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In Situ Growth Mechanism for High-Quality Hybrid
Perovskite Single-Crystal Thin Films with High Area to
Thickness Ratio: Looking for the Sweet Spot

Xiaobing Tang, Zhaojin Wang, Dan Wu,* Zhenghui Wu, Zhenwei Ren, Ruxue Li, Pai Liu,
Guanding Mei, Jiayun Sun, Jiahao Yu, Fankai Zheng, Wallace C. H. Choy, Rui Chen,

Xiao Wei Sun, Fugian Yang,* and Kai Wang*

The development of in situ growth methods for the fabrication of high-quality
perovskite single-crystal thin films (SCTFs) directly on hole-transport layers
(HTLs) to boost the performance of optoelectronic devices is critically
important. However, the fabrication of large-area high-quality SCTFs with thin
thickness still remains a significant challenge due to the elusive growth
mechanism of this process. In this work, the influence of three key factors on
in situ growth of high-quality large-size MAPbBr; SCTFs on HTLs is
investigated. An optimal “sweet spot” is determined: low interface energy
between the precursor solution and substrate, a slow heating rate, and a
moderate precursor solution concentration. As a result, the as-obtained
perovskite SCTFs with a thickness of 540 nm achieve a record area to
thickness ratio of 1.94 x 10* mm, a record X-ray diffraction peak full width at
half maximum of 0.017°, and an ultralong carrier lifetime of 1552 ns. These
characteristics enable the as-obtained perovskite SCTFs to exhibit a record
carrier mobility of 141 cm? V=" s~ and good long-term structural stability
over 360 days.

1. Introduction

their high light-absorption coefficients, tun-
able bandgaps, cost-effective and facile
preparation process.'™™ The perovskite
and perovskite/silicon tandem solar cells
with the highest power conversion efficien-
cies of 25.5%(1?l and 29%!"* rival the perfor-
mance of commercial polycrystalline silicon
solar cells. Perovskite light-emitting diodes
(LEDs) with an external quantum efficiency
over 20% approach the efficiencies of com-
mercial organic LEDs.[*>*] However, de-
spite their rapid development, the active
layers that perovskite polycrystalline thin
films are composed of have unavoidable is-
sues, including mobile ionic defects due to
the low-temperature solution process,!!*1°]
and high trap densities induced by grain
boundaries.'”]

Compared with polycrystalline thin
films, single-crystal thin films (SCTFs)
without grain boundaries are preferable
for perovskite optoelectronic devices be-
cause the adoption of perovskite SCTFs

Organic—inorganic hybrid perovskites have been widely recog-
nized as promising materials for optoelectronic devices due to

can further improve performance due to their higher carrier mo-
bility, longer carrier diffusion length, and higher stability.!18-24]
Generally, hybrid perovskite SCTFs can be grown on substrates,
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such as silicon, polyethylene terephthalate (PET), glass, indium
tin oxide (ITO), ” uorine-doped tin oxide (FTO), polyimide (PI),
SrTiO, 7521 and in solution.*2] However, the perovskite
SCTFs obtained from these reported methods cannot be directly
used in optoelectronic device structures. This is because the ma-
jority of high-performance solar cells, LEDs, and photodiodes
based on hybrid perovskites possess vertical structures with ac-
tive layers sandwiched between transport layers connected to re-
spective electrodes. For perovskite SCTFs devices, such as solar
cells, require carriers to be transferred from their active layer
(perovskite SCTFs) through the charge-transport layers (hole-
transport layers (HTLs) and electron-transport layers (ETLs)) to
their respective electrodes.[****] Due to the lack of proper synthe-
sis methods for the in situ growth of perovskite SCTFs on widely
used transport layers with underlying substrates, researchers
need to adopt additional fabrication processes such as peeling the
SCTFs from their initial grown substrate. These processes may
cause unnecessary damage and/or introduce defects to these per-
ovskite SCTFs. This jeopardizes the superiority of SCTFs and re-
sults in the deterioration of device performance.

To overcome these problems, the direct growth of high-quality
hybrid perovskite SCTFs on transport layers (e.g., HTLs) is re-
quired to limit transfer-induced damage and defects and to im-
prove the performance and integrity of these devices. Other trans-
port layers (e.g., ETLs) can be fabricated on the opposite surface
of perovskite SCTFs to form a ETL/perovskite/HTL structures for
optoelectronic devices.*>-*”) Recently, the successful growth and
morphological dependence of perovskite SCTFs on HTLs have
been investigated and reported.’>*] However, the thicknesses
of the light-harvesting perovskite layer of these SCTFs were 10—
20 pm, which was too thick to extract charge carrier in an op-
toelectronic device. It should be pointed out that previous work
has shown that film thicknesses of 400-800 nm can be used to
successfully prepare high-performance devices based on hybrid
perovskites.[1341 On the other hand, optoelectronic devices with
vertically sandwiched structures exhibit more excellent perfor-
mance, benefiting from the perovskite active layer with larger
area.l!l Therefore, perovskite SCTFs with high area to thickness
(ATT) ratio and thin thickness are expected to meet the rigorous
material requirements for the fabrication of these devices. Chen
et al.’%! fabricated millimeter-size (~37.5 mm? in area) SCTFs
with a thickness of 10 um and obtained a ATT of 3.75 X 10° mm.
Rao et al.*?l reported perovskite single crystals (6 X 8 mm?) with
a thickness of 16 pm and an ATT of 3 x 10°> mm. Yang et al.[®]
achieved a thickness of 365 nm for perovskite SCTFs, with a
side length and an ATT of ~#600 um and 0.99 x 10° mm, re-
spectively. However, the growth of high-quality hybrid MAPbBr,
SCTFs with high ATT ratios on HTLs still remains challenging
because the growth of these crystals is isotropous in solution and
the lateral growth of these films is confined once their thickness
is restricted.[2°28] Tt should also be noted that the morphology and
crystal quality of hybrid perovskite SCTFs on HTLs likely plays
a critical role in determining the efficiency and stability of the
devices.['"*3] Therefore, determining the elusive hidden mecha-
nism for the nucleation and growth process of perovskite are
highly desirable for obtaining high-quality and high ATT ratio
SCTFs.

In this work, in situ growth of high-quality MAPbBr; SCTFs
with a high ATT ratio of 1.94 x 10* mm on HTLs are real-
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ized for the first time. Through an in-depth investigation into
the mechanism of nucleation and growth of the SCTFs, we
find a Ckweet spotOwith optimized growth factors for MAPbBr,
SCTFs with respect to the interface energy between the pre-
cursor solution and HTLs, the heating rate for crystalsOgrowth
and the concentration of precursor solution. Millimeter-scale
MAPDBr,; SCTFs growing on poly(N,N"-bis-4-butylphenyl-N,N"-
bisphenyl)-benzidine (poly-TPD) HTLs layer are obtained. The
(200) X-ray diffraction (XRD) peak of these SCTFS exhibit a full
width at half maximum (FWHM) of 0.017° which demonstrates
their high crystallinity. And an ultra-long average carrier lifetime
of 1552 ns are achieved for the first time. Moreover, long-term
phase stability of 360 days and photoluminescence (PL) stability
at temperatures up to 470 K are also observed. The high crystal
quality and reliability of the MAPbBr,; SCTFs on HTLs demon-
strate huge potential for future reliable perovskite optoelectron-
ics.

2. Results and Discussion

According to the theory of thermodynamics, the synthesis of
MAPDBr; SCTFs was carried out in the structure as shown in
Figure 1a, where the precursors were sandwiched between two
identical HTL-coated ITO glass slides (see details in the Ex-
perimental Section). In this structure, the thicknesses of the
MAPDbBr; SCTFs were tuned by adjusting the mass of the dead
load on the top of the covering glass. There are two steps involv-
ing the formation and growth of MAPbBr; SCTFs. The firstone is
the formation of an intermediate CH,NH; Br—PbBr,—~DMF phase
as shown in Equations (1) and (2)!**]

PbBr,+DMF — PbBr,(DMF), (1)
PbBr,(DMF),+CH,NH,Br — CH,NH,Br — PbBr, - DMF  (2)

The second step is the conversion of the intermediate phase
film to the perovskite phase via the extraction of DMF molecules
during annealing, as described in Equation (3)*4]

CH,NH,Br — PbBr, — DMF;, — CH;NH,PbBr, +DMF, (3)

The sandwiched structure suppresses the growth of the inter-
mediate phase film in the thickness direction and allows the in-
termediate phase film to laterally grow (Figure 1b).

The kinetic process for crystal growth consists of crystal nu-
cleation and growth. Generally, nucleation on a foreign substrate
is a heterogeneous nucleation process, without a gap between
the substrate and the SCTFs as shown in the cross-sectional view
scanning transmission electron microscopy (STEM) image of the
sample (Figure S1, Supporting Information). Because the pre-
pared MAPbBr; SCTFs are in a cubic phase, it is reasonable to
deduce that the nucleus is formed also in cubic shape. For a cu-
bic nucleus formed on a substrate, the nucleation rate (J,) can be
calculated as(*!

Jo= TN’ 4)

N*=N AG;etero
=Nyexp | ———— (5)
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Figure 1. Schematic of the sandwich-like structure for the a) nucleation and b) growth of a layer of MAPbBry SCTF from precursor solution.

where N” is the equilibrium concentration of critical nuclei, N,
is the concentration of monomers in the solution, w* is the fre-
quency of the attachment of monomers to the nucleus, and I is
the Zeldovich factor. Moreover, the cubic crystal nuclei formed
on a heterogeneous substrate is expressed as/*!

32
* — 32661VC (O-cl +0,— Gsl)
hetero (Aﬂ)z

(©)

ZO'CL

C
Ap=RTIn =
H ne

()

where AG; s the energy barrier for the formation of the nu-
cleus, Ay is the change of chemical potential, depending on tem-
perature T and the degree of supersaturation (Eq. (7)); C and C,
are the solution concentration and equilibrium solution concen-
tration, respectively, and R is the gas constant. ¢ 5,0, and o are
the interface energy between nucleus and precursor solution, the
interface energy between nucleus and substrate and the interface
energy between substrate and precursor solution, respectively (as
shown in Figure 1a), V, is a constant (molar volume of the crystal
phase). The above Equations (4)—(7) demonstrate that the main
factors of nucleation processes include temperature, concentra-
tion, and interface energies.

In general, a low crystal growth rate allows sufficient time
for atoms to reach equilibrium sites, resulting in a high-quality
crystal. The relationship between the total growth rate (Ry)
and the concentration in a supersaturated solution can be
expressed asl*®]

dAC

o ()

=
where AC is the supersaturation degree of the solute in the solu-
tion. For an isothermal process, Equation (8) is rewritten as

dAC dT

ST w ©)

The solute solubility of MAPDbBr, decreases with the increase
of temperature (Figure S2, Supporting Information), so as the
concentration of the solute. Therefore, a higher initial concen-
tration of the precursor solution and a higher temperature con-
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tribute a larger supersaturation. However, reaching supersatura-
tion too rapidly does not favor the growth of high-quality crystals.
Thus, an appropriate precursor concentration is preferable. More
importantly, the variation rate of the concentration (ddA—TC) decrease
as the temperature increases. According to Equation (9), the crys-
tal growth rate is proportional to the ramp rate of temperature,
which means a lower heating rate can result in a lower crystal
growth rate.

According to the nucleation analysis above, the inter-
face energy between precursor solution and substrate plays
an important role in determining the nucleation behav-
ior of MAPDBr; SCTFs. Figure S3a-c (Supporting Infor-
mation) presents optical images of the MAPDbBr; SCTFs
formed on three different substrates, which are ITO cov-
ered with HTLs (poly-TPD/ITO, poly(9,9Gdioctyl” uorene-
co-bis-N,N(4-butylphenyl)-diphenylamine) (TFB)/ITO, and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS)/ITO), at a heating rate of 10 °C h™! under the dead
load of 2 kg. The XRD patterns in Figure S3d (Supporting
Information) show that all the SCTFs are single crystalline with
a cubic phase. The thickness of the MAPbBr; SCTF grown on
ploy-TPD is 540 nm (Figure S4, Supporting Information). This
demonstrates that the formed MAPbBr; SCTFs are presented
in different morphologies, depending on the substrate. For
the poly-TPD/ITO and TFB/ITO substrates, MAPbBr; SCTFs
with relatively regular shapes were grown, however, for PE-
DOT:PSS/ITO substrate, MAPbBr; SCTFs in dendritic shape
were grown.

We calculated the surface energies of the three substrates and
the interface energies between the precursor solutions and the
three substrates with different HTLs. Precursor solution, deion-
ized (DI) water, and dimethyl sulfoxide (DMSO) were used in the
measurement of the contact angles of precursor solution, (DI)
water and DM SO on three HTLs covered ITO substrates (Figures
S5a and S6, Supporting Information) and the results are sum-
marized in Table 1 and Tables S1-S3 (Supporting Information).
It is evident that the contact angles between the precursor solu-
tion and HTLs are in a range of 20.8° to 52.2°, suggesting that
PEDOT:PSS are more favorable for the wetting of the precursor
solution than Poly-TPD and TFB. The difference in these contact
angles can be attributed to the difference in the interface ener-
gies.

2104788 (3 of 12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Interface energy between the precursor solution and the substrate.

o, [PINm™] o, [MNm™] 0[] Cos® o4[mNm]
Poly-TPD 50.00 07.10 522 061 01.00
TFB 47.47 07.10 440 072 20.60
PEDOT:PSS 00.07 07.10 208  0.00 55.78

The correlation between surface energy and interface energy
for the contact angle (0) between a liquid and a solid substrate
can be expressed as!*’]

dd)l/z (ppl

/2 2
14+ cos® (050}, 05,0, 4 d
= ando, = ol —/op
O

2 0y n

+(\/a7—\/?;’) (10)

where o, 0, and o are the surface energy of a solid substrate
and a liquid, and the interface energy between the substrate and
the liquid, respectively, and the superscripts of [i0and CpOrepre-
sent the dispersive and polar components of the surface energy,
respectively. Using Equation (10), the measured contact angles
and the numerical values available in the literature,**! we obtain
surface energies of 53.99, 47.47 and 90.37 mN m™"! for poly-TPD,
TFB and PEDOT:PSS, respectively (see details in Tables S1-S3 in
the Supporting Information).

Note that no deformation was observed on the three different
HTLs when performing the contact angle measurements. There-
fore, the HTLs are considered to be rigid enough to apply the
Young3 equation[*®] to calculate the interface energies between
the precursor solution and the HTLs. The calculated interface
energies are listed in Table 1 and presented in Figure S5b (Sup-
porting Information). It is evident that the interface energy be-
tween the precursor solution and the PEDOT:PSS film is the
largest indicating the strongest interaction. In contrast, the inter-
face energies between the precursor solution and the Poly-TPD or
TFB are smaller indicating weaker interaction. A strong interac-
tion is more favorable for the nucleation of MAPbBr; compared
with a weak interaction, as demonstrated in Figure S7 (Support-
ing Information). However, the strong interaction between the
monomers and the PEDOT:PSS limits the migration/diffusion
of monomers on the surface of the PEDOT:PSS, leading to lateral
growth of MAPDBr; islands and the formation of dendrites rather
than large films, as shown in Movie S1 (Supporting Information)
and Figure S3c (Supporting Information). The growth of SCTFs
was also studied on NiO,/ITO (81.79 mN m™'), ZnMgO/ITO
(69.67 mN m™), and SnO,/ITO (90.05 mN m~?) substrates (Fig-
ure S8 and Table S4, Supporting Information). All these SCTFs
are dendrites, suggesting the important role of the interface en-
ergy between the precursor solution and the substrate in control-
ling the nucleation and morphology of MAPbBr, films/islands.

However, weaker interaction leads to easier migra-
tion/diffusion of monomers in solution. Therefore, on the
surface of the poly-TPD, the lateral growth of the MAPDbBr,
films with large sizes easily occurs (Figure S3a, Supporting
Information).

Adv. Sci. 2022, 9, 2104788
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From the perspective of thermodynamics, the driving force for
the nucleation and growth of MAPbBr; SCTFs is the difference
of the Gibbs free energies, AG, between the precursor solution
and the MAPDBr; crystals as

AG=G.—G, (11)

where G. and G; are the Gibbs free energies of the MAPDBr,
crystals and the precursor solution, respectively. Under the con-
ditions of constant temperature and pressure, it needs AG < 0 for
the nucleation and growth to occur. The difference of the molar
Gibbs free energies consists of the contribution from the change
of the Gibbs free energy due to the phase change and the inter-
face energy between the MAPbBr; crystal and the solution. For
the nucleation in an infinite system, the contribution of the en-
tropy change is negligible, while one needs to incorporate the
contribution of the entropy change in the calculate of the Gibbs
free energy for a finite system.[*”] The system for nucleation in
present work is approximately infinite, so the entropy change is
negligible. Note that a supersaturated solution is needed for the
nucleation and growth of any new phases, including MAPbBr,
SCTFs.

Consider the nucleation of a MAPbBr, crystal nucleus in an
n-sided (n = 4 in this work), regular polygon in the sandwiched
structure shown in Figure 1a. Assuming that the thickness of the
crystal film is h and the side-length is a, and only one surface of
the MAPbBr; SCTF is in contact with the HTL (Figure 1b), the
difference of the Gibbs free energies, AG,*") can be expressed as

2 2
AG = —”‘Z P cot %AGV + % cot %(ad +0,—04) + naho, (12)

Under the condition that the volume of the MAPbBr; crys-
tal nucleus is constant, the minimum interface energy between
MAPDBr; SCTF and HTL yields

(O-cl +0,— Gsl) T

h= g cot (13)
o] n

Substituting Equation (13) in Equation (12) and taking deriva-
tive with respect to a, we obtain the critical side-length and thick-
ness of a nucleus, a. and h, as

L RO 14
.= g tan® (14)

2(661 +0,— o-sl)
hy=—— 15
. e (15)
It is evident that the critical side-length of the MAPbBr; nu-
cleus is only dependent on the interface energy between the
MAPDbBr; crystal nucleus and the precursor solution, and the crit-
ical thickness of the MAPDbBr, crystal nucleus is dependent on
(64 + 0 — 0g4). That is to say that the critical side-length size is
independent of the HTL used in the sandwiched structure. Note
that for a slow constant heating rate, the system can be consid-
ered as a quasi-thermal equilibrium process.
Using the density functional theory (DFT), we analyzed the
interaction between HTLs (poly-TPD, TFB, PEDOT:PSS) and a

2104788 (4 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) Variation of the thickness of the MAPbBry SCTFs with the dead load on the sandwiched structures, b) TRPL decay transients of the MAPbBry
SCTFs under 405 nm excitation, c) XRD patterns for MAPbBry SCTFs prepared under various heating rate at room temperature (25 °C), and dIf) high-
resolution XRD rocking curves of the (200) dilraction peaks of the MAPbBry SCTFs at a heating rate of d) 10 °Ch~', e) 5°Ch~', and f) 2°Ch~".

MAPDBr; SCTF, as shown in Figure S9 (Supporting Informa-
tion). The calculations are based on the interaction between HTLs
and MABr-terminated MAPbBr; surfaces because the MABr
holds minimum energy surface terminations for MAPbBr;.5!]
The calculation results show that the corresponding adsorp-
tion energies (E,) for MAPDbBr,/poly-TPD, MAPbBr,/TFB
and MAPDbBr;/PEDOT:PSS are —0.583 eV (—13.4 kcal mol™),
—0.972 eV (—22.4 kcal mol™), and —1.473 eV (—34.0 kcal mol™!),
respectively, suggesting that it is a weak hydrogen bonds inter-
action between HTLs and a MAPDBr; single-crystal film. In ad-
dition, XRD (Figure S10, Supporting Information) analysis indi-
cates that the HTLs polymers are all amorphous. Fourier trans-
form infrared spectroscopy (FTIR) (Figure S11, Supporting Infor-
mation) shows that the peak positions remain unchanged before
and after the formation of MAPbBr; SCTFs on the HTLs, sug-
gesting there is no obvious chemical interaction, further prov-
ing that the interaction is hydrogen bonding. The results of DFT,
XRD, and FTIR suggest that the growth of MAPbBr; SCTFs on
the HTLs is based on hydrogen bond interactions. According to
the optical micrographs in Figure S3 (Supporting Information)
and the interface energies in Table 1, it can be concluded that
the Poly-TPD and TFB films are the most suitable HTLs for the
growth of MAPbBr; SCTFs for the conditions used in this work.
The following analysis is focused on the MAPbBr,; SCTFs grown
on the poly-TPD/ITO.

A smaller crystal growth rate can produce higher-quality crys-
tals since a smaller growth rate is beneficial for monomer to
reach equilibrium sites. Figure S12 (Supporting Information)
depicts optical micrographs of the MAPbBr; SCTFs grown on
poly-TPD/ITO at three different heating rates (10, 5, and 2 °C
h=1), which lead to the MAPbBr, SCTFs surface areas of ~0.2,

Adv. Sci. 2022, 9, 2104788

~0.4, and ~10.5 mm?, respectively. The corresponding surface-
root-mean-square roughness (RMS) are x0.624, ~0.601, and
~0.598 nm for the SCTFs grown at heating rates of 10, 5, and
2 °C h71, respectively. This indicates decreasing the heating rate
enables the growth of large-area MAPbBr; SCTFs with better sur-
face quality. Similar results can also be obtained on the other two
HTLs (Figure S13, Supporting Information). To achieve a smaller
scale (e.g., nanometer scale) morphologies of MAPbBr; SCTFs
at various heating rate, a set of top-view scanning electron mi-
croscope (SEM) images were obtained, as shown in Figure S14
(Supporting Information). Figure S14a—c (Supporting Informa-
tion) are presents the SCTFs prepared at heating rates of 10, 5,
and 2 °C h7!, respectively. The extremely ” at and smooth surface
verifies the high quality of SCTFs grown under all the three heat-
ing rates. This behavior can be attributed to monomers in the pre-
cursor solution at a low heating rate have relatively enough time
to reach equilibrium sites on the edge of the MAPDbBr; single-
crystal films during growth, leading to the growth of large high-
quality MAPDbBr; SCTFs.

Figure 2a shows the variation in the thickness of the MAPbBr,
SCTFs with the dead loads applied to the sandwiched structure
grown at a heating rate of 2 °Ch~!. The thickness of the MAPbBr,
SCTFs decreases with the increase of the dead load, reaching
~540 nm at a dead load of 2 kg, suggesting that a dead load can
be used to tailor the thickness of the MAPbBr; SCTFs. It is evi-
dent from the Equations (4)—(7) that the nucleation rate of crys-
tals is only related to three factors: growth temperature, precur-
sor solution concentration, and the interface energy between two
phases, and pressure does not have a significant effect on nu-
cleation rate.”) According to the crystal growth rate equations
(Equations (8) and (9)), on a same substrate (surface energy is

2104788 (5 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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fixed), the crystal growth rate only depends on the heating rate
and the precursor solution concentration.[* The effect of pres-
sure on the crystal growth is negligible. From the theory of crys-
tal nucleation and growth, it can be concluded that the pressure
has insignificant effect on the crystal nucleation and growth pro-
cess, and also on the quality of the prepared crystal films. How-
ever, in the process of preparing SCTFs by the space confinement
method, the pressure can change the space, thereby adjusting the
thickness of the thin films.['”?%] Next, we performed XRD test on
SCTFs prepared under various dead loads. The result is shown
in Figure S15 (Supporting Information). All the XRD patterns of
MAPDBr; SCTFs prepared under a dead load of 0 kg, 1 kg, and
2 kg have periodic diffraction peaks assigned to (100), (200), and
(300) planes. The comparable FWHM of the diffraction peaks of
SCTFs obtained under three dead loads indicate the three types
of SCTFs have an insignificant difference in crystallinity. This is
in good agreement with the expected trend based on crystal nu-
cleation and growth theory. The XRD results suggest that within a
certain pressure range, the pressure has little effect on pervoskite
crystals nucleation and growth, so it has little effect on the quality
of the SCTFs.l1728] Nevertheless, if the pressure on the top sub-
strate increases infinitely and the space between two substrates
becomes smaller, it will be difficult for the solvent in the precur-
sor to volatilize and the longitudinal growth of the SCTFs will be
confined, resulting in a smaller SCTFs area.l'”:?% Therefore, this
situation is not discussed in detail in the present work.

The defect states concentration of the SCTFs was character-
ized by time-resolved photoluminescence (TRPL) (Figure 2b).
The process of decay has a long lifetime component and a short
lifetime component. The electrons in semiconductors are excited
to an excited state when semiconductors absorb photons and the
excess excited electrons return back to ground state with a recom-
bination with holes.’?l A recombination process generally can
be radiative or nonradiative types.[*>*3] During a radiative recom-
bination process, photons are emitted after the holes and elec-
trons recombine. In contrast, during a nonradiative recombina-
tion process no photon emission occurs due to the trap-induced
carrier recombination.[®?33] During this photophysical process
the radiative carrier lifetime and nonradiative carrier lifetime can
be obtained by fitting the decay curves using a double exponential
function>*l

I, =A, exp(—t/7;) + A, exp(—t/7,)

o= (16)

where I refers to PL intensity, 7, and 7, are radiative carrier life-
time and nonradiative carrier lifetime, respectively, A, and A, are
the fractional amplitude (A;+A,= 1) for 7, and 7, respectively.
An average carrier lifetime (r,,,) is determined by

Tae = A7y + AT, (17)

Table S5 (Supporting Information) summarizes long-lived ra-
diative component (z), short-lived nonradiative component (z,),
and average carrier lifetime (z,,) of the MAPbBr, SCTFs synthe-
sized under various heating rates. It is evident that the average
carrier lifetime (z,,,) (Figure 2b) increases with the decrease of
the heating rate. This is because slower heating rate results in
slower crystal growth rate, which leads to higher the crystal qual-
ity and lower the defect state concentration. The longest average
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carrier lifetime is 1552 ns for the MAPbBr,; SCTFs grown at the
heating rate of 2 °C h™', which is much longer than those grown
at the heating rate of 5 and 10 °C h~!. This is about twice as high
as the average carrier lifetime of 815 ns reported for bulk single
crystals by Liu et al..¥) Such a result reveals that small heating
rate favors the growth of high-quality MAPbBr,; SCTFs with a low
trap density.

The crystallinity of the SCTFs was characterized by XRD. As
shown in Figure 2c, the XRD patterns of the MAPbBr; SCTFs
shows periodic diffraction peaks at 14.93°, 30.08°, and 45.83°
corresponding to the (100), (200) and (300) crystal planes, re-
spectively. This verifies cubic structure (space group Pm3m) and
strong single crystallinity of the MAPbBr,; SCTFs without any
residual raw materials (precursor powders) (see XRD results
in Figure S16 in the Supporting Information), which is con-
sistent with the other reports.[?)l XRD patterns shown in Fig-
ure S17 (Supporting Information) indicate high-quality MAPDI,,
(PEA),PbI,, (PEA),PbBr, SCTFs grown on poly-TPD at 2 °C
h=!. This suggests the method used in this work is applica-
ble for different materials in the perovskite family. In the XRD
pattern of MAPbI, SCTFs, the diffraction peaks at 31°, 44°,
57° correspond to (220), (330), (440) crystal planes, respectively.
This is in good agreement with previous reports.l>! Especially,
more details of characterizations in terms of MAPbI; SCTFs are
discussed herein. Figure S18a (Supporting Information) repre-
sents a top-view SEM image of a MAPbI, SCTF grown on a
Poly-TPD/ITO/glass substrate. It is clear that no obvious grain
boundaries are observed on the MAPDI, thin film, which veri-
fies the single-crystalline property of the as-synthesized MAPDI,
thin film.[>>-37] Figure S18b,c (Supporting Information) illustrate
PL and absorption spectra of a single MAPbI, SCTF with PL
peak and absorption peak of 780 and 762 nm, respectively, in-
dicating a Stokes shift of 18 nm. The clear cutoff band edge
of the absorption spectrum demonstrates a low exciton bind-
ing energy, further indicating MAPbI; films are single crys-
talline films with few in-gap defect states.>3°¢] Compared with
reported polycrystalline films with a PL peak (770 nm) and ab-
sorption peak (750 nm), the PL and absorption peaks of MAPbI,
thin film in the present work experiences red shift of 10 and
12 nm, respectively.>’] Both PL peak and absorption peak are
red-shifted because of the long-range ordered arrangement of
atoms and less defect states concentration in the crystal, which
also proves that the MAPDI; film in the present work is a single
crystal film with high crystalline quality.>*°% Therefore, the char-
acterizations of XRD, SEM, PL and absorption together prove
that the MAPDI; film is single-crystalline. The high-resolution
XRD rocking curves of the MAPbBr; SCTFs are presented in
Figure 2d-f. The (200) peaks are centered at 29.938°, 30.238°,
and 30.056° for the MAPbBr; SCTFs grown at 10, 5, and 2 °C
h=1, respectively, with a corresponding FWHM of the diffrac-
tion peaks of 0.061°, 0.050°, and 0.017° for respective sample.
Interestingly, the FWHM of 0.017° for the MAPbBr; SCTFs
grown at 2 °C h™' is even smaller than that of the bulk sin-
gle crystals of 0.021°,[2] suggesting extremely high quality and
excellent crystallinity of the as-synthesized MAPbBr; SCTFs.
The small FWHM of 0.017° and long average carrier lifetime
(1552 ns) represents a notable breakthrough in achieving high
crystallinity and restricting defects for the of MAPbBr; SCTFs
(Table 2).
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Table 2. Comparison between the best reported MAPbBry perovskite single crystal thin films and this work.

Materials Tave [NS] FWHM of XRD peak [°] Area [mm?]

Thickness [mm] Ratio of area to thickness [mm] Ref.

MAPbBr, 262 0.070 48
MAPbBr, O O 07.5
MAPbBr, 242 0.05 0.06
MAPbBr; < oo 0 1.60% 1074
MAPbBr, < oot 0 1.4
MAPbBr, 1552 0.017 10.5

0x 10° 142]
0.75 x 10° 03]
0.00 x 107 128]

0.154 150]
2.0 10° 126]
1.04 x 10* This work

1.6 X 1072
1.0 X 1072
0.65 x 107
1.1x 107"
6.05 x 1074
5.4% 107

We also note that increasing the heating rate leads to the left-
handed shift (decrease of omega) of the (200) peaks, suggesting
an increase of the lattice constant of SCTFs. The increase of lattice
constant of SCTFs can introduce mechanical deformation to the
SCTFs, resulting in an inferior crystallinity. This corresponds to
the results of TRPL in Figure 2b. The PL spectra (Figure S19, Sup-
porting Information) shows that the PL peaks of samples grown
under large heating rate experience a slight blue shift, suggest-
ing the effect of the lattice constant on the energy gap of the
crystal. The blue shift of PL peaks indicates an increase of the
bandgap of SCTFs under an increasing heating rate.>3%% Com-
bining the XRD results (Figure 2d-f) it was concluded that in-
creasing heating rates give rise to a larger lattice constant and
bandgap of MAPbBr; SCTFs.[535¢]

The thermal stability of the MAPbBr; SCTFs grown on Poly-
TPD/ITO under a dead load of 2 kg was examined via in-
situ temperature-dependent XRD (TDXRD) analysis. Figure 3
presents in-situ TDXRD patterns of the MAPbBr; SCTFs grown
on poly-TPD/ITO at the three heating rates (2, 5, and 10 °Ch™1).
All the three MAPbBr; SCTFs exhibit high single crystallinity
with three characteristic peaks centered at ~15.3, ~30.8, and
~46.5°, which correspond to the (100), (200), and (300) planes
of cubic MAPDBr; crystals. At the same temperature, the intensi-
ties of the diffraction peaks decrease with the increase of the heat-
ing rate. The peak intensity of the (100) plane for the MAPbBr,
SCTFs grown at 2 °C h™! is about three times and nine times
larger than that grown at 5 and 10 °C h™!, respectively. A similar
trend is also observed for (200) and (300) planes. A new PbBr,
phase was formed at 140 and 130 °C from the MAPbBr; SCTFs
grown at 2 and 5 °C h™!, respectively. This result suggests bet-
ter thermal stability of the MAPbBr; SCTFs grown at 2 °C h™!
than that grown at 5 °C h~!. Note that there was no PbBr, phase
formed from the MAPbBr; SCTFs grown at 10 °C h™' during the
TDXRD characterization, which is due to that the inferior crystal
grown at 10 °Ch~! results in a poor quality of PbBr, crystal, which
cannot be detected in the TDXRD, but can be detected in ordinary
thin film path as shown Figure S20 in the Supporting Informa-
tion. From above discussion, it is concluded that smaller heat-
ing rates lead to better crystallinity and stability of the MAPbBr,
SCTFs.

The optical images of the SCTF morphologies grown with dif-
ferent precursor concentrations under a heating rate of 2 °Ch™"
and a dead load of 2 kg are shown in Figure S21 (Supporting In-
formation). Itis evident that the area of the film on poly-TPD/ITO
increases with the increase of the precursor concentration. The
precursor solution with a concentration of 0.2 mol L~! produced
the smallest film, while the solution with the concentration of
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Figure 3. In situ TDXRD patterns of the MAPbBry SCTFs grown on poly-
TPD/ITO under a dead load of 2 kg at three heating rates of a) 10, b) 5,
and c) 2 °C h~', respectively.
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1.2 mol L' produced the largest film. According to the nucle-
ation theory, the larger the initial concentration of the precursor
solution, the smaller the nucleation barrier and the larger the
nucleation rate. At the crystal growth stage, the initial concen-
tration of the precursor is large, leading to a fast crystal growth
and a high crystal yield. That is, the size of the SCTFs formed
within the same growth duration is larger for a higher initial con-
centration of the precursor. Such a trend is consistent with the
results shown in Figure S21 (Supporting Information) that the
size of SCTF gradually increases with the increase of concentra-
tion. However, an excessively high initial precursor concentration
can cause excessively rapid crystal growth, leading to unstable
growth and cracks. For example, the SCTF grown with a precur-
sor concentration of 1.2 mol L~! exhibits ploy-crystalline feature,
as shown in Figure S21d (Supporting Information). According to
the crystal growth theory, oversaturated solution (Cbversaturation
zonelin Figure S22, Supporting Information) will cause a rapid
crystal growth. The monomers are in a nonequilibrium state in
the crystal, leading to a crystal of poor quality and observable de-
fects such as the grain boundaries. On the other hand, a thermo-
dynamic equilibrium state exists at the Qunsaturated zoneOwith
no formation of a solid phase. When a high temperature is intro-
duced, the solution might not be in thermodynamic equilibrium,
giving rise to the formation of solid phase with the decrease of sol-
ubility, which is referred to as the Onetastable zone.OIt is prefer-
able for crystal growth in the metastable zone, i.e., the growth of
single-crystalline thin films in Figure S21a—c (Supporting Infor-
mation) might occur in this region. The corresponding size dis-
tribution of SCTFs with various solution concentrations are sta-
tistically summarized in Figure S23 (Supporting Information).
During the in situ growth of hybrid perovskite SCTFs by the space
confinement method, the thickness of the SCTFs is determined
by the size of the space (distance between two substrates).[173-7]
Therefore, the pressure between the two substrates can be tuned
by changing the distance between two substrates. In this way, the
thickness of the films was adjusted.l'”*-37] To explore the in” u-
ence of low precursor solution concentration on the thickness
of the prepared SCTFs, we further measured the thickness of
MAPDBr; SCTFs prepared with low precursor solution concen-
tration (0.2 mol L™!) were measured to be ~525 nm, as shown
in Figure S24 (Supporting Information), a quite small reduction
compared with that of films by larger concentration (0.8 mol
L', Figure S4 in the Supporting Information). The results sug-
gest that the precursor solution concentration almost have no
in” uence on the thickness of SCTFs within a range of 0.2—
0.8 mol L~!. This is consistent with the previously reports. [17:3>-37]

From the above results and analysis, a Gkweet pointll] optimal
conditions for the growth of MAPbBr; SCTFs are obtained as 1)
the substrates with low interface energy are suggested to be used
(such as Poly-TPD); 2) the concentration of precursor solution
should be moderate (0.8 mol L7!); 3) the heating rate is sup-
posed to be low (2 °C h~1). Figure 4a depicts a high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image of the cross-section of a MAPbBr,; SCTF grown
on a poly-TPD/ITO substrate at 2 °C h™! under a dead load of
2 kg. It can be seen that the SCTF is in close contact with the
substrate without a clear gap, illustrating the occurrence of het-
erogeneous nucleation directly on the substrate along with the
in situ growth from bottom to top. This image demonstrates
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the existence of a poly-TPD layer with a thickness of x50 nm,
sandwiched between the ITO substrate and the MAPbBr; SCTFs.
A high-resolution transmission electron microscope (HRTEM)
image of the region enclosed in the yellow box of Figure 4a is
presented in Figure 4b. The HRTEM image shows distinct lat-
tice fringes with a lattice spacing of 5.4 A, corresponding to the
(100) plane of cubic MAPDBr, crystal. The selected area electron
diffraction (SAED) pattern of the region enclosed by the yellow
box in Figure 4b is shown in Figure 4c. The regularly arranged
spots in this SAED pattern indicate MAPDBr, film are single crys-
talline, with the circled spot corresponding to (100) plane. Both
the HRTEM image and the SAED pattern confirm the excellent
crystallinity of this MAPbBr,; SCTF. The energy-dispersive X-ray
spectroscopy (EDS) mapping of the cross section image in Fig-
ure 4a is shown in Figure 4d. Br and Pb are uniformly distributed
in the MAPbBr; SCTF, and In and Sn are uniformly distributed
in the ITO substrate. The atomic ratio of Pb to Br is ~1:3 (Ta-
ble S6, Supporting Information), confirming the composition of
MAPDBYr;. The presence of In, Sn and Si in the elemental map-
ping of the MAPbBr; SCTF is likely due to the local decomposi-
tion of ITO and soda-lime glass under the X-ray irradiation.

The trap density of the as-synthesized MAPbBr; SCTFs was es-
timated by the dark current—voltage (I-V) characteristic, with the
space charge-limited current (SCLC) method.[232*%8] As shown
in Figure 5a, the I-V plot, consisting of a linear ohmic response
(low voltage), a trap-filled limit (TFL) region (moderate voltage)
and a child region (high voltage) of the MAPbBr; SCTFs is ob-
tained. A remarkable rise of the current in the TFL section in-
dicates a rapid filling of traps.?®! From the Vi (85.5 V), the
trap density of MAPbBr; SCTFs was estimated to be 2.68 x 10°
cm™ (see the Experimental Section for details of calculation)
which is comparable to or even lower than the reported results
(Figure 5b).117:20.23.244259] On top of this, the carrier mobility of
MAPbBr, SCTFs was tested to be 141 cm? V-! s7!, which is the
largest one achieved so far (Figure 5b).

XRD analyses were further performed to examine the long-
term phase stability of the MAPbBr; SCTFs grown on poly-
TPD/ITO at 2 °C h™! under a dead load of 2 kg over a period
of 360 days in an ambient environment (22 °C and 57% RH).
As shown in Figure 5c, no observable changes to the diffrac-
tion peaks and their intensities over this period is observed. The
tested MAPbBr,; SCTFs maintained their cubic structure and ex-
hibited excellent long-term phase stability. Thermal PL stabil-
ity test was carried out as well. As shown in Figure 5d, the PL
peak remains at 538 nm from 300 to 470 K with no shift of
the PL peak. This implies that the MAPbBr; SCTFs can main-
tain a fixed emission-peak wavelength even at a high temper-
ature of 470 K. It is also observed that the intensity of PL de-
clines with increasing temperature, which is related to exciton
dissociation.|®?! Generally, the decomposition of perovskite crys-
tal thin films is related to their crystalline quality, the concentra-
tion of defect states, and the grain boundaries of the crystal. For
the same substance, a higher crystal quality results in a lower de-
fect states concentration and fewer grain boundaries, giving rise
to a higher decomposition temperature of the crystal.[®1¢2] For
example, previous reports pointed out that when MAPDI; poly-
crystalline films are stored under the ambient conditions, water
and oxygen molecules preferentially attack the grain boundaries,
and then attack the surface, resulting in complete decomposition
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Figure 4. a) STEM image of a MAPbBry SCTF grown on poly-TPD/ITO at 2 °C h~' under a dead load of 2 kg, b) HRTEM image of the SCTF of region
enclosed by a yellow box in (a), c) SAED pattern of the region enclosed by the yellow box in (b), and d) EDS enclosed mappings of the MAPbBry SCTF

in (a).

of the polycrystalline films.[®12] However, the MAPbBr; SCTFs
in the present work have almost no grain boundaries, and it is
difficult for water and oxygen molecules to directly attack and
decompose these SCTFs. Moreover, previous reports have also
mentioned that perovskite films with higher crystalline quality
and lower the defect states concentration have higher ion bond-
ing energies, higher decomposition energies and better ambient
stability.[17:2335:38.61.62] This explains the excellent long-term am-
bient stability of the MAPbBr, SCTFs in this work (Figure 5c).
It is worth noting that the thermal stability of MAPbBr; single
crystals in humid air was investigated previously upon the local
surface degradation through AFM and conductive atomic force
microscopy (CAFM).[®®] The investigation pointed out that large
craters with about 5 um in size was produced on the surface of
MAPDBYr, single crystals under a temperature of 363 K for 1 h,
which corresponds to the CAFM results, in which current level
obtained from I-V curve was lower than that of a fresh one.l®]
However, the authors did not characterize the crystalline qual-
ity, the concentration of defect states and the number of grain
boundaries of their crystals. In our work, we jointly characterized
the crystalline quality, trap density and number of grain bound-
aries of the crystal films by XRD rocking-curve, SCLC, TRPL, and
SEM, which prove that our MAPbBr; single crystal films have
high crystallinity (0.017° for FWHM of XRD peak and 1552 ns
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for average carrier lifetime) and low trap density (2.68 x 10'°
cm~3) and almost no grain boundaries. As a result, the synthe-
sized MAPDBr; single crystal films in the present work exhibit a
high environmental stability.

3. Conclusion

In conclusion, in situ growth of high-quality and high-ATT ratio
MAPbBr; SCTFs on HTLs are successfully realized through find-
ing the Ckweet spotOfor crystal growth by exploiting the three key
factors of growth temperature, precursor solution concentration,
and the interface energy between the two phases. The results
present that high-quality large-size SCTFs favor small interface
energy between precursor solution and substrate, low heating
rate and moderate precursor solution concentration. Besides, the
DFT calculations reveal the hydrogen bonds interaction between
MAPbBr; SCTFs and HTLs, suggesting the feasibility of growing
MAPbBr; SCTFs over different conducting polymers via the hy-
drogen bonds epitaxial growth. Sub-centimeter-scale MAPbBr,
SCTFs growth on poly-TPD HTLs is realized by taking advan-
tage of the in” uence of these key factors. The MAPbBr; SCTFs
grown on poly-TPD at a small heating rate of 2 °C h™! exhibit de-
sirable morphology with a recorded ratio of ATT of 1.94 x 10* mm
(thickness is 540 nm) and outstanding thermal and long-term
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Figure 5. a) 10V plot of MAPbBr; SCTFs with various regions achieved from the log I versus V. b) MAPbBr; SCTFs Mobility of this work compared with
reported MAPbBry bulk single crystals or SCTFs. c,d) Stability test of a MAPbBrg SCTF grown on poly-TPD/ITO at 2°C h~" under a dead load of 2 kg. c)
XRD patterns over a period of 060 days, and d) PL thermal stability test through a range of 000 to 470 K.

structure stabilities and excellent crystallinity with a ultralong av-
erage carrier lifetime of 1552 ns ever reported, which benefits
from excellent crystallinity with FWHM of 0.017° of XRD peak.
The small heating rate allowed ions in the precursor solution to
have enough time to reach equilibrium sites during the growth of
the films. The microstructure of the MAPbBr; SCTFs remained
almost the same after 360 days in ambient environment, dur-
ing which there were no phase transformation and structural
degradation. The results from the thermal PL stability test indi-
cates that the MAPbBr; SCTFs can remain a good pure emission
color at a high temperature of 470 K. This work provides an ef-
fective and constructive crystallization method for optoelectronic
devices fabrication based on perovskite SCTFs.

4. Experimental Section

Preparation of Perovskite Precursor Solution: Equimolar CHyNHyBr
(00.5%, Aladdin) and PbBr, (00.0%, Aladdin) were dissolved in dimethyl-
formamide (DMF, >00% Shanghai Ling Feng Chemical Reagent Co., Ltd.)
at 25 °C to obtain a 0.8 mol L™! solution. After vigorous stirring for 2 h, a
clear solution was obtained. Precursor solutions with other concentrations
were prepared by the same method.

Preparation of Supersaturated Perovskite Precursor Solution: Equimo-
lar CHyNHBr (00.5%, Aladdin) and PbBr, (00.0%, Aladdin) were dis-
solved in dimethyl formamide (DMF, >00% Shanghai Ling Feng Chemical
Reagent Co., Ltd.) at 60 °C to obtain a 1.6 mol L™ supersaturated solution.
After vigorous stirring 16 h, a clear solution was obtained.
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Preparation of MAPbBry SCTFs:  The MAPbBry SCTFs were prepared
by multiple steps, as schematically illustrated in Figure S25 (Supporting
Information): 1) spin-coating a HTL (poly-TPD, TFB or PEDOT:PSS) on
an ITO glass (0000 rpm for 45 s) at room temperature; 2) annealing the
HTL/ITO sample at 100 °C for 10 min in glove box with nitrogen gas to
evaporate the solvent (chlorobenzene) and enhance the homogeneity; 0)
sandwiching of the MAPbBr; precursor solution of 60 uL between two
identical HTL-coated ITO glass slides of 02 x 26 mm? with the HTLs be-
ing in direct contact with the precursor solution under a dead load of 2 kg;
4) heating the sandwiched structure to 00 °C at a heating rate of 10, 5, or
2°Ch~" and maintaining temperature at 00 °C for 2 h; and 5) annealing the
sandwiched structure at 60 °C for 12 h. Then, the films were obtained by
separating the two HTL-coated ITO glass substrates by hand gently for fur-
ther characterizations. ['\8007] |n this separation process, since the pre-
cursor solution has been completely consumed, the interaction between
the film and the substrate is relatively weak, mainly in the form of hydro-
gen bonds (Figure SO, Supporting Information). There is still a quite small
gap between the two glass slides, the perovskite films can be achieved
intactly.[17.05007]

Characterizations: The thickness characterization of the formed
MAPbBr; SCTFs was conducted on a step profiler (Dektalk XT, Bruker).
The morphologies of the MAPbBry SCTFs were characterized on a field-
emission scanning electron microscope (FESEM) (Gemini SEM 000). The
structure of the MAPbBr; SCTFs was analyzed on a high-resolution trans-
mission electron microscope (HRTEM) (FEI, Tecnai FOO) equipped with
a select area electron dilraction-meter (SAED). The surface roughness of
the MAPbBry SCTFs was measured on an atomic force microscope (AFM)
(MFP-OD-Stand Alone, Asylum Research). The XRD and TDXRD measure-
ments of the MAPbBr; SCTFs were conducted on an X-ray dillractometer
(Rigaku Smartlab) with Cu K,; radiation (A = 1.54056 A), K, radiation
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(4 = 1.54400 A) (average 4 = 1.5418 A). The time-resolved photolumi-
nescence (TRPL) measurement was conducted on a Ouorescence lifetime
spectrometer (PicoQuant) with a laser of 405 nm in wavelength. Surface
tension and contact angles were measured on a surface tension meter
(JKOOB, Powereach) and contact angle meter (JC200C1, Powereach), re-
spectively. Carrier mobility was tested by a Hall eect measurement sys-
tem (Nanometric HL5500PC).

IOV Measurement and Trap Density Calculation: The IOV test for the
trap density calculation was carried out at room temperature in a dark
environment by a parameter analyzer (4200A-SCS, Keithley) on a SCTF
(0 mm in thickness) sandwiched by Au electrodes (150 nm in thickness).
The density of trap (ny,p) is calculated byl24:58]

Myrap = 2660V /9L (18)

where ¢ is the dielectric (25.5),[202464] ¢/ is the vacuum permittivity, q is
the electronic charge, L is the thickness of the crystal film.

Density Functional Theory Calculation: Using the spin-polarization
density functional theory (DFT)16>6¢] with the PerdewlBurkelErnzerhof
(PBE) formulation,[¢7] the first-principle calculation was performed to an-
alyze the interaction between a conducting polymer (hole-transport layer)
and MAPbBr; SCTFs within generalized gradient approximation. The pro-
jected augmented wave (PAW) potentials!®® %] was used to describe the
ionic cores and took valence electrons into account using a plane wave
basis set with a kinetic energy cutoll of 400 eV. Partial occupancies of the
Kohn—Sham orbitals were allowed via the Gaussian smearing method and
a width of 0.05 eV. The electronic energy was considered as self-consistent
for the energy change smaller than 107° eV. A geometric optimization was
considered to be convergent for the energy change smaller than 0.05 eV
A=1. Five layers of MAPbBr of (001) plane were used in the calculation to
establish the interface of molecule/MAPbBr. The sixth layer was fixed dur-
ing relaxation. The binding energies (E,) were calculated as Ey, = E,g/sup
= Eog O Eqyp, Where E,g gy, Eag, and Egy, are the total energy of the op-
timized molecule/MAPbBr; interface system and surface energies of the
molecule and MAPbBry, respectively.
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