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® We developed a “hillocks”-like
random-textured perovskite (HRT-
perovskite) absorber.

® Crystallization kinetics and formation
mechanisms of CB-induced HRT-per-
ovskite absorbers have been proposed.

® Proper volume CB promoted the con-
struction of porous MAI-PbI,-DMSO
intermediate structure.

o Efficient light trapping was achieved
by employing CB-induced HRT-per-
ovskite absorbers.
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ABSTRACT

Efficient planar heterojunction perovskite solar cells (PSCs) with high-quality absorbers are promising for flexible-,
semitransparent-, and tandem- photovoltaic applications. However, compared to mesoporous PSCs, planar perovskite
absorbers tend to suffer from additional optical losses due to insufficient light harvesting. Accordingly, the design and
fabrication of high-quality textured perovskite absorbers are promising to improve device performance. We developed a
“hillocks”-like random-textured perovskite (HRT-perovskite) absorber using a facile chlorobenzene (CB) anti-solvent
assisted spin-coating approach. The crystallization kinetics and formation mechanisms of CB-induced HRT-perovskite
absorbers have been systematically explored, allowing us to gain insights into the role of CB, i.e. an appropriate volume
of CB promotes the formation of a porous MAI-PbI,-DMSO intermediate structure. We show that the porous nature of
the intermediate film provides sufficient space for lattice reconstruction and structure expansion during crystal growth,
thus effectively improving the film and surface/interface quality, and, ultimately, the optoelectronic properties of the
perovskite absorber. Moreover, the HRT-perovskite absorber exhibits excellent light-trapping capability and carrier
mobility, due to its optimized surface roughness and longitudinally ordered grain boundary distribution. As a result, we
obtained efficiencies of up to 20.03% from planar heterojunction PSCs fabricated using ~400 nm thick HRT-perovskite
absorbers. The process exhibits very high reproducibility with 20 individual devices fabricated in one batch, achieving
an average power conversion efficiency (PCE) of 19.00%. Finally, the whole fabrication process was conducted below
150 °C, which is appropriate for a wide range of applications, such as flexible- and tandem- photovoltaic devices.
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1. Introduction

Hybrid metal halide perovskite solar cells (PSCs) are considered as
the most promising for next-generation photovoltaic technologies,
mostly due to their remarkable development speed, excellent power
conversion efficiencies (PCEs), and low-cost processability [1-6]. Re-
gardless of the device configuration, the superior optoelectronic prop-
erties of hybrid perovskite materials underpin the high values of PCE
[7-9]. Methylammonium lead iodide perovskite (CH3NH3PbIs,
MAPbDI;) has been commonly used as light absorber, due to its simple
crystal structure and appropriate optical band gap (1.51-1.61 eV)
[10,11]. In recent years, various synthesis techniques have been used to
fabricate high-quality MAPbI3 absorbers and high-efficiency devices,
such as one- or two-step sequential spin-coating deposition and che-
mical vapor evaporation [12-15]. The one-step anti-solvent assisted
method firstly reported by Cheng and co-workers has proven to be the
most efficient approach for improving the crystallization, surface/in-
terface morphology and optoelectronic properties of MAPbI; absorbers
[13,16,17]. When an anti-solvent with a low dipole moment and di-
electric constant, typically chlorobenzene (CB), is introduced into the
initial solution, the initial solvent would be partially extracted by the
newly added anti-solvent, so the concentration of solute in the initial
solution is raised to supersaturation in an extremely short time, thus
promoting the precipitation and crystallization of the solute [18,19].
Through various phases of optimization, the PCEs of MAPbI;-based
PSCs prepared by anti-solvent precipitation increased from ~13% to
over 21% [13,20,21].

Despite these record efficiencies, a large portion of the incident light
is still lost without contributing to the PCE, especially in planar het-
erojunction devices with relatively thin MAPbI; absorbers, resulting in
the theoretical maximum short-circuit current density (Jsc) of MAPbI;-
based PSCs (~26 mA cm ™~ 2) not yet being achieved [22]. Accordingly, a
variety of strategies have been developed to compensate the optical
losses, such as using anti-reflective layers on the light-incident side
[23,24], introducing scattering media [25,26], and/or depositing tex-
tured charge transporting layers or perovskite absorbers [8,9,27-30].
However, the highly textured substrates easily induce a high density of
micro-voids in the perovskite absorbers, which act as recombination
centers and deteriorate device performance [31]. The deposition of
high-quality textured perovskite absorbers is regarded as an effective
way to reduce photoelectric loss, which can promote charge separa-
tion/extraction by increasing the interface area between the perovskite
and the adjacent contacts, thus increasing Jsc and the PCE of PSCs
[8,9,27,28]. Meanwhile, from the perspective of device configuration,
when these random-textured absorbers are combined with metal rear
electrodes in solar cells, they can effectively extend the length of the
reflected light path and improve the light-harvesting efficiency (i.e., the
incident light passing through the absorber is reflected back into the
perovskite for re-absorption). Thus, this technology is more effective
compared to other light-trapping strategies [32,33].

In recent years, Cao et al. introduced MACI into the pristine MAPbI;
precursor for anti-solvent precipitation, and fabricated high-quality
random-textured MAPDI; films, which effectively improved the light
harvesting and interfacial charge extraction of the planar devices [34].
Subsequently, Song et al. [35] and Ho et al. [8] constructed “whis-
pering-gallery”-like and “coral”-like MAPDbI; absorbers by using re-
formed anti-solvent assisted spin-coating methods (i.e., surface im-
printing and surface modification), respectively. Ultimately, the
efficiency of planar MAPbI;-based PSC was increased to 19.80% with a
Jsc of 23.62 mA cm ™2, a fill factor (FF) of 76.61% and an open-circuit
voltage (Voc) of 1.09 V.

However, the tedious process, long time-consuming and additional
additives are not conducive to the low-cost and repeatability of devices,
so it is urgent to explore a low-cost and easy-to-control method for
obtaining high-quality textured absorbers and efficient devices. Here,
we used a typical and simple CB anti-solvent assisted method to
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construct a novel “hillocks”-like random-textured perovskite (HRT-
perovskite, HRT-MAPbDI3) absorber. The effect of the CB dipping
amount on the morphology and intermediate-phase crystallization ki-
netics of the perovskite was systematically studied, revealing that an
optimal CB volume promotes the formation of a porous intermediate
structure, which provides sufficient space for subsequent grain growth,
thus significantly improving absorber quality, grain boundary dis-
tribution, light-harvesting capability and charge separation/collection
efficiency. Through the structure design of HRT-perovskite, the planar
heterojunction PSC (~400 nm-thick HRT-MAPbI; absorber) efficiency
was enhanced to 20.03% with a Jsc of 22.98 mA cm ™2, a FF of 77.53%
and a Vpc of 1.12 V. This technique also exhibits very high reprodu-
cibility and achieves an average PCE of 19.00%. Additionally, all pro-
cesses were conducted at a relatively low temperature (<150 °C),
which is desirable for a wide range of applications, such as flexible- and
tandem- solar cells on thermal-sensitive substrates. Table 1 summaries
the key fabrication techniques and planar device performance para-
meters employing textured perovskite absorbers reported previously, as
well as how our results outperform those of previous studies
[8,9,27,28,34-37].

2. Experimental section
2.1. Materials

Etched indium-doped tin oxide (ITO) conducting glass substrates
were purchased from Yingkou Optimum Trade Co., Ltd., while SnO,
colloidal dispersion (SnO, 15% in H>O colloidal dispersion), dimethyl
sulfoxide (DMSO, =99.8%) and dimethylformide (DMF, =99.8%)
were purchased from Alfa Aesar. Lead iodide (Pbl,, 99.999%) and
methylammonium iodide (CH3NH;3I, MAI) were obtained from Sigma-
Aldrich, while chlorobenzene (CB) was purchased from Aladdin
Reagents. The organic hole transporting materials, Spiro-OMeTAD
(2,2/,7,7’-Tetrakis [N,N-di(4-meth-oxyphenyl)amino]-9,9’-spirobi-
fluorene), sulfonyl imide (Li-TFSI) and tert-butylpyridine (TBP) were
purchased from Yingkou Optimum Trade Co., Ltd.

All reagents were of analytical grade and used without further
purification. The purity of the silver (Ag) used for thermally evaporated
electrode was 99.99%.

2.2. Solar cells fabrication

The etched ITO substrates were ultrasonically washed with acetone,
deionized water, and ethanol sequentially for 15 min. The cleaned ITO-
coated substrates were dried at 80 °C for 12 h followed by treatment
with UV-ozone for 30 min. Compact SnO, electron transporting layers
(ETLs) were prepared by spin-coating aqueous solutions of SnO, onto
the ITO substrates at 5000 r.p.m. for 30 s, and subsequently heated in
air at 150 °C for 30 min. The average thickness of the compact SnO,
ETLs was ~40 nm. After UV-ozone treatment for 15 min, the ITO/SnO,
substrates were immediately transferred into a nitrogen-filled glove box
for perovskite absorber and hole transporting layer (HTL) preparation.

All perovskite films were fabricated by using a simple anti-solvent-
assisted spin-coating method previously reported in the literature [17].
A mixture solution of 1 M Pbl,/MAI (with a molar ratio of 1:1), dis-
solved in a DMSO and DMF mixed solvent (3:7 vol ratio), was spin-
coated onto the compact SnO, ETLs at 500 r.p.m. for 13 s and
3500 r.p.m. for 37 s. During the second spin-coating stage, the sub-
strates were treated with different volumes of CB solution. After drying
at 60 °C and 110 °C for 5 min and 10 min, respectively, the as-prepared
perovskite absorbers were obtained for fabricating solar cells.

An organic HTL solution was prepared by dissolving Spiro-OMeTAD
(0.08 g), Li-TFSI (17.5 pL) solution (0.52 g Li-TFSI in 1 mL acetonitrile)
and TBP (28.5 pL) in 1 mL of acetonitrile and CB (1:10, v/v), which was
spin-coated onto the ITO/SnO,/MAPDI; substrates at 5000 r.p.m. for
13 s and 6000 r.p.m. for 37 s to form a ~200 nm-thick dense Spiro-
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Table 1

Summary of key technologies and performance parameters of devices based on textured MAPDI3 absorbers previously reported.

Ref.

Performance parameters

Structures

Preparation processes

Eff. (%)

Voc (V)

FF (%)

Jsc (mA

cm™?)

Devices

Perovskites

Treatments

Methods

[34]

1.06 17.22

21.87 75.00

Planar

Textured MAPDI; films (Single-layer

structure)

Addition of MACI to MAPbI; precursor

One-step anti-solvent assisted spin-coating

method (Anti-solvent: ethyl acetate)

MA partial pressure controlmethod

[91

18.90

1.10

76.1

22.60

Planar

Textured MAPDI; films (Single-layer

structure)

Low partial pressure treatment of HPbI; film by

MA gas

[36]

19.3

22.7 78.6 1.08

Planar

Textured perovskitefilms (Single-layer

structure)

Perovskite random nano-texturing is transferred to

the back semiconductor/metal interface

Two-step spin coating method

[35]

76.61 1.09 19.80

23.62

Planar

Micro-scale Whispering-gallery structured

MAPbI; films (Bilayer structure)

Surface-imprinted method

One-step anti-solvent assisted spin-coating

method (Anti-solvent: toluene)
One-step anti-solvent assisted spin-coating

[8]

18.02 (AVG)
19.47 (MAX)

72.00 1.05
20.03

(AVG)
77.53

23.82
(AVG)
22.98

Planar

Coral-like Perovskite films (Bilayer structure)

Surface modification (Co-solvents: FAI/DMF/IPA)

(AVG)
1.12

method (Anti-solvent: CB)
One-step anti-solvent assisted spin-coating

This

Planar

HRT-MAPDI; (Single-layer structure)

Construction of porous intermediate by

optimizing CB dipping amounts

work
[37]
[28]

method (Anti-solvent: CB)
One-stepgas-assisted spin-coating method

18.50
16.33

1.08
1.02

77.00

71.30

22.2

ETL-free

Maze-like MAPDI; film (Bilayer structure)
Textured MAPDI; films (Multitiered

nanostructure)

Addition of MACI to MAPbI; precursor
High-pressure nitrogen treatment

22.31

Mesoporous

One-step gas-assisted spin-coating method

[27]

16.93

1.06

71.23

22.42

Ultrafast carrier extract architecture (UFCEA) Mesoporous

MAPDI; films (Bilayer structure)

N- hexane treatment

One-step anti-solvent assisted spin-coating

method (Anti-solvent: n-hexane)
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OMeTAD HTL. We used sufficient Spiro-OMeTAD drops (~80 pL) to
ensure the complete coverage of HTL.

Finally, a ~100 nm-thick Ag film was deposited by thermal eva-
poration as the top electrode. The active area (0.10 cm?) of the device
was defined by using a shadow mask during Ag evaporation. It was not
sealed but rather stored under dry conditions and characterized in
normal ambient atmosphere.

2.3. Materials characterization and solar cell performance measurements

The surface and cross-sectional morphologies of the samples were
characterized by Hitachi S-4800 scanning electron microscopy (SEM),
respectively. The crystal structure of the samples was examined by X-
ray diffraction (XRD, Rigaku, Japan) using Cu-K, radiation as the ra-
diation source (A = 0.15406 nm) across a 20 range of 3° to 80°.
Ultraviolet—visible (UV-vis) absorption spectra of perovskite films were
recorded on a UV-3101PC spectrophotometer of SHIMADZU Japan.
Fourier transform infrared spectroscopy (FTIR, Thermo Fisher IS50R,
USA) was used to collect spectral data for the intermediate in the range
of 4,200-600 cm ™ !. The steady-state photoluminescence (PL) and time-
resolved photoluminescence (TRPL) spectroscopy were measured with
the PL spectrometer (Fluorolog-3-TCSPC). The samples were excited by
a pulsed laser, with a wavelength and frequency of 403 nm and 1 MHz.
A band-pass filter at 655 nm was used to filter out the excitation light in
the transient PL measurements.

The photocurrent dependence on the voltage (J-V) was measured at
25 °C under AM 1.5G simulated sunlight illumination (100 mW cm” 2
Model 91160, Orie). The spectral response of PSCs was taken by an
external quantum efficiency (EQE) measurement system (QEX10, PV
Measurement), equipped with a monochromator, a lock-in amplifier, a
Xe lamp, and a current-voltage amplifier. The electrochemical im-
pedance spectroscopy (EIS) of the devices was performed using an
electrochemical workstation (CHI660C) at a voltage bias of 0.8 V in the
absence of light.

3. Results and discussion

To explore the formation mechanism of HRT-perovskite absorbers,
the morphological properties of the films before and after annealing
were extensively analyzed. Fig. 1 depicts the detailed fabrication pro-
cesses, and the anti-solvent-assisted spin-coating processes are de-
scribed in the Section 2. A mixture of MAI, Pbl,, DMF and DMSO in an
appropriate molar ratio was spread over the entire surface of the ITO/
SnO, substrate. Subsequently, the spin speed was accelerated to the
desired value and maintained to evaporate polar solvents. After a spe-
cific delay time, different volumes of CB solution were quickly drop-
casted onto the spinning substrates. During this anti-solvent treatment
process, together with the removal of the residual polar solvents, all
constituents precipitated into a uniform layer with a complex inter-
mediate phase. We define the resulting films (i.e., unannealed colloidal
films) as CB1-UCF (~250 pL), CB2-UCF (~350 pL), and CB3-UCF
(~450 pL). Finally, the complex was converted into a highly uniform
perovskite after low-temperature annealing; meanwhile, the corre-
sponding perovskite films with different CB dipping amounts are de-
fined as CB1-PVK, CB2-PVK and CB3-PVK, respectively, in the fol-
lowing.

Top-view scanning electron microscopy (SEM) images of the UCFs

“ Pbl+MAl in Intermediate films:

—3. CB1/CB2/CB3 CB1-UCF Perovskites:
QMO DMESS: L CB2-UCF CB1-PVK
) CB3-U CB2-PVK

. ) & CB3-PVK
e Sl SN
= e | |

L
Fig. 1. Schematic diagram of fabrication processes of perovskite films treated
with different CB dipping amounts.
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and corresponding perovskite films fabricated with different CB dipping
amounts are shown in Fig. 2a and b, respectively. The intermediate
mixtures are densely packed with very few voids in CB1-UCF (as shown
in Fig. 2a-1). However, as the CB dipping amount increases, CB2-UCF
becomes porous as visible in Fig. 2a-2, while CB3-UCF exhibits a dense
surface as depicted in Fig. 2a-3. We speculate that the difference in
morphology may be due to the different degrees of extraction and
complexation of polar solvents caused by different CB dipping amounts.
The appropriate CB amount (i.e., CB2 treatment) can fully extract polar
solvents and rapidly form intermediate complexes, which would ef-
fectively coordinate the nucleation and crystallization rate, thus
forming a pure UCF with a porous structure. Instead, an insufficient or
excessive amount of CB would insufficiently or excessively extract polar
solvents, respectively, resulting in a small amount of polar solvent (i.e.,
CB1 treatment) or anti-solvent (i.e., CB3 treatment) remaining in the
intermediate complexes, thus disrupting the coordinated nucleation
and growth rate, and eventually forming mixed UCFs.

After low-temperature annealing, the UCFs gradually transformed
into perovskite films through intramolecular exchange between MAI
and DMSO [38]. Compact and uniform CB2-PVK film with large grain
“hillocks”-like random-textured structure has clearly been realized from
the porous intermediate film, as shown in Fig. 2b-2 and Fig. 3. This is
mainly attributed to the fact that the crystal structures of the inter-
mediate complex and perovskite are totally different; as a result, the
structural reconstruction and crystal expansion are likely to occur
during annealing [14]. The porous nature of CB2-UCF can provide
sufficient space for the structural expansion caused by the perovskite
formation, thus effectively releasing stress and improving the grain size,
film, and surface/interface properties [15]. In contrast, the compact
and smooth CB1-UCF prohibits structure expansion, resulting in cor-
responding film with relatively small grain size and abundant grain
boundaries, as shown in Fig. 2b-1. Similarly, the dense and large-grain
CB3-UCF blocked the crystal’s transverse growth, thus forming the CB3-
PVK film with unavoidable structural defects and deformations, as
shown in Fig. 2b-3.

The cross-sectional SEM images of the corresponding perovskite
films and the schematics of their optical paths are depicted in Fig. 3.
Incident light penetrates the perovskite absorber where it is partially or
fully absorbed, depending on the thickness and wavelength of the
perovskite film. In a PSC with a relatively flat rear interface, such in-
cident light is mirror reflected, making a second pass in the CB1-PVK
film during which it is further absorbed, before escaping the device
through the front electrode (i.e., ITO-glass). However, in this config-
uration, the light absorption is inefficient at the spectral vicinity of the

CB1-UCF | (a-2)

CB1-PVK | (b-2)
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perovskite band-gap, unless the film thickness is increased up to a few
microns [36]. In a device based on a random-textured rear interface
(such as CB2-PVK and CB3-PVK), the incident light not absorbed after
one pass through the perovskite absorber is backscattered into it with a
broad angular distribution, thus effectively extending the length of the
optical path and improving the light-harvesting efficiency, which is
conducive to the improvement of Jsc and PCE. However, although CB3-
PVK has large grains and appropriate thickness, its abundant defects
and poor ETL/CB3-PVK and CB3-PVK/HTL hetero-interface would lead
to significant charge recombination and non-negligible optical loss,
resulting in the reduction of FF, Vpoc and Jsc. Fortunately, the HRT-
perovskite absorber (i.e., CB2-PVK) has appropriate roughness, larger
grain size, unique light-scattering upper surface and longitudinally or-
dered grain boundary distribution, which enhances the surface area at
the hetero-interface between the perovskite and Spiro-OMeTAD HTL
and also promotes the photocurrent density and photo-generated
charge separation/collection efficiency, thus contributing to the im-
provement of the overall PSC performance.

To illustrate the light-harvesting capability of the above perovskite
films, we acquired ultraviolet-visible (UV-vis) absorption spectra
(Fig. 4a). All the samples exhibit obvious absorption spectra at region of
400-800 nm and their absorption edges are similar to that of a classical
MAPDI; perovskite, in agreement with previous reports [12,17]. The
HRT-perovskite absorber (i.e., CB2-PVK) exhibits superior absorption
compared to the other two films, which is beneficial for harvesting
more light to generate more carriers and thus enhances the Jsc and PCE.
However, the absorbance of the CB1-PVK film is the lowest between
400 and 800 nm, which is ascribed to significant loss of incident light.
Similarly, the relatively low absorption of the CB3-PVK film is attrib-
uted to its poor crystallinity. These observations are consistent with the
above SEM results.

The optical band gaps of perovskite films treated with different CB
dipping amounts can be derived from absorption spectra and described
by the following equation to calculate the band-gap energy (E,) [39]:

ahv = A(hv — E)" @

where «a is the absorption coefficient, hv is photon energy, A is a con-
stant, and n varies according to allowed or forbidden direct and indirect
transitions. The value n = 1/2 is employed in this case since the per-
ovskite is regarded as a direct band-gap semiconductor. As a result, the
average band gap of CB1-PVK, CB2-PVK and CB3-PVK is calculated to
be 1.59 eV. The corresponding Tauc plots are presented in Fig. 4b.

To reveal the growth mechanism of the CB-induced high-quality
HRT-perovskite absorber and the critical kinetic control strategy of

CB2-UCF CB3-UCF

CB2-PVK | (b-3) CB3-PVK

Fig. 2. The top-view SEM images of (a-1) the CB1-UCF, (a-2) the CB2-UCF, (a-3) the CB3-UCF, and corresponding perovskite films fabricated with (b-1) CB1, (b-2)

CB2, and (b-3) CB3, respectively (Scale bars: 1 pm).
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Fig. 3. Schematics of possible incident light paths within PSCs made with CB1-PVK, CB2-PVK and CB3-PVK, respectively, and the cross-sectional SEM images of

corresponding perovskite films (scale bars: 100 nm).

intermediate phase transformation, in situ temperature-dependent X-ray
diffraction (XRD) spectra of CB2-induced film at different annealing
temperatures were measured in a non-vacuum environment. Fig. 5a
demonstrates the full-scan diffractograms obtained at different an-
nealing temperatures from 25 °C (i.e., room temperature) to 130 °C.
Clearly, the resultant intermediate phase is self-organized and highly
crystalline in nature. The peak positions of CB2-UCF (25 °C: black line)
are identical to those observed in MAI-PbI,-DMSO single crystals: the
typical peaks at 6.76°, 7.46° and 9.38° correspond to the (0 0 2), (02 1)
and (0 2 2) peaks of MAI-Pbl,-DMSO, implying that MAI and DMSO
molecules have successfully intercalated into the Pbl, inter-layer [38].

When increasing the annealing temperature from 25 to 130 °C, the
initial peaks gradually disappear while some new characteristic peaks
centered around 14.01°, 19.81°, 23.48°, 24.39°, 28.25° and 31.77° are
observed. The latter are attributed to tetragonal MAPbI5 (11 0), (11 2),
(211),(202),(220)and (31 0), respectively (marked with “¢” dots)
[40]. Additionally, a clear preference for growth along the (1 1 0) or-
ientation plane can be observed. The MAI-PbI,-DMSO intermediate
phase can be fully converted into a pure MAPbI3 phase when the

annealing temperature is higher than 60 °C (green line), whereas both
MAI-PbI,-DMSO and MAPbI; phases coexist at 40-50 °C (i.e., 40 °C: red
line; 50 °C: blue line). In other words, the MAI-PbI,-DMSO intermediate
phase undergoes sufficient intramolecular exchange between MAI and
DMSO, i.e., DMSO is completely removed from UCF, and then entirely
converted into the MAPbI3; phase when the annealing temperature is
higher than 60 °C. As a result, we define 60 °C as the critical point of the
complete phase transition in this work.

In addition, the MAPbI3 (1 1 0), (2 2 0) and (3 1 0) peaks exhibit
obvious enhancements and small angular shifts as the annealing tem-
peratures increase, indicating that the lattice constant gradually in-
creases, which further proofs that lattice distortion and crystal expan-
sion occur during the phase transition [41]. Therefore, we can obtain
high-quality HRT-perovskite absorbers from the porous-structured CB2-
UCF, as confirmed by SEM imaging.

Finally, a weak PbI, (0 0 1) peak centered around 12.67° is observed
in the film by further increasing the annealing temperature to 130 °C
(marked with “x” symbol) [42], mainly due to the decomposition of the
perovskite at high temperatures (as depicted in Fig. 5b).

(a) (b)
e —0— CB3-PVK L
s F —O— CB2-PVK L
.é L —O— CB1-PVK
s o |
(] E 5
(3] L —0O— o
= o 0— CB3-PVK
st ~ [ —0—CB2-PVK
St [ —0—CB1-PVK
w =
2 B
< [ [
L L L
400 500 600 700 800 1.50 1.52 1.54 1.56 1.58 1.60 1.62 1.64 1.66 1.68

Wavelength (nm)

Photon Energy (eV)

Fig. 4. (a) UV-vis absorption spectra of perovskite films treated with CB1, CB2 and CB3, respectively; (b) Tauc plots of CB1-PVK film, CB2-PVK film and CB3-PVK

film, respectively.
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Fig. 5. In situ temperature-dependent XRD spectra of CB2-induced film at different annealing temperatures. (a) The panorama curves from 5° to 45°, (b-e) selected
ranges containing particular characteristics; ¢ and x represent peaks for MAPbI; phase and Pbl, phase, respectively.

The vacuum environment during SEM measurements accelerates the
transition from the MAI-PbI,-DMSO phase to the MAPbI; phase, thus
UCFs in Fig. 2a are actually the coexistence morphology of intermediate
mixtures and trace perovskite. The XRD patterns of CB2-UCFs tested
with and without the vacuum environment are shown in Fig. S1f. In
contrast with the CB2-UCF in a non-vacuum environment, three dif-
fraction peaks located at 14.01°, 28.25° and 31.77° are observed for the
vacuum-treated CB2-UCF, which can be assigned to the MAPbI; (1 1 0),
(2 2 0) and (3 1 0) peaks (marked with “¢” dots). Moreover, the dif-
fraction peak of ITO-glass is commonly used as a datum of peak position
(marked with “/A\” dot), and the unlabeled diffraction peaks are con-
sistent with the diffraction pattern of the MAI-PbI,-DMSO intermediate
phase. Similarly, in situ temperature-dependent XRD spectra of CB2-
induced film under vacuum conditions further demonstrate that va-
cuum environment can greatly accelerate the formation and decom-
position of the perovskite film (as shown in Fig. S27). Different from
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Fig. 5, the MAPDI; (1 1 0), (2 2 0) and (3 1 0) peaks increase initially
and then decrease with increasing the annealing temperature (marked
with “¢” dots), and reach the maximum value at 100 °C. In addition, a
small amount of Pbl, precipitates from the perovskite at 100 °C, while
the MAPbDI; phase completely decompose into PbI, phase at 130 °C
[42]. This analysis indicates that films should be tested in a non-va-
cuum environment to ensure accuracy of results.

Fourier transform infrared (FTIR) spectroscopy was employed to
further analyze the formation mechanism of the CB-induced HRT-per-
ovskite absorber. MAI-PbI,-DMSO and corresponding MAPbDI; spectra
are shown in Fig. S31 (Supporting Information). The S=0 (L (S=0))
stretching bond is located at 1045 cm ™! in DMSO solvent [40], but
clearly shifts to a lower wavenumber of 1015 cm ™! in the as-fabricated
MAI-PbI,-DMSO film (black line) [43]. According to harmonic motion
for a diatomic model [44], frequency of vibration is proportional to the
square root of the force constant. Hence, the decreased S=O stretching
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Fig. 6. XRD patterns of (a) UCFs fabricated with different CB dipping amounts (CB1, CB2 and CB3, respectively), and (b) the corresponding perovskite films.
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frequency implies a decrease in bond strength between S and O as a
consequence of the intermediate phase formation, i.e., the formation of
the MAI-PbI,-DMSO phase is attributed to the interaction of Lewis base
DMSO and/or iodine (I™) with Lewis acid Pbl, [45]. In addition, C—H
(W(C—H)) stretching peaks (in the range 2800-2950 cm™Y) in the as-
fabricated MAI-PbI,-DMSO film stem from the —CH3;* group in the
DMSO molecule [40]. Clearly, for the MAPDI; film, the obvious at-
tenuation of the stretching peaks of v(S=O0) and v(C—H) mentioned
above can be regarded as an important indicator for the removal of
DMSO from the MAI-PbI,-DMSO film, implying the complete formation
of the MAPDI; phase [2,14]. Moreover, the N—H (§(N—H)) stretching
and bending vibration emerges simultaneously (in the range
3200-3450 cm ™! and at 1634 cm !, respectively), indicating the hy-
drogen-bonding interaction increases with the formation of the MAPbI;
phase. These FTIR, XRD and SEM results together reveal the formation
mechanism of the CB-induced HRT-perovskite absorber. The corre-
sponding chemical reaction process is schematically displayed in Fig.
S47.

To qualitatively evaluate the influence of CB dipping amounts on
the crystallization kinetics of MAPbI3, the XRD patterns of UCFs and
corresponding perovskite films are illustrated in Fig. 6a and b, respec-
tively. The diffraction peaks of all UCFs are consistent with those of the
pure MAI-PbI,-DMSO intermediate phase, and no new characteristic
peaks are observed, indicating that the increase of CB dipping amounts
cannot lead to lattice reconstruction and/or the formation of new
components, as shown in Fig. 6a. In addition, the diffraction peaks of
MAI-PbI,-DMSO are almost unchanged, implying that different CB
dipping amounts have little effect on the crystallization kinetics of in-
termediate complexes. Therefore, the morphological differences of
UCFs are mainly attributed to the role of residual solvents in films
under different volumes of CB treatments.

Subsequently, Fig. 6b indicates that the peak intensity of CB2-PVK
film is higher than that of CB1-PVK and CB3-PVK films, especially the
MAPbDI; (1 1 0) plane, which further shows that the morphology of CB-
induced UCFs plays a predominant role in the lattice orientation se-
lection and crystallinity optimization in the perovskite formation pro-
cess. Furthermore, the full width at half maximum (FWHM) of the CB2-
PVK (1 1 0) plane is narrower than the other two samples, in the order
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CB2-PVK (~0.17°) < CB3-PVK (~0.19°) < CB1-PVK (0.23°), also
indicating the improvement of crystallinity. Therefore, as analyzed
from the above SEM, UV and XRD results, we believe that the CB dip-
ping amount is the key to regulating the structural characteristics of the
perovskite, and an optimum CB volume is essential for constructing
porous UCFs and forming high-quality HRT-perovskite absorbers.

Steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) techniques are generally considered the most ef-
fective methods to characterize the carrier dynamics of photoactive
materials. The emission peak located at ~773 nm is related to the direct
band-gap emission of MAPDI; film, and the relative PL peak intensity
can be used to estimate the electron-hole pair recombination behavior.
The steady-state PL spectrum of ITO/SnO,/CB2-PVK substrate shows a
lower quenching intensity than the other two samples, implying a
better charge extraction/collection efficiency (the inset in Fig. 7a).

The corresponding TRPL decays are presented in Fig. 7a. The ex-
citons and/or carrier lifetimes of samples treated with different CB
dipping amounts are obtained by fitting relaxation curves with double
exponential decay function, as shown below:

f(®) = A + Arexp(—t/4) + A; exp(—t/b), )

where Ay is a constant for the baseline offset. T; and t, are utilized to
present the efficiency of charge separation and injection, i.e., 77 is the
fast decay time responsible for interface recombination and 75 is the
slow decay time responsible for bulk recombination. A; and A, are the
corresponding decay amplitudes [46]. The kinetic parameters of the
TRPL data are displayed in Table S17. The PL decays of CB1-PVK, CB2-
PVK and CB3-PVK sandwiched between SnO, and Spiro-OMeTAD
layers exhibit two lifetime constants of t; = 6.58 ns and t5 = 97.89 ns,
7, = 5.26 ns and 1t = 80.17 ns, t; = 7.25 ns and t, = 117.61 ns,
respectively. Clearly, the carrier lifetimes of ITO/SnO,/CB2-PVK/Spiro-
OMeTAD substrate are shortest (both on the interface and in the bulk),
indicating an improved carrier separation and collection from the HRT-
perovskite configuration, which is consistent with the discussions
mentioned above.

To quantitatively evaluate the defect density and charge mobility of
perovskite films, we fabricated the devices with ITO/CB-induced PVK/
Ag architecture, and described the space-charge-limited current (SCLC)
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based on different CB treatments. The dark current-voltage (J-V) curves
are shown in Fig. S57. The trap filling voltage determines the trap state
density, and the defect density (Ngefects) affects charge mobility, i.e., a
decrease of Nyefects increases charge mobility [5,47]. The equation is as
follows: Nyefects = (2606, Virpr)/qL?, where ¢ is the vacuum permittivity
(885 x 1072 F m™Y), ¢ is the relative dielectric constant
(MAPbDI3 = 34), Vg represents the trap-filling limited voltage, q is the
elemental charge, and L is the thickness of the obtained perovskite films
[48,49]. Obviously, the Vrp, values shown in Fig. SS5a—cf are 0.178,
0.101 and 0.216 V for the CB1, CB2, and CB3 samples, respectively.
Therefore, the corresponding Nyefects Were estimated to be 1.67 X 105,
9.21 x 10' and 1.97 x 10 cm™3, respectively. The low defect
density of CB2-PVK can effectively improve charge mobility, thus in-
hibiting the charge accumulation at the surface/interface of perovskite
and contributing to improving device performance.

To gain further insight into the interfacial charge transport and
recombination process, electrochemical impedance spectroscopy (EIS)
of the as-fabricated devices was measured at a voltage bias of 0.8 V in
the absence of light [46]. The corresponding Nyquist spectra are fitted
with an electrical equivalent circuit model shown in Fig. 7b, where Rg
represents the series resistance due to ohmic or electrical contacts and
associated with a high-frequency spectrum, C,, represents the geome-
trical capacitance associated with a high-frequency spectrum, Ci.. re-
presents the capacitance due to interface charge or ion accumulations
and associated with a low-frequency spectrum, and Ry, and Ry re-
present resistance (i.e., charge transport and recombination resistance,
respectively) associated with high- and low-frequency spectra and re-
lated to recombination processes occurring at the interface of PSCs
[50]. Compared with the other two devices, the device based on HRT-
perovskite absorber (i.e., CB2-PVK) exhibits the smallest high-fre-
quency arc and the largest low-frequency arc, which indicates that the
corresponding perovskite upper and lower hetero-interfaces have ex-
cellent charge extraction/collection efficiency and the smallest carrier
recombination loss, thus helping to improve Jsc, FF and PCE of PSC.

The J-V characteristics of PSCs treated with different CB dipping
amounts are presented in Fig. 7c, and the detailed photovoltaic para-
meters are summarized in Table 2. The experimental details of the PSCs
fabrication can be found in the Section 2. We named these as-prepared
devices as CB1-PSC, CB2-PSC and CB3-PSC in the following discussions,
respectively. The Jsc, FF and PCE increase initially and then decrease
with increasing CB amounts, and the CB2-PSC exhibits the highest
photovoltaic performance under AM 1.5G illumination conditions
(100 mA cm ~2), which is consistent with the above results. In addition,
the relatively poor electrical properties of the CB1-PSC and CB3-PSC
should be attributed to charge recombination around the abundant
grain boundaries and defects. Ultimately, the device fabricated using
CB2-induced HRT-perovskite absorber shows the best performance: Jsc
of 23.02 mA cm ™2, Vo of 1.08 V, FF of 78.84%, and PCE of 19.60%,
respectively.

The steady-state photocurrent densities measured at constant biases
of 0.91V, 0.91 V and 0.89 V near the maximum power point (V) for
the corresponding devices (CB1-PSC, CB2-PSC and CB3-PSC, respec-
tively) are shown in the inset of Fig. 7c. Consistent with the results of
J-V, the Jsc of CB2-PSC is higher than the other two devices, and its
value remains nearly constant by light-soaking under 1 Sun for 200 s.
This tendency can also be verified by the external quantum efficiency
(EQE) values, and the corresponding EQE spectra of the devices are
shown in Fig. 7d. A more stable and stronger spectral response in the
range below 750 nm is observed for CB2-PSC compared with the other
two devices, mainly due to the high-quality HRT-perovskite absorber
induced by CB2 has i) excellent carrier transport efficiency from per-
ovskite to adjacent contacts and ii) superior light harvesting capabilities
over the same spectral region. A typical cross-section SEM image of
corresponding CB2-PSC is also presented in the inset of Fig. 7d.

Moreover, reproducibility is critical for the practical use of PSCs,
and the reliability of the device performance is verified through
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fabrication of 20 individual devices. For each fabrication condition, the
efficiency statistical histograms of three groups of devices are shown in
Fig. S6t. The average efficiency of CB2-PSCs (~19.00%) is significantly
higher than that of CB1-PSCs (~17.11%) and CB3-PSCs (~15.95%),
and the standard deviation of efficiency for CB2-PSCs (~0.86) is sig-
nificantly lower than the other two devices, i.e., CB1-PSCs (~1.39) and
CB3-PSCs (~0.96). In consideration of the same ETLs and HTLs used for
the above devices, this efficiency enhancement and relatively narrow
efficiency distribution should be attributed to the optimized CB2-in-
duced HRT-perovskite absorbers being able to maintain good film
uniformity, high light-capture ability and excellent charge separation/
collection efficiency in 20 different individual devices. Therefore, our
results indicate that high-performance PSCs can be repeatedly fabri-
cated by using a simple CB2 treatment. For the champion device we
obtained an efficiency of 20.03%, a Jsc of 22.98 mA cm ™2, a FF of
77.53%, and a Voc of 1.12 V, and there is a very small hysteresis for the
device. The corresponding reverse and forward J-V curves and EQE
spectrum are shown in Fig. 8a and b, respectively. There is a broad EQE
plateau above 85% over the spectral range from ~400 to 750 nm be-
cause of efficient light harvesting within the CB2-induced HRT-per-
ovskite absorber. The integrated current density from the EQE is
22.19 mA cm ™2, which is almost in agreement with the Jgc value from
J-V characterization.

Furthermore, the Jgc, Voc, FF and PCE statistics of 20 individual
devices employing the same optimized conditions are summarized in
Fig. S7at. The Voc values of all devices exhibit slight changes, but the
Jsc and FF values exhibit obvious fluctuation, which might result from
the inherent difference in the thickness of Spiro-OMeTAD HTLs de-
posited by spin-coating. Consequently, an average PCE of 19.00% with
an average Jsc of 22.56 mA cm™2, an average Voc of 1.08 V and an
average FF of 77.31% can be achieved under standard AM 1.5G con-
ditions.

As shown in Fig. S7b, we also evaluate the stability of the CB2-
induced device. The unencapsulated device with CB2 treatment only
decreases by ~0.33% compared with its initial PCE after ~500 h, in-
dicating a relatively good stability. The device was stored in a dry box
(relative humidity < 20%) at room temperature (~25 °C) to measure
its reverse J-V curves regularly. Not surprisingly, the FF and PCE in-
creased significantly in the first 100 h after the oxidation of Spiro-
OMeTAD HTL, and decreased slightly over time. This may be due to the
gradual degradation of Spiro-OMeTAD and perovskite caused by the
long-term exposure of unencapsulated device to the atmosphere. As a
result, we achieved a stable PCE of approximately 19.21%, with the V¢
is higher than 1.12 V, the average photo-current of 22.90 mA cm ™2,
and average FF of 74.73%.

4. Conclusion

In summary, we improved the performance of planar heterojunction
PSC by using a HRT-MAPDbI; absorber realized with a convenient CB
anti-solvent-assisted spin-coating method. In particular, we found that
optimal CB volume promoted the construction of a loose and porous
MAI-PbI,-DMSO intermediate structure, revealing the function of CB in
the growth of the HRT-perovskite absorber. Moreover, the porous
nature of the intermediate film has been shown to be essential for the
realization of the HRT-perovskite absorber, as it provides sufficient
space for the lattice reconstruction and structure expansion during

Table 2

Photovoltaic parameters derived from the corresponding J-V curves.
Devices Jsc (mA ecm™?) Voc (V) FF (%) Eff. (%)
CB1-PSC 20.82 1.08 76.69 17.34
CB2-PSC 23.02 1.08 78.84 19.60
CB3-PSC 21.64 1.02 74.94 16.54
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crystal growth. Compared with traditional textured perovskite absor-
bers, the HRT-MAPDI; absorber with large grain size, appropriate sur-
face roughness, longitudinally ordered grain boundary distribution and
large specific surface area exhibited excellent light-harvesting cap-
ability and photo-generated charge separation/collection efficiency. As
a result, the practical planar heterojunction device (~400 nm-thick
HRT-perovskite absorber) efficiency was enhanced to 20.03% with a Jsc
of 22.98 mA c¢m ™2, a FF of 77.53% and a Vo of 1.12 V. In addition, an
average PCE of 19.00% was achieved in 20 individual devices fabri-
cated with the same optimized procedure, implying good reproduci-
bility. Additionally, all processes were conducted at a relatively low
temperature (<150 °C), which is convenient for a wide range of ap-
plications, such as flexible- and tandem- solar cells on thermal-sensitive
substrates. The present work provides new concepts for the design of
new PVK absorbers and lays a foundation for further realization of
higher PCE in PSCs.
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