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ARTICLE INFO ABSTRACT

Hybrid organic-inorganic perovskites (HIOPs) have increasingly promoted the photovoltaic field due to their
excellent semiconductor properties and inexpensive costs. Interdiffusion protocol has been regarded as an ef-
ficient approach to deposit high-quality HIOP films. Nevertheless, the underlying mechanism of this protocol
remains obscured. In this work, in virtue of vapor-deposited lead halide frame to eliminate solution-driven lead
halide effect, we thoroughly studied the evolution of different HIOP films by symmetrically controlling the initial
lead halides as well as organic salts. The crystal growth mechanism of the interdiffusion can be drawn in two
aspects: 1. CH3NH3 (MA)-HIOP shows higher nucleation rate than (NH,),CH (FA)-HIOP; 2. FA-HIOP and PbCl,-
HIOP exhibit greater coarsening rates than other colleagues. Most importantly, conflicting lattice with Cl-barren
phase and Cl-rich phase is first uncovered for MA-HIOP and FA-HIOP using PbCl, frame. All the device per-
formances based on these films also prove the potential mechanism, and champion efficiency of 16.01% is
achieved based on FAPbI;. This work will provide in-depth insight into the interdiffusion protocol and drive this
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protocol toward multiple photovoltaic applications by facilely controlling precursor compositions.

1. Introduction

Hybrid organic-inorganic perovskites (HIOPs), overwhelming other
semiconductor materials, have tremendously boosted the photovoltaic
field in recent years since Miyasaka et al. pioneered promising devices
by simple solution method [1-3]. Moreover, the excellent photo-phy-
sical natures (such as tunable bandgap, high absorption coefficient, and
long carrier diffusion length) make HIOPs increasingly intriguing [4-9].
The key for realizing highly efficient device lies in depositing high-
quality polycrystalline HIOP films with lower roughness, higher film
coverage, homogeneity and more favourable crystallinity. Multiple
deposition protocols, proposed by many groups, have been applied for
yielding high-quality films especially toward planar heterojunction
(PHJ) architecture [10-20]. Among these approaches, interdiffusion of
stacking layers, initially proposed by Xiao et al., became the most
prevailing pathway to deposit uniform HIOP films [14]. Unfortunately,
the individual roles of different halides in the initial lead halide (PbX5)
layer and different organic cations in the upper layer still remain un-
clear during interdiffusion process. First of all, various solubility of
different PbX, compounds in particular solvent makes it difficult to

deposit high-quality spin-coated matrix film to study halide-induced
effect. Impressively, vapor deposition with higher accuracy is regarded
as a beneficial method toward uniform lead halide films under low
temperature irrespective of the PbX, [21-23]. Additionally, thanks to
the easily processing various organic cations within HIOP structure
[24-27], versatile bandgaps could be readily achieved by employing
different PbX,. However, the different ionic size between CH;NH;*
(MA™) as well as (NH2),CH" (FA*) will lead to distinct crystal growth
kinetics, so as to the resulting films [2,28-30]. Consequently, the un-
derlying growth mechanism of polycrystalline HIOP films driven by
interdiffusion, based on varying PbX, matrixes and organic compo-
nents, is an imperative issue to be addressed. Especially, when PbCl, is
firstly served as the lead source, whether Cl~ inclusion in the final
HIOP lattice or not is still under debate, indicating more complicated
reacting mechanism compared to pure I~ phase during the conversion
process [31-34].

In order to best comprehend the interdiffusion deposition for PHJ
devices, we should analyze the independent role in nucleation as well as
coarsening stages of the beneath PbXj layer and the upper organic salt
(MAI/FAI) layer. In this work, we focus on the evolution process of the
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Fig. 1. Process of the vapor-solution interdiffusion protocol.

HIOP films via vapor-solution interdiffusion of vapor-deposited PbX,
(including Pbl,, PbBr, and PbCl,) and solution-deposited MAI/FAI
layer. By thoroughly studying the optical properties, crystallinities,
chemical components within the corresponding films and the prepared
devices, potential crystal growth mechanism of the interdiffusion pro-
tocol is well explained: 1) In terms of nucleation stage, denser crystal
seeds are formed in MA-HIOP than FA-HIOP due to higher nucleation
rate of MA™ ion. Particularly, using PbCl, matrix, Cl-barren phase and
Cl-rich phase is first revealed for MA-HIOP and FA-HIOP, respectively.
2) As for coarsening stage, the growth rate of crystal grain in FA-HIOP
surpasses that in MA-HIOP. Meanwhile, PbCl,-HIOP shows greater
crystal growth rate with heterogeneous phase. The best PHJ device
exhibits an efficiency of 16.01% with FAPbI;. We believe that this work
would be a guiding light of the interdiffusion method toward further
HIOPs' optoelectronic applications, such as solar cells, light-emitting
diodes and lasers.

2. Experimental section
2.1. Preparation of materials

Methylammonium iodide (MAI) was synthesized via a previously
reported method, in which 10 ml hydriodic acid (57 wt% in water,
Sigma Aldrich) and 24 ml methylamine solution (33 wt% in ethanol,
Sigma Aldrich) were stirred into 100 ml of ethanol at 0 °C for 2 h. The
precipitate of MAI was obtained by a rotary evaporator.
Formamidinium iodide (FAI) was synthesized using a previously re-
ported method. 25.2 g and 48 ml of formamidinium acetate and hyr-
iodic acid were mixed into 250 ml of methanol reacted for 2 h at room
temperature. The FAI precipitate was collected by a rotary evaporator.
The synthesized MAI and FAI were dried in a vacuum oven overnight.
PbI,, PbBr,, PbCl; (99.999 wt%) were purchased from Alfa. PEDOT:PSS
(CLEVIOS PH 1000) solution was from Haraeus and PCg;BM (99.5%)
were acquired from Haraeus and Solenne, respectively.

2.2. Fabrication of solar cells

ITO glasses were sonicated in neutral detergent and solution of
acetone and ethanol for 20 min and the cleaned glasses were treated
with ultraviolet ozone plasma for 5 min. PEDOT:PSS solutions were
spin-coated at 1000 rpm for 30 s on cleaned ITO glasses and ITO glasses
were heated at 120 °C for 20 min Pbl,, PbBr,, PbCl, films of 120 nm
were sublimated under a pressure of 10~° mbar at a rate of 1.0 A s™?
and the ITO/PEDOT:PSS/PbX, substrates were placed into a N, —filled
glovebox at room temperature. MAI and FAI solutions (0.4 mol MAI/
FAI in 1 ml of isopropanol (IPA)) were respectively spin-coated at
2000 rpm for 30s on substrates and were driven to interdiffusion at
80 °C for 2 h. Afterwards, the residual MAI/FAI upon the as-formed
HIOP films were cleaned by spinning IPA for 2000 rpm for 30 s.
Eventually, the devices were completed by consecutively vacuum de-
posited PCg;BM (30 nm), BCP (6 nm) and Ag cathode (120 nm) under
10~ ° mbar.
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2.3. Characterization

The absorption spectra were acquired on a UV-vis spectro-
photometer (Fluoromax 4, HORIBA Jobin Yvon, USA). The morphology
was investigated by a scanning electron microscopy (SEM) (Quanta
250, FEI). The elemental composition in the corresponding films was
measured by Energy Dispersive X-Ray (EDX) Spectroscopy with
Standardless Quantification Model. The crystalline structures were
performed by a X-ray diffraction (XRD) (D/MAX-2400, Rigaku, Japan)
with Cu Ka radiation.

Device characteristics were evaluated in ambient under a AAA solar
simulator (XES-301S, SAN-EI Electric. Co. Ltd.), AM 1.5G illumination
with an intensity of 100 mW/cm?. The current density-voltage (J-V)
curves were measured by a Keithley digital source meter (Model 2602).
For the inverted PHJ devices, the scan rates of current-voltage curves
were performed by 0.05 V/s starting from —0.1 V to 1.2 V. The Incident
Photon-to-current Conversion Efficiency (IPCE) spectra were obtained
by the solar cell quantum efficiency measurement system
(SolarCellScan 100, Zolix instruments. Co. Ltd). The area of each de-
vice, calibrated by the shadow mask, was 9.00 mm?.

3. Results and discussion

The interdiffusion process of different HIOP films in our work is
presented in Fig. 1. In brief, different PbX, films with 120 nm were
initially deposited by evaporation on ITO/PEDOT:PSS (the abbreviation
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, a common
hole transporting polymer) substrates in a vacuum chamber, which
were sequentially transferred into a Ny-filled glovebox. Afterwards,
MAI/FALI solutions dissolved in 2-propanol were respectively dripped
upon the substrates and then spin-coated to cover the beneath PbX,
film. Finally, the bilayer films were annealed to form various poly-
crystalline HIOP films.

We first paid attention to the morphologies as well as the crystal-
linities of these HIOP films by applying scanning electron microscopy
(SEM) (Fig. 2a). The low magnification SEM images are also shown in
Fig. S1. Systematically studying the SEM images and the corresponding
crystal size distributions (Fig. 2b), we could draw some conclusions as
follows: 1) To begin with, diverse crystal morphologies were achieved
between different vapor-deposited PbXj films, mainly originating from
the different bond lengths of Pb-X. Nevertheless, planar and uniform
polycrystalline PbX, films with negligible defects and voids were
readily deposited upon the substrates, which prevailed over the or-
thodox solution-deposited films. Naturally, the high quality films would
provide a superior basic frame for as-forming HIOP films. 2) After
completely thermal interdiffusion of PbX,-MAI/FAI bilayers, the virgin
PbX, crystals were dramatically enlarged to convert into the final HIOP
crystals. More importantly, 8-phase (a non-perovskite lattice) was
suppressed for FAPbI; without high thermo-energy assistance (gen-
erally > 160 °C in general 1-step method when preparing FAPbI3).
Compared with the coarse morphologies with scattered crystals in
conventional 2-step deposition, smooth and continuous HIOP films
driven by interdiffusion protocol were composed of massive closely
packing crystals, which would be favourable for photo-excited carriers'
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Fig. 2. (a) SEM images (scale bar: 1 um), (b) crystal size distributions and (c) EDX results of the initial PbX, films and the resulting HIOP films.

diffusion. 3) The crystal sizes of HIOP films induced by FA* were ob-
viously larger than the ones by MA™, indicating the vital role of the
organic cation for the crystal growth kinetics. Due to the bigger size of
FA* (1.9 A) than MA* (1.8 A), cubic crystal lattice with slight dis-
tortion in FA-based HIOP would contribute to this crystal discrepancy.
4) HIOP films born from PbBr, showed larger crystal sizes than their
colleagues from Pbl,, possibly resulting from driving original crystal
lattice toward pseudocubic one by substituting [~ with small-sized Br .
Unexpectedly, as for FA-based HIOP films from PbCl, matrix, non-
hexagonal crystals lunged out of the plain, utterly differing from MA-
based films. As is known, Cl could be hardly detected in the MA-based
films but remained vague in FA-based ones. Thus, the odd morphology
might be caused by introduction of plentiful Cl.

To address this problem, the primary element contents of the overall
HIOP films were estimated by the energy dispersive X-ray (EDX)
spectroscopy (Fig. 2c). Interestingly, irrespective of the organic com-
ponents, the element ratio between total halogens and lead (simplified
as X/Pb) was about 3.0, agreeing well with the HIOP formula APbX3.
Meanwhile, different halogen ratios, summarized in Table 1, revealed
the halogen constitutions in these HIOP films driven by different PbX,

90

Table 1
Element ratio of X (halide)/I in various HIOP films from EDX.

X/I (X =1, Br, CD MAI FAIL
PbI, 1 1

PbBr, 1.85 1.83
PbCl, 0.002 1.75

frameworks. It was noted that the value of Br/I was about 2.0 for both
HIOP films using PbBr,, but the value of Cl/I was almost 0 and 1.75
respectively for MA-based and FA-based films using PbCl,, which was
consistent with the morphologies differences. Focusing on PbCl, matrix:
For MA-HIOP films, most studies ascribed the negligible traces of Cl to
MACI release by evaporation during thermally annealing. In contrast,
the unexpected high Cl contents in FA-HIOP films here were probably
caused by superior thermostability. This abnormal ratio gap of Cl/I
between the two films hence interpreted the distinct crystal morphol-
ogies based on PbCl,.

To further evaluate the crystallographic characteristics of these
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Fig. 3. (a) XRD patterns and (b) Abs spectra of various HIOP films driven by the vapor-solution interdiffusion (insets are film photographs and band edges).

HIOP films, X-ray diffraction (XRD) patterns are shown in Fig. 3a. In-
triguingly, as for Pbl, matrix, the starting predominant peak was
slightly shifted from 13.9° to 14.1° when FA* was replaced by MA™*,
indicating that tetragonal lattice (MAPbI;) was formed by distortion of
trigonal structure (FAPbI3). Similarly, the predominant peak changing
from 14.26° to 14.64° was observed for FA—MA films based on PbBr,
matrix. However, it was noted that completely distinct preferential
crystal growth orientation emerged for the both films, which was along
(200) plane at 14.64° for MA-HIOP and (141) plane at 31.3° for FA-
HIOP, similar with the prior morphology variations. For the XRD pat-
terns of PbCl,-based films, the main peak at 14.1° for MA-HIOP sug-
gested the identical tetragonal lattice with MAPbI;, which is also a
signal of negligible Cl. Unfortunately, for FA-HIOP, the main diffraction
peak was weirdly moved to 15.28°, revealing a Cl-rich cubic crystal
phase similar to previous study [27]. Again, the altered XRD patterns
confirmed conflicting crystal growth for FAI-HIOP films. Actually, we
have tried to spin coat FAI for the second time or at higher con-
centration (0.8 mM) in PbCl, experiments. Unfortunately, unlike com-
pletely conversion into MAPbI; using MAI, the resulting HIOPs using
FAI always had the similar cubic crystal patterns (shown in Fig. S2) for
FAPbCl, oI; ; in any scenario, indicating Cl-rich phase in the final HIOP
films. Accordingly, Cl-rich crystal is easily formed for FAI-HIOP when
evaporated PbCl, is used as lead source.

Additionally, the photo-physical properties of these HIOP films were
assessed by UV-vis absorption spectrometer (Abs). As shown in Fig. 3b,
all the fabricated HIOP films exhibited much stronger absorption than
their mothers' PbX, matrixes because of the diffusion reactions with
organic ligands. Furthermore, the absorption band edges of FA-HIOP
films slightly red shifted by 40 nm and 13 nm than those of MA-HIOP
films for Pbl, and PbBr, frame, suggesting that the bandgaps were re-
duced by 0.08 eV and 0.04 eV, respectively. Nevertheless, for PbCl,, the
band edge was dramatically moved from 775 nm to 420 nm as MA™*
was replaced by FA*. This abnormal change indicated that the primi-
tive optical bandgap (1.6 eV) was greatly broadened to 3.05 eV, a si-
milar value as FAPbCl5. Conclusively, the Abs spectra also unveiled rich
Cl contents in FA-HIOP film with PbCl,, which was consistent with the
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EDX and XRD analysis results. Except the turquoise FAPbI3,Cl, film
(inside of Fig. 3b), other prepared HIOP films should be multiple
choices for particular single or tandem devices. Besides, the emission
peaks of steady-state PL spectra (Fig. S3) in different HIOP films agreed
well with the estimated bandgaps from the corresponding Abs spectra.
The enhanced PL intensity in FA-HIOP than MA-HIOP should be at-
tributed to the suppressed nonradiative recombination with reduced
crystal boundaries.

The most persuasive way to validate the interdiffusion protocol is to
prepare PHJ solar cells with these versatile HIOP films. Here, all the
devices adopted an inverted p-i-n planar architecture: ITO/PEDOT:PSS/
HIOP/PCg1BM ((6,6)-phenyl-C61-butyric acid methyl ester)/BCP (2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline)/Ag, where PCg¢;BM and
BCP acted as electron transporting layer and hole blocking layer, re-
spectively. Negligible hysteresis phenomena were found for all the J-V
curves in Fig. S4, however, the phenomena often occurred in conven-
tional n-i-p structures on account of significant trap defects in metal
dioxide (TiO,). Fig. 4 demonstrates the typical photocurrent density-
voltage (J-V) curves, statistical distributions of short-circuit current
density (Js.) based on 20 groups of devices and the incident photon-to-
current efficiency (IPCE) spectra of these devices. Based on the studies
of the crystallinities and photo-physical characteristics, comprehensive
device analyses could be drawn as follows: 1) Except PbCl, matrix, the
Jsc of FA-HIOP devices were much higher than those of MA-HIOP de-
vices, which was mainly induced by their uniform large-sized crystals.
All the IPCE spectra of these HIOP devices resembled the corresponding
Abs spectra, revealing higher photocurrents of FA-HIOP than MA-HIOP
in Fig. 4b. Besides, the integrated J,. values from IPCE spectra in Fig. S5
were close to the measured J. from J-V curves, which proved the re-
liable device performances. Accordingly, the resulting power conver-
sion efficiencies (PCEs) would be increased by substituting MA with FA,
as shown in PCE statistical distributions (Fig. S6). 2) Meanwhile, FA-
HIOP devices had lower open circuit voltage (V,.) due to their narrow
bandgaps. 3) As for PbBr, matrix, although the distinct crystal growth
direction between the two HIOP films, no evident recession of Jg. ap-
peared, indicating the more importance of film quality rather than
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Fig. 4. (a) Typical J-V curves, (b) statistical distributions of Js. and (c) corresponding IPCE spectra of the PHJ devices based on various HIOP films (insets of (a) are the photovoltaic

parameters).

crystallinity growth orientation. 4) In terms of PbCl, matrix, only MAI-
HIOP device exhibited pretty photovoltaic performance thanks to its
similar properties with MAPbI; films. Actually, some reports suggested
the deposition of superb MAPbI; films was more controllable with
PbCl, (or MACI) auxiliary [31-33]. However, the values of Js. and PCE
were still uncompetitive than other films due to the lower absorption
intensity. On the contrary, device using FA-HIOP became almost invalid
with a Jy of 0.13 mA/cm?, a V. of 0.07 V, a FF of 21.9% and a PCE of
0.002%. We believe that not only the overlarge bandgap but also the
poor film quality was detrimental for light capture and exciton dis-
sociation. Consequently, it demonstrated that FAPbI; deposition should
avoid PbCl, inclusion into precursors to introduce Cl-rich phase into the
HIOP films. 5) Hysteresis index (HI) is used to evaluate the hysteresis
degree between the forward sweep and reverse sweep, which is defined
as [35,36]

HI = (PCEgs — PCERs) / PCEgs

where PCEgs is the PCE in forward sweep direction, PCEgs is the PCE in
reverse sweep direction. We have summarized the PCEs and calculated
HIs of different perovskite based devices in Table S1. It can be observed
that based on Pbl, and PbBr,, the HI values of FA-based devices were
obviously higher compared to MA-based devices, indicating the re-
duced exciton recombination rates with fewer crystal grain boundaries.
But based on PbCl,, the HI value of FA-based device was much higher
compared to MA-based devices. These abnormal results maybe result
from the poor film morphology and limited short-wavelength light

absorption. Hence, FA-based perovskites can contribute to suppressed
J-V hysteresis except for PbCl, frame.

Considering the full-scale analyses of these HIOP films fabricated by
controlling the initial precursors, the essential crystal growth me-
chanism driven by interdiffusion protocol was presumed based on a
classical theory: For the first stage, compact and uniform PbX, poly-
crystalline films by vapor were deposited on substrates and then or-
ganic salt layers were closely adhered to them. Afterwards, moderate
annealing impelled the double layers to react mutually:

PbX, + MAI/FAI — MAPbIs X, /FAPbls X, (X = I, y = 0)

Typically, the stages of polycrystalline films formation can be di-
vided into nucleation and coarsening. However, the two stages would
be proceeding simultaneously during interdiffusion.

1) Well-proportioned crystal nuclei at the film surfaces were im-
mediately formed as soon as the substrates were annealed owing to the
homogeneity of the beneath PbX, layers. Then, MAI/FAI gradually
diffused deeply into PbX, bulks with various rates determining by the
thermodynamics until PbX, was depleted. The penetrating depth (Z) of
the resulting films is described according to a previous literature [37]

72 = Kt

where K is a rate constant determined by K'exp(-Q/RT) (Q is activation
energy of the reaction, R is the gas constant, T is absolute temperature),
t is reaction time. Because of identical t and T during the reaction, Q
plays the vital role for the final HIOP films, which is chiefly depended
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on halogens and organic components. As is known, the crystal lattice of
HIOP is structured by inserting MAI/FAI into virgin PbX, frame.
Actually, considering different chemical stability of each intermediate,
the natural reaction process, so as to the final crystal lattice, became
more complicated. In order to simplify the nucleation reaction, we
envisaged two scenarios as follows (i. and ii.): i. Halogens within PbX,
frame were hypothesized as invariable during interdiffusion. In this
way, the category of the organic salts would dominate the reaction. We
inferred that MA™ with smaller size would flow faster throughout the
bulk than FA™ since Pbl, film immediately became black once MAI
solutions were dropped. The XRD patterns of these films (Fig. S7 in the
manuscript) proved partial HIOP conversion for MAI but almost no
change for FAL This meant that MAI had the higher penetration depth Z
compared to FAL Due to Z2 = Kt, where t was identical, we can spec-
ulate K(MAI) > K(FAI). ii. Organic component was constant. Chemical
band (u) between these PbX, was considered as p(Pb-I) < pu(Pb-Br) <
w(Pb-Cl). For Pbl,, due to no other “polluting” halogens (Br or Cl) and
weak bond in the interdiffusion system, single MAPbI; or FAPbI; phase
was ensured even partial I position in Pbl, was replaced with excess I in
MAI/FAL The process could be explained by:

Pbl, + (y+I1)MAI — MAPbI; + yMAI(g) |
Pbl, + (y+ I)FAI — FAPbI; + yFAI(g) |

For PbBr,, it could be speculated the HIOP formula was MAPbIBr,/
FAPDIBr; from the ratio of Br/I was around 2.0 by EDX, indicating Br
within PbBr, was not easily substituted by I (maybe due to stronger
chemical bond of Pb-Br). In this similar way, this reaction was drawn
as:

PbBr, + (y+I1)MAI — MAPDIBr, + yMAI(g) !
PbBr, + (y+1)FAI —=MAPbDIBr, + yFAI(g) 1

For PbCl,, the reaction system seemed more complex with various
organic salts. When MAI was applied, the final HIOP showed a crystal
structure like MAPbI3; with negligible Cl, uncovering that overall Cl
within original PbCl, was almost exhausted by I in the MAI diffusion
period, despite the strongest chemical bond of Pb-Cl. Zhang et al.
pointed out that intermediate product MAC] was very easy to be vola-
tilized on account of its lower decomposition temperature than MAI
[17]. Moreover, Yin et al. used a first-principle calculation to indicate
the overlarge formation energy of I/Cl alloy MA-HIOP than I/Br or Br/
Cl analogues [38]. Consequently, the possible diffusion reaction could
be interpreted by:

PbCl, + 3MAI — MAPbI; + 2MACI(g) 1

However, when FAI was used to react with PbCl,, the atom ratio of
Cl/Iin the final HIOP was about 1.75, unraveling a formed Cl-rich cubic
lattice with widened bandgap. Unlike the scenario of MA, large-sized
stable FAI with lower diffusion kinetics possibly needed extra thermo-
energy to form FAPbI3, rather than FAPbCl;. In other words, the weak
formation energy of FAPbCl; potentially suppressed FAPbI; formation.
Accordingly, the distinct reaction of FAPbCl, ol; ; (formulated with
EDX result) was surmised as:

PbCl, +(y+ 1.1)FAI — FAPbCl; ol; ; + 0.1FACI(g) } + yFAI(g) 1

Above all, we summarized the nucleation reaction process as illu-
strated in Fig. 5.

2) In the meanwhile, the formed nuclei started to grow and coarsen
over time. The hexagonal crystal grains began to grow horizontally by
consuming neighbour grains with fewer sides [39,40]. Referring to the
high crystallinities of FAI-HIOP films than MAI-HIOP films, we deduced
that large-sized FA™ would rapidly induce more regular cubic lattice
with less distortion, so as to the final grains with increased radius. As
for PbBr, matrix, I (in MAI/FAI) as heterogeneous nuclei would boost
the hybrid HIOP crystals coarsened than pure XPblIz. The crystal grain
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evolution of PbCl, matrix with MAI showed a similar tendency with
PbBr,-HIOP. However, the growth with FAI almost went out of control
because of the imbalanced kinetics between FAPbI; and FAPbCl;.

The most important kinetics parameter is the crystal coarsening rate
constant in the coarsening stage, which determines the final crystal size.
According to the previous reported [37]

rz-r02 = Kyt

where r and r is the crystal size at time zero and at time t, K, is the
coarsening rate constant. Because the perovskites were converted from
PbX, in the beginning, we set the average crystal size of PbX; as ro. We
have summarized corresponding ro and r (Table 2) of different per-
ovskite films from Fig. 2b. Considering that the coarsening time t was
7200 s (or 2 h), the coarsening rate constant K, can be obtained in
Table 2 by calculation. From the value of K in the summary data, we
can draw the conclusion that

K5 (FA-HIOP) > K, (MA-HIOP)
K (PbCl,-HIOP) > K (PbBr,-HIOP) > K (PbBr,-HIOP)

Finally, grains coarsening evolution of the corresponding HIOP film
was also shown in Fig. 5.

For HIOP crystal growth kinetics comparison between evaporated
and solution process, we have prepared lead iodide film with solution
process by spin-coating DMF and DMSO solutions (1 mM). The
morphologies and crystal size distributions of the corresponding PbI,
films and prepared perovskite films are shown in Fig. S8. Using the
coarsening kinetics equation r’ro2 = Kst, we can estimate that the
value of K5 (*10™1* ecm?/s) for the corresponding perovskite based on
evaporation, DMF and DMSO driven Pbl, film was 3.78, 3.63 and
30.33, respectively. We found that Pbl, film from evaporation and DMF
had almost same coarsening rate constant for the final perovskites.
However, Pbl, film from DMSO showed the highest coarsening rate
constant, which should be ascribed to DMSO molecules coordination
within PbI, film to slow down the perovskite crystal formation.

4. Conclusion

In summary, the underlying interdiffusion mechanism was eluci-
dated by thoroughly analyzing the polycrystalline HIOP films with
subtly tuning each component of the precursors. The potential crystal
growth process of various HIOPs could be considered as following: 1)
Nucleation stage: the faster nucleation rate of MA-HIOP always led to
denser crystal seeds and uncontrolled morphologies than FA-HIOP.
Particularly, when PbCl, was used as lead source, Cl-barren phase for
MA-HIOP and Cl-rich phase for FA-HIOP were recognized for con-
flicting crystal structure. 2) Coarsening stage: the crystal growth ki-
netics of the as-formed FA-HIOP films and PbCl,-films suppressed that
of other HIOP films on account of adequate crystal nuclei space and
heterogeneous phase assistance. The corresponding performances of
our fabricated PHJ solar cells also agreed with the validated me-
chanism, showing a champion efficiency of 16.01% with FAPbI;.
Substantially, this work will instruct us to realize different target HIOP
(MAPDI3 4Bry, MAPDI; Cl, or FAPbI; ,Br,) films toward versatile pho-
tovoltaic devices by interdiffusion protocol (or other solution methods)
with selective precursors (such as PbX,, organic components).
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Fig. 5. The schematic illustration of the HIOP nucleation and coarsening stages in the solution-interdiffusion system.

Table 2
Corresponding ro, r and coarsening rate constant K, of different perovskite films.

HIOP material ro (nm) r (nm) K, (*10_14 cmz/s)
Pbl, MAI 110.8 189.8 3.78
FAIL 298.2 10.64
PbBr, MAI 125.2 215.2 4.26
FAI 318.6 11.92
PbCl, MAI 82.2 221.8 5.89
FAI 362.4 17.3

Mr. Ma for his help in using SEM.
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