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ABSTRACT: Control of the perovskite film formation process to produce
high-quality organic—inorganic metal halide perovskite thin films with uniform
morphology, high surface coverage, and minimum pinholes is of great
importance to highly efficient solar cells. Herein, we report on large-area light-
absorbing perovskite films fabrication with a new facile and scalable gas pump
method. By decreasing the total pressure in the evaporation environment, the
gas pump method can significantly enhance the solvent evaporation rate by 8
times faster and thereby produce an extremely dense, uniform, and full-
coverage perovskite thin film. The resulting planar perovskite solar cells can
achieve an impressive power conversion efficiency up to 19.00% with an
average efficiency of 17.38 + 0.70% for 32 devices with an area of 5 X 2 mm,
13.91% for devices with a large area up to 1.13 cm”. The perovskite films can
be easily fabricated in air conditions with a relative humidity of 45—55%,
which definitely has a promising prospect in industrial application of large-area
perovskite solar panels.
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Bl INTRODUCTION

Since CH;NH,PbI; was first reported as a sensitizer for solar
cell applications in 2009, the development of perovskite solar
cells has accelerated dramatically. Several investigations have . . e .
confirmed that organometallic halide perovskite materials efficient devices. Howgyer, problems remain in this gl ghOd’
(CH,NH,PbX,, where X = Cl, Br, or I) acting as light such as T‘ough sur.faces, . unreacted CH;NH;I or PbL, ’. and
harvesters”® have long electron—hole diffusion lengths.* ' Fhe peeling and dlssc?lut1§)4n of the Pbl, film .durlng. the dipping
The efficiency of perovskite cells has rapidly increased in recent in CH;NH;l solution. T.hus, several investigators have
years. To date, the highest efficiency reported for perovskite- rece_ntly ;}ttempte_zd to ameliorate the one-step .me'thogg_tzc;
based solar cells is 22% on a rigid substrate'’ and ~15% on achieve high-quality scalable perovskite layer fabrication.™

flexible substrates.’> However, these high efficiencies were Different approaches have been suggested, but nearly all require

. . o
achieved in devices with areas less than a square centimeter. It time-consuming heat treatment procedures at up to 100 °C to
remove solvents. Such heating may cause a number of

inevitably containing voids or pinholes.”” A two-step method of
coating Pbl, solution directly onto a blocking layer and then
dipping substrates into a CH;NH;I solution has permitted the
formation of high-coverage perovskite films to assemble highly

remains challenging to assemble highly efficient large-sized

perovskite solar cells containing several functional layers, problems, such as the formation of pinholes in perovskite

typically those for electron transport, light absorption, and
hole transport. These complex systems require the deposition
of dense, uniform, and full-coverage perovskite films without
pinholes over large areas."” Scientists have typically created
perovskite films using either solution'*™"” or vacuum vapor'*"’
deposition processes. The widely used solution-processable
one-step deposition method can produce perovskite films with
the desired chemical compositions. However, the method

creates films with the fatal disadvantage of poor coverage,

-4 ACS Publications  © 2016 American Chemical Society

film, as the direct contact between the hole transport materials
and the compact layer will accelerate the recombination of
charge carriers.

Here, we report our findings on a facile gas pump (GP)
perovskite film fabrication method based on a pressure-induced
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Figure 1. (a) Fabrication process of perovskite films based on the GP method. (b) Photographs of perovskite films made by conventional air-drying
and by the GP method with and without HT. (c) Three-dimensional AFM images of small area (2 X 2 ym) and large area (10 X 10 ym). (d) Cross-
sectional view of the tested perovskite solar cells using active layers fabricated by the GP method.

gas flow mechanism, which produces extremely dense, uniform,
and full-coverage perovskite thin films in less than 20 s at room
temperature. By decreasing the total pressure in the
evaporation environment, the DMF evaporation rate is
significantly accelerated, resulting in a homogeneous precip-
itation distribution of the solute (i.e., perovskite), and,
therefore, a homogeneous perovskite film, on the substrate
surface. Because the evaporation of solvents is accelerated,
perovskite crystals can be formed on most substrates, including
heat-sensitive polymer substrates for applications as flexible
photovoltaics.

B EXPERIMENTAL SECTION

Materials. CH;NH,] and Pbl, were purchased from Weihua Solar
Company. Other materials were purchased from either Alfa Aesar or
Sigma-Aldrich.

Fabrication of the Solar Cells. FTO glass substrates with the
sheet resistance of 10 Q sq™" were first cut by laser and then washed
by ultrasonication with acetone, ethanol, and deionized water for 10
min each. An 80 nm thick ZnO layer was sputtered onto the clean
FTO glass substrates by ion-sputtering. The substrates were treated in
a UV/O; cleaner machine for 15 min. Pbl, was mixed with CH;NH;I
in the molar ratio of 1:1 in N,N-dimethylformamide (DMF) heated to
70 °C with stirring for 3 h to produce a 40 wt % CH;NH;Pbl;
solution. The CH;NH;Pbl; solution was spun onto the ZnO-coated
substrate at 3000 rpm for 10 s. Then, the substrate was put into a
sample chamber connecting to gas pump system. The system was
home-developed, composed of the low pressure system with a larger
low pressure chamber being connected to the sample chamber by a gas
drainage pipe controlled by a valve. By opening the valve connecting
the specimen chamber and the low pressure system maintaining at 100
Pa, fast pumping of the sample chamber leads to rapid evaporation of
DMEF solvent. Within 20 s after beginning pumping the gas, a brown,
somewhat transparent, film with a mirror-like surface was obtained.
For the conventional spin-coating method, the as-spun perovskite wet
film was put in dry air for S min. The film was annealed at 100 °C on a
hot plate for 10 min, and then transferred into a glovebox containing <
0.1 ppm of O, and H,0. A spiro-OMeTAD solution (400 mg of spiro-
OMeTAD, 142.5 puL of 4-tert-butylpyridine, and 87.5 uL of lithium-
bis(trifluoromethanesulfonyl)imide dissolved in S mL of chloroben-
zene) was deposited onto the perovskite films by spin-coating at 3000
rpm for 30 s. The spiro-OMeTAD-coated substrates were stored in an
auto-drying cabinet at 20 °C with a relative humidity of 15% for 8 h.
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Finally, a 10 nm thick MoOj layer and a 120 nm thick Ag layer were
deposited onto the spiro-OMeTAD layer by thermal evaporation. The
perovskite films were completed in a cleanroom where the
temperature was 23 °C and the relative humidity was ~45—55%.

Characterization. In order to measure the phase composition of
the perovskite film obtained by the GP method, XRD (D8 Advance,
Bruker) was applied with a scanning range of 10—70° and a scanning
speed of 0.05°/s. The top-view and cross-view morphologies of the
perovskite film were observed by field-emission SEM (MIRA3,
TESCAN). The roughness of the perovskite films was measured by
atomic force microscopy (Innova, Bruker). Photocurrent—voltage (J—
V) characteristics of the devices were measured by applying a source
meter (2400, Keithley) under 100 mW/cm? illumination by a 450 W
Class AAA solar simulator equipped with an AM 1.5G filter (Sol3A,
Oriel). The exact light intensity was determined by a standard Si
reference cell (91150V, Oriel). The devices were measured by reverse
(1.2 to —0.2 V) and forward (—0.2 to 1.2 V) voltage scanning at a scan
step of about 23.7 mV (60 points in total) and a delay time of 100 ms.
PL spectroscopy was performed using a compact steady-state
spectrophotometer (Fluoromax-4, Horiba Jobin Yvon) with an
excitation wavelength of S60 nm. The absorption spectra of the
perovskite film were measured with a U-3010 spectrophotometer. The
EQE was measured using a solar cell spectral response/QE/IPCE test
system (QTest Station SOOAD, CROWNTECH) in AC mode. To
investigate the electrochemical properties of the perovskite solar cell,
we used electrochemical impedance spectroscopy (EIS, Zennium IMS,
Zahner), obtained at a bias potential equal to the open-circuit voltage,
which was measured at a light intensity of 100 mW/cm? The spectra
were scanned at a frequency ranging from 4 MHz to 5 Hz with an AC
amplitude of 20 mV.

B RESULTS AND DISCUSSION

Figure la depicts the schematics of the preparation of
perovskite films by the GP method. First, 40 wt %
CH;NH,PbI; precursor solution was spun on fluorine-doped
tin oxide (FTO)/glass substrates coated with a dense ZnO
blocking layer, which is known to be higher electron mobility
than that of TiO,, relatively lower cost, simpler deposition
process, and prepared at low temperature.'****" Here, the ZnO
compacet layer was prepared by ion-beam sputtering
deposition. The substrates are then placed in a sample chamber
connecting to a GP system via a gas drainage pipe controlled by
a valve. We found that the pressure should be lower than the
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Figure 2. Surface morphologies of CH;NH,PbI; films obtained by GP method. Low- and high-magnification SEM images of perovskite films
obtained by GP method at different pressures: (a, d) 1800 Pa, (b, e) 800 Pa, and (c, f) 100 Pa.
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Figure 3. (a) The XRD patterns of FTO substrate and CH;NH;Pbl, films fabricated by conventional spin-coating (with air-drying) and GP method.
(b) PL emission spectra of CH;NH,Pbl, in contact with different interfaces: glass, FTO, and ZnO. (c) The absorption spectra of CH;NH,Pbl; in

contact with different interfaces: glass, FTO, and ZnO.

saturated vapor pressure of DMF throughout the evaporation
process. By establishing a low pressure of 100 Pa, the
evaporation of DMF solvent occurs rapidly. A brown perovskite
film can be formed in 20 s. The color of the film darkens after
heat treatment (HT) at 100 °C for 10 min. Figure 1b compares
optical images of perovskite films fabricated by a conventional
spin-coating and drying method, the GP method without HT,
and the GP method with HT. The perovskite film prepared by
the GP process is smooth with an optical mirroring effect
(reflecting lamp as shown by the red arrow). Meanwhile, the
film fabricated by the conventional spin-coating method is gray
and rough with no mirroring.*”> Atomic force microscopy
(AFM) characterization under tapping mode was performed to
further investigate the surface morphology of the perovskite

20069

film prepared by the GP method. Figure lc shows the
corresponding three-dimensional surface profile of the GP
perovskite film. The root-mean-square of surface roughness
(RMS) is estimated as 7.9 nm in a 10 X 10 ym area and 6.0 nm
in a2 X 2 um area. This equals one of the best values reported
for perovskite films of 2 X 2 ym in area obtained by the
solvent—solvent extraction method.”® The device architecture
of the perovskite solar cells in this study is FTO/ZnO-CL/
CH;NH;Pbl;/spiro-OMeTAD/MoQ;/Ag as shown in Figure
1d. This depicts an SEM image of one of the perovskite devices
used in this study, containing an ~80 nm ZnO compact layer,
~300 nm GP-processed CH;NH;PbI; layer, ~250 nm spiro-
OMeTAD layer, ~10 nm MoOj layer, and ~120 nm Ag layer.
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Figure 4. (a) J—V characteristics for the best device. (b) Histogram of power conversion efficiency for 32 devices prepared by the GP method. (c)
Typical J-V curve obtained by reverse and forward scans for the device at a scan step of 23.7 mV and delay time of 1000 ms. (d) The corresponding

EQE spectrum together with integrated s for the device in (c).

The perovskite film dried in air shows the rod-shaped top
structure with a large bottom perovskite grain inlaid in the rod
and small perovskite grains also deposited on the substrate
(Figure S1).** To solve this problem, people achieved uniform
perovskite films by fast crystallization of perovskite, introducing
PbCl, nuclei** or gas-assisted method.”® In this study, we
achieved fast crystallization of perovskite by accelerating the
evaporation of the solvent. To accelerate the evaporation of the
solvent, decreasing the atmospheric pressure is an effective
approach. Figure 2a,d shows the morphologies of perovskite
films made by the GP method in which the ambient pressure is
reduced to 1800 Pa and depicts a perovskite film with poor
coverage but also a few, and thereby large, grains together with
very small grains. On the basis of these observations, faster
evaporation of the solvent by further reducing the pressure was
necessary. A pressure of 800 Pa was attempted (Figure 2b,e).
The coverage of perovskite film is obviously increased, but
some of the FTO substrate remains uncovered. When the
pressure is reduced to 100 Pa, we obtained uniform, dense, and
full-coverage perovskite films with uniform grain size (Figure
2¢f). In this case, the DMF solvent can evaporate very fast
since the chamber pressure of 100 Pa is lower than the
saturated partial vapor pressure of DMF at room temperature is
about 490 Pa.** Therefore, the wet perovskite film can be
completely dried within 20s, which is much shorter than the
general several minutes in conventional ambient drying
methods.

Figure 3a presents the X-ray diffraction (XRD) patterns of
various CH3;NH,Pbl; films deposited onto FTO substrates.
The sharp diffraction peaks correspond well to the (110),
(112), (211), (202), (220), and (310) crystal planes, indicating
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that the perovskite films are tetragonal in phase with high
crystallinity.”® The diffraction peaks of the FTO substrate
appear in the XRD patterns of all three perovskite films, but
with different relative intensities, indicating that the perovskite
films obtained by the GP method have higher coverage than
those made by conventional spin-coating and air-drying. In
addition, this result reveals that the tetragonal phase of
CH;NH,PbI,; exists stably in films prepared by the GP process
at room temperature without HT at 100 °C. When in contact
with charge-transport layers, perovskite films typically exhibit
strong photoluminescence (PL) quenching as evidence of
efficient charge transfer from the photoactive to transport
layers.”” Figure 3b shows the steady-state PL spectra of
perovskite/glass, perovskite/FTO/glass, and perovskite/ZnO/
FTO/glass. Clear quenching of PL emissions can be observed
in the spectrum of the sample containing the ZnO compact
layer. This indicates that charge carriers within the perovskite
layer are extracted effectively by metal oxides such as ZnO.>”**
We also measured the absorption spectra of CH;NH;Pbl; in
contact with different interfaces: glass, FTO, and ZnO. Figure
3c shows that the absorption intensity of perovskite films by the
gas pump method on different substrates was comparative,
indicating that our ZnO film on the FTO substrate can hardly
influence the absorption of perovskite films.

Perovskite solar cells were further fabricated using the GP
fabricated films by standard procedures. Table S1 shows
photovoltaic parameters of perovskite solar cells for using
perovskite films fabricated in dry air and by the gas pump
method in pressures of 1800, 800, and 100 Pa, indicating that
the devices perform badly with extremely low efficiency using
perovskite films prepared in dry air. While using the gas pump
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method, the efficiency increases with decreasing the pressure,
for the coverage of perovskite film increasing in Figure 2. On
the basis of the gas pump method in a pressure of 100 Pa, the
best efficiency up to 19.00% was achieved for a perovskite solar
cell with a short-circuit current Jsc of 22.66 mA/cm?, the open-
circuit voltage Vi of 1.08 V, and a fill factor FF of 0.7784.
Figure 4b shows the corresponding J—V curve of such a device.
Besides, we achieved device performance of an average
efficiency of 17.38 + 0.70% (Figure 4b for 32 devices) and
good reproducible photovoltaic parameters (Figure S2a,c,b).
The high efficiency could be attributed to two factors. The first
is a uniform, dense, and pinhole-free perovskite film, since
direct contact between the hole transport materials and the
compact layer at pinholes in the perovskite film would
accelerate the recombination of charge carriers. The second is
the good crystallinity and large crystal size of the perovskite
film. Larger crystal sizes, here of ~0.2—0.4 ym as shown in
Figure 2f, are reported to increase the photovoltaic perform-
ance of crystalline films by reducing the number of grain
boundaries and thereby reducing charge recombination.”
Hysteresis is a controversial issue in perovskite solar cells.
Many reports suggest that hysteresis originates from the weak
bonding interface between the perovskite film and substrate
surface.”” The device was measured by reverse and forward
scans at a scan step of 23.7 mV and delay time of 40, 100, 500,
and 1000 ms as shown in Figure S3. With increasing scan delay
time, the efficiency is larger and the hysteresis is smaller, but the
photocurrent density is smaller. Figure 4c shows the J=V curve
with different scanning directions (reverse and forward) with
the average efficiency of 17.21% at a scan delay time of 1000
ms. A small hysteresis is observed, which could be attributed to
the large crystalline grains with fewer grain boundaries. Figure
4d shows the external quantum efficiency (EQE) of the device
in Figure 4c, with an integrated Jsc of 20.37 mA/cm?, which is a
little smaller than that obtained from the J—V curve. The
absorption band reaching ~800 nm is consistent with the
reported literature data for the light-harvesting ability of
CH,NH,;Pbl; perovskite.”*" In order to investigate the
internal charge carrier transportation and recombination
occurring in the device based on the gas pump method and
the air-drying method, electronic impedance spectroscopy
(EIS) measurements were performed from 4 MHz to S Hz at
Voc under illumination by a monochromatic light source. Two
frequency-dependent elements are easily observed from the
obtained Nyquist plots (Figure S2d). In the order of increasing
frequency, these elements are attributed to charge carrier
recombination at the interfaces between the perovskite and
charge extraction layers, and to charge transfer at the counter
electrode together with transport through the hole con-
ductor.””*® The EIS data are fitted by an RC circuit,"* as
shown in the inset of Figure S2d; the low charge transfer
resistance (R1, ~20 Q for air-drying method and ~26 Q for gas
pump method) indicates efficient charge extraction in this
device based on both the air-drying method and the gas pump
method. However, the high interfacial charge recombination
resistance (R2, ~278 Q for air-drying method and ~604 Q for
gas pump method) indicates a much lower recombination in
devices based on the gas pump method.

We quantitatively evaluated the evaporation rate of the DMF
solvent by comparing a CH;NH;Pbl; solution dried in air to
that dried by the GP process at room temperature. The
evaporated volume of DMF solvent was 4.8 mL for the GP
method and 0.6 mL for that in air after the same period of 4 h

(Figure Sa). This indicates that the evaporation rate of the
DME solvent in the GP method is 8 times higher than that in
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Figure S. (a) Quantitative comparison of DMF solvent evaporation
rate of perovskite solution for 4 h by conventional air-drying versus GP
method. (b) J-V curve of a 2.05 X 0.55 cm large-area device
containing GP-processed perovskite film at a simulated AM 1.5G solar
illumination of 100 mW/cm?.

conventional air-drying. With this fast evaporation, the
precipitation of solid perovskite grows into grains with larger
sizes of ~300 nm that fully cover the substrate surface. To
further demonstrate large-area solar cell fabrication, we
prepared a device measuring 2.05 X 0.55 cm. Figure 5b
shows the J—V curve of this device, with the relatively high
efficiency of 13.91%. This result indicates that the facile GP
process can be applied to fabricate large-area perovskite solar
cells.

B CONCLUSIONS

In conclusion, we achieved dense, uniform, and full-coverage
perovskite thin film by fast crystallization. On the basis of this,
we adopted low pressure evaporation of solvent to achieve fast
crystallization of perovskite. Experiments indicate that the
evaporation rate of the DMF solvent based on low pressure is 8
times higher than that based on the conventional method. We
report on large-area light-absorbing perovskite films fabrication
with a new facile and scalable gas pump method. Planar
perovskite solar cells can achieve an impressive power
conversion efficiency up to 19.00% with an average efficiency
of 17.38 + 0.70% for devices with an area of 5 X 2 mm, 13.91%
for devices with a large area up to 1.13 cm® We believe that the
GP process can be used broadly in the industrial application of
perovskite solar cells and other solution-processable thin-film
photovoltaics.
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