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ABSTRACT: Morphology is critical component to achieve
high device performance hybrid perovskite solar cells. Here, we
develop a vapor induced intermediate phase (VIP) strategy to
manipulate the morphology of perovskite films. By exposing the
perovskite precursor films to different saturated solvent vapor
atmospheres, e.g., dimethylformamide and dimethylsufoxide,
dramatic film morphological evolution occurs, associated with
the formation of different intermediate phases. We observe that
the crystallization kinetics is significantly altered due to the
formation of these intermediate phases, yielding highly
crystalline perovskite films with less defect states and high
carrier lifetimes. The perovskite solar cells with the recon-
structed films exhibits the highest power conversion efficiency
(PCE) up to 19.2% under 1 sun AM 1.5G irradiance, which is
among the highest planar heterojunction perovskite solar cells. Also, the perovskite solar cells with VIP processing shows less
hysteresis behavior and a stabilized power output over 18%. Our work opens up a new direction for morphology control through
intermediate phase formation, and paves the way toward further enhancing the device performances of perovskite solar cells.

■ INTRODUCTION

Organic−inorganic halide perovskite based solar cells, e.g.,
CH3N3HPbI3−xClx, are recognized as one of the most
promising candidates for future solar energy utilization, which
have rapidly turned into the focus of intensive academic
research and industrial interests in recent years.1−4 The active
layers of perovskite solar cells feature of mixed ionic−covalent
bonding ABX3 structures (A is cation, B is core metal, X is the
anion),5,6 which possess the advantages of a large dielectric
constant,7 high carrier mobility,8 long carrier lifetime,9,10

significantly shallow trap states,11,12 and more. These merits
have enabled perovskite solar cells to reach highest certified
power conversion efficiencies (PCE) over 22%, which is
comparable to that of commercial silicon photovoltaic (PV)
devices. Moreover, the perovskite film can be easily formulated
using the facile solution-based processes on the flexible
texture,13,14 which makes perovskite solar cells cost-effective
and ideally compatible with the roll-to-roll processing.15−17

These achievements have encouraged perovskite solar cells as a
prevailing technique in the future photovoltaic market.1,18

However, high device performance critically relies on the
quality of the perovskite films,19−21 e.g., high crystallinity and
few defects. The perovskite film quality is intimately related to
the film formation process, which needs to be strictly controlled
for high device performance.22

It has been demonstrated that the organic−inorganic halide
perovskite can be prepared through the self-assembly of the
mixed precursors via annealing.23,24 Thus far, the processing
methods for the perovskite films mainly included the solution
one-25 or two-step(s) methods,26,27 vacuum deposition,28 and
vapor-assisted processes.29 Among these, the two-step solution
processing has shown great potential to achieve highly
crystalline and homogeneous films, and has been frequently
employed as model system for further study.30,31 The
morphology control protocols developed in context of the
above processing methods focus on controlling the kinetics or
dynamics of crystallization, e.g., by controlling the solvation
status of the precursors,32 use of additives,33 tailoring the
precursors compositions,4,34 surface induction,15,30,35 etc.
During the crystallization process, the formation of the
intermediate phases has shown to be a critical step toward
morphological manipulation.25,36−40 During the transition from
the precursors to the crystalline perovskite film, the
intermediate phases form that can facilitate the film
reconstruction and significantly influence the crystallization
kinetics.25,38 Moreover, reconstructed perovskite film have
shown excellent optoelectronic properties and enabled highly
efficient perovskite solar cells.39,40 However, the current
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strategy to generate the intermediate phases has utilized the
one-step solution processes using dimethyl sufoxide (DMSO)
additives.32 Thus, a broad application of intermediate phase
strategies remains unexplored in terms of both processing
methods and intermediate phase species. The formation of
these intermediate phases originates from coordinated bonds
between the precursors and the solvent molecules, which makes
the perovskite or the PbI2 films extremely sensitive to the
surrounding vapor atmosphere.41−46

Here, we demonstrated the intermediate phase can also be
induced by exposing the precursor films into the saturated
solvent vapor atmosphere, e.g., dimethylformamide (DMF) or
DMSO. Highly efficient planar heterojunction perovskite solar
cells with delicately controlled morphology were achieved via
the vapor induced intermediate phases (VIP) strategy. By
exposing the mixed perovskite precursor films to different
saturated solvent vapor atmospheres, such as DMF and DMSO,
different intermediate phases formed, that were associated with
strong apparent changes of the films colors and surface textures.
Subsequently, highly crystalline perovskite films with large grain
sizes, less trap states, and long carrier lifetime were obtained
due to the reconstructed crystallization process. The corre-
sponding perovskite solar cells with VIP processing (DMF

vapor) exhibited the highest PCE up to 19.2% (reverse scan),
with reduced hysteresis (18.1%, forward scan) and highest
steady state output power over 18 mW/cm2 under 1 sun, AM
1.5G irradiance. The improved device performance can be
attributed to the reduced defects in the perovskite film as
verified by photoluminescence (PL), and transient photo-
voltage/photocurrent decay (TPV/TPC) measurements.

■ RESULTS AND DISCUSSION

Vapor Induced Intermediate Phases. The proposed VIP
method includes four steps as shown in Figure 1. First, spin-
coating lead iodide (PbI2) solution on substrates to form a
uniform PbI2 film. Second, the PbI2 film was dripped with
methylammonium iodide (MAI) solution to form a dark red
PbI2-MAI compound film. Third, the film was quickly exposed
to a saturated solvent atmosphere for 2−6 s during the spin-
coating to generate an intermediate complex film. Finally, the
complex film was annealed at 135 °C for 15 min in ambient air
(relative humidity 40% at 25 °C) to produce a poly crystalline
perovskite film. Compared to the traditional two-step
processing (without step 3), dramatic changes of the film
were observed with the VIP processing. Typically, the PbI2
films showed a light yellow color after annealling, and change to

Figure 1. Vapor induced intermediate phase (VIP) strategy. (a) Schematic diagram the solvent-vapor induced intermediate phase strategy. (b) XRD
pattern of intermediate phases with or without vapor treatment. Pictures of the (c) intermediate phases complex and (d) perovskite films (top)
Sample 1. Without vapor treatment, 2. With 2 s DMF vapor treatment, 3. With 6 s vapor treatment, and 4. With 6 s DMSO vapor treatment). (e)
XRD patterns of perovskite films processed from different vapor treatments. (f) Plausible morphology evolution mechanism with the VIP processing.
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dark red (Figure 1c) with the dripping of MAI due to the
formation of the perovskite structure. With the vapor
treatments, the dark red color of the precursor films initially
faded and became more transparent, followed by turning to a
white-to-red hazy color (with DMF vapor, top inset of Figure
1) or white-to-yellow haze (Figure 1 c).
Figure 1b depicts the XRD patterns of the PbI2-MAI

complex films. As shown, the films without vapor treatment
showed peaks at 14.1° and 28.6°, corresponding to the ⟨110⟩
and ⟨220⟩ faces of perovskite crystals as illustrated in previous
works.22 The appearance of perovskite peaks suggested that the
precursors were directly converted into the perovskite
structures upon MAI dripping in the traditional solution two-
step method. However, a new peak at 28.3° appeared in the
precursor films, and disappeared after converting into perov-
skite films with annealing on hot plate (Figure S1). The
appearance of the peak at 28.3° might result from the
incomplete conversion of the precursors into the perovskite
structure after MAI dripping. However, with the VIP process,
the XRD peaks corresponding to the perovskite structure
disappeared. Instead, three peaks at low diffraction angles of
6.8°, 7.5° and 9.5° emerged with DMSO vapor treatment, and
these peaks were attributed to the formation of PbI2-MAI-
DMSO complex as observed in previous work with one-step
solution process.36,39 Interestingly, with the DMF vapor
treatment, a new and distinctly strong peak at 7.5° appeared,
corresponding to a lattice spacing of ∼1.17 nm. These results
clearly show that the solvent vapor treatment is an effective
method to induce the formation of different intermediate
phases. It is worth noting that the intermediate phases obtained
by VIP processing with DMF vapor is unprecedented in
literature. Thus, our work opens up a novel mechanism to
converting the precursor films into perovskite.
To provide an insight into the intermediate phases structures,

we further analyzed the composition of the intermediate phases
via Fourier transform infrared spectroscopy (FTIR), as shown
in Figure S2. Compared to those without any vapor treatment,
the precursor complex films with DMSO treatment showed an
apparent absorption peak at 1017 cm−1, which can be attributed
to the SO vibration. This observation is consistent with the
previous literature report, and confirms the existence of DMSO
in the intermediate phases.36 However, the FTIR spectra of
PbI2-MAI precursor complex films with DMF treatment were
similar to those without vapor exposure, and no peaks
corresponding to the DMF molecules were observed in
perovskite films with the DMF vapor exposure. This implies
that the intermediate phases with DMF exposure are free of
DMF solvent molecules. Furthermore, we studied the XRD
patterns of pure PbI2 films with and without DMF or DMSO
vapor treatment (Figure S3) and compared them with those of
the PbI2-MAI intermediate phases. The XRD pattern of pure
PbI2 showed strong diffraction peak at 12.7°. Additional
diffraction peaks appeared at 9.5° and 9.0° with DMF vapor
treatment, and at 9.9° and 9.4° with the DMSO vapor
treatment. It is clear that the peaks positions of pristine PbI2
after DMSO or DMF vapor exposure were significant different
from that of intermediate phases of the PbI2-MAI complexes.
This implied the involvement of both MAI and PbI2
component in the intermediate phases. Therefore, it is
concluded that the intermediate phases are composed of
PbI2-MAI with DMF vapor treatment, and PbI2-MAI-DMSO
with the DMSO vapor treatment.

On the basis of the above analysis, plausible phase transition
mechanisms from the vapor treatments are drawn in Figure 1d.
First, the DMF or DMSO solvent molecules may facilitate the
interdiffusion between the PbI2 and MAI layers due to the
solvation of the PbI2-MAI complex film by the saturated DMF
or DMSO vapor surroundings. Second, the DMF or DMSO
vapor treatment assists the intercalation of the MAI molecule
into the PbI2 crystal lattice. It has been shown that the PbI2
crystal exhibits lamellar structure with a plane of Pb2+ ions
sandwiched between adjacent layers of hexagonally arranged
iodide ions. The large interlayer space and weak interlayer
interaction allow the intercalation of different guest molecules,
resulting in the expansion of the interlayer distance along the c
axis.47 Due to the strong interaction between the PbI2 and the
DMF or DMSO molecules, the interlayer distance of PbI2 is
expanded by DMF or DMSO vapor treatment, as proved by the
appearance of low diffraction angle peaks of PbI2 films (Figure
S3). Thereafter, the MAI molecules can be easily embedded
into the lattice structure of PbI2, which accounts for the origin
of intermediate phase formation. Afterward, the DMF solvent
molecule can escape from the intermediate phase due to the
low boiling point and weak interaction with Pb2+, resting the
intercalated MAI component in the PbI2 crystal lattice. In the
case of DMSO exposure, the DMSO molecules remain in the
intermediate phase due to their high boiling point and the
stronger coordinated interaction with the Pb2+. Interdiffusion
between the PbI2 and MAI is the most important step for the
solution-processed two-step method, and we can see that the
formation of intermediate phase can significantly influence the
crystallization kinetics. As a result, changes in the morphologies
of the perovskite films are expected with the solvent vapor
treatment on PbI2-MAI complex films, which were examined as
follow.

Morphology of Perovskite Films. After annealing, most
of the precursors complex films were converted into the
perovskite polycrystalline film (Figure 1d) with distinct
perovskite peaks at 14.1° and 28.6° (Figure 1c).28 Interestingly,
we observed that the precursor films with vapor exposure
showed faster conversion into perovskite on hot plate. We
found that the peak intensities of the perovskite films show
large differences, and increased in the sequence of the
traditional two-step process, DMSO and DMF vapor treatment.
The stronger XRD peaks indicate the improvement in
crystallinity with the DMSO or DMF vapor treatment. Besides,
the perovskite film with vapor exposure showed weaker PbI2
peak at 12.7°, indicating less content of PbI2 component and
more complete conversion with the intermediate phases.
Figure 2 shows the corresponding morphologies of perov-

skite films processed with or without the VIP processing. The
perovskite films processed from the traditional two-step
method showed grain size around 300 nm (Figure 2a and d).
However, with DMF and DMSO vapor exposure, the grain size
was enlarged to 500 and 450 nm, respectively, and the surface
roughness also significantly increased. Altough the perovskite
film with VIP strategy show textured surface, the whole film
remain fully covered on the SnO2 surface without any pinholes,
which should not adversely influence the device performance.
Also, the crystal size of the perovskite films with VIP processing
increased as verified by the XRD pattern (Figure S4), where the
⟨110⟩ full-width-half-maximum of perovskite with DMF vapor
annealing was significantly narrowed (0.10°) compared with
that without vapor annealing (0.14°), corresponding to the
crystal size of 84 and 60 nm according to the Scherrer’s
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equation (τ = Kλ/β cos θ, where K is geometry factor, λ is the
wavelength of X-ray, β is the half-peak width, and θ is the
diffraction angle). Although the perovskite grain size became
significantly larger, these large crystals were compactly arranged
on the surface of ITO/SnO2 substrates without any pin-holes,

as confirmed by the cross-sectional images (Figure S5). The
enlarged crystal size and more complete conversion from the
precursor to the perovskite films verifies the vapor induced
intermediate phases as an effective strategy to achieve high
quality perovskite film.

Device Performance of Perovskite Solar Cells. The
perovskite solar cell devices were fabricated using the
perovskite films processed with different solvent vapor
exposure. The conventional N−I−P device structure was
adopted for device fabrication, which is shown in the Figure
3a. In this architecture, the SnO2

48 and 2,2′,7,7′-Tetrakis(N,N-
di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMe-
TAD)49 were used as electron and hole conductors at ITO
and Au electrodes, respectively. Figure 3b portrays the cross-
sectional SEM image of the whole device. Figure 3c shows the
I−V characteristics of the device, and the corresponding device
parameters are summarized in Table 1. The control device

Figure 2. Morphology of the perovskite films. SEM and AFM images
of perovskite film (a) and (d) processed from the traditional two-step
process, (b) and (e) processed via DMF vapor treatment, (c) and (f)
processed via DMSO treatment.

Figure 3. Device structure and performance of perovskite solar cells with or without VIP processing. (a) Device configuration of planar
heterojunction perovskite solar cells. (b) Cross-section image of the perovskite solar cells. (c) I−V characteristic of perovskite solar cells with or
without DMF, DMSO vapor treatment. (d) EQE spectra of perovskite solar cells with or without DMF vapor treatment. (e) Hysteresis I−V curves
of perovskite solar cells with or without DMF vapor treatment. (f) Steady state output of perovskite solar cells with or without DMF vapor treatment
(at 0.9 V bias).

Table 1. Device Parameters of Perovskite Solar Cells with
Different Vapor Treatments and Different Scan Direction

processing
scan

direction
JSC

(mA/cm2)
VOC
(V) FF PCEa (%)

REF reverse 22.05 1.10 0.726 17.34
(16.25 ± 0.62)

REF forward 21.73 1.04 0.693 15.52
(14.29 ± 0.53)

DMF reverse 22.03 1.10 0.785 19.20
(17.92 ± 0.72)

DMF forward 21.82 1.08 0.759 18.05
(16.75 ± 0.68)

DMSO reverse 21.82 1.10 0.759 18.23
(16.75 ± 0.82)

aThe device efficiency in the parentheses is the average value and
standard deviation.
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processed with the traditional two-step method exhibited a best
PCE of 17.34%, with VOC of 1.10 V, JSC of 22.05 mA/cm2, and
FF of 0.726. After the DMSO solvent vapor exposure, the
device performance appreciably improved to 18.23%, with VOC
of 1.10 V, JSC of 21.82 mA/cm2, and FF of 0.759. With the
DMF vapor treatment, the device performance was further
enhanced to 19.20%, with VOC of 1.10 V, JSC of 22.03 mA/cm2,
and FF of 0.785, which stand among the highest in perovskite
solar cells with planar heterojunction configuration. Variation in
the device performances of perovskite solar cells from different
batches were observed, and the statistic histogram for the
device performance variation is shown in Figure S6. We also
studied the effect of vapor treatment time on the device
performance. As shown in Figure S7, the device performance of
perovskite solar cells with a vapor treatment time from 2 to 6 s
showed improvement, but dropped when exposure time is
longer than 6 s due to the poor morphology. Figure 3d showed
the external quantum efficiency of the perovskite solar cell with
or without DMF vapor annealing. The highest EQE peak can
reach up to 94%, implying the efficacy of the device
configuration for light trapping and charge generation. The
integrated JSC from the EQE spectra of the perovskite solar cells
without vapor annealing was as high as 21.44 mA/cm2, and
further improved to 21.66 mA/cm2 with DMF vapor treatment.
These values were consistent (less than 3% deviation) with the
measured JSC from the scanned I−V curves, thus confirming the
validity of the device performance. Although the integrated JSCs
of perovskite solar cells with or without vapor annealing were
similar, the EQE spectra showed large differences. The EQE
profiles of perovskite solar cells from DMF vapor treatment
were more similar to the absorption spectra of the perovskite
films (Figure S8), and the interference-induced peaks and
valleys (EQE spectra of perovskite solar cells without vapor
exposure, and Figure S9 for the simulated optical field
distribution in the control device) disappeared. We simulated
the EQE spectra of the perovskite solar cells to confirmed the

origin of “V” shape, and ascribe it the a comprehensive effect of
each layer via optical interference. As can be seen, the position
of the “V” shape can be altered by changing the perovskite and
spiro-OMeTAD layer thickness. Thereafter, the diminish of “V”
shape EQE can be attributed to the increased surface roughness
with DMF vapor treatment. The irregular light scattering of the
rough perovskite layer can weaken the interference effect from
the flat interface. This results indicates great potential of the
VIP processing technique for optical manipulation in perovskite
solar cells.
Hysteresis is typically observed in perovskite solar cells due

to the defect states or surface charging induced by ion
migration,50 which can be related to a variety of factors, such as
interfacial contact and morphology. Figure 3e shows the
hysteresis effect of the I−V curves for devices with the
traditional two-step method and the DMF VIP processing. For
the control device, a large discrepancy between the reverse and
forward scan is observed, and the forward scan displays a lower
FF (0.693), VOC (1.04 V), and the overall PCE (15.52%),
which represents over 10% reduction than that of the reverse
scan (17.34%). For the devices with DMF vapor exposure, the
device parameters for the forward scanned show a FF of 0.759,
VOC of 1.08 V, and overall PCE of 18.05%, which is within 6%
deviation from that with reverse scan (19.20%). Thus,
hysteresis can be appreciably suppressed by treating the film
with DMF vapor. We attributed the alleviated hysteresis issue
to the improved perovskite film quality, as described previously.
The appearance of I−V hysteresis makes it difficult to

judiciously evaluate true device performance from the I−V
curve scan. Thus, we further measured the steady state output
at the maximum power point to justify device performance
improvement from VIP processing. As shown in Figure 3f, the
perovskite solar cells without solvent vapor treatment exhibits a
maximum photocurrent of 17.5 mA/cm2 at a bias of 0.90 V
under 1 sun AM 1.5 G solar spectra, corresponding to the
maximum power output of 15.75 mW/cm2. With DMF vapor

Figure 4. Carrier dynamics in perovskite films and perovskite solar cells. (a) Steady state PL spectra and (b) transient PL of perovskite film
processed from different solvent vapors (None, DMF, and DMSO). (c) Transient photovoltage and (d) transient photocurrent of perovskite solar
cells processed with different solvent vapor treatments (None, DMF, and DMSO).
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exposure, the device showed a maximum power output of 18.09
mW/cm2 (highest value), with the photocurrent of 20.1 mA/
cm2 at a 0.90 V bias. Both of the device show stable steady state
output during 240 s (Figure S10). The stability of perovskite
solar cells in ambient condition is recorded and shown in
Figure S10. The perovskite solar cells show degradation over
time, which can be ascribed to the moisture induced crystal
collapse of perovskite film. And the device performance of
perovskite solar cell with DMF VIP processing show imporved
shelf stability possibly due to the improved crystallinity. This
confirms the VIP technique as an efficient strategy to improve
the device performance of perovskite solar cells.
Photo Carrier Dynamics. The improvement in the overall

device performance with VIP originates from the FF, which is
intimately related to the degree of traps or defect states in the
perovskite films. We further examined the photo carrier
dynamics in perovskite films by means of PL spectrosco-
py,9,10,51 which has proven a useful tool to characterize carrier
dynamics. It has been reported that the PL behavior of
perovskite film is closely correlated with film morphology,20

and that significant PL quenching can be induced by the defect
states in the perovskite films.51 Figure 4 shows the steady state
PL spectroscopy of perovskite films on ITO/SnO2 substrates
with or without solvent vapor exposure. The excitation
wavelength in this measurement is 640 nm, and emission
spectra ranges from 700 to 850 nm, which covers the band
edges of the CH3NH3PbI3−xClx. As can be seen, the PL
intensity with DMF or DMSO vapor treatment shows
significant enhancement by ∼600% and ∼900% compared to
the film without any treatment. The PL intensity enhancement
of perovskite films with DMF or DMSO vapor treatment
implies the suppression of nonradiative charge recombination
by the trap states in the bulk perovskite film. Besides the
enhanced PL intensity, the PL spectra of perovskite films is
slightly narrowed and PL peaks red-shifted with DMSO or
DMF vapor treatment (inset of Figure 4a). This indicates a
narrower distribution in the density of states or trap states due
to the improved crystallinity. In the meanwhile, we measured
the transient PL response of the perovskite films with or
without the solvent vapor exposure. Different from the steady
state PL spectra, the PL transient behavior provides a direct
observation of different mechanisms of photocarrier annihila-
tion. As shown, the PL of the perovksite films processed from
the traditional two-step without VIP processing exhibited
obvious biexponential decay, indicating two different channels
for PL quenching. By fitting with both fast and long decay
components, we derived two PL lifetimes with τ1 of 17 ns, and
τ2 of 150 ns. Typically, the shorter lifetime can be attributed to
filling of the trap states,34 and longer lifetime originates from
free carrier recombination.34,52 With the solvent vapor
exposure, the transient PL becomes a monoexponential in
decay, and the short lifetime PL quenching channel
disappeared. The suppression of short lifetime PL species
implies that PL quenching via traps or defect states was
suppressed with VIP technique, and verifies the reduction of
defect states in the perovskite film. Furthermore, the carrier
lifetime extended to 200 ns with DMF vapor treatment, and
160 ns with DMSO vapor treatment. These results demonstrate
the effectiveness of the VIP strategy for constructing high
quality perovskite films with reduced defects states.
During the operation of a real device photogenerated

carriers, either free or excitonic, are largely separated at the
interfaces of Spiro-OMeTAD/perovksite, resulting in strong PL

annihilation by charge transfer at the interfaces. The separated
charges can either recombine via surface trap states or be swept
out of the device for electrical power generation. In this
scenario, the techniques of transient photovoltage (TPV) and
transient photocurrent (TPC) decay clearly show the photo
carriers dynamics during the device operation. The decay of
TPV traces the fates of carriers after separating at the electrode
interfaces, which is observed to extract information regarding
carrier lifetime within the whole device. The carrier lifetimes
were taken as the time for which the photovoltage decayed to
1/e of its peak intensity. As portrayed in Figure 4c, the
perovskite solar cells without VIP processing showed carrier
lifetimes of 1.75 μs, whereas, the perovskite solar cell with DMF
or DMSO treatment show significantly higher carrier lifetimes
up to 4.2 and 2.3 μs, respectively. The elongated carrier
lifetimes after charge transfer confirm the suppression of trap
states in the bulk and at the interfaces. Furthermore, we
monitored the transient behaviors of the photocurrent at short-
circuit condition, where the carrier lifetime at short circuit
condition indicates the carrier transit time from the perovskite
films to the electrodes. Figure 4d shows the TPC curves of
perovskite solar cells processed from different VIP processing.
The devices without vapor treating showed lifetime of ∼700 ns,
and shorten to ∼550 ns with both DMF and DMSO vapor
treating. A possible reason for the slightly shortened lifetime
with DMSO or DMF vapor treating is the increased carrier
mobility of the perovskite films as induced by the improved
crystallinity. The observations from the TPV and TPC were
consistent with the device performance, and verify the efficacy
of the VIP strategy for achieving high device performance in
perovskite solar cells.

■ CONCLUSIONS
In summary, we demonstrated that the vapor induced
intermediate phases (VIP) strategy is an effective method to
control the morphology for highly efficient perovskite solar
cells. VIP processing can facilitate the interdiffusion between
the PbI2 and MAI, thus enabling the formation of different
intermediate phases as a transition from the precursor film into
the perovskite polycrystalline films. The reconstructed perov-
skite films show larger crystal sizes and a reduced density of
trap states. Consequentially, the perovskite solar cell efficiency
is improved from 17.3% to 19.2%, which stands among the
highest for planar heterojunction perovskite solar cells.
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