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ABSTRACT: Interfacial engineering of the meso-TiO, sur-
face through a modified sequential deposition procedure
involving a novel Pbl,—HMPA complex pretreatment is
conducted as a reproducible method for preparing MAPbI;
based perovskite solar cells providing the highest efficiencies
yet reported with the polymer HTM layer. Grazing-incidence
X-ray diffraction depth profiling confirms the formation of a
perovskite film with a Pbl,-rich region close to the electron
transport layer (ETL) due to the strong interaction of HMPA
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with Pbl,, which successfully retarded the dissolution of the Pbl, phase when depositing the perovskite layer on top. These
results are further confirmed by energy-dispersive X-ray spectroscopy performed in a scanning transmission electron microscope,
which reveals that the I/Pb ratio in samples treated with the complex is indeed reduced in the vicinity of the ETL contact when
compared to samples without the treatment. The engineered interface leads to an average power conversion efficiency of 19.2%
(reverse scan, standard deviation SD < 0.2) over 30 cells (best cell at 19.5% with high FF of 0.80).

B INTRODUCTION

Metal—organic halide perovskite solar cell (PSCs) have become
the most important candidate for next generation thin film
photovoltaics (PV) within an extremely short time scale.'
Thanks to the sedulous efforts of device engineering
(deposition protocol optimization, composition, solvent
etc.),” the certificated photoconversion efficiency (PCE) has
been ascending from 15%" to 22.1%" from 2013 to 2016. With
all uniquely desirable features like high absorption coefficients,
high charge carrier mobility, and diffusion lengths, as well as
solution processability, etc., in one material, the hybrid halide
perovskites have become the most promising all-round player
for low cost optoelectronics.”~” Due to the “soft” nature of this
hybrid halide perovskite material,'” the photovoltaic properties
of the corresponding PV devices are strongly dependent on the
fabrication parameters,n_n deposition procedures,14 hole/
electron selective contact layers," nanostructure of the scaffold
layers,' interfacial microstructures,'””'® as well as crystal lattice
orientation of the perovskite compounds.'” Among the
successful device engineering methods, the use of non-
stoichiometric precursor solution with excess Pbl, has been
proven to improve efficiency, and results have been reproduced
by different laboratories to fabricate devices with efficiencies
constantly higher than that of stoichiometric reference
cells.”*™** Despite controversy about the role and mechanism

-4 ACS Publications  © 2016 American Chemical Society

14380

of excess Pbl, behind the enhanced solar cell performance,” it
is generally believed that it improves the crystallite growth of
the capping layer, suppresses nonradiative recombination, and
finally reduces hysteresis. Actually, long before the non-
stoichiometric recipe was used, the benefits of excess Pbl,
have been found in either postannealed one-step deposited
perovskite films**~*° or from incomplete conversion in a two-
step preparation.'®””*° Depending on the fabrication method,
speculations about the way of existence of the Pbl, phase inside
a perovskite polycrystalline film have been made: Pbl, is
retained (i) at the interface between the metal oxide and
perovskite phase;***" and/or (i) within the grain boundaries of
perovskite crystallite.””** Very recently, one combined
experimental and computational study from our group
concluded that with the nonstoichiometric recipe the excess
Pbl, may predominantly be located at the interface with
TiO,.*!

Among the reported device engineering protocols, there is no
controllable method to intentionally introduce Pbl, only
between the perovskite and electron transporting layers. It is
known that the main group compound Pbl, behaves like a
Lewis acid and tends to form adducts by reacting with the
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Figure 1. (a) Molecular model of HMPA and its molecular electrostatic potential calculated on the B3LYP 6-311(g, d) level; (b) thermogravimetric
(TGA) analysis of different Pbl,—solvent complexes. (c) Diffuse reflectance transformed Kubelka—Munk spectra, (d) XRD patterns, and (e) Fourier
transform infrared spectrometer (FTIR) of DMSO and HMPA based Pbl, films.

Lewis base like oxygen, sulfur, or nitrogen containing polar
aprotic solvents.”” So far, Lewis base solvents like dimethylfor-
mamide (DMF),” dimethyl sulfoxide (DMSO),>*~*" and N-
methyl-pyrrolidone (NMP)** have been successfully used to
deposit Pbl, or perovskite in the process of PSCs. On the other
hand, anatase TiO, has Lewis-acid sites on the surface which is
also ready to interact with an electron-pair donating Lewis base
with oxygen, sulfur, and nitrogen donors.*® Therefore, an ideal
Lewis base would induce a stronger interfacial coupling at the
interface of TiO, and Pbl, and immobilize the Pbl, phase on
the surface for enhanced device performance.

B EXPERIMENTAL SECTION

Device Fabrication. Chemically etched FTO glass (Nippon Sheet
Glass) was cleaned with detergent solution, acetone, and isopropanol.
To form a 20—25 nm thick TiO, blocking layer, diluted titanium
diisopropoxide bis(acetylacetonate) (TAA) solution (Sigma-Aldrich)
in ethanol (0.2 mL of TAA in 6 mL of anhydrous ethanol) was sprayed
at 450 °C. A 200 nm mesoporous TiO, was coated on the substrate by
spin-coating at a speed of 2000 rpm for 10 s with a ramp-up of 1000
rpm s~ from a commercially available TiO, paste (Dyesol-30NRD) in
ethanol. The weight ratio of TiO, paste to ethanol is 7:1. After spin-
coating, the substrate was immediately dried on a hot plate at 80 °C,
and the substrates were then sintered at 500 °C for 20 min before the
deposition of the active layer. The Pbl, precursor solution was
prepared by spin-coating 0.1 M of Pbl, in hexamethylphosphoramide
(HMPA) on the ETL substrates at 3000 rpm for 15 s and annealed at
100 °C for 5 min. The MAPbI; precursor solution was prepared by
mixing 1.2 M of Pbl, and methylammonium iodide (MAI) in DMSO,
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which was then successively spin-coated on the substrates at 1000 rpm
for 10 s and 5000 rpm for 30 s, respectively. A 100 uL portion of
chlorobenzene was dropped over 10 s at 5000 rpm. MAPDI; films were
annealed at 100 °C for 20 min. The HTM solution was prepared by
dissolving 10 mg of poly(triarylamine) (PTAA) (Emindex) with
additives in 1 mL of toluene. As additives, 7.5 uL of Li-
bis(trifluoromethanesulfonyl) imide from the stock solution (170 mg
in 1 mL of acetonitrile) and 4 uL of 4-tertbutylpyridine were added.
The hole transporting material (HTM) layer was formed by spin-
coating the solution at 3000 rpm for 15 s, and followed by the
deposition of the 80 nm thick Au electrode by a thermal evaporation.
All of the preparative work to deposit perovskite and PTAA was done
inside a glovebox filled with nitrogen to minimize the influence of
moisture.

XRD and Grazing-Incidence X-ray Diffraction (GI-XRD). XRD
was performed using a D8 Advance diffractometer (Bruker AXS)
model in an angle range of 20 = 5—40° or 10—30° (Bruker
Corporation, Billerica, MA).

Grazing-Incidence X-ray Diffraction (GI-XRD) Depth Profil-
ing Analysis. The geometry is referred to as asymmetric Bragg
geometry. In this work, a Gobel mirror was used for the incident beam,
and thus, only the diffracted beam is collimated by a Soller-slit
assembly. In a comparison with a focusing Bragg—Brentano geometry,
the spectral resolution is usually reduced in this mode. A higher
resolution is difficult to achieve with a laboratory setup, at least not
within a reasonable time frame for the spectral acquisition process.
The XRD measurements reported here were carried out on a D8
Advance diffractometer (Bruker AXS) equipped with parallel-beam
optics on the primary side, Soller slits in front of the detector, and an
Eularian cradle. Incident angles (w) are in the range from 1° to 3°.
Due to the limitation of instrument accuracy, it is hard to obtain the
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Figure 2. (a) Coupled 26 XRD pattern of the perovskite films formed on a Pbl,—HMPA treated mesoporous TiO,. (b) 2D GI-XRD intensity
contour plots of the perovskite film with Pbl,~HMPA treatment (incidence angle from 0.02 to 0.5°). (¢, d) 1D GI-XRD pattern obtained with
incident angles in the range from 1° to 3° on film (c) without treatment and (d) with the PbL,—HMPA treatment. (e, f) Highlighted diffraction
profiles of the PbI, (001) and MAPbI; (110) reflections in the 26 range from 12° to 15° for c and d, respectively. (g) The peak area ratio curves of
the (001) reflection of Pbl, and the (110) reflection MAPbI; of perovskite with different films with different incidence angles. All of the films have a
structure of perovskite/TiO,/FTO with depth gradient, and the incidence angle was varied from 0.02° to 0.5° or 1° to 3°, while all other parameters

were held constant.

XRD curves in which the incidence angle is less than 1°. To
understand the film surface information, synchrotron radiation is
applied to these samples.

Low angle grazing-incidence X-ray diffraction (GI-XRD) analysis
with incident angles in the range from 0.02° to 0.5° was performed at
beamline BMO1A (The Swiss-Norwegian Beamlines) of the European
Synchrotron Radiation Facility. Incidence angles (@) of 0.02—0.5° are
selected to be below the critical angle of total external reflection of
FTO but above that of perovskite.

B RESULTS AND DISCUSSION

In this work, we demonstrate a modified sequential deposition
method that involves the pretreatment of the mesoporous TiO,
with Pbl, solution in hexamethylphosphoramide (HMPA) and
final deposition of methylammonium lead iodide (MAPbI,)
solution in DMSO. HMPA is a strong Lewis basic donor-
solvent with a much higher electron-pair donating ability (e.g.,
the Gutmann’s donor number DN = 38.8) than that of DMSO
(DN = 29.8) and of DMF (DN = 26.6).">*" Therefore, the
metal complexation is enhanced in HMPA over DMF and
DMSO.* By using such strong Lewis basic donor-solvent, we
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expect an enhanced interaction of the solvent molecules with
both Pbl, and TiO,, which will be beneficial to the final
performance of the devices. With a combination of grazing-
incidence X-ray diffraction (GI-XRD) depth profile, time-
resolved photoluminescence (TR-PL), and energy-dispersive X-
ray analysis in scanning transmission electron microscope
(EDX-STEM), we find that the new Lewis basic donor-solvent
can effectively retard the redissolution of predeposited Pbl, and
form an enriched Pbl, region within the mesoporous TiO,.
Quantitative EDX elemental mapping performed on the cross
sections of two PSCs after PV measurement under bias revealed
a balanced atomic composition throughout the depth of the
PSC layer compared to the reference film, which has a MAPDI;-
rich composition close to the TiO,. Thus, we believe that the
use of Pbl,—HMPA pretreatment on TiO, anode represents a
simple and effective strategy for enhancing the interaction
between TiO, and perovskite and subsequently device
performance for PSC development. In the presence of the
PbI,—HMPA pretreatment, we realized a record high average
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efficiency of 19.2% and best efficiency of 19.5% using
poly(triarylamine) (PTAA) as hole transporting material.

The HMPA molecule has a pyramidal structure, the P=0
bond of which is polar with an ionic character of approximately
50% (Figure la). The high electron density on the oxygen site
gives rise to a large dipole moment and an unusually high
basicity (Figure 1a).*> Pbl,—HMPA as an off white solid forms
when cooling down a saturated solution of Pbl, in HMPA. A
thermogravimetric analysis (TGA) of this solid is shown in
Figure 1b along with that of a PbL,~DMSO complex to
estimate the content of solvent molecules. Both complexes
exhibit a two-step decomposition process. The weight-loss
behavior of the Pb,—DMSO complex (26% at 240 °C) is in
agreement with previous studies indicating a composition of
PbL,(DMSO),.” The first decomposition stage of the Pbl,—
HMPA complex finished at 158 °C with a weight loss of 23%,
while the second step finishes at 225 °C with another loss of
14%. Composition of this new complex is calculated to be
PbL,(HMPA), ;. The slight decrease in decomposition temper-
ature is possibly due to the smaller crystal size of the Pbl,—
HMPA complex. Elemental analysis of the complex crystal
yielded the following percentages by weight: H = 3.9%, C =
15.1%, and N = 8.5%, with a remainder of 72.5%, which are
roughly in agreement with the calculated results for the
corresponding element in the formula of (C¢H;{N;OP), (Pbl,
requiring H = 3.7%, C = 14.8%, N = 8.6%, and remainder of
72.9%.

Figure 1c shows the PbI,—DMSO and Pbl,—HMPA covered
TiO, films and their transformed Kubelka—Munk spectra.**
The color of the two films is typical of Lewis base intercalated
Pbl,. From the extrapolation of the linear part of the [F(R)hv]*
plot, their bandgaps (E,’s) are determined to be 2.91 and 2.93
eV for PbL,—DMSO and Pbl,—HMPA, respectively. Compared
with that of pure Pbl, (E, = 2.35 eV),"® their E,s are much
enlarged, within which the E, of Pbl,—HMPA is slightly larger
than that of PbL,—DMSO.

The most striking difference between the two complexes can
be seen in the XRD patterns (Figure 1d). As already reported,
the PbL,—DMSO film shows only a dramatically weakened peak
at 12.7°.** However, Pbl,—HMPA shows three strong
diffraction peaks at 5.7°, 7.7°, and 9.9°, which correspond to
lattice spacings of 1.53, 1.14, and 0.89 nm, respectively. This
indicates that the HMPA molecules were intercalated in the
Pbl, structure forming at least three types of crystal unit cells.
Attempts to grow a single crystal based on Pbl,—HMPA did
not find success so far. The scanning electron microscopy
(SEM) images of the two films showed different crystallization
behaviors (Figure S3). The Pbl,—HMPA complex form
aggregated tiny needle type crystals on the surface. They
cover the surface of TiO, as a noncontinuous film with many
pinholes inside. FTIR spectroscopy is conducted to provide
collateral evidence of complex formation. The v(S=O0) at 1023
cm™" in Figure le is consistent with previous reports about the
PbL,—DMSO complex.”” In the case of PbL,—HMPA, the
stretching vibration of P=0 in phosphoramide (v(P=0))
appears at 1200 and 1296 cm™". *'P NMR of the complex is
given in Figure S1.

As mentioned earlier, after the deposition of Pbl,—Lewis
base complex, the stoichiometric perovskite precursor solution
in DMSO was spin-coated on top. The PbI,—DMSO complex
is readily dissolved when the perovskite layer is deposited, so in
this study we concentrated on the Pbl,—HMPA treated film
and compared it to the nontreated reference film. As evidenced

from the coupled 20 XRD pattern shown in Figure 2a, the small
diffraction peak at 12.7° indicates the existence of the Pbl,
phase inside the film. This is similar to the case where a
nonstoichiometric perovskite solution was used.”” In order to
confirm the unique effect of the Pbl,—~HMPA treatment on the
perovskite layer, synchrotron based grazing-incidence X-ray
diffraction (GI-XRD) was used to provide sufficient scattering
signal under extremely low incidence angle. GI-XRD measure-
ments were performed at the Swiss-Norwegian Beamlines
BMOIA beamline at the European Synchrotron Radiation
Facility. Diffraction information was collected from the
incidence angles (w’s) of 0.02—0.5°, which are below the
critical angle of total external reflection for FTO but above that
of the perovskite (Figure 2b). At these incidence angles, the
evanescent wave penetrating depth of X-rays is limited, so most
of the scattering signal comes from the top layers. It is worth
noting that, after indexing the scattering pattern, unexpectedly,
no Pbl, diffraction was detected. This is significantly different
from the coupled 260 XRD pattern indicating that the
redissolution of Pbl,—HMPA phase is limited.

Given the limitation of the XRD equipment in our lab, the
film composition profiles were acquired under incidence angles
(@) from 1° up to 3° as shown in Figure 2c,d, which shows a
series of GI-XRD measurements taken from the perovskite
films with and without the PbL,—HMPA treatment. For
comparison, the intensities of all of the diffraction peaks were
normalized to the intensity of the (110) perovskite reflection.
Compared to the coupled 260 XRD pattern, the diffraction of
FTO at 26.4° becomes much less significant when the angle of
incidence is below 2.5°. The enlarged diffraction peaks of the
(001) Pbl, and (110) perovskite reflections of both films are
highlighted in Figure 2e,f. Since the Pbl,—HMPA complex was
deposited before spin-coating of the perovskite solution, a
depth-dependent variation of the peak area ratios (Pbl,/
perovskite) in the film is anticipated. For the film without
Pbl,—HMPA treatment, Pbl, does not appear under any
incidence angle, and the Pbl,/perovskite peak area ratio curve
equals 0 (Figure 2g), indicating that there is no breakdown
phenomenon for the whole depth range of pure perovskite film.
Meanwhile, for the perovskite film with the Pbl,—HMPA
treatment, the intensity of the (001) Pbl, peak varies and
increases with the increasing incidence angle until 2.75°. This
indicates that the Pbl, phase mainly exists close to the FTO
glass side and was not fully dissolved when spin-coating the
DMSO solution of the perovskite precursor (Figure 2g).
Overall, these results suggest the retarded dissolution process of
the PbL,—HMPA complex in DMSO.

The carrier lifetimes of the two kinds of films were
investigated by a time-correlated single photon counting
(TCSPC) technique as shown in Figure S2. The time-resolved
PL lifetime was determined by measuring the PL decay at the
peak emission of 770 nm with an excitation at 460 nm, and the
perovskite PL dynamics was compared with and without the
HMPA treatment. Note that we intentionally chose to use the
SiO, as an insulating mesoporous substrate to get rid of any
injection process. In a comparison with the reference film, we
observed that the PL lifetime is shortened with the Pbl,—
HMPA treated film. In agreement with previous work,?" this
might indicate the presence of a Pbl,-rich phase, which can
induce quenching in the recombination dynamics.

PTAA as the most popular polymer hole transporting
material was spin coated from its solution in toluene on to the
perovskite layer, and a gold electrode was evaporated to form
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Figure 3. (a) Cross-sectional STEM-HAADF image of the sample comprising the following layers: FTO/c-TiO,/mp-TiO,/perovskite/PTAA/Au.
(b) EDX map showing the elemental (C, I, Pb, Ti, O, Sn) distribution in the area shown by a red rectangle in part a. (c) Statistical deviation of the
photovoltaic parameters for solar cells with and without the Pb,~HMPA treatment, respectively (30 different solar cells each). (d) J—V curves and
(e) reverse and forward scanned J—V curves obtained from the best solar cells with and without Pb,—HMPA treatment, respectively. (f) EQE
spectra with the integrated Jsc based on the EQE data of the champion device.

the complete solar cell. The advantage of using PTAA over
Spiro-OMeTAD is the fact the material cost can be reduced by
86% as the concentration is only 1/7 that of Spiro-OMeTAD.*”
The spatial distribution of elements in complete cells with and
without the HMPA treatment was investigated by EDX-STEM.
For that purpose, cross-sectional specimens that were extracted
from the devices after they had been electrically characterized
using the conventional focused ion beam (FIB) lift-out method.
The final Ga thinning parameters were 5 kV and 80 pA.* To
minimize exposure of the lamellae to air, the EDX-STEM
analyses were performed just after the FIB preparation, and the
exposure to air exposure was kept below 3 min.

Figure 3ab represents the STEM-HAADF (high angle
annular dark field) micrographs and associated EDX elemental
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maps (C, I, Pb, Ti, O, Sn) of a cross-sectional views of the
device (see Supporting Information (SI) for all experimental
details). The total thickness of the capping layer and
mesoporous layer is about 480 nm, while the PTAA based
HTM has a thickness of 50 nm, which is much smaller than
usual Spiro-OMeTAD thickness (normally 80 nm). The
homogeneous distribution of I and Pb indicates a good
infiltration of the two elements inside the mesoporous TiO,.
A total of 60 solar cells in two groups were fabricated under
the same conditions: one group was prepared with the Pbl,—
HMPA treatment and the other without. Figure 3c
demonstrates the statistical distribution of all four photovoltaic
parameters of the two groups of solar cells showing the
reproducibility of each condition. In the case of the Pbl,—
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HMPA treated samples, the average values (with standard
deviation, SD) for short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and PCE are 22.38 + 0.34
mA cm™?, 1.079 + 0.014 V, 0.795 + 0.006%, and 19.20 +
0.16%, respectively (SI Table S1). In a comparison to the values
for the solar cells with Pbl,—HMPA treatment, a smaller PCE
of 17.79 + 0.25% is obtained from the nontreated devices, as
well as a Jic of 22.32 + 0.47 mA cm ™, a Vo of 1.052 + 0.009
V, and a FF of 0.758 + 0.011. As observed in Figure 3¢, all the
photovoltaic parameters of the PbI,—HMPA treated solar cells
show higher average values and a smaller standard deviation
(except the Vo) over those of nontreated devices. These data
clearly support again that the Pbl, left at the interface due to
Pbl,—HMPA treatment before the perovskite deposition is
beneficial for improving the performance of a solar cell.

A direct comparison of the J—V curves from the best devices
of each group is shown in Figure 3d. A significantly improved
Voc and an exceptionally high FF of 0.801 are measured with
the Pbl,—HMPA treated device. As a result, a remarkable PCE
of 19.02% is obtained from averaging the reverse scanned data
of Joc = 22.53 mA ecm™%, Vi = 1.08 V, FF = 0.801, and PCE =
19.50% and the forward scanned data (Joc = 22.38 mA cm™?,
Voc = 1.08 V, FF = 0.767, and PCE of 18.54% see Figure 3f, SI
Table S2). Compared with the counterpart from the nontreated
group, this represents an almost 10% improvement in PCE and
decreased hysteresis index*® (1.07 > 1.05). This result
represents the highest solar performance based on
CH;NH;Pbl; and a polymer HTM. The incident photon-to-
current efficiency (IPCE) (Figure 3f) of the champion devices
as a function of wavelength shows a very broad plateau of over
80% between 400 and 740 nm, yielding an integrated Jsc value
of 22 mA cm™? that is in a good agreement with that measured
by J—V curves (Figure 3f). We believe that this first
demonstration of Pbl,—HMPA treatment can be considered
as a promising approach to improve the overall performance of
the PSCs.

Ton conduction”’ or ion migration**™° is well-known for
lead halide perovskite materials and is believed to be one
intrinsic reason for photocurrent hysteresis and the instability
of perovskite solar cells. Due to the extremely low iodine
migration activation energies (0.1 eV), this phenomenon can
happen spontaneously’’ or be induced by an electric field***>**
or light.50 Depending on the fabrication conditions, it has been
reported that the iodine can diffuse into the above HTM layer
to different extents.”’ To shed light on the distribution of
iodine and lead elements, EDX-STEM is performed on a
sample with the PbI,—HMPA treatment and a reference sample
without the treatment (Figure 4). Lead is observed only in the
perovskite phase (Figure 4b,f), while iodine is observed to have
diffused in the HTM layer in both samples (Figure 4c,g). In
both cells, the iodine almost diffused close to the gold
electrode. This result emphasizes the importance of using a
stable and inert electrode material like gold or carbon to avoid
any reaction with iodine.

EDX line scans of lead and iodine of the selected regions of
each sample are shown in Figure 4d,h. For the reference cell
shown in Figure 4e—h, the average I over Pb atomic ratio is
calculated to be 2.21 in the infiltrated mesoporous TiO, layer
(at a depth from 260 to 460 nm). On the other hand, the I/Pb
ratio is about 2.06 in the capping perovskite layer. This
observation is in agreement with a previous XPS depth profile
analysis even though values differ.”’ In the case of the Pbl,—
HMPA treated solar cell, the decrease in the I/Pb ratio from
the interpenetrating meso-TiO, layer to the capping perovskite
is marginal, and the I/Pb ratio remains at a value close to 2. In
combination with the GI-XRD study, the PbL,—HMPA
treatment underneath the perovskite layer leads to this constant
I/Pb ratio, possibility due to reduced iodine migration from the
perovskite capping layer into the mesoporous TiO, layer. It
should be noted that the I/Pb ratio is lower than the theoretical
value of 3 in the capping and infilitrated TiO, layers,
presumably due to the migration of I into the HTM and also
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FIB-induced damage.”* The homogeneous I/Pb ratio may be
responsible for the decrease in hysteresis, and also an increased
cell stability as revealed by preliminary in situ measurements of
the evolution of the PCE with time for unsealed devices kept
under argon. As is shown in Figure S4, the PblL,—HMPA
treated perovskite solar cells exhibited much slower efficiency
deterioration over 150 h when compared to the reference
devices.

H CONCLUSION

In summary, by using a modified sequential deposition
procedure involving a novel Pbl,—HMPA complex pretreat-
ment, we have developed a reproducible and robust method for
preparing MAPbI; based perovskite solar cells with the highest
efficiencies yet reported with a polymer HTM layer. This
method yields a standard deviation (SD) of less than 0.2 and an
average PCE as high as 19.20% with an exceptionally high FF of
0.801. A comprehensive study by GI-XRD and TCSPC
confirmed the formation of a perovskite film with a Pbl,-rich
region close to the electron transport layer. This observation
was ascribed to the strong interaction of HMPA with Pbl,,
which successfully retarded its dissolution when depositing the
perovskite layer. EDX-STEM analyses revealed more uniform
I/Pb ratio in the mesoporous electron transport layer when
compared to the untreated samples.
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