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We fabricate mixed halide perovskite films by dual-source vacuum deposition of PbX, (X= Cl, Br, and I) and methyl

ammonium iodide (MAI) precursors with various deposition ratios. The vacuum deposition is an optimal way of film
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fabrication because it gives a uniform perovskite film free from contamination such as lead metallic phase, residual

solvent, and moisture. The ionization potential and bandgap of MAPb(l..,Bry); film are controlled by halide composition

and lattice constant change. In contrast, MAPb(I..,Cl); film shows negligible difference from MAPbI; in structural and

electronic properties, which is due to poor Cl incorporation in the film by the MACI removal during crystal formation.

Excess supply of MAI is necessary to form a perovskite crystal structure. Based on the elemental stoichiometry analysis,

the additional methyl ammonium cation with respect to Pb in the film plays a critical role in changing electron affinity and

energy level alignment.

1. Introduction

Organic-inorganic halide perovskite has gained intensive
attraction as highly efficient photovoltaic materials due to
their strong optical absorption, long exciton lifetime, high
electrical conductivity, and easy fabrication process.l'5
Inorganic divalent metal (e.g. Pb*, Sn**, and Ge®*) and halide
anion (e.g. CI, Br,, and I') form octahedral shape of perovskite
lattice frame while organic amines such as CH;NH;" (Methyl
ammonium cation, MA’) and HC(NH,)," (Formamidinium
cation, FA") play an electrostatical neutralization.® Thus one of
fundamental advantages in the perovskite materials is
bandgap (Eg) tunability from red to blue depending on their
composition and stoichiometry of cations and anions.”® This
enables us to design an efficient photovoltaic cell with high
open circuit voltage (V) or tandem structure.

Most perovskite solar cells have so far been fabricated by
solution based spin-coatingm' " and dipping12 methods. These
methods realize device fabrication on large scale at low
price.13 However, they are accompanied by various concerns of
process condition such as precursor concentration, suitable
solvent, spin-coating condition, time, and
annealing temperature.4' ' Furthermore, the surface of
solution-processed perovskite films usually shows non-uniform
and rough morphology. As a result, the deterioration in V. and

conversion

® Korea Research Institute of Standards and Science (KRISS), 267 Gajeong-ro,
Daejeon 305-340, Korea

" Korea University of Science and Technology (UST), 206 Gajeong-ro, Daejeon 305-
350, Korea

* E-mail: jeongwonk@kriss.re.kr

T Electronic Supplementary Information (ESI) available: [Additional UPS, XPS, XRD

and AFM data of pristine MAI, Pbl,, PbBr,, and PbCl;]. See

DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 2015

short circuit current (Ji), and the direct shunting path are
generated.ls’ 16
proposed a dual-source vacuum deposition method for mixed
halide perovskite (MAPbI;,Cl,) solar cells. They have reached
the solar cell efficiency of 12.3 % (maximum 15.4 %).16 The Cl
mixed halide perovskite has been reported that it has longer

To tackle those week points, Snaith’s group

carrier diffusion length and PL lifetime than a tri-iodide
perovskite (MAPbI;) by the passivation of trap states or extra
doping.”"19 However, many people reported that the amount
of CI” in the film might be negligible within the detection limit
of energy-dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS).ZO"25 Thus the halide
precursor type and its deposition ratio under vacuum would
strongly influence film structure, stoichiometry, and electronic
property of halide perovskite materials. Such information is a
prerequisite for solar device optimization made of mixed
halide perovskite, in particular of MAPb(l,.,Br,); and MAPb(l,.
vCly)s.

Here, we have fabricated the mixed halide perovskite by co-
evaporation of methyl ammonium iodide (MAI) and a lead
halide (PbX,; X=Cl, I, and Br) precursors under high vacuum.
Right after the film preparation, the ionization potential (IP)
and chemical composition of perovskite film surfaces are
analysed by photoelectron spectroscopy without air exposure.
Depending on the relative deposition ratio of the precursors,
their bandgap, crystallinity, and surface morphology are also
compared by UV-Vis absorption, XRD, and AFM. Vacuum
processed films provide almost impurity-free information of
stoichiometry and a smooth surface. While MAPb(l,.,Cl,)3
shows very similar crystal structure and bandgap to MAPbI;
irrespective of PbCl, deposition ratio, MAPb(l,.,Br,); exhibits
scalable properties with relative PbBr, precursor composition.
Among the various deposition ratios of PbX, and MAI, excess
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amount of MAI is necessary to form a perovskite crystal
structure. As a result, the excess amount of MA" in the
perovskite film strongly influences the IP and electron affinity
(EA) of the film.

2. Experimental

Sample Preparation. Pbl, (99%, Sigma-Aldrich), PbCl, (98%,
Sigma-Aldrich), PbBr, (99.999%, Alfa-Aesar), and CH3NH;l
(98%, TCIl) were used without further purification as they were
purchased. The PbX, (X= 1, Cl, Br) and CH;NH;l were deposited
by thermal co-evaporation on UV-ozone treated indium tin
oxide (ITO). The total film thickness was kept constant at 3012
nm and the deposition rate on the order of 0.1 A/sec. The film
thickness and deposition rate were monitored by a quartz
crystal microbalance, and they were verified by AFM
afterward. During the deposition, the chamber pressure was
maintained in the range of 10" mbar. After the deposition, the
samples were transferred to an analysis chamber to measure
photoelectron spectroscopy without exposing in air.

Photoelectron Spectroscopy Measurement. The base pressure of
the analysis chamber was maintained under low 10° mbar.
The ultraviolet and x-ray photoelectron spectroscopy (UPS and
XPS) measurement were performed using a hemispherical
electron energy analyser (RESOLVE 120, PSP). The UPS
measurement used a He | (hw = 21.22 eV) discharge lamp as an
excitation source with sample bias of -15 and -10 V for
secondary electron cut-off and valence band region,
respectively. The XPS measurement used a Mg Ka (hw =
1248.5 eV) without a monochromator. Energy resolutions
were approximately 0.1 and 1.0 eV for UPS and XPS,
respectively. The EF level was calibrated through Ar” sputtered
clean Au.

UV-Vis Absorption and XRD Measurement. UV-Vis absorption
spectra were measured by a UV-Vis spectrometer (S-4100,
Sinco) right after the photoelectron spectroscopy analysis. An
ITO substrate spectrum was removed as a blank sample. XRD
measurement was performed with a Cu Ka (A = 0.154 nm)
source (Rotaflex RU-200B, Rigaku). The XRD sample stage was
rotated automatically during measurement and its scanning
range was between 5 and 60 degrees with a step interval of
0.02 degree.

AFM Measurement. The perovskite film morphology and
roughness were measured by AFM (XE-70, Park Systems) in
non-contact mode with a tip of PPP-NCHR type. The images
were collected at several different places over each sample.

3. Results and discussion
3.1 Film structure with precursor deposition ratio

XRD pattern refers to whether the halide-mixed perovskite
film fabrication by vacuum deposition is successful as the
MAPDbI; perovskite structure has main diffraction peaks at
14.1°(110), 28.4°(220), and 43.2“(330).16 The XRD patterns for
the manufactured films in the 2 theta/(deg.) range of 8-20° are

2 | Phys. Chem. Chem. Phys., 2015, 00, 1-7

displayed in Fig. 1a-c. Surprisingly, a well-resolved perovskite
peak at 14.1° is resolved even without post-heat treatment as
long as the deposition ratio is appropriate. In Fig. 1a, the 12.6°
peak is related to Pbl, (001) formation, which is confirmed by
the symbol, # in Fig. $1.2% %7 The Pbl, peak decreases with
increasing the MAI ratio, while MAPbI; peak (*) becomes
dominant in Fig. 1a.

(a) MAPDI3 pe;ovskwle(ﬁo,

(b) MAPD(l44Cl)3
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Fig. 1 XRD scans for the thin films of (a) MAPbIs, (b) MAPb(l.,Cl)s, (c)
MAPb(l;.,Br,)s. #: Pbl, (001), *: MAPbI; perovskite (110).

When the PbCl, and MAI deposition ratio is 1:1, no diffraction
peak evolves but for Pbl, in Fig. 1b. The reaction of PbCl, and
MAI triggers preferentially the exchange between CI" and I’
anions. Consequently, the Pbl, and MACI rather than MAPb(l,.
,Cl,); are produced,”®* and the MACI is not detected as it is
removed into gas phase.30 As the MAI deposition ratio
increases, the MAPb(I,.,Cl,); peak becomes dominant. To avoid
the formation of Pbl, phase, one needs excess amount of MAI
more than three times of PbX,. This result clearly indicates that
the relative deposition ratio between PbX, and MAI
determines the purity of fabricated perovskite film. The
production of high-purity perovskite film is of importance
because the by-product such as Pbl, can deteriorate the device
performance.27’31 One more interesting observation is that the
same perovskite peak at 14.1° is observed in either MAPb(I;.
yCly)s or MAPb|3.32 But, it is absolutely different from the tri-
chloride perovskite (MAPbCI;) that represents the (110)
diffraction peak at 15.6°.% This phenomenon indicates that the
small amount of mixed Cl is not represented by (110) d-spacing
shift in MAPb(l,.,Cl,)s.

In the film of MAPb(l,.,Br,); in the Fig. 1c, the formation of
Pbl, is negligible throughout the relative deposition ratio.
However, the perovskite peak becomes dominant under the
excess ratio of MAI as in the previous films. The main peak for
MAPb(l,.,Br,); films is shifted from 14.9° to 14.5° with the
relative MAI ratio. The XRD peak shift in the low deg. direction
is a consequence of the (110) d-spacing increment by 0.16 A
(Bragg’s law). It can be simply explained that the I ion (0.206
nm) replaces the Br ion (0.182 nm) in the perovskite lattice
site as the MAI ratio increases, whereas such lattice change is
not present in the case of PbCl, in Fig. 1b. Furthermore, under
PbCl, rich deposition, even the diffraction pattern for Pbl, or
MAPbI; does not appear (Fig. S1). Only excess amount of MAI
triggers the perovskite production reaction.

This journal is © The Royal Society of Chemistry 2015
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3.2 Optical bandgap with precursor deposition ratio

The optical bandgap of the perovskite films with the ratio of
PbX, and MAI precursors is measured by UV-Vis absorption
spectrometer in Fig. S2, and its values are exhibited in Fig. 2.
The Eg of MAPbI; film is in the range 1.57-1.59 eV, which is
similar to previous reported ones for solution based MAPbI;
films (1.55-1.6 eV).s’ 9, 3437 Interestingly, the MAPb(l,.,Cl,)3
films also show a similar range of E, values, which is
reasonably assumed from the similar crystallographic
characteristics observed by XRD in Fig 1. But the subtle
increase in E; for MAPb(l,Cl,); is possibly due to partial
substitution of I. On the other hand, the Br mixed perovskite
films have larger E;'s than MAPbI;. This is because the mixed
(hetero) halide causes a slight lattice distortion and structural
change of the perovskite as shown in Fig. 1c. This observation
is consistent with previous report.38 But the E; change with the
relative deposition ratio is marginal. According to the recent
report, the E, variation can be explained by the grain size
change of perovskite material according to different MAI
concentration as a consequent of quantum confinement
effect.®® But, in the present study, this effect is ruled out
because the FWHM of the XRD peaks for perovskite (110) is
not changed with the MAI concentration.

1.80 H
g MAPb(1, Br,),
1.73
3 R L 171
2 1.70
1)
° .1 1.67
G 65
K i 1.
T
S
S | ®. e L
1.60 — A
159
i MAPbI,
1:4 152 153 1:4

Deposition rate of PbX,:MAI

Fig. 2 Optical bandgaps of mixed halide perovskite films made by various
deposition ratios. Blue circles indicate the points where a mixture of
perovskite film and by-product is observed by XRD. The error bars
correspond to the uncertainties in the determination of absorption offset
values.

3.3 lonization potential with halide composition

Fig. 3a-c shows UPS spectra as a function of deposition ratio
between PbX, and MAI precursors from 1:1 to 1:4. The valence
band maxima with respect to the vacuum level are determined
by linear fitting of the last peak slope and the background. The
corresponding IP values are marked by the vertical bars on the
binding energy (BE) scale and summarized in Fig. 3d. The IP,
one of the intrinsic properties of materials, directly affects the
energy level alignment at interface, the associated photo-

This journal is © The Royal Society of Chemistry 2015

induced carrier (exciton) transfer or separation, and charge
collection at each electrode.*” ** Fig. 3d shows that the IP
values decrease with the relative MAI deposition ratio
regardless of the type of PbX,. On the bottom of the Fig. 3d,
when the deposition ratios of Pbl, and MAI are 1:3 and 1:4, the
IP of MAPDblI; is in the rage of reported IP values, 5.40-5.70 eV
for solution processed tri-iodide perovskite.34 As noticed by
crystallization condition in Fig. 1, a certain ratio between MAI
and Pbl, precursor is needed to fabricate a MAPbI; film of
desirable electronic property by dual-source vacuum
deposition. Otherwise, unwanted by-product of Pbl, phase
remains. Indeed, when the deposition ratio is 1:1 in Fig. 3a and
b, its electronic band structure observed by UPS shows the
very similar feature of Pbl, precursor in Fig. S3. On the other
hand, when the deposition ratio is 1:4, the UPS spectral shapes
of both Fig. 3a and b look similar. Thus, the same (110) d-
spacing, similar bandgap and electronic structure strongly
indicate that MAPbl; and MAPb(l,.,Cl,); have the same crystal
structure even though they are manufactured of different
precursors.
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(b) MAPb(1,,Cl,);
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Fig. 3 UPS valence band spectra as a function of deposition ratio between
PbX, and MAI precursors for (a) MAPbls, (b) MAPb(l1.,Cl,)s, (c) MAPb(l,.,Br,)s.
Binding energy scale is referenced to vacuum level (E,.= 0 eV). Each
ionization potential (IP) value is summarized in (d).

On the other hand, the IPs for mixed halide perovskite films
are clearly higher than that of pure MAPbIs. It is known that
the frontier valence band position is sensitive to each halide p-

Phys. Chem. Chem. Phys., 2015, 00, 1-7 | 3
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orbital in organic halide perovskite.42’ “3 The low IP of MAPbI;
can be understood by the highest polarizability of p orbital of I’
ion and the smallest electronegativity difference from Pb atom
among the three types of halide anions.” This makes a series of
different ionic bond strength, Pb-I<Pb-Br<Pb-Cl in perovskite
structure. From this point of view, the MAPb(I,.,Cl,); should
show higher IP than MAPb(l,.,Br,); because the PbCl, has the
highest ionic bond strength and IP among the lead halides
(7.80 eV: Fig. S3). However, the IP values in the Fig. 3d are
inconsistent with our expectation. We suspect that the actual
stoichiometry is not conserved as it is deposited. In addition,
the PbCl, deposition ratio does not affect the IP as much as the
PbBr, precursors, which is consistent with previous report that
the Cl mixed one has a lower miscibility than Br ion due to the
large difference in the halide ion radius between I and .

3.4 Actual stoichiometry of perovskite films.

To extract the information of actual stoichiometry in

perovskite films, we carried out XPS measurements right after

each film formation. The XPS spectra for the constituent atoms
in MAPb(l1,.,Cl,); and MAPb(l,.,Br,); films are displayed in Figs.
4 and 5, respectively. The Pb 4f;,, BE in MAPb(l,.,Cl,); film in
Fig. 4a appears constant at 138.6 eV, while the initial Pb 4f;/,
peak (139.05 eV) in MAPb(l.,Br,); film in Fig. 5a is shifted to a
lower BE by 0.4 eV with high MAI deposition ratio. The Pb 4f;/,
BEs for pristine Pbl,, PbBr,, and PbCl, compounds appear at
138.60, 139.05, and 139.15 eV, respectively (Fig. S4). The BEs
exactly follow the order of electronegativity of halogen atoms
(Cl > Br > 1) bound to Pb. In comparison, the constant Pb 4f;/,
BE at 138.6 eV for MAPb(l,.,Cl,); irrespective of MAI deposition
ratio indicates that its local chemical environment does not
change from Pbl,. It has no clear evidence for the bonding
character of Pb-Cl at all. On the other hand, the continuous
change of Pb 4f;,, BE in MAPb(l,.,Br,); film toward the low BE
side with high MAI ratio in Fig. 5a means that the majority of
lead halides changes from initial Pb-Br to I-Pb-Br mixed bonds.

Intensity [arb.units]

(b) CI 2p (©) 13dy, (d)N1s (e)C 1s
PbCl, : MAI MW WM\VWM
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Fig. 4 XPS core level spectra of MAPb(l,.,Cl,); as a function of deposition ratio between PbCl, and MAI precursors.
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Fig. 5 XPS core level spectra of MAPb(l,.,Br,); as a function of deposition ratio between PbBr, and MAI precursors

Some have reported a metallic Pb 4f;;, peak (~137.0 eV) in
solution based perovskite.as'47 The metallic Pb as electron-
donor is an avoidable defect but vulnerable to oxygen and
moisture, which is one of the vital factors for the perovskite
degradation. Thus, the absence of metallic Pb through the
present vacuum deposition process facilitates more stable and

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-7

impurity-free lead perovskite solar cells in comparison with
solution based process.

In Fig. 4b, no meaningful Cl 2p intensity for MAPb(I,,Cl,); is
observed within the detection limit even though the initial
source for perovskite film consists of various compositions of
PbCl, precursor. That means, the PbCl, precursor is dissociated

This journal is © The Royal Society of Chemistry 2015
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into Pb”" and 2CI" and then most of CI containing compounds
are removed during the film formation.

The absence of Cl 2p intensity in the MAPb(I..,Cl); film is
consistent with the above explanation of constant Pb 4f;,, BE
position, unchanged crystal lattice structure, and anomalous IP
values. However we verify that the Cl 2p core level peak does
appear distinctly under PbCl, rich (and only) deposition
condition (Fig. S5) although this condition never generates a
perovskite crystal formation. On the other hand, the broad Br
3d peak at 3ds/, BE of 68.8 eV arises for MAPb(l,.,Br,); film in
Fig. 3b with spin-orbit splitting of 1.05 eV. With the increase of
MAI deposition ratio, the Br 3d peak intensity is gradually
decreased.

The | 3dsy,, N 1s, and C 1s peaks in Figs. 4c-e and 5c-e appear
at 619.4, 402.5, and 286.5 eV, respectively. All the peaks show
a singlet feature throughout the PbX, and MAI deposition
ratios. In particular, as compared to the result for pristine MAI
film (Fig. S5), the C 1s and N 1s shows the exactly the same
chemical environment of MA moiety in both MAPb(1,.,Cl,); and
MAPb(l,.,Br,); films. This means that the fabricated films are
free from other carbon contaminants such as residual solvents
that might occur in solution process. Thus the present films are
suitable for accurate stoichiometry evaluation.

T
A ! ® MAPbI, 8 Las
’ ' B MAPb(,Cl); O )
£ ! A MAPD(Br ) A& | o,
A I
o : 5
S 50 } o ~62 3
C2 Al ! A ]
I [ —
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I

[rrrryrrrrprrrrrrrrryrrrryrrrrereT
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Excess MAI/PbX,
Fig. 6 Excess MA" effect on electronic affinity (left axis, solid symbols) and
lonization potential (right axis, open symbols) for the mixed halide
perovskite films of MAPbl; (circles), MAPb(I..,Cl,); (rectangles), and MAPb(l;.
yBry)s (triangles).

Table S1 summarizes the relative atomic composition of
constituent elements in all the fabricated films. This
quantitative investigation shows that deposition ratio of the
precursor does not represent a real stoichiometry of
fabricated film. The difference between actual stoichiometry
and precursor deposition ratio of the film results from residual
reactants and/or natural removal of volatile compounds during
the vacuum deposition. For instance, the absence of Cl in the
MAPb(l,.,Cly); film is due to the active removal of MACI
compound in gaseous form. Indeed MACI is much more
volatile than MABr or MAIL.*® Moreover, the ideal atomic ratio

This journal is © The Royal Society of Chemistry 2015

of C/X for the perovskite structure is 0.33. When the ratio is
lower than this value, no clear crystallization occurs in Fig. 1.
Interestingly when the ratio is higher than 0.33, it does not
disrupt the crystal structure, but excess MA™ must exist.

We compare the EA and IP with the excess MA" in Fig. 6 where
the excess MA" is calculated from the atomic ratio of C with
respect to Pb, (C-Pb)/Pb. On the left side where the Pb>* is rich
compared to MA®, the perovskite structure is not assured in
Fig. 1. But the right side shows MA" rich concentration and the
EA is scalable with excess amount of MA®, fulfilling the
perovskite structure formation. As the excess MA” is increased,
both the EA and IP are deceased. While the E; in Fig. 2 shows
the subtle change of 0.15 eV at most, the EA and IP show the
significant variation of about 0.7 eV depending on atomic
composition. Surprisingly they have even a similar slope. Since
the IP is the sum of EA and Eg, the EA variation is reflected by
thoroughly the IP variation as a result of an electronic effect
rather than the variation of E, by structural effect. The excess
MA cation can play a role of positive doping or partial
substitution of Pb in the perovskite. However, the MA" is out
of framework of covalent bonds made of lead halide octagonal
structure. This is why the E; is not changed much but the EA
differs a lot. As the conduction band is formed of Pb 6p
orbital,43 the relative concentration of Pb>" with respect to
MA" affects primarily the EA, the energy level of conduction
band. Although the organic cation is known to only help with
charge neutralization in perovskite structure, its relative
concentration can strongly influence the electronic property of
film. Since the EA has a large influence on the energy level
alignment at photovoltaic film interfaces, the control of EA is
of particular importance in the choice of material stack
structure and cell efficiency management.

3.5 Surface morphology of halide mixed perovskite films.

In planar type photovoltaic cells, defect-free surface
morphology is one of the key factors in order to achieve high
performance. So far the solution processed perovskite film is
known to have many pinholes that are detrimental to device
performance.49 Whereas, vacuum deposited perovskite film
shows the possibility to offer high-quality smooth surfaces.”
We compare the surface morphology and roughness of each
mixed-halide perovskite film using AFM in the area of 5 um x 5
um in Fig. 7. The images for pristine precursor films are
compared in Fig. S6. The perovskite films used for the
morphology measurement are manufactured by the
deposition ratio of 1:4 for PbX, and MAI, as those have high
purity of perovskite films according to the XRD results in Fig. 1.
The root-mean-square roughness (R.ns) of the perovskite film
surfaces made of Pbl, and PbCl, precursors shows dramatic
change from 16.65 nm to 5.72 nm. Even though no post-heat
treatment is performed, the MAPb(l,.,Cl,); surface is smooth
and flat except for tens-of-nanometer scale protrusions on the
flat surface in Fig. 7b. On the other hand, the R, increases to
21.72 nm by the use of PbBr, precursor in Fig. 7c. In
comparison, there are large size of hills and troughs on the
ARM images in Fig. 7a and ¢, which makes the surface rougher.
In general, the perovskite film morphology becomes largely

Phys. Chem. Chem. Phys., 2015, 00, 1-7 | 5
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smooth by proper post annealing.lﬁ'ﬂ' 2 This is closely related

to solvent evaporation and recrystallization. Vacuum
deposition avoids unnecessary solvent evaporation, which
generally renders a smooth surface. We suppose the
spontaneous MACI removal into gas phase makes the surface
further smooth in the formation of MAPb(l,.,Cl,);. In contrast,
the Br ion generates the rough surface in Fig. 7c possibly
because a volatile MABr is hardly formed during the reaction.

(a) MAPbI,

(b) MAPb(l4.,Cl,)3

Furthermore, interesting feature of the Br mixed
perovskite in Fig. 7c is several spots of lying leaf-like shape
(white circles) on the surface. This is the hollow protrusion that

makes a highly rough surface.

one

(c) MAPD(l.,Br,)s

- e

Fig. 7 AFM top view images of mixed halide perovskite films for (a) MAPbls, (b) MAPb(l.,Cl,)s, and (c) MAPb(l..,Br,)s. Each surface roughness of the
perovskite films is noted as root mean-square (Rims) value. Leaf-like protrusions are marked by white circles in (c).

Conclusions

We have fabricated mixed halide perovskite films by
simultaneous vacuum deposition of PbX, (X= Cl, Br, and I) and
MAI precursors with various ratios to investigate its influence
on electronic properties, chemical composition, crystal
structure, and surface morphology. Since the precursors
undergo ion exchange to form a perovskite structure, the MAI
deposition rate of more than twice the PbX, is necessary to
make a relatively pure perovskite film. While the MAPb(I,.,Cl,)3
shows negligible amount of Cl in the film, the MAPb(l,.,Br,);
reveals the Br incorporation in the compound and the
corresponding lattice space change. The IP and EA decrease
with the MA" amount with respect to Pb>" in the film, though
the E, does not change much. This controllability of electronic
property with similar E; is one of excellent advantages of
mixed halide perovskite films for solar cell manufacturing.
Vacuum-processed film surfaces are generally smooth in
particular for MAPb(l,,Cl,);. Based on the above
characterization of perovskite film, we construct a strategy to
control actual stoichiometry, crystal structure, bandgap, and
even morphological property for a desirable mixed halide
perovskite device.
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