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ABSTRACT: Organometal halide perovskite (CH;NH,PbL;) could be crystal-
lized by exposing Pbl, to either CH;NH,I solution or CH;NH;I vapor. Though
high performance was achieved in both approaches, it was still not clear which
approach would be more desirable for device performance in principle. Herein, we
addressed this issue by investigating the influence of crystallization condition on
perovskite morphology, and subsequently on device performances. We found that
vapor-crystallized perovskite devices demonstrated smoother surface morphology,
better light absorption, lower charge recombination, and thus much higher
conversion efficiency than solution-crystallized devices, which would give some
useful enlightenment to develop high-performance planar perovskite solar cells.
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1. INTRODUCTION

Since the discovery of organometal halide perovskite
(CH;NH;PbX;, X = Cl, Br, I) as an excellent light harvester
for photovoltaic devices,' > in recent years, great achievements
in developing high-efficiency, low-cost perovskite-based solar
cells have been made.®™ The power conversion efficiency of
perovskite-based solar cells increased from 3 to 4% at early
stage to over 15% at present.'”"! There are mainly two types of
architectures for perovskite-based solar cells. The first one
inherited the structure of dye-sensitized solar cells, which was
featured with a mesoporous layer of semiconductor nano-
particles, such as TiO,,”'>"* as a scaffold to support perovskite.
However, researchers discovered that equally high performance
was also achieved after replacing the semiconducting TiO, with
insulating AL,O5."*'® Another planar architecture was presented
where no mesoporous layer existed and perovskite was
deposited directly on planar blocking layer.'® Planar-structured
solar cells showed the advantage of more simplified device
architecture and lower processing cost. Intense researches were
conducted to fabricate high-efficiency perovskite-based solar
cells with planar structure.'’ '

As for the fabrication of planar-structured perovskite-based
solar cells, the perovskite layer was previously deposited on
plane blocking layer through one-step method, by spin-coating
solution that contained a mixture of organic CH;NH,X (X = [,
Br, Cl) and inorganic PbX, (X = Cl, I) precursor.”” >*
However, a major problem for this method was that the
coverage of perovskite was not high and obvious pinholes
remained,” so that hole transportation layer might directly
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contact with blocking layer and electrical shorting would
happen. High coverage of perovskite could be achieved by an
alternative two-step method. In this method, Pbl, was first
deposited on compact TiO, by spin-coating, and then PbI,-
coated substrates were dipped into CH;NH,I solution to
crystallize perovskite,'”*672% Though highly eflicient devices
could be prepared in this dipping approach, there was still a
shortcoming that the surface morphology was relatively rough
because of the drastic reaction when dipping Pbl,-coated
substrates into CH;NH;I solution. Another moderate approach
was demonstrated by changing the environment of perovskite
crystallization. Instead of dipping Pbl, into CH;NHSI solution,
the Pbl,-coated substrates were exposed to CH;NH;I vapor to
crystallize perovskite in a much slower way. This approach was
reported to be capable of improving the quality of perovskite to
enhance the efficiency of devices.” Later, a novel simple and
moderate method of sequential vapor-phase deposition was
proposed with maximum PEC up to 15.4%.%%>"

So far, both approaches yielded high-efficiency devices
because of their state-of-the-art fabrication techniques. But
the question remained that which approach could be more
favorable in fabricating a high-efficiency device in general level,
or how the crystallization condition could influence the
electrical and optical properties of the solar cells. Herein, we
systematically characterized the devices fabricated using these
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Figure 1. Top-view scanning electron microscopy (SEM) images of (a) Pbl,, (c) vapor-crystallized perovskite, and (e) solution-crystallized
perovskite; the insets of ¢ and e show magnified images of perovskite crystals. (b, d, f) Corresponding cross-view SEM images of Pbl,, vapor-

crystallized perovskite, and solution-crystallized perovskite.

two approaches. Vapor-crystallized perovskite solar cell
demonstrated optimized surface morphology, as well as better
electrical and optical properties than solution-crystallized
perovskite solar cell. Subsequently, the power conversion
efficiency (PEC) for vapor-crystallized device, 8.1%, was
much higher than that of solution-crystallized device, 5.8%.

2. EXPERIMENTAL SECTION

Materials. CH;NH;I was synthesized by the method reported in
ref 2. Briefly, 30 mL of methylamine (40% in methanol) was mixed
with 32.3 mL of hydroiodic acid (57 wt % in water) in a round-bottom
flask at 0 °C for 2 h with stirring. The solvent was removed by heating
the solution in a rotary evaporator at 50 °C for 30 min. The white-
yellow precipitate of raw CH;NH;I was washed by ethanol, filtered
and then washed by diethyl ether again. This procedure was repeated
three times. After the last filtration, the products were dried at 70 °C in
a vacuum oven overnight.

Device Fabrication. Fluorine-doped tin oxide (FTO) glass (15
Q/[]) was first etched off a strip of conductive area on the edge side
by HCl and Zn powders. The etched substrates were then sequentially
cleaned in soap water, acetone, deionized water, and ethanol in
ultrasonic bath, and were dried under argon flow. A compact TiO, (c-
TiO,) blocking layer was prepared by spin-coating tetrabutyl titanate
(20 mM in isopropanol) at 2000 rpm for 10 s, followed by annealing
at 500 °C for 30 min in air.

Pbl, was deposited on ¢-TiO, by spin coating a DMF solution of
Pbl, (1.2 M) at 3000 rpm for 15 s. The Pbl, film was then annealed at
80 °C a the hot plate to remove the remaining solvent. Subsequently,
we fixed Pbl)-coated substrates about 5 mm above evenly sprayed
CH;NH;I powders, with Pbl,-coated side facing downward. The
powders were heated at 155 °C for 60 min on the hot plate. The color
of the thin film changed gradually from yellow to dark brown. After
cooling to room temperature, the perovskite was washed by
isopropanol and dried on the hot plate at 80 °C for S min. As a
comparison, solution-processing method was also used to prepare
planar perovskite solar cells. We dipped the Pbl, film into CH;NH;I
solution (10 mg mL™" in isopropanol) for 2 min. The color of the film
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changed from yellow to dark brown immediately after dipping. The
devices were then washed by isopropanol and dried on the hot plate at
80 °C.

For devices prepared in both methods, hole-transportation layers
were deposited by spin coating spiro-OMeTAD solution (80 mg spiro-
OMeTAD (Ningbo Borun), 28.5 mL of 4-tert-butylpyridine and 17.5
mL of lithium-bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution
(520 mg of Li-TFSI in 1 mL of acetonitrile) all dissolved in 1 mL of
chlorobenzene) at 3000 rpm for 4$ s. Finally, 120 nm Ag back contact
was thermally evaporated on hole-transportation layer under ~1 X
107° Torr vacuum condition. The perovskite layer and hole-
transportation layer were fabricated in an argon-filled glovebox, with
H,O content below 10 ppm.

Device Characterization. Scanning electron microscopy (SEM)
images were taken by JSM-7500F SEM (JEOL, Japan). The
measurement was conducted under 20 kV. Atomic force microscopy
(AFM) images were taken by SPI3800N (NSK, Japan) under tapping
mode. The images and surface roughness data were given by SPIWin
software. X-ray diffraction was measured by X'Pert Pro MPD (Phillips,
The Netherlands) from 10° to 60°, with a scanning speed of 5° per
minute. Ultraviolet—visible absorbance spectra were measured by
UV2100 (Shimadzu, Japan) from 380 to 900 nm. Electronic
impedance spectroscopy (EIS) was measured at the CHI-660
electrochemical workstation, the data were fitted using ZView software
to obtain Nyquist plot.

The photovoltaic performance was measured by Keithley 2400
source meter under AM 1.5 irradiation generated by a solar simulator
(XES 301S, SAN-EI Electric Co., LTD). The intensity of irradiation
was calibrated by a Si reference cell. J-V curves were measured by
scanning from open circuit (forward bias) to short circuit.

3. RESULTS AND DISCUSSION

Figure la, ¢ and e showed the typical top-view scanning
electron microscopy (SEM) images of Pbl,, vapor-crystallized
perovskite and solution-crystallized perovskite. Figure 1b, d,
and f showed the corresponding cross-view SEM images. In
Figure la, Pbl, smoothly covered almost the entire area of
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Figure 2. Two-dimension atomic force microscopy (AFM) images of (a) solution-crystallized perovskite and (c) vapor-crystallized perovskite; (b, d)
corresponding three-dimension graphs of solution-crystallized perovskite and vapor-crystallized perovskite.

compact TiO, with only a few voids. A remarkable difference in
surface morphology of perovskite could be observed in Figure
lc, e. Solution-crystallized perovskite consisted of loosely
accumulated cubic crystals (Figure le), with obvious voids and
pinholes. This could be attributed to the drastic chemical
reaction when dipping Pbl,-coated substrates into CH;NH,I
solution, where the yellow color changed into dark brown
immediately after dipping. The crystallization process of
CH;NH;Pbl; perovskite featured the insertion of CH3;NH;I
into layered Pbl, crystals.>* Drastic crystallization of perovskite
might break the layered structure of Pbl, and distorted the
smooth morphology, resulted in perovskite crystals with
disordered alignment. However, the vapor-crystallization
method was featured with a much more moderate chemical
reaction, and the color changed slowly from yellow to dark
brown. Thus, the morphology of Pbl, thin film was retained
and we could see compactly aligned perovskite with smooth
surface (Figure 1c). In cross-view SEM images, solution-
crystallized perovskite showed small crystals, whereas the
vapor-crystallized perovskite demonstrated larger columnar
crystals in vertical orientation. For planar-structured solar
cells, electrons must diffuse through the whole perovskite layer,
and thus vertically oriented crystals were desirable for electron
transportation.

To quantitatively characterize the surface roughness of
perovskite layer prepared in both methods, atomic force
microscopy (AFM) was employed under tapping mode. Figure
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2a, ¢ shows comparative two-dimension AFM images of the
two categories of perovskite layers in 6 gm X 6 um area. Figure
2b, d shows corresponding three-dimension plots. As for vapor-
crystallized perovskite, the root-mean-square (RMS) of surface
roughness was 21.4 nm, much lower than 29.4 nm for solution-
crystallized perovskite, which indicated the surface of vapor-
crystallized perovskite was smoother than solution-crystallized
perovskite.

X-ray diffraction (XRD) was employed to investigate the
formation CH,;NH,Pbl; through both solution and vapor
methods. Because the c-TiO, blocking layer presents a smooth
surface, we thus prepared CH;NH;PbI; on noncrystal glass and
the patterns are shown in Figure 3. According to the literature,
spin-coated Pbl, from DMF solution at room temperature
demonstrated 2H polytype, with the most intense (001)
diffraction peak at 12.65°.** CH;NH;Pbl, showed characteristic
peak of (110) at 14.08°.* In solution-crystallized method, the
conversion of Pbl, to CH;NH;Pbl; was incomplete after 2 min
of dipping, with (001) peak of Pbl, still remaining. We
speculated that CH;NH;I in solution could hardly penetrate
into Pbl, thin film and some Pbl, that was away from the
surface stayed unreacted. The agrees with previous findings that
(001) peak of Pbl, appeared remained even after 45 min and 4
h were required for a complete conversion from Pbl, to
CH;NH;PbI;.** In vapor-crystallized method, on the contrary,
the (001) peak of Pbl, in the intermediate stage (30 min)
disappeared at the final stage (60 min) of reaction. This
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Figure 3. X-ray diffraction (XRD) patterns of vapor-crystallized
perovskite at 30 and 60 min and solution-crystallized perovskite.

indicated that the insertion of CH;NH,I vapor into Pbl, thin
film was much more effective than that of CH;NH,I solution.

Spin-coating Pbl, on flat surface usually led to large size of
crystals. A complete conversion of Pbl, to perovskite was
difficult. Previous research suggested that confining the size of
Pbl, crystals within ~20—30 nm would significantly enhance
the conversion rate.® But this is not possible for planar-
structured cells. Therefore, vapor-crystallization would be an
optimal method for two-step-deposited planar-structured solar
cells to achieve full conversion of Pbl, to CH;NH;PbI;.

The morphology of perovskite was closely related to the
optical and electrical properties of the devices, and thus was
important for device performance enhancement. The ultra-
violet—visible absorbance spectra for solution-crystallized and
vapor-crystallized perovskite are shown in Figure 4. The
absorption peaks showed no significant shift for the two
categories of devices, but absorbance intensity for vapor-
crystallized device was much higher than solution-crystallized
device in the visible region (400—800 nm). Considering the

e Vapor-crystallized
e Solution-crystallized

Absorbance (a.u.)

400 500 600 700 800 900

Wavelength (nm)

Figure 4. Ultraviolet—visible absorbance spectra of vapor-crystallized
perovskite and solution-crystallized perovskite. The samples were
prepared and tested on a flat glass.
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same content of perovskite layer for both categories of devices,
reduced absorption of solution-crystallized perovskite might
not be assigned to band gap discrepancy. However, it could be
due to the porous structure of solution-crystallized perovskite
layer, which resulted in leakage of light.

To investigate the internal electronic structure of the two
categories of devices, we presented a semilogarithmic plot of
DC current responses under dark conditions in Figure S. The
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Figure 5. Semilogarithmic plot of dark current density of vapor-
crystallized and solution-crystallized solar cells.

current response in middle forward bias region (300—700 mV),
where the current density was governed by current flow
through c-TiO,, was analyzed using a single diode model and
could be expressed as>

) = e 45 - 1)

nkT (1)

where ] is dark current, J; is dark saturated current, g is
electronic charge, V is applied bias, k is Boltzmann constant, T
is temperature at the test condition, and  is the ideality factor
describing the degree of deviation from idea diode model. The
obtained dark J—V characteristics in experiment were fitted in
eq 1, which yielded J;= 9.89 X 107° A/cm? n = 2.4 for vapor-
crystallized device, and J, = 9.21 X 107> A/cm? n = 2.8 for
solution-crystallized device. The solution-crystallized devices
showed almost ten-times the level of dark current and higher
ideality factor compared to the vapor-crystallized device.

In a solar cell, charge carriers under dark condition moved in
the opposite direction to that under illumination. The obtained
net photocurrent density, ., in experiment could be expressed
as,

]net = ]sc - ]d (2)

where ] is the short circuit current density, J; is the dark
current density. Suppressed dark current density was favorable
for increasing photocurrent density. A major reason for
increased dark current was additional carrier movement caused
by recombination of charge carriers. Recombination of carries
was associated with a joint effect of structural imperfections of
the heterojunction, where electrons were captured by defeats,
surface states or electron traps. Because we adopted the same
blocking layer and HTM, the reduced recombination of charge
carriers for vapor-crystallized devices could reasonably be
attributed to its optimized morphology of perovskite layer.
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Figure 6. (a) Equivalent circuit employed for fitting, (b) electronic impedance spectroscopy at 200 mV of vapor-crystallized device and solution-
crystallized device, (c) recombination resistance R,.., and (d) electron lifetime 7, for the two categories of devices.

To investigate the discrepancy of internal charge carrier
transportation and recombination, we performed electronic
impedance spectroscopy (EIS) from 1 Hz to 70k Hz under
3637 and the obtained data were fitted by
ZView software. The equivalent circuit for fitting shown in

illuminated conditions,

Figure 6a consisted of one series resistance R, one RC
elements representing recombination resistance R,  and a
parallel chemical capacitance of perovskite film, and an
additional RC elements for the interface between HTM and
back contact.*®*” Figure 6b presented representative Nyquist
plot at 200 mV. For both devices, two clear arcs at high-
frequency region and lower-frequency region were observed.
The high-frequency arc was assigned to the process of hole
transportation in Spiro-OMeTAD, and the lower one should
originated from recombination resistance and chemical
capacitance of perovskite film.
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The calculated series resistance R; for vapor-crystallized
device was 12.9 Q cm? much lower than that of solution-
crystallized device of 58.5 © cm? and indicates lower loss for
charge carrier transportation. This was possibly because vapor-
crystallized perovskite demonstrated vertically oriented grains
(see Figure 1d), which was favorable electron transportation
through the perovskite layer.” The recombination resistance
R, reversely related to recombination rate and dependent on
applied bias voltage, was plotted in Figure 6c.*® The
recombination rate was higher for solution-crystallized perov-
skite, revealed by higher level of R,..

Electron lifetime (z,) for two categories of devices was
plotted in Figure 6d. Electron lifetime could be obtained from
characteristic angle frequency of the peak in midfrequency
region (f;,;q) of the EIS Bode phase plot, and was calculated as
7, = 1/(27f miq)-*' The plot showed downward tendency with
increased applied bias voltage, and we observed a generally
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higher electron lifetime for vapor-crystallized solar cells, which
was in agreement of their higher recombination resistance
compared with solution-crystallized devices.

Figure 7 showed the best-performing J—V curves of two
categories of solar cells under AML1.S irradiation of 100w/ cm?.
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Figure 7. -V characteristics of best-performing vapor-crystallized and

solution-crystallized solar cells under AM 1.5 irradiation of 100 mW/

sz.

The solution-crystallized device demonstrated J. of 11.8 mA/
cm? V,. of 0.80 V and fill factor of 0.61 to yield power
conversion efficiency (PCE) of 5.8%, while vapor-crystallized
device showed J,. = 15.7 mA/cm?, V. = 0.89 V fill factor of
0.58 with a much higher PCE = 8.1%. The improved device
efficiency was related to an overall effect of increased ], and
V... Higher J,. for vapor-crystallized devices was associated a
combined factor of light absorbance, charge transportation,
recombination and charge collection. Vapor-crystallized devices
demonstrated higher absorbance in visible region, which is
shown in Figure 4, as well as lower recombination rate revealed
by EIS measurement, which yielded more photogenerated
electrons to be collected by anode. There was also a sound
increase of open circuit voltage by 0.09 V. According to eq 1,
V,. could be obtained when dark current density equaled short
current density

V.= ln[% + I]nkT/q

S

©)

Despite higher ], the lower saturated dark current density J
demonstrated by vapor-crystallized devices also created higher
V,.. The calculated results of V. were 0.787 V for solution-
crystallized device and 0.885 V for vapor-crystallized device,
which was in qualified agreement with measured data.

4. CONCLUSION

Comparing of vapor- and solution-crystallized methods,
exposing Pbl, to CH;NH;I vapor yielded compactly packed
perovskite crystals, whereas dipping Pbl, into CH;NH,I
solution produced loosely aligned crystals. This indicated that
moderate reaction of Pbl, and CH3;NH;I could result in
optimized surface morphology of perovskite. As a result, vapor-
crystallized devices showed enhanced absorption, suppressed

dark current, lower recombination rate, and higher power
conversion efficiency of vapor-crystallized devices, 8.1%, than
the efficiency of solution-crystallized devices, 5.8%. Thus, it was
concluded that the vapor-crystallized method was a much
better method than the solution-crystallized method to obtain
good photovoltaic performance for perovskite-based solar cells.
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