop could be compensated by the
antireflection effect of the PEDOT:PSS film to an extent. As a
consequence, the Jg. of the PEDOT:PSS-CNT/n-Si solar cells remains
almost the same with that of the CNT/n-Si solar cells (Table 1 and
Table S1).

In our solar cells without top grid line electrode, the sheet
resistance of the top thin film contributes a majority of series resistance
of the solar cells, since the holes need to travel through the thin film,
get to the external electrode and then be collected. Spin coating
PEDOT:PSS on the CNT network leads to an enormous reduction of
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Fig. 3. (a) Reflectance spectra of a Si, PEDOT: PSS/n-Si, CNT/n-Si and PEDOT: PSS-CNT/n-Si solar cell. (b) Optical transmittance spectra of CNT film and PEDOT: PSS-CNT
composite films. The inset shows the sheet resistance of the PEDOT: PSS and PEDOT: PSS-CNT composite films. (¢) Thickness vs spin speed of PEDOT: PSS and PEDOT: PSS-CNT
films. The CNT films with transmittance of 82% were used. (d) dV/dJ as a function of J~! for PEDOT: PSS/n-Si, CNT/n-Si and PEDOT: PSS-CNT/n-Si heterojunction solar cells, the spin
coating speed of PEDOT: PSS was 3000 rpm, and the CNT film with transmittance of 75% was used.

440



Q. Fan et al.

the sheet resistance, which dropped from 222 Q/o for PEDOT:PSS (at
the 3000 rpm spin speed) and 135 Q/o for CNT network treated with
nitric acid to 75 Q/o for the hybrid PEDOT:PSS-CNT films. The
phenomena are also reflected in Fig. 1c. It can be concluded that the
conductivity could be improved substantially while the transmittance
reduced slightly by combining the PEDOT:PSS and CNT network
together.

To further clarify the photovoltaic characteristics of the solar cells,
the series resistance (Rg) and the diode ideality factor (n) were
determined as shown in Fig. 3d and Table 1. According to the
equivalent circuit model, the J-V characteristics can be described as

[48].
J=Jo[exp( )—1]+

where J; is the reverse saturated current density, e is the electron
charge, k3 is the Boltzmann constant, T is the absolute temperature, Ry,
is the shunt resistance, and J,, is the light induced current density. It
can be deduced that (when Ry, is very large)

e(V—-RyJ)
nkBT

V—-RJ

sh

—Jph

1)

d_V_nkBT
dJ e

(J + Jon) 4R, @

In the dark measurements, a linear fitting curve of dV /dJ versus J~!
gives the specific values of n from the slop and R, from the intercept.

Based on the above analysis and discussion of the experimental
results for as-designed hybrid PEDOT:PSS-CNT/n-Si solar cells, we
find that to improve the fabrication parameters, such as optimized
optoelectronic properties, optimal antireflection layer, and increase
contact area of p-type layer with n-Si, are imperative and directly
beneficial for the device's performance, but not enough to result in such
a big and primary effect revealed in Fig. 1d and Table 1. So, what is the
root cause of the marked increase in the efficiency of our designed
PEDOT:PSS-CNT/n-Si solar cells?

The heterojunction solar cell presented here typically consists of a
n-type monocrystalline silicon substrate coated with a thin p-type
layer, such as CNTs, conductive polymer, or their composites. Our CNT
network is dominant p-type in atmosphere [49], and we also immerse it
into the nitric acid for further p-doping [50]. As for the PEDOT:PSS/n-
Si solar cells, the junction has been described as a p-n junction by
varying the n-Si doping concentrations [19,51]. As shown in Fig. S8
and Fig. 4a, the work functions (¢) of CNT network, PEDOT:PSS film,
and PEDOT:PSS-CNT composite film measured by ultraviolet photo-
emission spectroscopy (UPS) were 4.82 eV, 5.44 eV and 5.0 €V, re-
spectively. The energy band gap of silicon is 1.12 eV and the Fermi level
is 4.25 eV for the doping concentration of 10'® cm™® [52]. Thus, in the
PEDOT:PSS-CNT/n-Si solar cell, beyond the p-n heterojunctions
formed by PEDOT:PSS patches and CNT bundles with silicon substrate
individually, their corporate effect is more important. As shown in
Fig. 4b, the Fermi level offset between the PEDOT:PSS-CNT composite
film and n-Si produces a built-in voltage (Vy,;) of about 0.75 V, which is
larger than that of a CNT network (0.57 V). The mechanism of the as-
designed hybrid solar cell is schematically shown in Fig. 4c. Photons
transmitted through the transparent PEDOT:PSS-CNT composite film
and were absorbed by the Si, generating electron-hole pairs that are
separated by the built-in voltage at the interface, where the holes were
extracted to the p-type layer and the electrons to the n-Si side, and
finally the holes and electrons were collected by external electrodes,
respectively. It is worth mentioning that the holes in the PEDOT:PSS
patches can also transfer to the interconnected CNT network because of
the mutually doping between PEDOT:PSS and CNT network, the
corporate effect of both contact with n-Si form another kind p-n
junction, psynergy-n. Although the conductive polymer film shows poor
mobility which severely limits the hole transport [53], continuous CNT
network can serve as a carrier transport bridge like “highways” because
the CNTs have high carrier (both electron and hole) mobility along
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their one-dimensional axis [54,55]. Once the photo-generated holes
were extracted under the larger built-in voltage to the PEDOT:PSS-
CNT composite film, they can be transported quickly to the external
circuit through the interconnected CNT “highways”. Therefore, in our
designed hybrid solar cell, the unique approach can not only play an
excellent conductive role of CNTs, but also use PEDOT:PSS to increase
the effective area of p-n junction, and in particular generate synergistic
effects of pgynergy- to substantially promote the solar cell's PCE.

In brief, the effective enhancement in the performance for the
PEDOT:PSS-CNT/n-Si solar cell can be attributed to the synergistic
effects of PEDOT:PSS patches and continuous CNT network. First, the
PEDOT:PSS-CNT composite film exhibits a much lower sheet resis-
tance, while the optical transmittance is still maintained (Fig. 3b).
Second, the PEDOT:PSS-CNT composite film forms a seamless contact
with n-Si at entire active area as shown in Fig. 4c, which markedly
increases the effective heterojunction area and improves the FF of as-
designed hybrid solar cell. Third, carriers in the PEDOT:PSS patches
can transfer to the interconnected CNT network. So, incorporating CNT
network can promote the hole transport ability of PEDOT:PSS. Overall,
incorporation of the continuous CNT network with PEDOT:PSS jointly
in the as-designed simple and explicit structure has generated the
marked synergistic effects, which can not only make full use of the
respective merits but also considerably reduce the Ry and n, greatly
enhance the PCE and the FF of hybrid PEDOT:PSS-CNT/n-Si solar
cells. This co-form-coordinate heterojunctions with silicon structure is
quite different from inserting a polymer between the CNTs and Si [39].
As for mechanism, in our solar cells, both CNT and PEDOT:PSS can
contact with Si and form heterojunctions, while in previous works
[34,39], CNTs cannot contact with silicon and do not directly partici-
pate in the formation of heterojunctions. Furthermore, the as-synthe-
sized CNT continuous network is used as a carrier transport bridge like
“highways”, in which the CNT bundles interconnected well with each
other by Y-type junction [40,41]. Randomly dispersed CNTs used in
literature [7,17,39], in which the short CNTs connected with each other
by X-type junction. For the reasons given above, we have got a higher
efficiency. The role of the CNTs and conductive polymer in the hybrid
solar cells have also illustrated through a basic and deliberate structure
design.

4. Conclusions

In conclusion, we have developed an effective approach to improve
efficiency of a hybrid PEDOT:PSS-CNT/n-Si solar cell with a simple
and explicit structure, in which the hundreds nanometer scale pores of
the CNT network can be filled by PEDOT:PSS patches. Both the
PEDOT:PSS patches and CNT “highway network” can co-form-coordi-
nate heterojunctions with the silicon substrate and fully contribute
their advantages. We exploited their synergistic effects and greatly
improved the photovoltaic performances of the hybrid PEDOT:PSS-
CNT/n-Si solar cells, based on analysis of the three types of basic solar
cells fabricated under the same preparation condition, employing
silicon without any nanostructure. By optimized the experimental
parameters of incorporation of PEDOT:PSS and CNT network, the
power conversion efficiency of the as-designed hybrid solar cell is
10.2%, which has been enhanced about 67% and 85% in comparison to
the CNT/n-Si (6.1%) and PEDOT:PSS/n-Si (5.5%) solar cell fabricated
using the same materials and process, respectively. Our findings also
put forward a new way for manufacturing highly efficient, highly
reproducible and easily scaling-up hybrid polymer-CNT film based
photovoltaic devices.
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