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ABSTRACT: Low-temperature-processed (100 °C) carbon paste was developed
as counter electrode material in hole—conductor free perovskite/TiO,
heterojunction solar cells to substitute noble metallic materials. Under optimized
conditions, an impressive PCE value of 8.31% has been achieved with this carbon
counter electrode fabricated by doctor-blading technique. Electrochemical <~z 1s
impedance spectroscopy demonstrates good charge transport characteristics of = 15*MM"“\.
low-temperature-processed carbon counter electrode. Moreover, this carbon
counter electrode-based perovskite solar cell exhibits good stability over 800 h.
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1. INTRODUCTION

Great attention has been drawn to developing cost-effective,
high-efficiency solar cells to meet the ever increasing demand
for clean energy. The emerging solid-state thin film solar cells
are considered to be a promising technology to fulfill this
target.' ~* Although solid-state junction devices assembled with
silicon and compound semiconductors show high efficiency and
dominate the commercial market, the indispensable need for
expensive materials and complex manufacturing processes
restrict their large-scale production.

Recently, methylammonium lead halide (CH;NH,;PbX;, X =
Cl, Br, I) and its mixed halide crystals, corresponding to three-
dimensional perovskite structures,”® have invoked tremendous
amount of scientific and commercial interests for their notable
characteristics of easily tunable properties, direct band gap,
large absorption coeflicient, high carrier mobility, simple
solution approaches, and their potential in fabricating cost-
effective solid-state thin film solar cells’™® To date, for
Perovskite-based solar cells, extraordinary power conversion
efficiencies (PCE) ranging from 12 to more than 19% have
been obtained through optimization of preparing technology
and device structure, *~>' which make it competitive in future
commercialization. However, noble metals such as Au or Ag
acting as counter electrodes (CEs) are indispensable in these
high-performance photovoltaic devices, and are not conducive
for large-scale production. Besides, the high-energy-consump-
tion vacuum evaporation method of preparing costly metal
cathodes restrains its commercialization as well. Therefore,

-4 ACS Publications  © 2014 American Chemical Society

replacement of precious metal cathode is urgently required for
this high-efliciency photovoltaic device.

Carbon is a good choice for its abundance, low cost, and
appropriate energy level. Different types carbon materials, such
as carbon nanotube, carbon fiber, graphene, and so on, have
been applied in many other photovoltaic devices successfully
and impressive results have been achieved.”* >* For most
reported carbon materials, high-temperature treatments are
necessary, which hinder the large-scale production in solar
cells.”**® Commercial carbon paste exhibits excellent advan-
tages of high conductivity, low cost, low-temperature process
(100 °C), and good stability, which make it an excellent
candidate for cathodes of perovskite-based solar cells.

Moreover, organometal halide perovskite has been consid-
ered as both light harvester and hole transporting material.** >
And the electron—hole diffusion length of CH;NH;PbI; can
even exceed 100 nm.**** All these evidences indicate that
complicated hole—transport materials are not necessary in
fabricating a simpler perovskite-based photovoltaic device.

In view of these reported results, herein, we report TiO,/
CH;NH;Pbl;/carbon structured heterojunction solar cells.
Different from traditional perovskite solar cells, low-temper-
ature-processed commercial carbon paste (100 °C) was
developed as counter electrode to instead of Au or Ag. A
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Figure 1. Device architeture and energy level diagram. (A) Device architecture of the cell tested in this study. (B) Energy levels (relative to vavuum)

of various device components.
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Figure 2. HR—SEM images of different TiO, film thickness-based devices. (A) Thickness of 830 nm TiO, film corresponds to dilution ratio of 1:2.
(B) Thickness of 630 nm TiO, film corresponds to dilution ratio of 1:2.5. (C) Thickness of 420 nm TiO, film corresponds to dilution ratio of 1:3.
(D) Thickness of 360 nm TiO, film corresponds to dilution ratio of 1:3.5. (E) Thickness of 270 nm TiO, film corresponds to dilution ratio of 1:4.
(F) Thickness of 190 nm TiO, film corresponds to dilution ratio of 1:S. (G) Cross-section image of the whole device. (H) Relation schema of TiO,

film thickness to dilution ratios.

remarkable photovoltaic performance with a short circuit (Jsc)
of 16.78 mA/cm?, an open circuit voltage (Vi) of 0.90 V, and
a fill factor (FF) of 55.0%, corresponding to a PCE of 8.31%,
and high stability were achieved. The electrochemical
impedance spectroscopy (EIS) measurements demonstrated
that holes in perovskite could be transported effectively to
carbon counter electrode. To the best of our knowledge, this is
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the first report for the use of low temperature processed carbon
paste as counter electrode in hole—conductor free perovskite—
based solar cells.

2. EXPERIMENTAL SECTION

Full details of the device fabrication and characterization are provided
in the Supporting Information. Devices were fabricated on fluorine
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doped tin oxide (FTO) coated glass serving as transparent electrode
and substrate, respectively. A compact layer of TiO, was deposited by
spin-coating from a precursor solution to act as an electron blocking
layer to prevent shunting and leakage currents. Mesoporous TiO,
(mp-TiO,) film was deposited by spin-coating a diluted TiO, paste
(18NR-T Dyesol), followed by sintering at 500 °C. Upon cooling to
room temperature, the perovskite was deposited by spin-coating a y-
butyrolacetone solution of methylammonium iodide and Pbl, (1:1
molar ratio), which formed the perovskite after heating at 100 °C for
1S min. Finally, devices were completed by depositing commercial
carbon paste on the top of the perovskite film by the doctor-blading
technique, followed by heat-treatment at 100 °C for 30 min. Devices
were measured under simulated AM 1.5 G, 100 mW cm™> sun light
with an active area of 0.12 cm?. All layers of the as-prepared devices are
illustrated in Figure 1A.

3. RESULTS AND DISCUSSION

3.1. Optical and Electronic Properties. The energy levels
of the materials used to prepare the solar cells are depicted in
Figure 1B. The valence band (VB) and conduction band (CB)
of the perovskite are —5.43 and —3.93 €V, versus vacuum,
respectively.”” Once illuminated by sunlight, the CH,NH,Pbl,
was excited from ground state to excited state, free charge
carriers (or excitons, electron/hole pairs) generated in the
CH,;NH,PbI; layer can be dissociated at the interfaces of
mesoporous TiO,/CH;NH;Pbl;. The conduction and valence
bands of the CH;NH;Pbl; permit electron injection into TiO,
(—4.202 V), and the hole transport to the carbon cathode (—5.0
eV).

The prepared CH;NH;Pbl;/mp-TiO,/compact TiO,/FTO
film was further characterized by UV—Vis absorbance spectrum
and X—ray diffraction (XRD) spectroscopy (see Figures S1 and
S2 in the Supporting Information). The darkened film shows a
wide absorption response from visible to near-infrared, which
indicates the formation of CH;NH;PbI; in the solid state. The
appearance of strong peaks at 20 = 13.5, 28.35, 31.7, 40.45, and
43.14° in Figure S2 in the Supporting Information correspond-
ing to the (110), (220), (310), (224,) and (314) planes,
confirm the formation of tetragonal perovskite structure
further.>**

3.2. Photovoltaic Performance. The width of depletion
region formed in this TiO,/perovskite heterojunction is of
great significance for the performance of this solar cell. With the
same concentration of perovskite precursor, the depletion
region width of this heterojunction solar cell was dominated by
the thickness of TiO, films.>**"*® So the influence on the
performance of the TiO, film thickness was investigated by
diluting TiO, paste to various ratios and fabricating devices
under the same experiment conditions in the same batch.

The relation schema of the film thickness and dilution ratios
is shown in Figure 2H. Figure 2A—F presents cross-sectional
high resolution scanning electron microscopy (HR—SEM)
images of representative devices with various TiO, thickness.
From the SEM images, we detected that different thickness of
CH;NH,PbI; perovskite overlayers formed on top of TiO,
films. and the perovskite penetrated into the mesoporous TiO,
film in varying degrees, which is conducive to the formation of
TiO,/ CH3;NH;Pbl; heterojuction. The thickness of carbon
counter electrode is about 15 ym as observed in Figure 2G.

The photocurrent density—voltage characteristics (J—V)
curves of TiO,/ CH;NH;Pbl;/carbon heterojunction solar
cells fabricated with various TiO, film thicknesses are shown in
Figure 3, and the corresponding characteristic parameters are
summarized in Table 1. From this table, the highest efficiency

20

- =830 Nnm
= 630 nm

g - - = 420 nm
< 15- T -~ a — -360 nm
E T~ o — - 270 nm
- — - =-190 nm
a '\_‘
‘w 10q=-- =0 —
c
[7)
-c ----
L
: 3
o ¢\

0 . T . . '

0.0 0.3 0.6 0.9

Voltage (V)

Figure 3. J—V curves of the perovskite-based heteojunction solar cell
with different TiO, film thickness.

Table 1. Photovoltaic Performances of TiO,/CH;NH;PbI,;/
Carbon Heterojunction Solar Cell Obtained for Various
TiO, Film Thickness in Same Batch

mp—TiO,
thickness (nm) 830 630 420 360 270 190

Jsc (mA/cm?) 1267 1610 1341 1143 1043 6.94

Voc (V) 082 087 08 078 075 070
FF (%) 5260 5260 5428 5508 4772 41.09
PCE (%) 548 740 602 491 371 200

of 7.4% was observed for the solar cells made with mp-TiO,
films of 630 nm thickness. Under different film thickness
condition, efficiencies of 5.48, 7.40, 6.02, 4.91, 3.71, and 2.00%
were achieved corresponding to film thickness of 830, 630, 420,
360, 270, and 190 nm separately. Disciplines between film
thickness and device performance can be drawn from this set of
data. As the film thickness decrease from 630 to 190 nm, the Jg
and Vi of these cells decrease from 16.10 to 6.94 mA/cm? and
from 870 to 700 mV, respectively. This phenomenon can be
explained by that too thin TiO, film can not support enough
thickness of perovskite, thereby yields a narrow depletion
region, which cannot separate electron—hole pairs efficiently,!
correspondingly result in an inferior V¢ and Jsc. With the
increased thickness of mp-TiO, film (from 630 to 830 nm), the
efficiency drops sharply to 5.48% (Jsc = 12.67 mA/cm?, V¢ =
0.82 V, FF = 52.60%). This is mainly due to a thicker TiO, film
leading to serious recombination of the injected electron in the
TiO, CB with the hole in perovskite.

A champion PCE of 8.31% was achieved with the optimum
TiO, film thickness of 630 nm after careful optimization. The
current—voltage (J—V) characteristics and incident photon-to-
current efficiency (IPCE) spectrum of the highest-performing
device are shown in Figure 4. And the corresponding data are
collected in Table 2. From the J—V curve measured under
standard AM 1.5G illumination, the Jsc, Vo, fill factor, and
PCE were determined as 16.78 mA/cm? 0.90 V, 55%, and
8.31%, respectively.

Incident photon-to-electron conversion efficiency (IPCE)
spectrum was employed to describe external quantum efficiency
of extracted electrons from incident photons at different
wavelengths, which is directly related to the Jsc. As displayed in
Figure 4B, a wide response in the range of 400—800 nm can be
observed for this CH;NH;PbI;/TiO, heterojunction solar cell.
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Figure 4. (A) Current density—voltage (J—V) curve and (B) IPCE spectrum of the optimized performing CH;NH;Pbl,/TiO, heterojunction solar

cell.

Table 2. Photovoltaic Performance of the Optimum
CH;NH;Pbl;/TiO, Heterojuction Solar Cell

photo sensitizer ~ Jgc (mA/cm?) Voc (V) FF (%) PCE (%)
CH,NH,Pbl, 16.78 0.90 55.00 831

The onset of photocurrent at 800 nm is consistent with the
band gap of the CH,NH,PbL,* Especially, the IPCE value
exceeding 80% in range 400—540 nm was detected. Moreover,
integrating the IPCE spectrum with the AM 1.5G solar photon
flux yields a current density of 16.73 mA/cm? which is in good
agreement with the test result displayed in Table 2.

3.3. Mott—Schottky Analysis. Several reports®>*' have
confirmed the existence of the depletion layer created in the
CH;NH;Pbl; perovskite film and in mp-TiO, film. This
depletion layer assists in the charge separation and inhibits the
back reaction of electrons from TiO, to CH;NH,PbI; film. The
width of the depletion layer is of great importance for the
performance of this heterojunction solar cell, in which the
mobile charge carriers have been forced away by an electric
field, the only elements left in the depletion region are ionized
donor or acceptor impurities. To further understand the
operation mechanism of the best-performed commercial carbon
CE-based TiO,/CH;NH;Pbl; heterojunction solar cell, we
carried out capacitance—voltage measurement (Mott—Schottky
analysis®’) to estimate the depletion region width and doping
density of CH;NH;Pbl; in this commercial carbon CE-based
solar cell. The result is presented in Figure S.

The capacitance of TiO,/ CH;NH;Pbl; heterojuncton is
described in eq 1 calculated from the depletion approxima-
tion,>® which implies that there are no free carriers in this
depletion region at the junction under investigation.
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Figure S. Mott—Schottky analysis at 1 kHz for the TiO,/
CH;NH;Pbl;/carbon heterojunction solar cell.

1

1 2
c? eeoqAZN (1)

-2 (- V)

Where C is the measured capacitance, A is the active area, V is
the applied bias, Vj; is the built-in potential, € is the static
permittivity, &, is the permittivity of free space, g is the
elementary charge, and N is the doping density of the donor.
According to previous researches, the static permittivity of
CH;NH,Pbl; was measured and calculated to be 30.>° The
slope of 1/C* vs. V in the linear regime was 0.93 x 10" F
V™!, from which the net doping density in the CH;NH;Pbl,
film is found to be 3.51 X 10" cm™. While the built—in
potential can be calculated to be 1.2 V from the interception of
the linear regime with the x-axis of the Mott—Schottky plot in
Figure 5, which can suppress the back reaction of electrons
from the TiO, film to CH;NH;Pbl; film efficiently.
The depletion width is calculated according to eq 2*

1
va,n = —
a,d

)

Where N, and Ny are the doping densities of the acceptor and
donor, respectively. The mp-TiO, doping density starts at N, =
1 x 10" em™*"* According to this equation, the depletion
width on the TiO, side was calculated to be 281 nm and on the
CH,;NH,PbI; side 78 nm, respectively. A 630 nm thick mp-
TiO, and 400 nm thick CH;NH;Pbl; overlayer can be
observed in the case of the optimized efficiency device in
Figure 2B. This suggests that almost half of the TiO, film is
depleted (depleted fraction equals to 0.4S), whereas more than
a fifth of the perovskite layer have been depleted, which is
consistent with the Etgar’s work.>' Moreover, the photo-
generated carrier could be separated more efficiently in such a
wide built-in field of the depletion region, which contributes to
higher power conversion efliciency of the cell.

3.4. Electrochemical Impedance Spectroscopy Anal-
ysis. To further evaluate the influence of the low-temperature
processed commercial carbon counter electrode on the
performance of solar cells, we carried out EIS measurements
in the frequency range 100 mHz to 1 MHz with 10 mV AC
amplitude under one sun illumination (Figure 6A) and in dark
(Figure 6B) conditions. And the equivalent circuit is present in
the inset in Figure 6A. Figure 6 depicts the Nyquist plots of
solar cells fabricated with commercial carbon CEs at a bias of
—0.8 V. The RC response in the high-frequency region is
assigned to the charge exchange process at the CH;NH;Pbl;/
carbon CE interface, whereas the one at the low-frequency

dx.doi.org/10.1021/am504175x | ACS Appl. Mater. Interfaces 2014, 6, 16140—16146
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Figure 6. Nyquist plots of commercial carbon CE-based solar cells (A) under illumination and (B) in dark condition. Inset: the equivalent circuit
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Figure 7. Long-term stability of the cell stored in ambient atmosphere at room temperature without encapsulation and measured under one sun

illumination.

region represents the TiO,/CH;NH;Pbl; interface. When it
was illuminated under one sun light, two semicircles can be
found in the Nyquist plot. And a low Rcp of 8.9 ohm was
detected at the interface of CH;NH;Pbl;/carbon CE in the
high-frequency region. In the dark condition, there are two RC
elements and a negative capacitance can be discovered in
Nyquist plot, in which the large arc in the high-frequency
region is ascribed to the charge transport impedance at the
interface of CH;NH;Pbl;/carbon and the negative capacitance
appears in the low frequencies is assigned to a additional
recombination pathway at high bias at one of the interface. A
smaller radius of semicircle compared than previous report is
also detected in Nyquist plot derived from dark condition.*
The low Rcr found in dark and illuminating condition
contribute to better transport of holes from perovskite to
carbon CEs, which indicates that the low-temperature-
processed carbon can work well when worked as counter
electrode for perovskite solar cell.

3.5. Stability Analysis. Finally, the stability of this
commercial carbon-paste-based CH;NH;PbI,/TiO, hetero-
junction solar cell stored in ambient atmosphere at room
temperature without encapsulation was tested and the detailed
photovoltaic parameters were plotted in Figure 7. As is known
to all of us, the stability of perovskite solar devices is limited
mainly to the ambient moisture because the alkylammonium
salts are, in general, highly hygroscopic.** However, the
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photovoltaic performances of representative perovskite solar
cells demonstrate high stability in this carbon-based devices. To
be specific, during the tests, the PCE shifted from the initial
7.31% to the final 7.42%, and an average PCE of 7.57% was
achieved. Furthermore, an average Jsc 16.65 mA/cm? Vo 0.89
V, and FF 53.0% were achieved over the 800 h test. This
remarkable stability should be attributed to the thick carbon
cathode layer, which can work as a water-retaining layer to
protect the perovskite from being destroyed.*’ This result
indicates the underlying potential of commercial carbon paste
as promising candidates for highly efficient perovskite solar cell.

4. CONCLUSION

In summary, low-temperature-processed (100 °C) carbon paste
was developed as counter electrode material in hole—transport
materials free perovskite/TiO, heterojunction solar cells to
substitute noble metallic materials. Through detailed studies we
found that the thickness of mp-TiO, film has great effects on
photovoltaic performance of solar cells. Under optimized
conditions, an impressive PCE value of 8.31% has been
achieved with this carbon counter electrode. Impedance
spectroscopy demonstrates good charge transport character-
istics of low-temperature-processed carbon counter electrode.
Moreover, long-term stability investigations show that this
carbon counter electrode-based perovskite solar cells exhibit
good stability over 800 h. This structured solar cell simplifies

dx.doi.org/10.1021/am504175x | ACS Appl. Mater. Interfaces 2014, 6, 16140—16146
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production procedure and facilitates commercial production.
These exciting results demonstrate that cost-effective and better
performance for Perovskite-based solar cell can indeed be
achieved in future commercialization. And we fully believe that
there is still great room for fabricating higher-performance solar
cells using this carbon counter electrode.
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Detailed device fabricating procedures, characterizations of the
solar cells, UV—Vis absorbance spectrum, X—ray diffraction
(XRD) spectroscopy, the performance comparison with gold
counter electrode, as well as photovoltaic parameters of 20
devices. This material is available free of charge via the Internet
at http://pubs.acs.org/.
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