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A star hybrid inorganic—organic perovskite material selected as an outstanding absorbing layer in solar cells benefits
from multiple preparation techniques and excellent photoelectric characteristics. Among numerous synthetic processes,
uniform, compact, and multi-stack perovskite thin films can be manufactured using vacuum deposition. During sequential
vacuum deposition, the penetration ability of the organic molecules cannot be effectively controlled. In addition, the rela-
tionship between the thickness of the inorganic seeding layer and the organic molecule concentration for optimized devices
using an evaporation—solution method is unclear. In this work, we prepared high-quality perovskite films by effectively con-
trolling the penetration ability and chemical quantity of organic methyl ammonium iodide by monitoring the evaporation
pressure and time. Thus, a device efficiency of over 15% was achieved with an all-vacuum prepared perovskite film. For the
evaporation—solution method, we reacted different thicknesses of inorganic lead iodine with various concentrations of the
organic molecule solution. The inorganic layer thickness and organic molecule concentration showed a linear relationship
to achieve an optimum perovskite film, and an empirical formula was obtained. This work noted the key parameters of
two intercalation reactions to prepare perovskite films, which paves a way to deliver a device that enables multi-layered
structures, such as tandem solar cells.

Keywords: perovskite solar cell, sequential vacuum deposition, evaporation—solution method, intercalation

reaction
PACS: 88.40.H-, 88.40.hj, 88.40.fh, 91.60.Ed

1. Introduction

Hybrid organic—inorganic perovskite materials have at-
tracted tremendous attention due to their excellent proper-
ties, such as large charge carrier mobility,!'! long diffu-

sion length,!?! high absorption coefficient,>*! tunable band

gap,P~8 and unique tolerance to structural defects.!%!0]

The outstanding optoelectronic characteristics combined

11-19

with multiple manufacturing methods!''~!*) have presented

such materials with extensive applications in light emit-
ting devices (LEDs),[?%2!l thin film transistors (TFTs),[??!

(23,241 solar cells,>>-281 and others.

photodetectors, During
preparation, a distinct advantage of vacuum deposition over
solution processing is the ability to prepare layered uniform,
compact, and multi-stack thin films,!">! which enables multi-
layered structures. However, the efficiencies are lower and
successful cases of efficiencies over 15% are few for vac-

[15,29]

uum deposited solar cells compared to solar cells pre-

DOI: 10.1088/1674-1056/27/1/018807

pared with solution processing, **! which mainly results from
the small density and high vapor pressure of organic methyl
ammonium iodide (MAI) diffusing inside the vacuum cham-
ber, making it very difficult to control the ratio of organic
MAI to inorganic lead salt.3'=**1 To improve the controllabil-
ity during vacuum deposition, inorganic lead halides and or-
ganic MAI have been prepared in separated processes to syn-
thesize perovskite films, as shown in the scheme in Fig. 1(a).

16.35.36] sequential vacuum

39-451 py.

Vapor-assisted solution processing, !

deposition,37-38]

evaporation—solution processing,!
brid chemical vapor deposition, ! layer-by-layer growth, 47!
and alternating precursor layer deposition*®! have been de-
veloped and can enhance the experimental repeatability, as
these preparation routes can provide strict control over the sto-
ichiometry of organic MAI vapor. However, as common meth-
ods of control, monitoring the organic vapor rate with quartz

36,48]

monitor crystals! or evaporating organic halide at a fixed
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temperature!?! are invalid for controlling the penetration abil-
ity of the randomly diffused organic halide vapor. In addition,
the relationship between the thickness of the inorganic lead
halide layer and the concentration of MAl/isopropyl alcohol
(IPA) for optimized device performance is unclear, which is
vital for evaporation—solution methods widely used in semi-
transparent and tandem devices. [40-4249-50]

In fact, an intercalation process is required to manufacture
a perovskite film with a step-by-step deposition process.>!=33!
During the organic molecule penetration process into the in-
organic skeleton, the thickness of the inorganic seeding layer
and the penetration ability and chemical quantity of the or-

(a) inorganic organic

evaporation FleerittlEEGBENEY intercalation

[——1

|—4

substrate

®e %o ©

ganic molecules are core factors. Heating the substrate has
been shown as a successful method to enhance the penetra-
tion ability of organic MAI molecules.B! In our work, first,
we prepared a high-quality perovskite film by controlling the
penetration ability and chemical quantity of the MAI vapor
through monitoring the evaporation pressure and time. The
efficiency of the perovskite solar cell (PSC) reached over 15%
with the all-vacuum prepared perovskite film. Moreover, the
thickness of the inorganic lead halide and the concentration of
the organic molecule solution show a linear relationship with
the optimized perovskite film, and an empirical formula was
proposed for the evaporation—solution method.

perovskite

substrate

ETL Au
FTO/glass

e"'ve 7o
inorganic lead layer
substrate

Fig. 1. (color online) Scheme illustration of the intercalation reaction to form the perovskite film and schematic structure of the PSC. (a) First, the
inorganic lead halide was sublimed, and then, the as-deposited inorganic seeding layer was reacted with organic molecules through a penetration
process. (b) Schematic structure of the PSC with the perovskite film prepared by sequential vacuum deposition and evaporation—solution methods.

2. Experimental section
2.1. Substrate cleaning and HTL precursor preparation

Transparent conductive fluorine-doped tin oxide
(FTO)/glass (13 Q/00) films were purchased from Lattice
Solar Energy Technology Co. Ltd. in Wuhan. The FTO/glass
substrates were first sequentially cleaned with a semicon-
ductor industrial cleaner (Huaxing DZ-1, Jinan Xihua Tech-
nology Co. Ltd) and deionized water in an ultrasonic bath
for 50 min and then dried using nitrogen gas. A chloroben-
zene solution (1 mL) containing 2,2',7,7’-tetrakis(N,N/-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD,
80 mg), 4-tert-butylpyridine (TBP, 28.5 puL) and a lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, 17.5 pL) solution
(520 mg LiTFSI in 1 mL of acetonitrile) were prepared for the
organic hole transporting layer (HTL).

2.2. Cells with perovskite films manufactured by sequen-
tial vacuum deposition

A TiO; film with a thickness of ~ 50 nm was deposited
on top of the FTO/glass substrate by DC magnetron sputter-
ing. Then, the substrate was transferred into a vacuum sys-
tem (Kurt J. Lesker, Britain). After the base pressure of the
system was pumped down to 5 x 107 Torr, PbCl, evapora-
tion was initiated by heating the crucible, and the evaporation
rate of PbCl, was precisely maintained at 2 A/s under care-
ful monitoring by a quartz crystal. The heating of the PbCl,
crucible was immediately stopped when the thickness on the
quartz crystal reached 3.6 kA, which resulted in a PbCl, film

with an actual thickness of 100 nm. After cooling the PbCl,
crucible for 5 min, a crucible with MAI was slowly heated
until the chamber pressure reached the required pressure, and
the evaporation temperature was maintained over time. The
as-deposited films were annealed at 100 °C for 30 min in a
N;-filled glove box. Then, 20 uL of a spiro-OMeTAD solu-
tion was spin coated on the perovskite films at 6000 rpm for
30 s. Finally, a 100 nm gold layer was thermally evaporated
on top of the HTL to complete the device.

2.3. Cells with perovskite films manufactured by an
evaporation—solution method

First, a 12 nm TiO; film with titanium isopropox-
ide (TTIP) and oxygen plasma as precursors was deposited
onto the FTO/glass by atomic layer deposition (ALD)
(Model: SI ALD, Company: SENTECH). Then, 50 pL
of a 10 mg/mL [6,6]-phenyl Cg;-butyric acid methyl ester
(PCg1BM)/chlorobenzene (CB) solution was spin coated onto
the TiO,/FTO/glass substrates at 3500 rpm for 30 s. Differ-
ent thicknesses of Pbl, were subsequently deposited on the
substrates by evaporation. The base pressure of the system
was 3x107® Torr, and the evaporation rate was 2 A/s. The
substrates coated with Pbl, films were taken into a glove box
without exposure to air. MAI/IPA solutions with various con-
centrations were loaded on the Pbl; film for 1 min before rotat-
ing the substrates at 2000 rpm for 40 s and then annealing the
films at 140 °C for 25 min. Then, 70 uL of a spiro-OMeTAD
solution was spin coated on the perovskite films at 4000 rpm
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for 60 s. Finally, a 100 nm gold layer was thermally evapo-
rated on top of the HTL to complete the device.

2.4. Film and device characterization

The Pbl, thickness was measured with a microfigure
measuring instrument (Surfcorder ET200, Kosaka Laboratory
Ltd). The morphologies of the perovskite films were char-
acterized using scanning electron microscopy (SEM) (JEOL
JSM-6700F). X-ray diffraction (XRD, Rigaku ATX-XRD)
patterns of the perovskite films were obtained using Cu Ko
radiation as the radiation source (1 = 1.5405 A) across a 20
range of 5° to 70°. Time-resolved photoluminescence (TRPL)
spectroscopy was measured with a PL spectrometer (Edin-
burgh Instruments, FLS 920), and a pulsed laser with a wave-
length of 635 nm and a repetition rate of 1 MHz was em-
ployed as the excitation source. A 655 nm filter was used to
filter out the excitation light. Photocurrent density—voltage (J—
V) curves of the solar cells were measured from 1200 mV to
—200 mV (forward bias to short circuit (FB-SC)) and returned
(SC-FB) with a voltage step of 40 mV and delay time of 50
ms at 25 °C in a Np-filled glovebox. A metal mask with a
window of 0.1 cm? was coated on the light incident side to
define the active area of the cell. A solar simulator (HAL-320,
ASAHI SPECTRA Co. Ltd., Japan) with a compact xenon
light source was used to produce the simulated AM 1.5G ir-
radiation (100 mW/cm?), and the calibration of the light was
carried out by a detector (CS-20, ASAHI SPECTRA Co. Ltd.,
Japan) with a silicon reference cell. The external quantum ef-
ficiency (EQE) spectral response was measured with a QEX10
(PV measurement).

3. Results and discussion

The perovskite film was manufactured with sequential

[3754] and the detailed process has been

vacuum deposition,
described in the experimental section. A 100 nm inorganic
PbCl, seeding layer was first sublimed onto the substrate with
a controlled rate. In addition to the concentration and tem-
perature, the pressure of the organic MAI vapor was manipu-
lated to realize an effective diffusion reaction. The grain size
at a low organic vapor pressure (Fig. 2(a), 5 x 107> Torr)
was smaller than that at a high vapor pressure (Figs. 2(b) and
2(c), 1.5 x 10~* Torr). The three XRD peaks of CH3NH;3Pbl3
(MAPbDI3) corresponding to the (110), (220), and (330)!15]
lattice planes were stronger and shaper at an organic vapor
pressure of 1.5 x 10~* Torr, as shown in Fig. 2(d), indicat-
ing the formation of larger perovskite grains. The increased
crystalline grain size of the perovskite at high pressure was at-
tributed to the improved reaction rate of PbCl, and MAI, 136!
referred to as Ostwald ripening.5%37! At high MAI vapor pres-
sure, more and higher-reactive MAI molecules will react with
PbCl,, which favors secondary nucleation at the primary sites.
The nucleation sites of the large crystallites grow faster be-
cause of the larger contact area. As a result, the larger crys-
talline grains grow even larger and diminish the small per-
ovskite nucleation sites. Therefore, a suitable high pressure
of organic MAI is beneficial for the formation of high-quality

perovskite films.
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_J ——%1.510~4 Torr, 10 h
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Fig. 2. (color online) Surface morphology, phase, and electrical properties of the perovskite film prepared by sequential vacuum deposition before
annealing. SEM top-view images of the perovskite films prepared with various organic MAI sublimation pressures and duration time: (a) 5 x 10~ Torr,
10 h; (b) 1.5 x 10~ Torr, 5 h; (¢) 1.5 x 10~* Torr, 10 h. (d) XRD patterns of the perovskite films prepared with various sublimation conditions of
organic MAL (e) TRPL spectroscopy of the FTO/TiO/perovskite film prepared with a MAI vapor pressure of 10~* Torr or 10> Torr. The inorganic
seeding layer is 100 nm PbCl,. The sublimation duration time of organic MAI reflects its chemical quality and is sufficient when the time is 10 h but

insufficient at 5 h.
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Transient TRPL decay measurements were conducted
to investigate the electrical properties of the perovskite film
(Fig. 2(e)). A single-exponential function (A+ Bjexp(—t/11))
was used to fit the PL decay time. The decay time of the sam-
ple with an organic vapor pressure of 107> Torr is 25.43 +
0.26 ns, while the decay time of 10~* Torr is 115.69+1.65 ns.
The rapid decay for the sample prepared at an organic vapor
pressure of 10~ Torr results from the quick recombination in
the perovskite bulk caused by more grain boundaries. >8]

25 T T T T T T T T T T
7
£ 20 .
Q
E
~ 15 ,
>
=
2
2 10 —=— 5%X10-% Torr, 10 h .
= —e— 1.5X10~% Torr, 10 h
5L A 1.5xX10Tor, 5h |
5
®)
0 . 1 . K ; 1 N
0 200 40 600 800 1000 1200
Voltage/mV
100 T T T T T T T T T
(b) 1
80 ,
x 60 .
~
&
= 40 T
—=— 5X10-5 Torr, 10 h
20 —e— 1.5X10~* Torr, 10 h N
—4&— 1.5X10~* Torr, 5 h
1 1 1 1 1 1 1

0 . .
300 400 500 600 700 800
Wavelength/nm

Fig. 3. (color online) Performance of PSCs prepared using sequential
vacuum deposition. (a) J-V characteristics with an effective area of
0.1 cm? (FB-SC) under 1 sun illumination and (b) the corresponding
EQE curves for PSCs with various thermal evaporation deposition con-
ditions.

The chemical quantity of MAI is also important in the
formation of MAPbI;. As shown in Fig. 2(d), the peaks
at 20 = 12.58° and 15.56° corresponding to Pbl, (001) and
CH3NH;PbCl3 (MAPbCIl3) (100)[1331 appear at an MAI
evaporation time of 5 h, indicating the formation of non-
pure MAPbI3;. However, pure MAPbI; can be obtained when
prolonging the evaporation time of MAI. Based on previous
s139-611 and the XRD patterns, the reaction steps are
listed as follows:

studie

PbCl, + MAI — Pbl, + MACI 1, (1
MACI + PbCl, — MAPbCl5, )
MAI + Pbl, — MAPbI;, 3)
MATI + MAPbCl; — MAPbI; + MACI 1. @)

First, reactions (1) and (2) occur. Then, MAI reacts with
Pbl, and MAPDCI; through reactions (3) and (4), respectively.
With an insufficient amount of MAI, Pbl, and MAPDCl3
cannot be consumed, leaving in MAPbI;. With a sufficient
amount of MAI, pure MAPbIj; is formed.

Table 1. PSC parameters with different organic vapor pressures and
duration time.

Conditions Jee/mA-cm™2 Voo/mV  FF  Eff/% Ry/Q-cm?
5.0x107> Torr, 10 h 10.5 850 0.310 2.790  606.9
1.5x107* Torr, 10 h 22.6 1050 0.686 16.28 4.6
1.5x10~* Torr, 5 h 17.6 1090 0.711 13.63  10.0

The efficiency of a PSC (structural schematic shown in
Fig. 1(b)) is optimal only when the perovskite film is formed
with a high organic MAI vapor pressure and sufficient MAI
content. The J-V characteristics and corresponding EQE
curves are shown in Fig. 3, and the device performance pa-
rameters are summarized in Table 1. The current density (Js)
from the J-V curves was larger than integral J. from EQE,
resulting from lateral collection.®”) The PSC with the ab-
sorber formed at an MAI vapor pressure of 1.5 x 10~* Torr
demonstrated higher Js., open-circuit voltage (V,), and fill
factor (F'F), which are attributed to the larger perovskite grain
size, reducing recombination in the perovskite bulk. The PSC
fabricated at an MAI vapor pressure of 1.5 x 10~ Torr but
with an MAI evaporation time of 5 h displayed lower Jy., FF
and higher V,, than the cell with an MAI evaporation time of
10 h, which may result from Pbl, and MAPbCl; reducing the
absorption!®®! but enhancing the band gap. %4

For the intercalation reaction of the forming perovskite
film, the thickness of the inorganic seeding layer and the
concentration of the organic molecules are vital.['¥! How-
ever, the quantitative relationship between the thickness of
the inorganic seeding layer and the concentration of the
organic molecules for optimal device performance is un-
clear. We investigated this relationship via an evaporation—
solution method*¥! because thermally evaporated Pbl, is
non-destructive to substrates and can be prepared with con-
trolled morphology and thickness, and the concentration of
the MAI/IPA solution can be easily changed. Pbl, layers with
thicknesses of 85 nm, 150 nm, 200 nm, 270 nm were prepared,
and MAI/IPA solutions with four concentrations were spin
coated onto each Pbl, thickness. The performance parameters
of PSCs with different Pbl, thicknesses and MAI/IPA concen-
trations are shown in Fig. 4. When Pbl, possessing each thick-
ness reacts with a particular MAI/IPA solution concentration,
the PSC can acquire an optimal performance. Maximum pho-
toelectric conversion efficiencies (PCEs) of 11.88%, 13.99%,
14.91%, and 13.33% were obtained with 85 nm, 150 nm,
200 nm, 270 nm Pbl; reacting with 16 mg/mL, 27.5 mg/mL,
33 mg/mL, 46.5 mg/mL MAI/IPA, respectively.
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Fig. 4. (color online) Performance parameters of the PSCs prepared using the evaporation—solution method. Performances of the PSCs with
Pbl, thicknesses of (a) 85 nm, (b) 150 nm, (c) 200 nm, and (d) 270 nm reacting with various concentrations of the MAI/IPA solution.
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Fig. 5. (color online) Relationship between the Pbl, thickness and
MAI/IPA concentration to achieve the highest PSC efficiency. The
thickness of the Pbl, film has a linear correlation with the MAI/IPA
concentration to achieve the optimum perovskite film.

The optimum matching of the MAI/IPA concentration
with the Pbl, thickness is depicted in Fig. 5. Obviously,
the optimum MAI/IPA concentration to acquire the maximum
PSC efficiency linearly increases with the Pbl, thickness, and
the linear formula fit to the MAI/IPA concentration versus Pbl,
thickness data is

y=0.161x+2.34, 5)

where y is the MAI/IPA concentration, and x is the Pbl; thick-
ness. To examine the feasibility of the above formula, we
prepared 175 nm Pbl, and reacted the deposited film with
25 mg/mL, 28 mg/mL, 31 mg/mL, and 35 mg/mL MAI/IPA.
According to the above formula, the optimum match is 175 nm
Pbl, reacting with 30.5 mg/mL. MAI/IPA. Within the mar-
gin of error, the optimum efficiency of 14.69% was achieved
with the PSC with the film formed using 31 mg/mL MAI/IPA,
and the performance curves showed negligible hysteresis, as
shown in Fig. 6.

As seen from Fig. 5, the PSC efficiency increases with
an increasing Pbl, thickness up to 200 nm and decreases with
270 nm Pbl,. Figures 7(a)-7(d) show the cross-sectional SEM
images of the perovskite films with 85 nm, 150 nm, 200 nm,

and 270 nm Pbl,, respectively. These perovskite films are
approximately twice as thick as the Pbl,films, agreeing with
the previous reports. 939 The thickness of the perovskite film
increases with an increasing Pbl, thickness, leading to obvi-
ously enhanced ultraviolet-visible absorption between 550 nm
to 800 nm, as shown in Fig. 7(e). When the thickness of the
perovskite film is less than 400 nm, as shown in Figs. 7(a)—

25 ————7—7——7——7—

20

15

Voo/mV FF/% Eff./%

10 -

Current density/mA-cm—2

20.8 1060 0.667 14.69
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5 i
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P T ST SIS SR N

—200 O 200 400 600 800 1000 1200
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Fig. 6. (color online) Performance of the PSC with 175 nm Pbl, and
30.5 mg/mL MAI/IPA. (a) J-V curve with an effective area of 0.1 cm?
and (b) EQE curve of the cell under 1 sun illumination.
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7(c), the crystalline grains are perpendicular to the substrates
and larger than the film thickness, which are beneficial to
transporting photogenerated carriers. For a thicker perovskite
film (Fig. 7(d)), the film has a reduced quality with more grain
boundaries, resulting in more loss of electricity. Balancing the

11 60 nm

200 nm|

100 (e)
80
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Absorption/%

40F — 160 nm perovskite
300 nm perovsktie
20F — 400 nm perovskite b
—— 540 nm perovskite
0 1 1 1 1 1
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Wavelength/nm

optical absorption and carrier transport, the optimum thickness
of the perovskite film is 400 nm manufactured with 200 nm
Pbl; and 33 mg/mL MAI/IPA. The J-V curves and perfor-
mance parameters of the perovskite films of different thick-
nesses are shown in Fig. 7(f) and Table 2.
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Fig. 7. (color online) SEM images and absorption properties of the perovskite films and performances of the PSCs. SEM cross-sectional
images of perovskite films with thicknesses of (a) 160 nm, (b) 300 nm, (c) 400 nm, and (d) 540 nm manufactured by reacting 85 nm, 150 nm,
200 nm, and 270 nm Pbl, with 16 mg/mL, 27.5 mg/mL, 33 mg/mL, and 46.5 mg/mL MAI/IPA, respectively. (e) Absorption spectra of the
perovskite films, and (f) J-V curves (FB-SC) of the PSCs under 1 sun illumination with different Pbl, thicknesses matched with the optimal

concentrations of MAI/IPA.

Table 2. Performance parameters of the optimal PSCs using differ-
ent Pbl, thicknesses reacting with the optimal concentrations of the
MAI/IPA solution.

Pbl, thickness/nm 85 150 200 270
MAI concentration/mg-mL ™! 16 27.5 33 46.5
Perovskite thickness/nm 160 300 400 540
Jee/mA-cm ™2 17.4 19.3 20.8 19.7
Voe/mV 1060 1090 1060 1020
FF/% 0.642 0.664 0.677 0.663
Maximum Eff./% 11.88  13.99 1491 13.33

4. Conclusion

We obtained large-grain, pure CH3NH;3Pbl3 using a se-
quential vacuum deposition, and an efficiency of over 15%
was achieved with the PSC fabricated using a sufficient and
high pressure of organic MAI vapor. In addition, we inves-
tigated the relationship between the inorganic seeding layer
thickness and organic molecule concentration to achieve opti-
mum devices using the evaporation—solution method. For the
optimum PSC at each Pbl;, thickness, the thickness of the in-
organic lead halide and concentration of organic molecule so-
lution showed a linear relationship, and an empirical formula
was determined.

Data availability

The data that support the findings of this study are avail-
able from the corresponding author on reasonable request.
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