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A Cryogenic Process for Antisolvent-Free High-Performance

Perovskite Solar Cells

Annie Ng, Zhiwei Ren, Hanlin Hu, Patrick W. K. Fong, Qian Shen, Sin Hang Cheung,
Pingli Qin, Jin-Wook Lee, Aleksandra B. Djurisic, Shu Kong So, Gang Li, Yang Yang,

and Charles Surya*

A cryogenic process is introduced to control the crystallization of perovskite
layers, eliminating the need for the use of environmentally harmful
antisolvents. This process enables decoupling of the nucleation and the
crystallization phases by inhibiting chemical reactions in as-cast precursor
films rapidly cooled down by immersion in liquid nitrogen. The cooling is
followed by blow-drying with nitrogen gas, which induces uniform precipitation
of precursors due to the supersaturation of precursors in the residual solvents
at very low temperature, while at the same time enhancing the evaporation

of the residual solvents and preventing the ordered precursors/perovskite

from redissolving into the residual solvents. Using the proposed techniques,
the crystallization process can be initiated after the formation of a uniform
precursor seed layer. The process is generally applicable to improve the
performance of solar cells using perovskite films with different compositions,
as demonstrated on three different types of mixed halide perovskites. A
champion power conversion efficiency (PCE) of 21.4% with open-circuit voltage
(Voc) = 1.14 V, short-circuit current density (Jsc) = 23.5 mA cm~2, and fill factor

(FF) = 0.80 is achieved using the proposed cryogenic process.

When humanity in the modern world consumes ever-increasing
energy for the development of the infrastructure, growth of the
economy and to raise the standard of living, securing clean
and sustainable energy resources becomes a critical issue of
concern. Among different renewable energy resources, solar
energy, which is abundant in nature, is one of the most prom-
ising candidates to address the global energy challenge. How-
ever, widespread use of solar power requires the development
of cost-effective high-performance solar cells. Recently, the

emergence of the hybrid organometal
halide perovskite as photovoltaic absorbers
had led to a breakthrough in the field of
solar technologies. The perovskite-based
solar cells (PSCs) had accomplished a dra-
matic enhancement in the power conver-
sion efficiency (PCE) from 3.8% in 2009
to a lately announced certificated PCE of
23.3%,2l outperforming not only other
emerging technologies, but also a number
of well-established photovoltaic technolo-
gies. The superior properties of hybrid
organometal halide perovskite materials
include high absorption coefficients, tun-
able bandgaps, long carrier diffusion
length, high carrier mobility, and low
exciton binding energy making the mate-
rial highly suitable for photovoltaic appli-
cations.>=® The theoretical maximum PCE
for the CH;NH;Pbl, ,Cl -based PSCs is
found to be 31.4%,”] which approaches the
Shockley—Queisser limit of 33% achieved
by gallium arsenide solar cells.®!
Tremendous research efforts had been devoted for opti-
mizing the device architecture, as well as deposition techniques
and composition of different layers, in particular the perovskite
absorber.> 3 It is well known that high efficiency and good
stability PSCs require certain desirable perovskite film proper-
ties such as low defect density, high crystallinity, good coverage,
and uniformity.1*11 The perovskite films can be prepared by
different methods, such as solution techniques,?*2! thermal
evaporation,?24 and a combination of vapor and the solution
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processes.?>?7] The majority of the early works reported
focused on simple 1-step or 2-step solution techniques.32%
Difficulties in achieving good coverage and uniformity of pero-
vskite films on the substrates in large scale are the main con-
cerns of using these solution-based processes. To address these
issues, solvent engineering and the use of antisolvent dripping
were introduced.?!3% Solvent engineering approach relies
on the use of a mixture of solvents, such as dimethylforma-
mide (DMF)28 or ybutyrolactone,?% with dimethylsulphoxide
(DMSO), for the 1-step spin-coating technique. This enables
more controlled reaction between the perovskite precursors
due to the formation of a CH;NH;I-Pbl,-DMSO intermediary
phase.? The main function of the DMSO was to retard the
rapid reaction between Pbl, and CH;NH;I during solvent evap-
oration in the spinning step due to the interaction among Lewis
base DMSO, iodide and Lewis acid PbI,. At the final stage, the
residual DMSO was removed by thermal annealing, resulting
in perovskite films with high crystallinity and uniform grain
distribution. The introduction of antisolvent assisted crystalli-
zation during spin-coating further improves the quality of the
perovskite layer by promoting rapid nucleation due to the initia-
tion of an instantaneous local supersaturation of the precursor
solution on the spinning substrate, resulting in a uniform seed
layer for the subsequent perovskite crystallization step.?’l Thus,
the use of antisolvents together with solvent engineering for the
formation of intermediary phase has become the mainstream
for preparing solution-based perovskite materials, yielding
high-performance PSCs.?1-33 However, commonly used anti-
solvents such as chlorobenzene or toluenel®3% are environ-
mentally harmful and highly toxic. While there have been
proposals to replace these solvents with less toxic and more
environmentally benign alternatives,3*3° the use of different
antisolvent does not address the issue of important limitations
in the scalability of the antisolvent assisted crystallization.l?®!
In this process, the perovskite film quality critically depends
on the time, volume and position of the application of the anti-
solvent. Inaccurate control of the dripping process will cause
gradients in oversaturation of the precursor solution, leading to
spatially inhomogeneous nucleation of the perovskite and dete-
riorate the resultant film quality.

There is considerable interest in the development of novel
deposition methods for high quality perovskite films, where
nucleation and crystallization of the perovskite films are con-
trolled without the use of antisolvent. Different techniques
to achieve this have been proposed, such as vacuum-flash
assisted solution process (VASP),?® flash infrared annealing,*”!
etc. While high efficiency PSCs (=18%-20%) have been dem-
onstrated,?*3”! typically only one composition of the perovs-
kite material is investigated. Due to increasing importance of
mixed composition perovskite materials for high efficiency
and improved stability PSCs,*3%38 it is important to develop a
simple, convenient, cost-effective, and reproducible technique
applicable for the preparation of different perovskite materials.
In this work, we introduce a novel perovskite growth process,
in which the nucleation and crystallization processes are decou-
pled and, hence, independently controlled resulting in highly
uniform nucleation sites for subsequent crystallization of per-
ovskites. This is shown to be crucial for achieving high crystal-
linity in the perovskite films. Our method results in significant
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improvements in solar cell performance for three different
compositions of mixed perovskite films, indicating general
applicability to different perovskite materials.

We have developed a novel cryo-controlled nucleation tech-
nique, which effectively decouples the nucleation and crystal-
lization phases and ensures the formation of a uniform seed
layer for subsequent perovskite growth. The schematic diagrams
shown in Figure 1a,b indicate the differences between the con-
ventional spin-coating process and the proposed perovskite
growth technique. The conventional 1-step process for a mixed
perovskite precursor solution can result in non-uniform films
with poor morphology due to coalescence of perovskite crystal-
lites resulting from rapid solvent evaporation from a complex
solution of the constituents with different solubilities. Figure 1a
shows typical optical images of a mixed halide precursor
and perovskite films (Csgo5(MAg.17FA¢83)0.95PD(I0.84BT0.16)3)
that we used in this work. The inhomogeneous formation of
large crystallites is observed in the precursor film during the
spinning process and a very non-uniform perovskite film is
obtained after thermal annealing. Figure 1b illustrates our pro-
posed material growth method, which is a 4-step process as
detailed below: (i) spin-coating of the precursors; (ii) cryogenic
treatment; (iii) blow-dry process for the removal of the
solvent; and (iv) thermal annealing. First, the precursors were
spin-coated onto a glass/fluorine-doped tin oxide (FTO)/SnO,
substrate. The spin-coating time was optimized to provide a
uniform precursor film while preventing premature crystalli-
zation caused by excessive spinning due to the evaporation of
a large amount of solvent. Second, the as-cast precursor film
was dipped into a liquid nitrogen (LN,) bath immediately. This
treatment had two significant impacts on the precursor film.
The rapid reduction in temperature induced abrupt freezing
of the solvent consisting of a mixture of DMF (m.p. —61 °C)
and DMSO (m.p. 19 °C). The rapid solidification of the solvent
at cryogenic temperature prevented chemical reaction and the
coalescence of the precursors and, thereby, ensured the uniform
distribution of the solutes. This phenomenon is demonstrated
in Figure S1 of the Supporting Information, which shows the
images of the precursor solution during the temperature reduc-
tion process. The rate of chemical reaction is described by the
Arrhenius equation k= Ae”*/*" where k is the rate constant, T
is the absolute temperature, A is a constant for chemical reac-
tion that defines the rate due to the frequency of collisions in the
correct orientation, E, is the activation energy for the reaction,
and kg is the Boltzmann constant. The Arrhenius equation illus-
trates strong temperature dependence of the chemical reaction
rate which was substantially reduced by immersing the sub-
strate in the LN, bath. If premature chemical reaction is not
properly inhibited, large perovskite crystallites may be formed
in the early stage and results in poor film morphology, which
is irreversible even by introducing additional post-deposition
treatments (e.g., thermal annealing). Third, upon removal from
the LN,, the temperature of the substrate increased slowly to
above the melting point of the solvent, which is estimated to be
roughly in the range of —50 °C in our case and the sample is
subjected to a blow-dry process, using dry N,, to facilitate the
removal of the residual solvents in the precursor film before
thermal annealing. A supersaturated condition was induced
in the solution resulting in the uniform precipitation of the
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precursors with large amounts of residual
solvents were directly annealed, the precur-
sors would have re-dissolved in the solvent
and will nullify all the effects of the cryogenic
treatment. The resultant perovskite films will
become very rough with a high density of pin-
holes as in the case of films processed using

oA g the conventional technique. Another impor-
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Figure 1. The schematic diagrams showing: a) the conventional solution process and b) cryo-
controlled nucleation technique for perovskite synthesis. The inset figures are the images of
the precursor and the perovskite films under an optical microscope. c) The appearance of the
type A precursor films prepared by the conventional method and the cryo-controlled nucleation

technique at different time duration after spin-coating.

precursors over the entire substrate. It is important to point out
that at this point the temperature of the substrate is still well
below the temperature needed for chemical reactions, which
prevents the coalescence of large pre-maturely formed perov-
skite crystallites. In addition, the blow-dry process is essential
for rapid removal of residual solvents. If the films containing
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cryogenic dipping and the blow-drying steps
to large area substrates with high uniformity.
Finally, the sample was subjected to a thermal
annealing treatment to completely convert the
precursors into the perovskite material. Using
this 4-step process, we were able to obtain
very smooth precursor/perovskite films with
excellent coverage over the entire substrate as
observed from the insets in Figure 1b, which
is very different from the films deposited
using the conventional method as indicated
in the insets of Figure 1a.

To investigate the applicability of the pro-
posed cryogenic process to a variety of dif-
ferent compositions of mixed perovskites,
we have conducted detailed characteriza-
tions on the following three types of perov-
skite films:

(1) Type A precursor/perovskite films—
MA,FA, Pbl; with the precursor recipe
from Ding et al.;**)

Type B precursor/perovskite films—
Cs0.05(MAg.17FAg83)0.95 Pb(Io84Bro16)3 in
which Cs and Br were incorporated into
the precursor solution in addition to
the basic elements in Type A films. It is
known that the introduction of tertiary
(FA/MA/Cs) cations and binary (I/Br)
halide anions in Type B perovskite can
significantly enhance its thermal sta-
bility and suppress the formation of
photoinactive nonperovskite phase (yel-
low phase) in the resultant film, leading
to enhanced performances for the
PSCs;38l and

Type C precursor/perovskite films—Cl
is incorporated to the Type B precursor.

)

After
Thermal

[
L
&)

Both the conventional and cryo-controlled
growth processes were applied to all three
types of films. For Type A films grown using
the conventional process, it was observed
that the crystallization of the perovskite
began in the early stage of spin-coating process resulting in a
fast and short time window for the crystallization step. The as-
cast precursor film was gray in color, which yields a perovskite
film with high roughness and poor coverage after the thermal
annealing process. From Figure 1¢, it is observed that there was
a rapid change in the color of the Type A as-cast precursor film
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Figure 2. a,b) The results of dynamic absorption of the precursor film without (a) or with (b) the cryogenic treatment followed by the blow-dry process.

and, after thermal annealing, the resultant perovskite film had
a very rough appearance. As for Type B and Type C precursor
films, the time window was relatively longer compared to Type
A precursor film. The as-cast precursor films were shiny at
the beginning, but became rough and gray after 180 s. Hence,
the conventional perovskite growth method was not optimized
for preparing Type B and C perovskites as it yielded grey films
with very poor coverage as shown in the photos in Figure S2
of the Supporting Information. With the proposed cryogenic
process, the crystallization rate was substantially lowered and
the time window for the film formation was lengthened for all
three perovskite compositions. From Figure 1c it is shown that
the time window for film formation was significantly increased
for Type A precursors. The cryogenic treatment was able to pre-
serve the Type B and Type C precursor films in a shiny and
smooth appearance for a longer time (>15 min) before carrying
out the next processing step.

An in situ investigation of the 1-step spin-coating process
of MAPbX; (X = I, Br, C)*) showed that the composition
of the precursor solution has strong impact on the interac-
tion between solvents and the solutes and thus alters the film
casting dynamics during the spinning process, leading to the
formation of ordered or disordered precursor solute phases.
For most commonly used deposition recipes, the solvents tend
to retain in the films and disrupt the precursor orders so that
the quality of the resultant perovskite films may be influenced
by a number of random factors, particularly for the processing
conditions (e.g., concentration of solvents trapped in the glove
box), resulting in diverse qualities for the perovskite materials
even based on the same precursor formulation. Our proposed
4-step process is an effective strategy to reduce the impact
caused by the solvent-solute interactions on the quality of the
as-cast precursor films, which is particularly useful for mixed
perovskites with high complexities in the composition. This is
because the nucleation and crystallization phases are effectively
decoupled during the perovskite growth.

The blow-dry process, similar to VASPP® and single gas
quenching technique,*** relies on rapid residual solvent
removal to control the film crystallization and improve uni-
formity. Adding the cryogenic treatment prior to blow-drying
further enhances the decoupling of the nucleation and crys-
tallization phases for the as-cast precursor films, yielding
higher quality perovskite thin films after thermal annealing.
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To investigate the role of these two steps in the film forma-
tion, we have conducted a dynamic absorption measurement
on the as-cast precursor films treated by the blow-dry process
alone and one prepared by the cryogenic technique followed
by the blow-dry process. Figure 2 shows the comparison of the
experimental results between these two types of samples based
on Type B precursor films while the experimental results on
Type A and Type C films are shown in Figure S3 of the Sup-
porting Information. As observed in Figure 2, the unreacted
pale-yellow precursor films absorbed photons between the
range of 350 to =450 nm. The increase in absorption beyond
450 nm indicates that chemical reactions had taken place
between the precursors within the films leading to the forma-
tion of perovskite crystallites. It is clearly observed that the rate
of conversion of the perovskite layer is more gradual for the
sample treated with cryogenic process. Similar phenomena are
also observed for the Type A and Type C samples (Figure S3,
Supporting Information). The data show that chemical reac-
tions between precursors and the evaporation of the residual
solvents took place simultaneously. The low temperature
ambient slows down the rate of precursor reaction and in the
meantime the blow-dry process can effectively extract most of
the residual solvent from the precursor films when the tem-
perature increased, preventing the disordering of the precursor
due to the melting of the residual solvents.

Retardation of the rate of chemical reactions by the cryogenic
step in the process is also clear from the film morphology.
Figure 3 shows the typical SEM images for the Type B films
after each processing step: (i) as-cast precursor films with or
without cryogenic treatment (Figure 3d,a, respectively); (ii) the
precursor films after the blow-dry process (Figure 3b,e); and
(iii) the final perovskite films after thermal annealing
(Figure 3cf). As observed in Figure 3a, substantial aggrega-
tion was observed for the as-cast precursor film without cryo-
genic treatment whereas a highly uniform precursor film was
obtained for the cryogenically treated sample as shown in
Figure 3d. After the blow-dry process, the cryogenically treated
film exhibited excellent coverage (Figure 3e) compared to the
control film which showed significant roughness and contained
high concentration of pinholes (Figure 3b). Due to the substan-
tial differences in the morphology of precursor films, it is not
surprising that the resultant perovskite films exhibited tremen-
dous differences in quality after thermal annealing. The control
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Figure 3. The morphology of the precursor/perovskite films prepared by the solution processes with or without cryo-controlled technique. a) The
as-cast precursor film without cryogenic treatment, b) the precursor film without cryogenic treatment and after blow-dry process, c) the perovskite film
obtained from thermally annealed precursor film in (b), d) the as-cast precursor film with cryogenic treatment, e) the precursor film with cryogenic
treatment and after blow-dry process, and f) the perovskite film obtained from thermally annealed precursor film in (e).

perovskite film indicated poor coverage and high concentration
of pinholes, as shown in Figure 3¢, whereas the perovskite film
grown by the proposed 4-step technique indicated excellent film
morphology (Figure 3f).

It is known that the constituents used in the precursors
greatly affect the dynamics of perovskite conversion.? It is
found that the average grain size of Type A perovskite film
(Figure S4c, Supporting Information) is substantially smaller
compared to that of Type B films (Figure 3f) since the rate of
crystallization of Type A film is much faster than the Type B
film during the thermal annealing stage leading to significantly
shorter crystallization time. However, large grain size is desir-
able for high-performance PSCs, since films with larger grain
size have fewer grain boundaries and lower trap density.?’]
In our previous work, we have shown that the crystallization
time is substantially lengthened when the concentration of Cl
in the precursor solution increases and the perovskite grain
size is proportional to the crystallization time.!'*l Furthermore,
Bouchard et al.*¥ utilized synchrotron X-ray diffraction micro-
scopy to obtain direct evidence for chlorine-induced prefer-
ential crystalline orientation leading to the growth of larger
perovskite crystallites on TiO,. Thus, we considered modification
of the precursor solution composition by adding Cl to further
increase the grain size of the perovskite (Type C). Our experi-
mental data show that the crystallization rates for the three
types of perovskites in this work are: Type A>Type B>Type C,
with a strong impact on the average grain size as observed in
the corresponding films: Type A<Type B<Type C, as clearly
shown in the SEM images in Figure 3f, and Figure S4c,f,I (Sup-
porting Information). Figure S4 of the Supporting Information
also compares three types of resultant perovskite films prepared
by the conventional process (direct thermal annealing of the
as-cast precursor films), blow dry process followed by thermal
annealing and the proposed 4-step cryogenic process. It is
noted that introduction of the blow-dry process before thermal
annealing can yield perovskite films with enhanced coverage
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compared to the samples prepared by direct thermal annealing
of the as-cast precursor films. However, pinholes likely appear
for the type of perovskite with fast crystallization rates. This
observation is consistent to the results of dynamic absorption
shown in Figure 2 and Figure S3 (Supporting Information),
which clearly indicate that samples treated with single blow-dry
process have shorter crystallization time window and the
precursors start to react right after the spin-coating process,
increasing the chance of premature crystallization. On the
contrary, all three types of multication mixed halide perov-
skites grown by the proposed 4-step technique exhibited sub-
stantial improvements in the film uniformity and coverage
compared to the counterparts grown without cryogenic
treatment. The results reflect the effectiveness of the proposed
technique for preparing a wide range of organometal halide
perovskite materials with excellent morphology. Moreover, the
cryogenic step is particularly useful for the future manufac-
turing production lines as it can preserve the precursor films
as long as the next processing step is ready. The perovskite film
quality prepared by the blow-dry process and cryogenic 4-step
process are compared by different characterization techniques
and the results are shown in the following paragraphs.

The X-ray diffraction (XRD) results provide further insight
into the evolution of Type B film at different stages of mate-
rial processing. We have investigated two different films:
i) the control film (without cryogenic treatment) with the
results shown in curves 1, 3, and 5 of Figure 4a; and ii) Type
B film fabricated with the proposed 4-step technique and the
results are shown in curves 2, 4, and 6 of Figure 4a. From the
data, it is observed that no crystal phase in the as-cast precursor
films can be resolved (curves 1 and 2) as the precursors were
still embedded in the residual solvents after spin-coating pro-
cess without any preferential crystal orientation for both sam-
ples. When the residual solvents were being extracted with the
aid of the blow-dry process (curves 3 and 4), a number of crystal
phases can be detected. It is interesting to point out that the
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Figure 4. a) The XRD patterns for Type B precursor/perovskite films at different processing steps. The control results are plotted in black (curves 1, 3, 5)
and the results obtained from the film prepared by the cryo-controlled technique are plotted in red (curve 2, 4, 6). Curves 1 and 2: as-cast precursor
films, Curves 3, 4: after blow-dry process, Curves: 5, 6: after blow-dry process and thermal annealing. b—d) The PDS spectra of Type A (b), Type B (c), and
Type C (d) perovskite films prepared by solution processes with and without cryo-controlled technique (CT).

yellow phase (13.2°, 26.6°, and 33.8°) of CsPbl; (§o-CsPbl;)*4
in addition to the characteristic perovskite phases (14.1°,
19.9°, 24.5°, 28.4°, 31.8°, and 35°) were observed from curve
3 obtained from the control sample whereas no yellow phase
of CsPbl; was detected from the sample treated with cryogenic
process (curve 4). The results are indicative of the impact of the
cryogenic process, which can suppress the formation of unde-
sired phases in the precursor film during the blow-dry process
and it is believed that the reduction in the reaction rate of the
precursors after the cryogenic treatment had led to the forma-
tion of ordered precursor solute phases.*? After the complete
conversion of the perovskite material from the precursors, XRD
peaks (14.1°, 19.9°, 24.5°, 28.4°, 31.8°, and 35°) were observed
from curves 5 and 6 of Figure 4a, which are consistent with the
literature.l38! From the experimental data, we investigated the
crystallinity of the two films based on the ratio of the perov-
skite peaks and the background XRD signal. It is observed that
despite the disappearance of the yellow phase for the control
sample after thermal annealing, the crystallinity of the con-
trol film is still substantially lower compared to the sample
with cryogenic treatment. The XRD results for Types A and C
perovskite samples prepared with and without cryogenic treat-
ment are shown in Figure S5 (Supporting Information) and the
results are found to be consistent with the discussions above.
Our results agree well with the recent work of Ren et al.*
who found that the incorporation of low temperature (0 °C)
antisolvent during the spinning process can stimulate homo-
geneous nuclei growth and thus improve the crystallinity
of the perovskite films, yielding an average PCE of 18.4% for
(FAPbI3)O.85(MAPbBI’g)O‘lS based PSCs.

We further investigated the impact of the composition of
the precursors on the crystallinity of the perovskite film grown
using the 4-step processes. From the XRD results it is observed
that the degree of crystallinity is improved from =20% (Type A
and Type B perovskite) to 85% (Type C perovskite), which is due
to the further increase in the grain size for Type C perovskite
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layer achieved by slowing down the crystallization process
with the incorporation of Cl. Furthermore, several groups have
pointed out that incorporation of Cl affects the morphological
evolution of perovskite growth, leading to preferential crystal-
lographic orientations, which is beneficial for efficient charge
transfer.***’] Their findings are also corroborated by our XRD
data for the Type C perovskite, as indicated in Figure S5 of the
Supporting Information.

We also investigated the defects in the films with and
without cryogenic treatment using photothermal deflection
spectroscopy (PDS). The technique demonstrates high sen-
sitivity (order of 107 in absorption characterization as it can
detect the changes in the thermal state of the samples due to
the nonradiative relaxation of photoexcited carriers. It has been
commonly applied to characterize the energetic disorder as the
exponential decay of the absorption below the bandgap with a
characteristic Urbach energy Fy[*¥! and analyze the electronic
defects in amorphous and organic semiconductors.**% In
this work, we have performed PDS to examine the density of
the bandgap states of the three types of perovskite films with
and without cryogenic treatment, as shown in Figure 4b-d.
From the results, the conduction band edges are found to be
=1.58, 1.61, and 1.62 eV from valence band edge for the Type
A, Type B, and Type C perovskite films, respectively, which
is in excellent agreement with absorbance spectra of the
films as shown in Figure S6 of the Supporting Information.
The shallow traps of the films can be characterized by the
magnitude of Ey, which reveals the steepness of the band
tail states located at the conduction band edge.”'l A smaller
Ey stipulates a lower density of shallow traps and thus
these data are useful figure-of-merits for the films. The Ey
values for the three types of perovskites with or without
cryogenic treatment, as listed in Table 1, clearly show that
the cryogenic treatment substantially suppresses the forma-
tion of both the shallow and deep traps for all three types of
perovskite films.
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Table 1. The summary of parameters of devices and films for different perovskite compositions with and without cryogenic treatment. The values of
photovoltaic parameters are averaged from ten devices and the highest values are indicated in the bracket.

Type Cryogenic Voc [V] Jsc [mA cm™ FF PCE [%] Ey [meV] T[ns]
A Without 1.04£0.05 (1.10) 21.1+0.7 (20.4) 0.58 +£0.05 (0.69) 12.7+£1.5 (15.3) 23.0 13£1
With 1.07 £0.01 (1.07) 22.9+0.4 (23.9) 0.72+0.02 (0.74) 17.8+£0.7 (18.9) 21.4 22+1
B Without 1.08 £0.02 (1.10) 22.4+1.3 (23.1) 0.65%0.03 (0.67) 15.8+£1.0 (17.7) 19.3 89+2
With 1.11£0.01 (1.13) 22.0+0.8 (22.5) 0.77 £0.02 (0.79) 18.8£0.7 (20.1) 18.9 288 £5
C Without 1.10£0.01 (1.17) 22.0+0.3 (22.3) 0.74+0.03 (0.77) 18.1£0.7 (19.0) 20.2 460 + 4
With 1.13£0.01 (1.14) 23.0+0.5 (23.5) 0.79+0.01 (0.80) 20.5+0.6 (21.4) 19.0 6905

To further investigate the film quality and defect density
time resolved photoluminescence (TRPL) measurements were
performed, and the obtained results are shown in Figure 5a.
All data can be well fitted to the first order exponential decay
function and the carrier lifetimes, 7, can be determined from
the fitting. The values of 7 for the three types of perovskites
with or without cryogenic treatment are indicated in Table 1.
For all perovskite compositions, cryogenic treatment results in
longer lifetimes, which is consistent with expected lower trap
density based on improved crystallinity (XRD), larger grain
size (SEM), and lower density of gap states (PDS). A longer life-
time is a clear indication of reduction in carrier recombination
in the perovskite films due to the enhanced film quality, which
is beneficial for photovoltaic performance.

We also performed low-frequency noise (LFN) measure-
ments on the three types of perovskite, which provides further
evidence on the impact of the cryo-treatment on the crystal-
linity of the perovskite films. The LFN is a ubiquitous phenom-
enon, which is observed in all semiconductor devices including
the PSCs. The noise power spectral density (PSD) typically is
expressed in a functional form of S(f)e<1/f” where y= 1. It has
been widely demonstrated in semiconductor optoelectronic
and electronic devices that the LEN in the device conductance
originates from the random trapping and detrapping of the car-
riers by localized defect states in the material.’2%3 The random
trapping and detrapping events of the carriers by a single defect
will result in the corresponding fluctuation in the conductance

a) 1000
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o
1
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B Type Bwith CT
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Figure 5. a) TRPL signals
technique (CT).
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of the device in the form of a random telegraph noise with the
noise PSD given by

At
S(f)=—1tt —

(£) 1+4n’f*1?
where A is a proportionality constant and 7 is the fluctuation
time constant. It has been showed that LEN of PSCs arises
from a thermally activated trapping and detrapping process,!!”!

1)

ksT )’
where 7, is of the order of the inverse phonon frequencBy of
the order 1072 s, F is the activation energy of the trap, kg is the
Boltzmann constant, and T is the absolute temperature. Since
the individual trapping and detrapping events due to different
trap states are statistically independent, the overall current
noise PSD, Si(f), for a large device with large number of local-
ized states can be expressed as

Si(f)

— =

hence the fluctuation time constant is given by 7 =7, exp

Al 0, I JeNe(Exy.2) dEdzdydx

_ 2
1+4n’ 7 @)

where Ny is the trap density and I is the DC current applied to
the device. Based on the thermal activation model for the LFN,
the trap density Ny can be expressed as

LA Si(f) _4cf Sv(f)

N:(E = 3
BT T kT v G)
b
.E
=
el
£
)
S
=
10° T T T T T T
0.30 0.35 0.40 0.45 0.50 0.55

Energy (eV)

Type C without CT
® Type CwithCT

and b) LFN spectra for three types of perovskite film prepared by the solution processes with and without cryo-controlled
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where C is a proportionality constant and the Lorentzian peaks
sharply at E, = —kg T In(wtp). To pinpoint the impact of material
growth technique on the defect density of perovskites, we have
performed the LFN measurement on the samples with a resis-
tive structure (FTO/perovskite/Au), which not only character-
izes the bulk of the perovskite layer but also the perovskite/FTO
and perovskite/Au interfaces as well. Based on Equation (3)
above the normalized trap densities, Nyy(E) were computed for
the different samples by adopting a unity value for C and the
results are shown in Figure 5b. The results demonstrate sub-
stantial decrease in the trap density for all types of perovskite
samples prepared by the 4-step growth technique compared to
their counterparts, which were not treated with the cryogenic
process, in agreement with PDS and TRPL results. In addition,
an obvious trend of reduction in trap density from the samples
of Type A to Type C is observed in Figure 5b. It is believed that
perovskite films with larger gain size contain lower concentra-
tion of grain boundaries, which can substantially reduce the
trap density in the bulk of the perovskite films and between the
material interfaces.

The photovoltaic performance of the PSCs based on the
three types of perovskite films were characterized in detail.
From the photovoltaic parameters summarized in Table 1, it is
clearly observed that cryogenic treatment results in significant
enhancements in open-circuit voltage (Voc), and fill factor (FF)
for all types of perovskites. Substantial improvements in short-
circuit current density (Jsc) for Type A and Type C devices and
no significant change in Jsc for Type B devices are observed.
Overall, the cryo-controlled grown PSCs have higher PCEs
compared to their counterparts without using the cryo-
controlled process. Furthermore, an ascending trend in the
PCE is observed for the different types of PSCs: Type A<Type
B<Type C, which strongly correlates with the experimental
results obtained above, since Type C perovskite films have
larger grain size, higher crystallinity, and lower trap density.

The representative current—voltage (I-V) curves and external
quantum efficiency (EQE) spectra for the three types of
PSCs prepared by the cryo-controlled process are plotted in
Figures S7 and S8 of the Supporting Information. We have
achieved a champion device with PCE 0f 21.4% with Voc=1.14V,
Jsc = 23.5 mA cm™ and a high FF of 0.80 from Type C PSC
(Figure 6a). It is noteworthy that our PSCs, based on a compact
SnO, film as the electron transport layer (ETL), have different
extents of hysteresis as shown in Figure S7 of the Sup-
porting Information. The hysteresis index (HI) is defined as
HI= [Pmax,revetse/Pmax,forward] - 1)’[54] where Pmax is the maximum
power points on the reverse and the forward scan. Among the
three types of perovskites, Type C PSC has the lowest HI (0.18)
compared to Type A (0.30) and Type B (0.32) PSCs, which is
attributed to the improved film quality of Type C perovskite.

The residual hysteresis in our devices after optimization of
perovskite quality is attributed to the surface traps, which is also
consistent with slow increase of photocurrent observed in cur-
rent-time (I-t) scan shown in Figure S9 of the Supporting Infor-
mation.”® It was also reported that the hysteresis is related to the
energy level alignment at ETL/perovskite interface,**>”) which in
turn is affected by the presence of deep trap states.’”) In addition
to the reduction in the interface trap density, improvements in the
conductivity of SnO, may also contribute to reduced hysteresis.>®!
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Figure 6. a) The |-V characteristics of a PSC with the champion PCE. b) The
typical reverse and forward I~V scan and c) -t scan of the optimized PSCs.

Since the observed behaviors (hysteresis and slow stabilization
dynamics) are consistent with the presence of interface traps
rather than bulk traps in the perovskite layer,? it is possible that
the performance could be further improved by optimizing ETL
deposition as well as the optimization of the interface between the
ETL and the perovskite layer—an effect analogous to PSCs with
mesoscopic ETL typically demonstrate smaller -V hysteresis.[2*
We have optimized the ETL/perovskite interface by incorpo-
rating a layer of SnO, nanoparticles (SnO,-NPs) on top of the
compact SnO,; (c-Sn0O,) layer and the obtained [~V curves shows
significant reduction in hysteresis (Figure 6b). We have con-
ducted atomic force microscopy on different types of ETL layers

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(c-SnO, and ¢-Sn0,/Sn0O,-NPs) and the perovskite film (Type
C) coated on the corresponding types of ETL. The results, as
shown in Figure S10 of the Supporting Information, indicate a
slight increase in surface roughness of the ETL (RMS from 14 to
33 nm) and perovskite (RMS from 29 to 30 nm) when SnO,-
NPs were deposited on the c-SnO,. It is interesting to note that
no obvious change in perovskite morphology is found after
introducing an extra layer of SnO,-NPs, which is possibility due
to the low concentration of SnO,-NPs in our recipe. We have
also compared the TRPL signal on the samples with the struc-
ture of Quartz/c-SnO,/perovskite and quartz/c-SnO,/SnO,-
NPs/perovskite. The results are plotted in Figure S11 of the
Supporting Information. The effectiveness of electron transport
between perovskite and ETL can be reflected by the quenching
rate of the PL intensity.>! It is observed that the decay of TRPL
signal is accelerated for the sample of quartz/c-SnO,/SnO,-
NPs/perovskite compared to the sample of quartz/c-SnO,/
perovskite, indicating a more efficient electron transfer from
the perovskite to the ETL composed of ¢-Sn0O,/SnO,-NPs. The
enhancement of carrier transports and reduction in trap density
at the interface between the layer of ETL and perovskite in the
PSC are believed to be the factors for reducing -V hysteresis.

The I-t scan of the device under 1 sun illumination has
been measured for c-SnO, based and ¢-SnO,/SnO,-NPs based
devices and both devices show good stability over a long period
of time. It is noteworthy that the ¢-SnO, based devices in
this work usually require a longer photocurrent stabilization
time compared to ¢-Sn0O,/SnO,-NPs based devices (compare
Figure S9, Supporting Information with Figure 6¢). Meanwhile
light soaking effect is observed for c-SnO, based devices but
not for ¢-Sn0O,/Sn0O,-NPs based devices. It is speculated that
the trap filling action at ¢-SnO, interface is accounted for the
observed behaviorsP>® and their effects can be alleviated by
optimizing the ¢-SnO,/perovskite interface with SnO,-NPs. The
correlation between the defect density and the quality of SnO,
ETL will be systematically investigated in the coming works.

The scalability of PSCs is one of the concerns for commer-
cialization. We have applied our proposed technique to prepare
PSCs with larger area. The designed layout of the solar module
is shown in Figure S12a,b of the Supporting Information, in
which three devices are connected in series with a designated
illumination area of 2.73 cm? A PCE of 15.2% with a V¢
335V, Jsc 18.8 mA cm™2, and 0.72 fill factor can be achieved
(Figure S12c¢, Supporting Information).

A novel 4-step cryo-controlled method for the deposition of
high quality mixed perovskite films without the use of antisol-
vents has been demonstrated. This method results in increased
grain size and crystallinity and lower defect density for all three
different perovskite compositions investigated. Thus, the method
has universal applicability and it is readily scalable to larger device
areas. The improved film quality and consequently increased
PCE result from decoupling of the nucleation and crystallization
phases during the conversion of perovskite from precursors. Pro-
cessing at cryogenic temperature suppresses premature reactions
of the precursors and prevents premature coalescence of nuclei
into large crystallites, enabling uniform film formation following
the blow-drying and annealing steps. The method is of particular
interest for Cs-containing perovskite formulations, since it is
shown to successfully suppress the formation of the undesirable
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yellow phase 6-CsPbI;. Using this method, a champion PCE of
21.4% with a Vo = 1.14 V, Jsc = 23.5 mA cm™2, and FF = 0.80
can be achieved for optimized perovskite composition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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