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ABSTRACT: Semitransparent solar cells are highly attractive for application as
power-generating windows. In this work, we present semitransparent perovskite
solar cells that employ conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) film as the
transparent counter electrode. The PEDOT:PSS electrode is prepared by
transfer lamination technique using plastic wrap as the transfer medium. The use
of the transfer lamination technique avoids the damage of the CH;NH,PbI,
perovskite film by direct contact of PEDOT:PSS aqueous solution. The
semitransparent perovskite solar cells yield a power conversion efficiency of
10.1% at an area of about 0.06 cm?® and 2.9% at an area of 1 cm® The device
structure and the fabrication technique provide a facile way to produce
semitransparent perovskite solar cells.
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1. INTRODUCTION

Low-cost and easily processed semitransparent solar cells are
highly attractive for application as power-generating windows.
In the past, semitransparent solar cells have been demonstrated
based on organic bulk-heterojunction active layers because of
their easily tunable bandgap and the easy processing of the
organic active layer.l_11 So far, the reported efficiency of
optimized organic semitransparent solar cells is about 5—
7%."'7"% The efficiency is limited by the use of the organic
active layer because the optimized single-junction organic solar
cells exhibit a highest efficiency of 10—11%. Recently, organic—
inorganic lead halide perovskite (CH;NH;PbX;)-based thin
film photovoltaic devices have been attracting great attention
owing to their high efficiency and easy processing. As a new
absorber, the perovskite materials own special properties such
as large light absorption coefficient,'* high carrier mobility,'>'®
direct band gap,'” and long carrier diffusion length."*'" The
efficiency of the perovskite solar cells has been enhanced very
rapidly in the past three years, and the present record high
efficiency has reached 20.1%.”°~>° The high efficiency of the
perovskite absorbers-based solar cells provides the possibility to
fabricate more efficient semitransparent solar cells than those
based on organic active layers.

To fabricate semitransparent solar cells, both electron- and
hole-collecting electrodes must be transparent. The following
transparent conductive materials have been used as transparent
electrodes, including transparent conducting oxides (TCO),
conducting polymer, silver nanowire,"*”” and graphene.*®
Transparent conducting oxides (TCO) such as indium—tin
oxides (ITO) or fluorine-doped tin oxides (FTO) are typically
used as the bottom electrodes in perovskite solar cells.
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Transparent electrode materials such as carbon nanotube,”’
thin Au or Au/Li film,>"" multilayered dielectric-metal-
dielectric structure,* Ag nanowire,” and nickel mesh®* were
applied to fabricate the semitransparent perovskite solar cells.
As for the transparent top electrode conducting polymer
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PE-
DOT:PSS) could be a good candidate because of the easy
fabrication (solution processing), high transmittance (over 90%
at 100 nm), and high conductivity (over 1000 S/cm).*>~*’
PEDOT:PSS thin films have been widely used in organic solar
cells,®** ™3 antistatic coatings,40 organic light emitting diodes,*!
supercapacitors,”” and organic thin film transistors.”” The
PEDOT and PSS are ionically bound and dispersed in water.
Since the active layer of organic—inorganic lead halide
perovskite (CH;NH,PbX;) is sensitive to humidity, direct
coating of the PEDOT:PSS aqueous solution on top of the
perovskite layer would directly convert the CH;NH;PbX; into
Pbl,. The color changes from dark brown into yellow. To solve
the incompatibility of humidity-sensitive perovskite film and the
PEDOT:PSS film processing, a film-transfer lamination
technique is an appropriate method to prepare the perovskite
film, where the PEDOT:PSS film is first deposited on a transfer
medium (such as polydimethylsiloxane) and then transfer-
laminated onto the receiving surface.”” The PEDOT:PSS film is
transferred on top of the perovskite film in dry and will not
damage the perovskite film.
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Figure 1. Pictures of the semitransparent perovskite devices (FTO/c-TiO,/m-TiO,/CH;NH,;Pbl,/HTM/PEDOT:PSS): (a) the cell with 240 nm
m-TiO, thickness (cell A); (b) the cell with 140 nm m-TiO, (cell B); (c) transmittance of the two semitransparent solar cells; (d) device structure of

CH;NH;Pbl; perovskite solar cells.

In this work, we demonstrate semitransparent perovskite
using FTO as the bottom electrode and PEDOT:PSS as the top
electrode. Both the electrodes are transparent, and the
semitransparent cells are metal-free. The PEDOT:PSS
electrode is prepared on top of the perovskite layers via a
transfer lamination technique with plastic wrap as the transfer
medium. Transmittance (T) of the fabricated solar cells is
tuned by changing the thickness of the TiO, scaffold layer and
the concentration of the Pbl, solution. The semitransparent
cells exhibit a power conversion efficiency (PCE) of 10.1%
under AML.S global 1 sun solar illumination when the device
area is 0.06 cm” and 2.9% when the device area is 1 cm* with an
average visible transmittance (AVT) of 7.3%.

2. EXPERIMENTAL SECTION

2.1. Materials. Unless otherwise stated, all of materials were
purchased from Sigma-Aldrich. Spiro-OMeTAD was purchased from
Luminescence Technology Corp. 2-Propanol (Aladdin) was used in
the process of transfer of the PEDOT:PSS film. CH;NH;I was
synthesized according to the reported procedure.** 5 wt % ethylene
glycol (Aladdin) was added into PEDOT:PSS PH1000 (Heraeus) to
enhance its conductivity, and 0.5 wt % Superwet-340 (Tianjin
SurfyChem T&D Co.) was dispersed in the PHI1000 solution to
tune the wetting property on the plastic wrap (polymethylpentene,
PMP, Miaojie) medium.

2.2. Solar cell fabrication. First, a 20 nm-thick TiO, compact
layer (c-TiO,) was coated on the cleaned FTO substrates by aerosol
spray pyrolytic deposition of a titanium diisopropoxide bis-
(acetylacetonate) solution. A mesoporous TiO, (m-TiO,) layer was
deposited by spin coating at 6,000 r.p.m. for 30 s using a TiO, paste
(Dyesol 18NRT) diluted in ethanol (1:4 and 1:8, w/w, respectively).
Then the TiO, films were gradually heated to 500 °C, baked at this
temperature for 30 min, and cooled to room temperature. Pbl, was
dissolved in N,N-dimethylformamide at a concentration of 462 mg
mL™" (1 M) and 231 mg mL™" (0.5 M), spin-coated at 6,500 r.p.m. for
90 s, and dried at 70 °C for 30 min. Then, the films were dipped in a
solution of CH;NH,]I in 2-propanol (10 mg mL™") for 60 s, rinsed
with 2-propanol, and dried at 70 °C for 30 min."* The hole
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transporting layer was then deposited by spin coating at 4,000 r.p.m.
for 30 s from a solution of 72.3 mg of spiro-OMeTAD, 17.5 uL of a
stock solution of 520 mg mL™" lithium bis(trifluoromethylsulfonyl)-
imide in acetonitrile, and 29 uL of 4-tert-butylpyridine in 1 mL of
chlorobenzene. Finally, the PEDOT:PSS film was transfer-laminated as
the top electrode. The transfer lamination procedure of the
PEDOT:PSS film was prepared according to our previous paper.*®
The transfer process of the PH1000 film and the schematic of the
finished device are shown in Figure S1. In brief, plastic wrap films were
adhered onto glass substrates by adding ethanol in between.
PEDOT:PSS (Clevios PH 1000) solution with S wt % ethylene
glycol and 0.5 wt % surfactant was spin-coated onto the plastic wrap at
500 r.p.m. for 18 s and dried in air. One drop of 2-propanol was
dropped onto the PH1000 film on plastic wrap to release the adhesion
between PEDOT:PSS film, plastic wrap, and the glass substrate, so
that they can separate from each other. The plastic wrap with
PEDOT:PSS film was transferred onto the receiving surface of FTO/
c-TiO, layer/m-TiO,/CH;NH;PbI;/spiro-OMeTAD. Then the plas-
tic wrap was peeled off before the 2-propanol was evaporated to finish
the transfer lamination of PH1000. The thickness of PH1000 is about
175 nm. Electrical wires were soldered onto the FTO and PH1000
electrodes outside of the effective device area to make good contact for
measurement as shown in Figure 1d. Solar cells with small device area
(about 6 mm?) and large area (2.4 cm?) were both fabricated.

2.3. Film and device characterization. The irradiance of 100
mW cm™ was offered by a xenon light source solar simulator (#9119,
Newport) with an AM 1.5G filter (#91192, Newport). The current
density—voltage (J—V) characteristics of the devices under these
conditions were obtained by applying external potential bias to the
devices, and the generated photocurrent was measured with a Keithley
model 2400 digital source meter. For the small area cell (6 mm?), no
aperture was used during the measurement. The device area is
determined by the overlap of the FTO bottom electrode and top
PHI1000 electrode. For the large area, apertures with different area
were used during the measurement to investigate the effect of aperture
area on the device performance. Incident photon-to-current
conversion efficiency (IPCE) spectra were measured using a white
light bias and with AC model (10 Hz), and the acquisition system
(#70714, Newport) was similar to the J—V test system. The devices
were tested in a dark environment to prevent light scattering. The
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Figure 2. Cross-sectional images: (a) FTO/c-TiO,/m-TiO, (240 nm)/perovskite/HTM; (b) FTO/c-TiO,/m-TiO, (140 nm)/perovskite/HTM;
(c¢) FTO/c-TiO,/m-TiO, (140 nm)/perovskite/HTM/PEDOT:PSS film.
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Figure 3. (a) J—V characteristic of the cells (small area: 6 mm?*) measured under AM1.5G 100 mW cm™? illumination: with 240 nm m-TiO, (cell A,
A*) and with 140 nm m-TiO, (B, B*). A and B denote the semitransparent cells with transfer-laminated PEDOT:PSS top electrodes, while A* and
B* denote the reference cells with thermally deposited Au top electrode. (b) IPCE spectra of the two semitransparent solar cells.

transmittance spectra of the devices were measured by using
PerkinElmer Lambda 950 (P/N-L6020036). The images of the cross
section of cells were taken using Nova Nano SEM 450 (FEI
Company).

3. RESULTS AND DISCUSSION

Figure S2a shows the transmittance and sheet resistance of
PEDOT:PSS films by spin coating and transfer lamination. The
two films exhibit similar transmittance and sheet resistance of
about 85 ohm/sq. The thickness of the PH1000 films is about
175 nm, and therefore, the conductivity of the PH1000 films is
calculated to be about 670 S/cm. Figure la and 1b are pictures
of two perovskite solar cells with area of 1.2 cm X 2.0 cm on 2.5
cm X 2.5 cm FTO-covered glass substrates with different
transmittances. The transmittance of the semitransparent cells
was tuned by changing the thickness of the m-TiO, scaffold
layer and the concentration of the Pbl, solution. In Figure 1a, a
picture of the fabricated semitransparent cell with a 240 nm m-
TiO, layer is shown, placed with the outside scenery as the
background to demonstrate the transparency. The white
buildings and trees outside can be clearly seen through the
brown cell. In Figure 1b, the picture presents the light brown
color with a thinner 140 nm m-TiO, layer, which is more
transparent than the thick one. Figure lc shows the
transmittance of the two cells. The transmittance values of
the thick device and the thin device are 2.7% and 12.3% at 550
nm. The thicker cell (with 240 nm m-TiO,) shows an AVT of
7.3% and the thinner cell (with 140 nm m-TiO,) shows an
AVT of 14.8% in the spectral range of 370—740 nm.

The schematic of the CH;NH,Pbl; perovskite solar cells
with the PEDOT:PSS film as the top electrode is shown in
Figure 1d. The working mechanism is similar to that of the
typical gold electrode perovskite solar cell. CH;NH,;PbI;
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nanocrystalline infiltrated the n-type m-TiO,, and the hole
transporting material (HTM) is deposited on top of the
perovskite film. The incident light illuminates through the glass,
and charge carriers are generated in the CH;NH;Pbl; absorber
layer. The electrons are collected by the TiO,, and the holes are
collected by the Spiro-OMeTAD layer and PEDOT:PSS
counter electrode.'”"’

Figure 2 shows cross-sectional scanning electron microscopy
(SEM) images of the layers before and after PEDOT:PSS film
deposition. Figure 2a and 2b show the layers FTO/c-TiO,/m-
TiO,/perovskite/HTM before PEDOT:PSS deposition where
the m-TiO, layer is 240 nm (Figure 2a) and 140 nm (Figure
2b), respectively. Figure 2c shows the cross-section of the
whole cell with the PEDOT:PSS top electrode. The thickness
of the m-TiO, layer in Figure 2c¢ is 140 nm, which is the same
as that in Figure 2b. The layer of the PEDOT:PSS film can be
clearly recognized, and its thickness is about 180 nm.

To evaluate the efficiency of the semitransparent cells with
the device structure in Figure 1d, we first fabricated the cells in
a small area of 0.06 cm”. Figure 3 shows the J—V characteristics
and external quantum efficiency of both thicker (240 nm m-
TiO,) and thinner (140 nm m-TiO,) cells. For the cell with
thicker m-TiO, (240 nm, cell A), the cell exhibited a V¢ of
0.966 V, a J5c of 16.0 mA cm ™, and a fill factor of 65.4, yielding
a PCE of 10.1% under AM1.5 100 mW cm™? illumination. For
the cell with thinner m-TiO, (140 nm, cell B), a lower PCE of
5.6% is achieved with a V¢ of 0.959 V, a Jsc of 9.2 mA cm™,
and a fill factor of 63.3. The main difference is the Js¢, which is
associated with the thickness of the perovskite absorber layer. It
should be mentioned that the semitransparent cells are fully
processed in air. Photovoltaic data of six independent cells are
summarized in Tables S1 (cell A) and S2 (cell B). Figure S2
shows the J—V characteristics of the semitransparent at
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different scan directions to check the hysteresis in these cells.
The photovoltaic parameters of cells have been presented in
Table S3. The thick device exhibits Ve = 1.0 V, J5c = 15.1
mA/cm? FF = 64.3, and PCE = 9.8% while sweeping direction
from Forward to Reverse, and the photovoltaic parameters
were Voc = 1.0 V, Jsc = 154 mA/cm? FF = 60, and PCE =
8.8% in the inverse scan direction. The thin device exhibits V¢
=093V, Jsc = 9.9 mA/cm?, FF = 61.3, and PCE = 5.6% while
sweeping from Forward to Reverse, and Ve = 0.94 V, Jgc = 9.8
mA/cm?, FF = 55.8, and PCE = 5.1% while sweeping from
Reverse to Forward. In addition, to obtain reliable device
efficiency of the semitransparent perovskite solar cells, we
measured the stabilized photocurrent density of the device A
and B held at a bias of 0.64 and 0.56 V near their maximum
output power point as a function of time to confirm their
efficiency, while the photocurrent density of device A is 13.1
mA/cm?, with a PCE of 8.4%, and that of device B is 8.39 mA/
cm?, with a PCE of 4.7% (Figure S4). For comparison, the
reference cells with Au top electrode were also fabricated where
the Au electrode is thermally deposited (FTO/c-TiO,/m-
TiO,/CH;NH;Pbl;/spiro-OMeTAD/Au). The reference solar
cells present a higher PCE of 13.4% and 8.9% for the thicker
(cell A*) and thinner (cell B*) cells (Table 1). The higher PCE

Table 1. Photovoltaic Performance of the Solar Cells (device
area: 0.06 cm?): with 240 nm m-TiO, (cell A, A*) and with
140 nm m-TiO, (B, B*)”

Device: Thickness of m-TiO,, top V¢ Jsc (mA FF PCE

electrode V) cm2) (%) (%)
A: 240 nm m-TiO,, PEDOT:PSS 0.966 16.0 65.4 10.1
A*: 240 nm m-TiO,, Au 1.045 19.7 64.9 134
B: 140 nm m-TiO,, PEDOT:PSS 0.959 9.2 63.3 5.6
B*: 140 nm m-TiO,, Au 0.970 13.9 65.7 8.9

“A and B denote the semitransparent cells with transfer-laminated
PEDOT:PSS top electrodes, while A" and B* denote the reference
cells with thermally-deposited Au top electrode.

is mainly ascribed to the higher ]y than semitransparent
PEDOT:PSS cells because of the Au electrode also acting as a
light reflector, resulting in a higher Jc. Figure 3b reveals the
IPCE spectra of the thick device (cell A). The higher
semitransparent thin cell (cell B) shows the same trend. The
absence of metal electrode as the light reflector in the
semitransparent cells results in lower IPCE in the spectral
region of 500—800 nm, leading to the lower Js than that of
reference cells with a Au electrode.

Plastic wrap film as transfer medium has the advantage of
large area with low cost. With this merit, here we demonstrate
semitransparent solar cells with a large area of about 2.4 cm*
(shown in Figure 1a and 1b). Seven different areas of masks
were used to measure the photovoltaic performance of the
semitransparent solar cells, and the definition of aperture area
differs from that of a small area cell: the small cell was
controlled by the size of the PEDOT:PSS film. Table 2
respectively reveals the values of Vy¢, Joo FF, and PCE
measured with a representative thick device (type A) and thin
device (type B) using masks of different aperture areas, under
AM 15 100 mW cm™” illumination. Figure 4 shows the
photovoltaic parameters (Voc, Jsc, FF, and PCE) as a function
of aperture area. For cells A, the V¢ is 0.941 V when the
aperture area is 1 cm X 1 cm. When the aperture area decreases,
the V¢ drops, and it drops down to 0.841 V when the device

Table 2. Photovoltaic Parameters of Large-Area (2.4 cm?)
Semi-transparent Solar Cells (Cell A: with 240 nm m-TiO,,
Cell B: 140 nm m-TiO,) Measured with Different Aperture
Area under Simulated AM 1.5 (100 mW cm™2)

Aperture area Voc Jsc (mA FF PCE
Device (cm?) v) cm?) (%) (%)
A 1 0.941 114 27.3 2.9
0.8 0913 122 29.8 3.3
0.6 0.901 13 33.6 3.9
0.5 0.89 13.5 35.2 4.2
0.4 0.882 13.8 39 4.7
0.25 0.86 14.6 45.2 5.7
0.16 0.841 15.6 50.6 6.7
B 1 0.836 6.1 34.4 1.8
0.8 0.825 6.4 36.6 19
0.6 0.808 6.5 40.6 2.1
0.5 0.799 6.9 41.3 2.3
0.4 0.791 73 42.7 2.5
0.25 0.776 8.3 45.5 2.9
0.16 0.758 9.3 48.6 34

area is 0.16 cm? For cell B, the V¢ follows a similar trend
(Figure 4a). This can be explained by the following equation:

I
Voc = nk—T ln{l + ﬁ}
e I, (1)

where # is the diode ideality factor, k is Boltzmann’s constant, T
is the absolute temperature, and I is the reverse saturation
current. Iso/I, > 1. From eq 1, V¢ is expected to be linearly
dependent on the In(Iyc), where Iy is determined by the
aperture area, which is consistent with what we observed.
Figure 4b and 4c reveals that the Jyc and FF values of cell A and
B decrease with the increase of the aperture area. The Js- and
FF both drop when the aperture area increases. The drop of Js¢
is probably because more defects exist in a larger area. The drop
in FF is mainly associated with the increased normalized series
resistance (r, = R/Ry, with Ry, = V,/I,.)."* The well-working
large-area cells A and B indicate that the transfer lamination
technique with low cost plastic wrap as the transfer medium is
promising for low-cost semitransparent perovskite solar cells.

4. CONCLUSIONS

We have presented that the PEDOT:PSS conductive polymer
electrodes can be transferred on top of the perovskite layer
using low-cost plastic wrap medium and therefore demon-
strated semitransparent perovskite solar cells. The semi-
transparent perovskite solar cells are fully processed in air.
The cells exhibit a power conversion efficiency of 10.1% in a
small area (0.06 cm?) under 100 mW cm™> AML.S illumination
when the AVT of the perovskite cell is about 7.3% in 370—740
nm. Furthermore, we have also fabricated large-area PE-
DOT:PSS electrodes with the transfer lamination technique
using the plastic wrap as the transfer medium. The large area
perovskite cells exhibit a power conversion efficiency of 2.9%
and can be further enhanced by depositing a metal grid to
reduce the series resistance. The transfer-laminated PE-
DOT:PSS top electrode provides a low-cost fabrication of
organic—inorganic lead halide perovskite solar cells replacing
expensive Au electrodes and enables the facile fabrication of the
semitransparent perovskite solar cell for power-generating
windows application.
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Figure 4. Photovoltaic parameters: (a) Vo, (b) Isc, (c) FF, and (d) PCE of large-area (2.4 cm?) semitransparent solar cells (cell A: with 240 nm m-
TiO,, cell B: 140 nm m-TiO,) measured with different aperture areas under simulated AM 1.5 (100 mW cm™2).
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