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In the field of halide perovskite research, the growth of high quality films has been a criticalissue. Among the
reported growth methods, vacuum processes have attracted much attention due to their accurate
controllability and high reproducibility, as proven in the manufacture of vacuum deposited organic-light-
emitting-diode industry. In a vacuum process, the major difficulty for growing a perovskite film is control
of a precursor, methylammonium iodide (MAI), originating from its uncontrollable behavior i.e., a high
working pressure and poor adsorption characteristics. Thus, it is crucial to understand the growth
mechanism of MAI vapor for the successful application of vacuum processes in the growth of halide
perovskite films. In this paper, we report the growth mechanism and deposition kinetics of MAI in
a vacuum. Unlike that of conventional materials evaporated in a vacuum, the deposition rate of MAI was

found to be much faster on the reactive surface, Pbl,, compared to other non-reactive materials.

Received 8th June 2020 . . . . .
Accepted 22nd July 2020 Surprisingly, a very thin (2 nm-thick) Pbl, layer increased the initial growth rate of MAI 2.7-fold. Based on
the real-time monitored data from a quartz microbalance and surface study, we suggest dipole-induced

DOI: 10.1039/d0na00466a adsorption as the MAI growth mechanism on Pbl, and the perovskite in the vacuum process. We believe
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Introduction

MAPDI;-based perovskites (MA = CH;NH;') have attracted
considerable attention over the past several years, resulting in
solar cells and light-emitting diodes with high efficiency. One of
the critical issues in this field is reproducible fabrication of high-
quality perovskite films. After Kojima et al (2009) reported
a perovskite solar cell produced using a one-step spin-coating
process,' various methods have been introduced to improve film
quality, including sequential deposition,>* solvent engineering,**
vacuum processes,®™® hybrid deposition,"*** direct contact of
methylammonium iodide (MAI) hot powders on lead halides,**®
and growth under humid conditions."”** The power conversion
efficiency of perovskite solar cells has improved from 3.8% in
early studies to over 20% through optimization of the growth
conditions, thus demonstrating the importance of perovskite
film quality for optoelectronic device applications."***?¢ A
vacuum process is particularly promising and has distinct char-
acteristics from solution processes. For example, high-purity
materials can be easily deposited on large-area substrates, elim-
inating atmospheric effects and solvent exposure for good
reproducibility. Additionally, a conformal morphology on
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that this work will provide meaningful insight into film growth in vacuum processed perovskites.

textured Si solar cells can readily be obtained to realize efficient
perovskite/silicon tandem solar cells.>* Following Liu's
successful application of vacuum processes to perovskite solar
cells, several groups have reported perovskite solar cell fabrica-
tion using vacuum co-deposition processes;*'**'**® however,
controlling and/or calibrating the deposition of MAI is a known
to be a difficult problem”#%31,32:36:40:47-50 and has been attributed
to the gas-like behavior of MAI Several studies have been re-
ported to explain the origin of behaviour of MAI in a vacuum,
indicating that the decomposition of MAI, impurities, and vari-
ations in adhesion property of MAI can be attributed to the
uncontrollable behaviour of MAI in a vacuum process.*** In this
regard, accurate monitoring and control over MAI deposition in
vacuum processes require a better understanding of the growth
mechanism in a vacuum, which is closely related to deposition
parameters and perovskite film formation.

In this paper, we report the growth mechanism and resulting
deposition kinetics of MAI vapour in a vacuum, which directly
affects the deposition parameters and film formation in the
vacuum process. MAI showed surface-dependent growth charac-
teristics, which varied for the reactive surface, Pbl,. On the Pbl,
layer, MAI growth is affected by reaction, diffusion, and dipole
effects, as evidenced in quartz crystal microbalance (QCM),
surface potential microscopy (SPM), and atomic force microscopy
(AFM) measurements. Our results suggest that the surface dipoles
of the perovskite formed by reacting with the adsorbed MAI
trigger the adsorption of polar molecules such as MAI which in
turn increases the adsorption rate for film formation in a vacuum.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Table 1 displays the thicknesses of vacuum-deposited MAI on
different substrates in the same batch for 60 min at a pressure
of 7 x 107° Torr. The thicknesses are measured by using
a profilometer after scratching the film. Interestingly, the
thickness varied remarkably depending on the presence or
absence of a Pbl, layer, with relatively small variations on other
substrates. The MAI on the Pbl, layer is ca. 2.1-2.5 times thicker
than on substrates without a PbI, sub-layer. Here, we speculate
that the variation of MAI thickness on different substrates may
explain why it is difficult to accurately calibrate MAI thickness
or control MAI and/or MAPDI; deposition in vacuum processes,
as reported previously.”*"%313236:40,47-50

The deposited film thickness also depends on the thickness
of the initial Pbl, layers, as shown in Fig. 1. The initial thick-
ness of the Pbl, layer varied from 0, on the indium tin oxide
(ITO) surface, to 200 nm; the substrates were exposed to MAI for
60 min at a pressure of 7 x 10> Torr (in the same batch). The
black line indicates the measured thickness of the film (MAI +
Pbl,) and the red line represents the thickness change, which is
the thickness obtained by subtracting the initial thickness of
the Pbl, from the thickness indicated by the black line (MAI +
Pbl,). Surprisingly, only a 2 nm-thick Pbl, layer resulted in
more than twice the MAI film thickness compared to the ITO
surface without a Pbl, layer; specifically, the MAI film thickness
was 70 nm on ITO and 155 nm on 2 nm-thick PblI,. The MAI
thickness showed little change as the PbI, layer thickness
increased from 2 to 200 nm. Deposition of MAI transformed the
PbI, layer into a perovskite film, as shown in Fig. 1b, consistent
with the findings of previous reports.*”'%* X-ray diffraction
measurements showed a perovskite (110) peak at 14.2° for 20,
100, and 200 nm-thick Pbl, layers. Notably, the MAI/PbI, 2 nm-
thick film exhibited MAPDI; perovskite (310) peaks with low
intensity at 31.7°. A strong (310) peak is often observed for thin
perovskites, such as for perovskite quantum dots,* indicating
the formation of a thin perovskite layer on the 2 nm-thick Pbl,
film; however, the origin of this preferred orientation is not yet
clear. The MAI film deposited on ITO showed the same peaks as
the films grown on Pbl, layers, but with slightly lower crystal-
linity. The 200 nm-Pbl, substrate exhibited a strong PbI, (001)
peak at 12.6°, indicating the substantial presence of unreacted
Pbl,.

To analyze the deposition kinetics, we devised an experiment
using two QCMs in a vacuum, as shown in Fig. 2. The two QCM

sensors were located side-by-side (only 3 cm apart),

Table 1 Thickness of MAI deposited on different substrates. All of the
substrates were exposed to MAI for 60 min at 7 x 107> Torr. The
thickness of NPB, C60, Au, and Pbl, is 20 nm on an ITO (150 nm)/glass
substrate®

Substrate ITO NPB Ceo Au
Thickness of MAI (nm) 72 76 85 86

Pbl,
184

“ MAL: methylammonium iodide (MA = CH3;NH;'); NPB: N,N-

di(naphthalene-1-yl)-N,N'-diphenyl-benzidine; C60: fullerene; ITO:
indium tin oxide.
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Fig. 1 (a) Thickness of MAI/Pbl, films with respect to the initial Pbl,
thickness after a 60 min deposition under a constant MAI working
pressure. (b) X-ray diffraction patterns of the MAI layer deposited on
Pbl, films of different thicknesses.

approximately 40 cm above the source in the vacuum chamber
(Fig. 2a). Only one of the sensors was covered with PbI, (x nm)
via vacuum deposition before MAI exposure. Both sensors were
then exposed to MAI at a constant working pressure of 7 x 10>
Torr for 1 h. Fig. 2b shows the monitored weight increase with
exposure time on the Pbl, (x nm) QCM. The final deposited
weights were 19.6, 34.9, 48.3, 64.4, and 70.5 nug cm™2, as the Pbl,
layer thickness increased from 0 to 2, 20, 100, and 200 nm,
respectively. It is interesting to note that the weight gain upon
exposure to MAI increased with the initial thickness of Pbl,,
which differed from the thickness change tendencies shown in
Fig. 1a. Again, a much larger amount (~1.8 times) of MAI was
deposited on 2 nm-thick PbI, compared to the bare ITO
substrate. Fig. 2c shows the variation in the deposition rate and
working pressure with exposure time. The deposition rates
increased with the working pressure in the early stages of
deposition, reaching a peak value as the working pressure
approached the set point of 7 x 10~° Torr. The rates increased
more rapidly to higher peak values with the initial Pbl, layer,
and then slowed gradually under the constant working pres-
sure. The deposition rates for the different QCMs reached the
same value after ~40 min. Taken together, understanding the
dependence of the deposition rates of MAI on PbI, layers is
a crucial step in resolving the growth mechanism of MAI in
a vacuum. We speculate that the deposition characteristics are
related to adsorption and diffusion processes of MAI into Pbl,
to form MA,Pbl,.,, or the deposition of MAI if the reaction does
not take place, e.g., on ITO or after completion of the conversion
from Pbl, to MAPbI;. A much higher deposition rate on the thin
2 nm-thick Pbl, layer compared to the bare ITO substrate

Nanoscale Adv., 2020, 2, 3906-3911 | 3907
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Fig.2 (a) Schematic figure of a comparative deposition experiment on
quartz crystal microbalances (QCMs). (b) The monitored deposited
weight of MAI on QCM/Pbl, (x nm). (c) The monitored deposition rate
of MAI on QCM/Pbl;, (x nm) and working pressures.

suggests an attractive force for MAI adsorption on the PbI,
surface.

A measurement mode that combined AFM with scanning
Kelvin probe microscopy (SKPM) was applied to examine the
growth characteristics of the films. Thermally evaporated Pbl,
on ITO formed smooth films covering the ITO surface, with the
exception of the 200 nm-thick PbI, film, which showed
a slightly rougher surface than the thinner layers (Fig. 3a and
S2-S471). Deposition of MAI on the ITO substrate gradually
increased the surface roughness, which is relevant to the
intrinsic properties of the MAI film deposited on a non-reactive
surface. MAI deposition on 2 nm-thick PbI, resulted in a rapid
increase in roughness after 10 min of exposure. In contrast,
MAI deposition for 10 min on 20, 100, and 200 nm-thick PbI,
layers did not increase the roughness significantly, and even
reduced the roughness of the 200 nm-thick PbI, layer. This
indicates that MAI deposited on PbI, diffuses into PbI, to form
a perovskite in the early stages. Exposure times longer than 20—
30 min increased the roughness, depending on the initial Pbl,
thickness, indicating that MAI grows on the perovskite films

3908 | Nanoscale Adv, 2020, 2, 3906-3911
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after a certain time. Since Pbl, remains after exposure of 100
and 200 nm-thick PbI, films to MAI (Fig. 1b) for 60 min, the
composition of MAI (x value) in MA,Pbl(,.,) gradually changed
from 0 (Pbl,) at the ITO/PbI, interface to 1 (MAPbI;), followed
by deposition of MAI on top of MAPDI;. The transition from
perovskite formation to MAI growth on the surface was evi-
denced by the change in density of the deposited films, as
shown in Fig. 3b, which was calculated according to the
thickness and weight change of the deposited films (Fig. S57)
for each time interval. The density of MAI, Pbl,, and MAPbIj; is
2.22, 4.15, and 6.16 g cm ™, respectively.’*3%” Fig. 3b shows
that the density of the deposited film decreased gradually,
approaching the density of MAI over time. During the first 10
min, the perovskite with x < 1 (or a mixture of perovskite and
Pbl,) formed for films thicker than 20 nm; the x value
decreased with increasing PbI, thickness. However, MAI was
mostly deposited after 30 min, even on the 200 nm-thick PbI,
film, indicating the growth of MAI on MAPbI;. The change in
the surface potential of the films as a function of exposure time
(Fig. 3c) also provides information on the growth of the
perovskite, MAI, or MAI on the perovskite over time. The
surface potential is expressed as Vs = (¢p — Psample)/€, Where V;
is the external voltage applied to the tip to nullify the
displacement current, ¢ip and ¢gample are the work functions of
the tip (Cr/Pt coated tip with a work function of 5.0 eV (ref. 58))
and the sample, respectively, and e is the electronic charge.
Measurements of ITO and the PbI, film before MAI deposition
indicated work functions of 4.9 and 5.7 eV, respectively,
approximately 0.3 eV higher than the work function obtained
by ultraviolet photoelectron spectroscopy (UPS); UPS measures
secondary electrons from the Fermi edge with a low-energy cut-
off.>*® The surface potential of the 2 nm-thick PbI, film
measured by SKPM was 0.1 to 0.2 V higher than that of the
thick films. This was attributed to electron transfer from ITO to
Pbl,, resulting in the Fermi level of Pbl, being closer to the
conduction band, thus lowering the work function of PbI, near
the ITO/PbI, interface. The surface potential of the MAI films
on the ITO substrate shifted gradually to 0.4 V, which corre-
sponds to a work function of 4.6 eV for MAL* On thin (2 to 20
nm-thick) Pbl, films, the potential shifted rapidly to 0.2 V
during the first 20 min, corresponding to that of MAI, and then
followed the same growth trend as that on ITO. The surface
potential of MAI-deposited films grown on 100 and 200 nm-
thick Pbl, films gradually shifted to ~0.1 V during the first 30
min and then slowly increased to reach 0.3 V at 60 min. Given
a reported surface potential of —0.1 V for MAPbI; using
SKPM,** it can be deduced that the potential change on thick
PbI, involves a change in the surface from PbI, to the perov-
skite to MAI, based on roughness and density measurements
(Fig. 3a and b).

Interpretation

The growth of MAI on PbI, in a vacuum can be described in
terms of the diffusion of MAI forming MA,Pbl,., with moving
boundaries, up to a certain point in time, where this depends on
the initial thickness of Pbl,, in which x decreases gradually from

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Topographic images (5 x 5 um?) and (b) average density of the deposited films calculated according to the weight gain from the QCM
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microscopy (SKPM). Samples of Pbl, on ITO substrates (Pbl, thickness: O,

min.

the surface toward the film interior, as explained schematically
in Fig. 4a. In the early stages of film deposition, the diffusion of
MAI into Pbl, is faster than the deposition of MAI to form
MA,PDbI,,, at the surface. However, the diffusion of MAI into
PbI, slows down over time and MAI eventually begins to grow on
MA,PbL,., when x = 1 or slightly higher than 1; in this case, the
deposition rate of MAI is higher than the diffusion rate at the
perovskite surface. The growth of the perovskite via MATI diffu-
sion into thick Pbl, layers (100 and 200 nm-thick films) results
in changes in density and surface potential over time, as shown
in Fig. 3b and c, respectively. However, this observation does

Thin PbI; (e.g. 20 nm)
MAI growth on MAPDI,

(a)

2,20, 100, and 200 nm) were exposed to MAI for 0, 10, 20, 30 and 60

not hold for very thin Pbl, layers, e.g., a 2 nm-thick layer, in
which MAI growth is expected within a short time (<10 min).
Importantly, therefore, the effects of interdiffusion of MAI into
PbI, can be excluded to explain this enhanced growth rate,
where the surface is fully covered with MAI after converting all
of the 2 nm Pbl,. The surface potential shown in Fig. 3c indi-
cates that, however, the MAI potential is negative (—0.3 V) at 10
minutes exposure on the 2 nm Pbl, substrate. Afterwards, the
potential becomes 0.3-0.4 V eventually. This change of surface
potential upon the same material, MAI, deposition may origi-
nate from the orientation change of polar MAI on the
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MALI growth on MAPDI,
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Fig. 4 Schematic illustration of (a) MAI growth with respect to the Pbl, layer thickness and (b) an interpretation of the change in the surface

potential of MAI shown by SKPM.
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ferroelectric surface, MAPbI;, as described schematically in
Fig. 4b.®*° The ordering of MAI decreases gradually with
increasing MAI thickness, such that the surface potential of MAI
converges to that of bulk MAI. This explains the much higher
deposition rate of MAI on very thin 2 nm-thick Pbl, compared to
bare ITO (Fig. 1). Specifically, the surface polarization of ferro-
electric MAPDI; attracts MAI molecules via a Coulomb interac-
tion or dipole-induced absorption. This observation can be
supported by similar reports on enhanced adsorption of gas
molecules such as CH3;0H, CO, and CO on an oxide perov-
skite.®”*® In these regards, we can conclude that the surface
potential changes in Fig. 3c are related to the conversion of Pbl,
to MA,PbI,.,, combined with the orientation of MAI molecules
on the ferroelectric substrate of MA,PbI,,, associated with
dipole-induced absorption.

Conclusion

We investigated the growth mechanism of MAI in a vacuum
process. MAI showed surface-dependent deposition character-
istics that varied significantly in the presence of a reactive
surface, Pbl, layer. As the thickness of the Pbl, layer increased,
the deposition rate of MAI increased rapidly initially and then
decreased to a similar value after a certain time, depending on
the initial Pbl, thickness under a constant working pressure.
We suggest a dipole-induced adsorption mechanism for MAI in
vacuum processes on PbI, or perovskite. This directly affects the
film thickness and the thickness monitor, QCM, which are
closely related to deposition parameters of the film fabrication
process. Understanding the surface-dependent growth charac-
teristics of MAI is necessary to better control the perovskite film
growth in vacuum processes.
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