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Abstract: High quality perovskite film with high coverage and tight grain arrangement is key
factor for obtaining high performance and stable perovskite devices. Herein, high quality
perovskite films were successfully prepared by liquid nitrogen assisted method (LN method).
Here, the vaporization of liquid nitrogen reduces the ambient temperature and absorb thermal
energy from the substrate surface to increase the nucleation speed of perovskite. The scanning
electron microscopy results showed that CH3;NH3PDbl; perovskite films prepared by liquid
nitrogen assisted method were dense and pinhole-free. The devices prepared by the LN method
results to a high-performance with the power conversion efficiency (PCE) up to 16.53%, and the
performance could maintain more than 89% of the primary PCE after 30 days storage in a
desiccator at room temperature.
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Introduction

In recent few years, perovskite solar cells (PSCs) have gained great attention owing to the long
diffusion length, suitable band gap, and of the superior carrier mobility perovskite materials.*?
Miyasaka research group first reported the efficiency of 3.8% liquid-electrolyte-based PSCs in 2009,
which within a few short years reached an efficiency over 23%.* The key factor for getting high
performance PSCs is to control the morphology for getting high quality of perovskite layer. Various
preparation ways or deposition techniques are introduced to prepare high-quality perovskite films,
such as interface engineering,® solvent engineering,®’ composition modulation®® and so on.’*** All
of these methods are based on crystal nucleation-growth theory to control the morphology of the
film.*>'" According to the crystal nucleation-growth theory and previous reports, rapid nucleation
and slow growth are the key factors for obtaining dense and smooth perovskite films.***° In an one-
step anti-solvent method, Dai et al.” have reported the method to enhance the perovskite films®
quality through lowering the anti-solvent’s temperature. The low-temperature anti-solvent not only
removes the excess solvent from the perovskite precursor solution to increase the precursor
concentration, but also lowers the temperature on the substrate, allowing the perovskite precursor
film to reach super-cooling quickly, thereby facilitating rapid nucleation. By this method they have
improved the surface coverage of perovskite layer. Furthermore, the speed of crystal growth is also
playing an important role for the film. If the grain growth is too fast, it will lead to a film with high
defect density.?* Zhu et al. has experimentally added MAPbCI; to the perovskite precursor.? In this
case the crystal growth rate is effectively reduced, and a well-formed perovskite film is obtained.
However, preparation of high-coverage and low-defect perovskite films still poses great challenges.
In this study, a liquid nitrogen assisted one-step anti-solvent process was used to prepare perovskite
films. The volatile liquid nitrogen takes away the heat from the perovskite precursor film,

1


http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DVaporization%26keyfrom%3Dhao360&q=%E6%B1%BD%E5%8C%96+%E8%8B%B1%E8%AF%AD&ts=1524897281&t=dbda1c670707b41b220552f84606eef

accelerating the rapid nucleation process of the perovskite. Through this process, a pinhole-free
smooth and dense perovskite film was obtained. The average PCE of the regular mesoporous
structure devices by incorporating these high-quality perovskite films significantly improved from
the initial 14.50% to 15.54% and the champion device in this work shows the highest PCE of 16.53%.
89% of the initial performance was retained even after 30 days of cell fabrication.

Results and discussion
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Fig. 1. Fabricating perovskite films method of conventional one-step spin-coating process (a) and
liquid nitrogen assisted process (b). Conventional one-step spin-coating method usually results in
rich defects at a grain boundary, where non-uniform large crystals from a result of slow
nucleation. In the liquid nitrogen assisted method (NL method), perovskite precursor solution
can easily reach below the degree of undercooling, and rapidly and massively nucleate, thereby
forming densely arranged grains of film.

The one-step spin-coating anti-solvent method for preparing the CHsNH3Pbl; layer is shown in
Fig. 1. In the conventional process (a), a perovskite precursor solution was spin-coated on the
TiO; substrate at 4000 rpm. After a delay time for 10 s, ethyl acetate anti-solvent was dripped on
the substrates. The anti-solvent reduces the solubility of perovskite in the precursor film,
promoting growth of the crystals and fast nucleation in the film. After annealed at 100 °C on a hot
plate for 10 min to evaporate the residual solvent and further promote crystal growth, the
perovskite film was achieved. While in the liquid nitrogen assist process (b), liquid nitrogen is
used as an aid, as shown in Fig. S3, two stainless steel petri dishes filled with liquid nitrogen
were placed under the spinner. It is noted that the spin-coating instrument accelerates the
volatilization of liquid nitrogen during high-speed rotation. Therefore, sufficient liquid nitrogen
should be injected into the stainless steel petri dishes before spin coating to ensure continuous
liquid nitrogen volatilization during spin coating. The low-temperature nitrogen evaporated from
liquid N allows the perovskite to nucleate rapidly on the precursor film. The crystal grows after
baking to form a dense perovskite film. According to the previous reports, during the preparation
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of perovskite film, the slow nucleation leads to large grain boundaries and poor film coverage in
the films.'® % To solve this problem, researchers have tried to improve the film preparation by
different anti-solvents.”® The anti-solvent allows the initial solution to quickly reach
supersaturation, which in turn promotes nucleation. As is well known, the key factors affecting
crystal nucleation are supersaturation and undercooling. In this study, the liquid nitrogen assisted
process effectively reduces the surface temperature of the precursor film to reach the nucleation
critical state, and promoting a large number of nucleation in a short time.
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Fig. 2. (a) Photographs of perovskite CH3NH3Pbl; films during annealing process at 100 °C.
Top-view SEM images of CH3NH3Pbl; layers deposited on TiO,/FTO: (b) control, (c) LN

method.
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Fig. 3 Trap distribution on perovskite films. (a) Control and (b) LN method.

Fig. 2 (a) presents a comparison of perovskite films prepared by conventional processes and LN
process. Compared with the controlled group, the perovskite film prepared by LN method took a
longer time to complete the crystallization process, resulting in high quality morphology densely
packed grains in the perovskite films. The top-view SEM images of the CH3NHsPbls layers are



illustrated in Fig. 2b-c. As can be seen in Fig. 2b, the perovskite films with big grains and
significant grain boundary defects are formed by the conventional process. In general, a
perovskite film with a large crystal is more advantageous for charge transport, but due to a large
number of grain boundary defects, the performance of the device is not ideal.® Large grain
boundary defects might cause direct contact between the electron transporting layer and the hole
transporting layer, which cause charge leakage and non-radiative recombination.® However, as
shown in Fig. 2c, a close-grained perovskite film can be obtained by a liquid nitrogen assist
method. The grains of this dense perovskite film were almost linked together without large gap
between grains, which reduces the carrier’s non-radiative recombination and promotes the
efficient transmission of charges in the device.?” Thermally stimulated current (TSC) was introduced
to explore the trap density of CH3NH3Pbls layers. TSC is a powerful measuring tool to investigate the
trap distribution of the trapped charge carriers within the perovskite material. Generally, the carrier traps
are priorly cooled to the temperature of liquid nitrogen, followed by the filling of carriers generated from
the electrodes under a small forward bias. The trapped carries are subsequently released and obtained
through slowly rising up the temperature at a continuous speed of 2 °C/min under a small reverse bias,
which gives rise to the TSC curves.”® The results are shown in Fig. 3. The conduction band level of
CHsNH4Pbl; is -3.93 eV from vacuum level, for control group trap density at -4.2 eV was 5x10%cm?, as
shown in Fig. 3a. While, trap density of perovskite film prepared by LN method decreased significantly,
was about was 2x10%cm?at the same level (see Fig. 3b).

(2) (b)

—Control
—Liquid N:-assist

—Control
—Liquid N:-assist

A
o
n

T

b

a
—
h <

Intensity/ a.u
* Po— (110}
{112)
Qan
{20
—
S
- T}
—
(124)
e (314}
Absorbance/
—
-

S
in

i .'i“ i 500 600 700 800
10 20 30 40 50 ) /
2 hete dearen Wavelength/ nm

~
=B
~—

~
)
-’

= 1

-2-Control = -a-Control

o~ Liquid N: assist E' -a- Liquid N: assist
= ‘A — Fitting
= g
Z = 0.1
£ S
& = 9
E g
= =

el R ‘50 01 X . . i
700 750 800 850 900 0 200 400 600 800 1000

Wavelength/ nm Time/ ns

Fig. 4. (a) X-ray diffraction spectra and (b) Ultraviolet-visible spectroscopy absorption spectra of
CH3NH3Pbl; layers prepared on TiO, with or without liquid nitrogen assistance. (c) PL spectra
and (d) TRPL spectra of the glass/CH3NH3Pbl; films.

The crystalline properties of perovskite films were further recorded by XRD. As shown in Fig.
4a, the X-ray patterns of perovskite layers prepared with or without liquid nitrogen assistance
displayed typical diffraction peaks of CH3NH3Pbl; perovskite phase. The diffraction peaks
at 14.17, 20.04, 23.59, 24.56, 28.52, 31.94, 40.55 and 43.22°, can be assigned to the (110), (112), (211),
(202), (220), (222), (224) and (314) planes of the tetragonal CH3NHsPbl; structure.?® The intensity of
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the perovskite peaks (red) was significantly enhanced and full width at half maximum (FWHM)
was narrow than that of control (see Fig. S4). This suggests film crystallinity prepared by the LN
method is better than that of control. The good crystallinity of perovskite film led to good optical
properties. As shown in Fig. 4b, the perovskite film prepared by LN method showed almost the
same absorption. The high-quality perovskite film as described above can transport carriers more
effectively and effectively reduce charge recombination as well. Next, the steady-state
photoluminescence (PL) and time-resolved photoluminescence (TRPL) test were performed on
the perovskite film. The results are shown in Fig. 4c and d. Compared with the control group, it
can be found that the PL peak of the film prepared by LN process was stronger. This means that
the film prepared by the LN method has a higher quality. The TRPL results are shown in Fig. 4d.
The film prepared by LN process had a carrier lifetime of 61.2 ns, which is much longer than that
of the control group (27.9 ns). Therefore, the LN method effectively increased the carrier
lifetime of perovskite films, which is agreed with the photoluminescence spectra.
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Fig. 5. Photovoltaic statistics of two group perovskite solar cells. (a) Jsc, (b) Voc, (c) FF, (d) PCE.
Statistical analysis of data from 30 cells of each group.

Fig. 5 (a-d) show the photovoltaic statistics of two group perovskite solar cells with the structure
FTO/c-TiOo/m-TiO,/MAPDIs/HTL/Au. The devices parameters showed that the LN method can
effectively improve all the photovoltaic parameters of PSCs including Jsc, Voc and FF. The
schematic of device structure and cross-section SEM image of the completed devices, as shown
in Fig. 6a-b. As mentioned above, the closely arranged grain and high-quality perovskite films
prepared by the LN method result in higher Jsc. In addition, fewer grain boundary pinholes can
effectively avoid contact between hole transporting layer and electron transporting layer (see Fig.
6¢-d), V\égmich can reduce electric leakage, and reduce carrier recombination, improving both Voc
and FF.
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Fig. 6 (a) Device structure of FTO/c-TiO,/m-TiO,/MAPbIs/HTL/Au PSCs and (b) cross-section
SEM image of the completed devices. Cross sectional structure of perovskite film prepared by (c)

conventional process with large grain boundary pin holes and (d) LN method with small grain
boundary defects.
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Fig. 7 The illuminated (a) and dark (b) Current-voltage characteristics and (c) EQE spectra of the
champion PSCs based conventional method and LN method. (d) Nyquist plots of PSCs



measured with an applied bias of 0.6 V in dark condition and (e) an equivalent circuit. (f)
Stability test for control and liquid nitrogen assisted perovskite solar cells.

Fig. 7 (a) illustrates the J-V characteristics of champion PSCs prepared using conventional way
and LN method, tested under reverse and forward voltage. The device prepared by conventional
method (blue curve) achieved a PCE of 15.63 (13.66) %, with a Voc of 1.03 (1.02) V, Jsc of
21.69 (21.68) mA-cm?, and FF of 0.70 (0.62) measured under reverse (forward) direction,
showing a large hysteresis. While the device prepared by LN method (red curve) achieved a PCE
of 16.53 (15.71) %, with a Voc of 1.06 (1.05) V, a Jsc of 22.19 (21.77) mA-cm™? and a FF of
0.70 (0.69) measured under reverse (forward) direction, revealing a decreased hysteresis and an
enhanced efficiency. Due to the excellent quality CH3NH3Pbl; layer prepared by the LN method,
there are no pinholes, and less grain boundary defects, which reduces the carrier recombination
sites and reduces the hysteresis. The PCE enhancement is mainly attributed to the improvement
in Jsc and Voc. The high quality film with less grain boundary pin holes will reduce the shunt
pathways and effectively block electrons on the TiO,/CH3NH3Pbl; interface to decrease
electron-hole recombination (see Fig. 6a, b). It can also be seen in the dark current curve (Fig. 7
b), that the dark current of the LN device was lower than that of the control device, thereby
leading to a larger Voc of the device prepared by liquid nitrogen assisted method.*! Fig. 7 (c)
shows the IPCE spectra of the champion devices. The integrated current densities were 20.10 and
19.58 mA-cm™ for control and liquid nitrogen assisted devices, respectively. Electrochemical
impedance spectrum (EIS) is an effective method to study the charge recombination in devices.
Fig. 7 (d) presents the Nyquist plots of both devices carried out in the dark condition at an
applied voltage of 0.6 V. The series resistance (Rs) and charge recombination resistance (Rc)
could be fitted by employing an equivalent circuit model (Fig. 7 e), in the equivalent circuit
model.** As a result, the device prepared by liquid nitrogen assisted method has an Re; of 5276 Q,
which is higher than conventional devices (2293 Q), suggesting that electron recombination can
be effectively reduced. The Nyquist plots measured with different applied bias are displayed in
Fig. S5 a-b. According to the equivalent circuit model the corresponding results were plotted as
shown in Fig S5 c. It can be seen that at the same applied bias, the LN group has a higher R,
which could explain the higher Voc achieved from the current voltage measurements.®® We
examined the long-term stability of the PSCs. The stability measurement of the unencapsulated
PSCs were performed in a desiccator with 20-40% humidity at room temperature for 30 days. As
shown in Fig. 7 (f), device prepared by the LN method showed a better stability, maintaining 89%
of the initial PCE after 30 days of storage in desiccator, whereas the control group drop more of
the initial efficiency under the same conditions.

Conclusions

In summary, we introduced an efficient and facile approach to prepare high quality perovskite
film. During the process of perovskite nucleation, the LN method effectively reduces the ambient
temperature, taking away heat from the substrate surface and accelerating the nucleation process.
By observing the film morphology, we found that the LN method can produce pinhole-free, grain
tightly arranged perovskite films. At last, an effective PCE of 16.53% was observed for the film
prepared by the LN method. The performance could retain over 89% of the initial PCE after 30
days storage in 20-40% humidity air condition at room temperature.
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Electronic Supplementary Information for

Preparation of Perovskite Films under Liquid Nitrogen Atmosphere for
High Efficiency Perovskite Solar Cells

Experimental Section

Materials. Unless specified otherwise, all materials were purchased from either Wako or TCI
and used as received.

Device fabrication.

Substrate preparation: Firstly, fluorine doped tin oxide substrates (FTO-coated glass) (Nippon
Sheet Glass Co. Ltd.) were cut into squares with dimensions of 20 x 20 mm? and etched with Zn
powder and HCI aqueous (6 M). Then the substrates were washed by ultrasonication with diluted
detergent, (10% in water), isopropanol, acetone and deionized water for 20 min, respectively. A
30~50 nm-thick compact layer of TiO, (c-TiO,) was then coated on the substrates by spin
coating of a 0.15 mM bis(isopropoxide)bis(acetylacetonato)titanium(lV) solution (75% in 2-
propanol, Sigma-Aldrich) in 1-butanol at 2000 rpm for 20 s and then baked on the hotplate at
125 °C for 5 min (thickness of the c-TiO; is about 40 nm in this work, see Fig. S1 in supporting
information). After cooling down to room temperature, the diluted-TiO, paste (30 NRD/ethanol
= 1/ 4, weight ratio) was spin-coated on the c-TiO, layer at 5000 rpm for 30 s, followed by
drying on a hotplate at 125 °C for 10 min, then annealing at 500 °C for 1 h to provide a 150~200
nm-thick mesoporous TiO, (m-TiOy) (in this work thickness of the m-TiO; is about 174 nm, see
Fig. S2).

Perovskite precursor solution and film deposition: Perovskite layer, CH3NH3Pbls;, was
formed using one-step anti-solvent method. Perovskite precursor solutions with a concentrations
of 1.5 M were prepared by dissolving Methylammonium iodide (MAI) and lead iodide (Pbl,)
(MAI/PDbI, = 1:1.05, molar ratio) in a mixture solution of N, N-dimethylformide (DMF) and
dimethyl sulfoxide (DMSO) (DMF/DMSO = 4/1, volume ratio) and stirring at room temperature
for 1 hour. To prepare light harvesting layer, the perovskite solution (50 uL) was first dropped
onto a TiO,/FTO substrate. The substrate was then spun at 4000 rpm for 25 s, and during the 10"
seconds 500 pL of anhydrous ethyl acetate was quickly dropped on the spinning substrate. The
obtained films were then annealed at 100 °C for 10 min in air environment. For the preparation
of perovskite film by LN method, as shown in Fig. S3 b, two stainless steel petri dishes (5cm in

diameter and 1.5cm in depth) filled with liquid nitrogen (~20 mL) were placed under the
spinner before spin coating.
Hole transporting layer and Au electrode: A 50 pL of Spiro-OMeTAD solution was spin-

coated on the top of perovskite layer at 4000 rpm for 30 s. The Spiro-OMeTAD solution was
prepared by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL of chlorobenzene, to which 28.8 puL
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of 4-tert-butyl pyridine (4-tBP) and 17.5 uL of lithium bis(trifluoromethanesulfonyl)imide (Li-
TFSI) (520 mg LI-TSFI in 1 mL acetonitrile) were added. Finally, an 80-nm-thick of Au was
thermally evaporated on the Spiro-OMeTAD-coated film. Note that the samples were left in a
desiccator overnight before the gold electrode was prepared.

Film and device characterization

The thickness of the TiO, layer were measured using a Veeco Dektak 150 surface
profilometer. A field-emission scanning electron microscope (FE-SEM, Jeol JSM 6700F)
was used to investigate the morphology of the perovskite film top view and the device
cross section. Absorption spectral measurements were recorded using Shimadzu UV-2550
UV-visible spectrophotometer. A solar simulator (KHP-1, Bunko-Keiki, Japan) fitted with a
filtered 1000 W xenon lamp was used to provide simulated solar irradiation (AM1.5, 100
mW-cm™). Illumination intensity of the solar simulator was confirmed by a standard silicon
reference cell (BS-520 S/N 007, Bunko-Keiki, Japan). Current-voltage (J-V) characteristics were
measured using a Keithley 2400 source meter. The solar cells were masked with a non-reflective
metal aperture of 0.1 cm? to define the working area of the device and avoid light scattering
through the edges. Incident photon to current efficiency (IPCE) spectra were recorded using a
150 W xenon lamp (KHP-1, Bunko-Keiki, Japan) fitted with a monochromator (Cornerstone 260)
as a monochromatic light source. IPCE photocurrents were recorded under short-circuit
conditions using the Keithley 2400 source meter.
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Fig. S1 Thickness of TiO, compact layer (c-TiO,) on FTO glass. (a) 36 nm, (b) 57 nm, (c) 25 nm.
The ¢-TiO, were prepared by spin-coating method, in detail 0.15 M titanium diisopropoxide bis
(acetylacetonate) (75 wt% in isopropanol, Sigma-Aldrich) in 1-butanol (99.8%, Sigma-Aldrich)
solution was spin-coated on an FTO substrate at 2000 rpm for 20 s, which was followed by
heating on a hotplate at 125 °C for 5 min. Three samples were randomly selected with an
average thickness of 39 nm ((36+57+25)/3=39 nm).

15



2000 R .
150 +

100 -

Thickness/ nm

50

0 200 400 600 800 1000
Length/ pm

(b)

000 $g

-

h

=
T

Thickness/ nm
E

h
S
T

=)
T

0 200 400 600 800 1000
~0336um Length/ pm

0.138um 200

150} R

100 -

Thickness/ nm

50+

0 200 400 600 800 1000
Length/ pm

=0.19%m

Fig. S2 Thickness of mesopourousTiO, layer (m-TiO,) on FTO/c-TiO,. (a) 177 nm, (b) 186 nm,
(c) 159 nm. In detail the diluted-TiO, paste was spin-coated on the c-TiO, layer at 5000 rpm for
30 s, where the paste (Dyesol, 30 NR-D) was diluted in ethanol (TiO, paste/ethanol = 1/ 4,
weight ratio). After drying on a hotplate at 125 °C for 5 min, the film was annealed at 500 °C for
1 h, providing m-TiO, with thickness of about 174 nm. Three samples were randomly selected.
((177+186+159)/3=174 nm).
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Fig. S3 One-step anti-solvent method for preparing perovskite films. (a) Conventional process
and (b) liquid nitrogen assist process, the ambient temperature is about 23 °C and the temperature
during spin-coating was about 4 °C.
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Fig. S4 X-ray diffraction spectra of CH3NH3Pbl; perovskite films prepared by conventral
process and liquid nitrogen assisted process. The full width at half maximum (FWHM) of peak at

14.17°,
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Fig. S5 Nyquist plots of perovskite solar cells based on CH3NH3Pbl; measured in dark condition
with different applied bias (0.4, 0.6 and 0.8 V). (a) Control group and (b) liquid nitrogen assisted
group. (c) Charge recombination (Rrec) resistance extracted from EIS measurements at different

applied bias.
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Tab. S1. Photovoltaic parameters for thirty perovskite solar cells of control group.

Device # Jse IMAcm-2 PCE /%
1 21.549 1.028 0.655 14.506
2 21.62 1.016 0.643 14.13
3 20.4 1.019 0.706 14.68
4 21.687 1.031 0.699 15.632
5 21.322 1.047 0.638 14.247
6 21.429 1.042 0.647 14.453
7 21.269 1.055 0.683 15.328
8 18.781 1.055 0.738 14.626
9 21.491 1.024 0.667 14.695
10 21.775 1.05 0.674 15.45
11 21.682 1.008 0.699 15.292
12 21.59 1.007 0.676 14.72
13 20.799 1.043 0.653 14.175
14 20.391 1.049 0.658 14.077
15 18.861 1.055 0.736 14.659
16 21.231 1.034 0.653 14.32
17 21.079 1.021 0.68 14.641
18 21.39 1.014 0.656 14.23
19 19.587 1.055 0.652 13.482
20 21.674 0.98 0.685 14.539
21 21.1 1.002 0.668 14.12
22 19.807 1.033 0.698 14.277
23 20.99 1.006 0.66 13.93
24 18.941 1.021 0.733 14.686
25 20.761 1.041 0.659 14.252
26 21.346 1.023 0.668 14.6
27 21.194 1.043 0.647 14.299
28 21.113 1.055 0.657 14.64
29 20.168 1.007 0.663 13.478
30 21.294 1.051 0.663 14.835

Average 20.877+ 1.030+ 0.673% 14.499+
0.863 0.019 0.027 0.488
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Tab. S2. Photovoltaic parameters for thirty perovskite solar cells prepared by LN method.

Device #

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Average

Jsc /MACm-

21.816
21.158+
0.959

PCE /%
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