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ABSTRACT: Organic—inorganic hybrid perovskites have shown tremendous potential for

optoelectronic applications. Ion migration within the crystal and across heterointerfaces, Au o

however, imposed severe problems with material degradation and performance loss in Al,03 = -

devices. Encapsulating hybrid perovskite with a thin physical barrier can be essential for s sens, | ’-
suppressing the undesirable interfacial reactions without inhibiting the desirable transport of  g8:" 1 APbI; N
charge carriers. Here, we demonstrated that nanoscale, pinhole-free Al,O; layer can be Y
coated directly on the perovskite CH;NH,Pbl; using atomic layer deposition (ALD). The
success can be attributed to a multitude of strategies including surface molecular
modification and hybrid ALD processing combining the thermal and plasma-enhanced modes. The Al,O; films provided
remarkable protection to the underlying perovskite films, surviving by hours in solvents without noticeable decays in either structural
or optical properties. The results advanced the understanding of applying ALD directly on hybrid perovskite and provided new
opportunities to implement stable and high-performance devices based on the perovskites.

Frlmi i e

O rganic—inorganic hybrid perovskites have shown high optoelectronic functionalities. Atomic layer deposition
erformance in optoelectronic devices such as solar (ALD) could meet all of these criteria and therefore be
cells,” light and radiation detectors,>* light-emitting diodes, particularly suitable for implementing such interlayers. By
and lasers.”® The remarkable performance stemmed primarily assembling materials in a layer-by-layer fashion at the atomic
from the pronounced 7photoresponse (in both optical scale, ALD was known for creating conformal, pinhole-free thin
absorption and emission)”® and efficient charge transport.”" films with atomic precision in thickness.”’
While the functionalities have been demonstrated successfully Conducting ALD directly on the hybrid perovskites was
in research laboratories, development of viable devices remains nontrivial. The vulnerable surface chemistry made the
challenging. Most of the devices showed rapid performance perovskites highly sensitive to conditions commonly used in
losses under continuous operation. ALD processes, such as water exposure and elevated
Among the factors that are responsible for the observed temperature. Although some attempts have been made to
instability, ion migration is particularly difficult to suppress. It show the potentially desirable effects of ALD interlayers in
has been shown, both theoretically and experimentally, that perovskite-based devices,”'~>° results by different investiga-
ions in the hybrid perovskites are inherently mobile due to the tions appeared to be inconsistent in terms of the processing
soft nature of the crystal lattices and could be further active conditions, coating quality, and level of damages to the
under external stresses such as moisture (chemical), illumina- underlying perovskites.26_29 In this work, we established a
tion (optical), or electrical biases."' ~'* The resulted degrada- hybrid ALD protocol that can be used to coat AlLO; films

tion can be t.WOfOId‘. in the bulk of the. perovskites, the directly on methylammonium lead iodide (CH;NH,Pbl, or
collectl've motion f)f ions cogld le.ave behind aggr'egatels5 of MAPbI, for short), a specific type of hybrid perovskite
vacancies, which disrupt the integrity of crystal lattices; ~ at commonly incorporated in solar cells with great success.”
heterointerfaces, on the other hand, ions in the perovskites can Combining the thermal and plasma-enhanced modes, the
. . . ; . 16 ’
migrate and react with neighboring layers, or vice versa. hybrid ALD produced ultrathin coating with excellent

Many eil'T;o_rltgs have been made to address the former morphological quality, coating efficacy, and chemical compat-
problem, leaving the latter largely overlooked in previous

research.

A potential approach to inhibit the cross-interface ion
migration and suppress the interfacial reactions was to
passivate the interface with a layer of inert material. This
interlayer ought to be chemically impermeable with complete
surface coverage and, in the meantime, sufficiently thin to
avoid large impedance of charge carrier transport for
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Figure 1. Successful demonstration of ALD-coated Al,O; directly on the perovskite MAPbIL;. (A) Cross-section TEM image of surface-treated
MAPDI; coated with 100 cycles of thermal ALD at 90 °C. Layers of carbon and platinum, in addition to a 60 nm thick layer of gold, were
sequentially deposited on top of the ALD layer to protect the samples from beam damage during focused ion beam milling. (B) Magnified view of
the TEM image. Inset: FFT pattern of the AL,O; and perovskite layer. (C) EDS spectrum of cross-section ALD AL O; layer shown in (A). (D)
Plane-view SEM image of 100 cycles of thermal ALD-coated MAPbI, and the corresponding EDS mapping of oxygen (E) and aluminum (F).

ibility. Modifying the surface of the perovskite by using
selected small molecules was found helpful in preparing the
surface for ALD. While bare perovskite films could be
dissolved by ethanol within minutes, 7 nm of ALD-coated
ALO; was sufficient to protect the underlying perovskite
against the solvent for hours. The remarkable chemical
resistance achieved in this work will provide a new path
toward stable optoelectronic devices based on hybrid perov-
skites.

ALD reached atomic-layer precision by delivering alternating
precursors in a self-limiting manner.”” When reaction
conditions (e.g., temperature, pressure, and duration) were
properly controlled, atomic layers of materials with a desirable
composition could be coated in a layer-by-layer fashion,
producing a conformal and pinhole-free surface coverage.
AlL,O; was used in this work as the model material to
demonstrate the capability of applying ALD directly on the
hybrid perovskites. The inert chemistry of Al,O; was desirable
for interfacial stabilization. Following a widely used ALD
protocol,” we used trimethylaluminum (TMA) as the source
of Al and H,O as the coreactant for oxidation (more details in
the Experimental Methods section).

A thin, conformal layer of Al,O; was created successfully on
solution-synthesized MAPbI; (Figure 1). To prepare the
surface for ALD reactions, the perovskite was surface-treated
by using 2-mercaptoethanol (HOCH,CH,SH or 2-mcpEtOH)
prior to the ALD processing (more details in Figure 4). Shown
in the cross-section transmission electron microscopy (TEM)
images, about 7 nm thick Al,O; film was obtained after 100
cycles of ALD (Figure 1A,B).
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The coating appeared to be highly uniform in thickness,
following the surface contour of the microcrystalline perovskite
grains without any noticeable discontinuity (i.e., pinhole-free).
The fast Fourier transform (FFT) pattern of the TEM image
showed that the AL,O; layer was amorphous (Figure 1B,
insets), consistent with the typical crystallinity reported in
other ALD-coated Al,0,.*7*° The atomic ratio between Al
and O, indicated in the energy-dispersive X-ray spectrum
(EDS, Figure 1C), appeared to be close to the 2:3. This ratio
matched with the expected stoichiometry of Al,O;, implying
that the precursors were sufficiently reacted under the chosen
conditions. The uniformity of the Al,O; coating was evident at
a larger scale in the top-view EDS mapping obtained by using a
scanning electron microscope (SEM). Microcrystalline mor-
phology of the perovskite layer could be visualized in the
secondary electron image (Figure 1D), whereas the EDS
mapping showed a homogeneous distribution of Al and O
across the field of view (Figure 1E,F) with the atomic ratio,
again, close to 2:3 (Figure S1). A cross-section elemental
mapping of MAPbI; film with 100 cycles of thermal ALD
AL,O; is also presented in Figure S2.

A finely tuned substrate temperature was found to be critical
to the success of conducting ALD directly on MAPbI;. Hybrid
perovskites, because of the organic constituent, were known to
be thermally vulnerable. MAPDI, for example, was r%ported to
decompose above 250 °C under ambient pressure,”®*” which
could occur at a lower temperature in a vacuum. On the other
hand, the conventional ALD, also known as thermal ALD,
facilitated reactions between precursors and coreactants by
elevating the substrate temperature.””***” Although some
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materials (e.g., ALO;) could be deposited at a moderate or
even room temperature, the Iow-temperature processing often
came at a cost of compromised coating quality mainly due to
insufficient precursor reaction or condensation.*’ By sweeping
the processing temperature while monitoring the physical
properties of the perovskite films, we identified ~120—150 °C
to be the highest temperature below which the integrity of
MAPbI; can be retained confidently (Figure 2). Above that
window, the Pbl, phase appeared in the X-ray diffraction
(XRD) patterns, indicating that thermal decomposition
occurred following a typical reaction MAPbI; — Pbl, +
CH,I + NH,. "'~
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Figure 2. Effects of the ALD processing temperature on the material
integrity of the underlying MAPDI, films. (A) An XRD pattern and an
AFM image of a pristine MAPbI; film on a (100) Si substrate. The
peak indicated by an asterisk belongs to the Si substrate. (B) Steady-
state PL spectra (left panels) and XRD patterns (middle panels) of
pristine (red), surface-treated (blue), and post-ALD (orange)
samples. From top to bottom, 100 cycles of thermal ALD were
conducted at 90, 100, 110, 120, and 150 °C, respectively. Right
panels: the AFM images of the perovskite film on Si substrate after
100 cycles of thermal ALD at the corresponding temperatures. All of
the scale bars in the AFM images are 200 nm.
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The appearance of Pbl, was accompanied by changes in
optical properties. While photoluminescence (PL) of MAPbI,
increased slightly after the surface treatment, much more
pronounced effects on the PL intensity were observed after the
ALD procedure. In the temperature range where the integrity
of the perovskite layer was preserved, the PL intensity
increased after the ALD procedure. This could be attributed
to the passivation of the nonradiative defects on the surface of
MAPDI;. Such passivation could be facilitated by a small
amount of Pbl, formed on the surface or the interfacial electric
field caused by the negative charges in the amorphous
ALO;.**™* When the substrate temperature was further
increased (>120 °C), the PL intensity decreased (Figure 2B,
left panels) and Pbl, started to form (Figure 2B, middle
panels). Such a decrease could be related to the formation of
crystal defects or changes of chemical composition,***” both of
which were undesirable for the best optoelectronic perform-
ance in devices. The integrity of the perovskite films was also
inspected by topographic mapping using atomic force
microscopy (AFM) (Figure 2A,B, right panels). While the
surface topography showed minimal changes at lower temper-
atures (90 and 100 °C), noticeable grain coalescence was
observed in MAPDI; films that experienced ALD processing at
higher temperatures (120 and 150 °C). Based on the optical,
crystallographic, and morphological characterizations, 90—120
°C was identified as the range of optimal processing
temperature. The nondestructive nature of the ALD processing
at this temperature was also evident by the retained
crystallinity in underlying MAPbI; layer (Figure 1B, insets).

The efficacy of the ALD processing was further improved
when the plasma-enhanced mode was introduced. As opposed
to the conventional thermal ALD where water vapor was used
as a coreactant, the more recently developed plasma-enhanced
ALD completed coating reactions by generating oxygen
radicals using an RF plasma generator. Such a different
reaction mechanism allowed for better coating quality at
moderate temperatures due to the high reactivity of the
energetic oxygen radicals with organometal precursors.’!
These advantages made the plasma-enhanced ALD highly
favorable for depositing directly on the hybrid perovskites.
Unfortunately, bare surfaces of the perovskites were subject to
considerable plasma damage. After only 20 cycles of plasma-
enhanced ALD conducted at 90 °C, the perovskite exhibited
substantial decays in PL intensity, and Pbl, was detected by
using XRD (Figure 3A and Figure S3).

To circumvent the plasma damage, we employed a novel
strategy by combining thermal and plasma-enhanced ALD into
the deposition of the same layer of Al,O;. The thermal ALD
preceded the plasma-enhanced ALD to provide a few
monolayers of AL, O; for protection purposes. Surprisingly,
10 cycles of thermal ALD (<1 nm Al,O;) were sufficient to
protect the underlying perovskite against the plasma damage.
Neither photoluminescence nor XRD showed signs of
degradation of the perovskite after 10 + 90 cycles of hybrid
ALD (i.e,, 10 cycles of thermal ALD followed by 90 cycles of
plasma-enhanced ALD) (Figure 3B). The prior thermal ALD
with five cycles was also attempted before the plasma-
enhanced ALD; however, the PL showed a decay of intensity
(Figure S4).

The improved coating quality obtained by using the hybrid
ALD was manifested as much lower permeability against
solvents in which the perovskite was known to be soluble. Two
MAPbDI; thin films encapsulated by using 10 + 50 cycles of
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Figure 3. Effects of including plasma-assisted ALD in the final Al,O;
film quality and material integrity of MAPbI; substrate. Steady-state
PL spectra (left panel) and XRD patterns (right panel) of surface-
treated MAPbI, before and after (A) 20 cycles of plasma-assisted and
(B) 10 + 90 cycles of hybrid ALD at 90 °C. Pictures of MAPbI, films
on glass substrate with (C) 10 + SO cycles of hybrid ALD at 90 °C

and (D) 60 cycles of 90 °C thermal ALD, before and after soaking
them in isopropanol and ethanol for 1 h.
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[ Hybrid ALD |
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hybrid ALD and 60 cycles of thermal ALD were immersed in
the solvents (isopropanol and ethanol). The former showed no
visible changes after 1 h of immersion whereas the latter was
almost completely dissolved (Figure 3C,D). By studying the
effects of molecular surface treatment on the ALD Al O,
coating quality, we further unveiled the promoted ALD film
robustness in light of the suppressed decomposition of
perovskite film (Figure SS). The resistance to strong solvents
demonstrated the promise of inhibiting interfacial reactions in
perovskite-based devices by using ultrathin ALD interlayers.
What might also be crucial to the successful encapsulation
was to assemble selected small molecules on the surface of the
perovskite film—a step for preparing the surface for the
following ALD. Water was widely used as the coreactant in
many established ALD recipes when depositing metal oxides.
Often, such ALD procedures began with a pulse of water vapor
to prime the substrates with hydroxyl groups, a desirable
termination for receiving the subsequent precursor. Hybrid
perovskites, however, were known to be soluble in water.>"!
Besides the possible surface damages, the perovskites would
not be properly primed by the water vapor, leading to
compromised surface coverage especially during the first few
cycles of thermal ALD. To address this problem, we attempted
to modify the perovskite surface using 2-mcpEtOH with the
expectation that the S in the thiol group would bond with Pb**
of the perovskite due to a stronger coordination.”” Thin films
of perovskites were immersed in 2-mcpEtOH vapor in an
evacuated quartz tube with controlled temperature and
pressure (more details in the Experimental Methods section).
The presence of the surface assembled molecules was
confirmed by using solid-state '"H NMR. The hydroxyl protons
(OH) and thiol protons (SH) resonate at around 4.9 ppm
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(H2) and —0.16 ppm (HS), respectively (Figure 4A).
Interestingly, the bonding configuration of 2-mcpEtOH on
the surface of MAPbI, turned out to be quite different from
our expectation. The integrated areas under the corresponding
NMR peaks inferred a greater amount of SH than OH
(7.18:2.55) in the molecules attached to the surface (Figure
4A,C and Table S1), suggesting that the perovskite surface was
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Figure 4. Effects of 2-mcpEtOH in the growth efficacy of ALD-AL 0.
(A) Solid-state "H NMR spectrum of 2-mcpEtOH-treated MAPbI,
powder as scraped from thin films. (B) Schematic illustration of 2-
mcpEtOH adsorption on MAPbI,. (C) Summary of proton
compositions from different functional groups as extracted from the
peak fittings in (A). (D) XRD of ALD-coated and uncoated
perovskites after exposing to in saturated water vapor at 1 atm for
40 h. The Pbl, (001) peak around 12.5° can be viewed as an
indication of water-induced decomposition of the perovskite. (E)
Comparison of the integrated areas under the PbI, (001) peak
showed that the water-induced decomposition was much more severe
without the surface molecular treatment. Cross-section TEM images
of 10 + 20 cycles of hybrid ALD Al,O5-coated MAPbI, (F) with and
(G) without the surface treatment.
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primarily thiolated instead of hydroxylated after the molecular
modification (Figure 4B).

Despite the unexpected bonding scheme, the surface
treatment led to desirable outcomes in the subsequent ALD
processing. After being exposed to saturated water for 40 h
(Figure S6), perovskites coated with the Al,Oj, layer, regardless
of being molecularly treated or not, exhibited substantially
stronger chemical resistance compared to a bare, unprotected
perovskite thin film (Figure 4D). The Pbl, (001) peak around
12.5° in the XRD patterns could be viewed as an indication of
the water-induced decomposition. A closer look at the XRD
patterns showed that the under-the-curve areas of the Pbl,
(001) peak were much smaller in the samples being treated by
2-mcpEtOH treatment prior to ALD (Figure 4E). The
difference in the chemical resistance could also be visualized
by the appearance and the color of the samples immersed in
water (Figure S7). It is worth noting that minimal difference,
between the molecularly treated or untreated samples, could
not be captured in the morphology of the subsequent ALD
coatings (Figure 4F,G). We speculate that the permeable
channels in the amorphous Al,O; must be extremely
microscopic, beyond the spatial resolution of a high-resolution
TEM. The morphology, even if imaged by using the STEM
mode, could not be used to evaluate the quality of the ALD
encapsulation as well as the resulted chemical protection. For
clarifications, the 2-mcpEtOH molecules themselves, without
the ALD coating, did not provide obvious protection to the
perovskite films (Figure S8).

In summary, we established a protocol to grow a high-
quality, pinhole-free, thin layer of AlL,O; film directly on
MAPDI; using ALD. We were able to control the processing
conditions so that the ALD processing did not degrade the
underlying perovskite chemically, morphologically, or optically.
The success could be largely attributed to modifying the
surface of perovskite by 2-mcpEtOH and incorporating the
plasma-assisted ALD with the conventional thermal mode.
Significant improvement in the chemical resistance against
environmental stresses was observed with the ALD encapsu-
lation. While the remarkable chemical protection from the
ALD encapsulation was demonstrated by using ~7 nm Al,O4
interlayers, the thickness may be further reduced in solid-state
devices. Interdiffusion between solid materials (i.e., the
perovskite and charge transport layers) may be different
from the behavior we observed in the solvent soaking
experiments reported here. Previous works had shown that
>20 cycles of AL,O; ALD can increase the electrical impedance
of a photovoltaic device considerably.”’ We found that 10 + §
cycles of hybrid ALD could still provide considerable chemical
protection to the perovskite layer compared to an unprotected
one (Figure S9). Future work will need to be focused on the
effect of the ALD interlayer on inhibiting interfacial ion
exchange in more realistic perovskite-based devices.

The success with the Al,O;, the model material used in this
work, showed implications on other compounds to be coated
on hybrid perovskites using ALD. The alternative coating
materials such as SnO, or TiO, could come with more
desirable electrical properties, which can be further multifunc-
tional if used as an interlayer between the perovskite and the
transport layers, or electrodes, in devices. Our findings
intrigued questions regarding the effects of the ALD layer
and its growth conditions on both electrical and optical
properties of the perovskite layer. Further studies, therefore,
are needed to understand processing—property correlations
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and establish ALD coating as a standard method for
encapsulating hybrid perovskites.

B EXPERIMENTAL METHODS

Chemicals, ALD Precursors, and Gases. CH;NH,I
(MAI, >99.99%) was purchased from Greatcell Solar
Materials. Lead iodide (Pbl,, 99%), diethyl ether (>99.0%),
y-butyrolactone (GBL, >99%), and 2-mercaptoethanol (2-
mcpEtOH, >99.0%) were purchased from Aldrich. Trimethy-
laluminum (TMA, >98%, prepackaged in SO mL Swagelok
cylinder) and ultrahigh purity water (H,0, 99.999%,
prepackaged in SO mL Swagelok cylinder) were purchased
from Strem Chemicals. Acetone (>99.5%) and isopropanol
(>99.5%) were purchased from BDH VWR Analytical. Argon
(Ar, ultrahigh purity grade, 300 cf cylinder) and oxygen (O,,
research grade, 300 CF cylinder) were purchased from Airgas.
All chemicals were used as received without further
purification.

MAPbI; Perovskite Film Synthesis. A 1:1.05 molar ratio
of Pbl,/MAI was first dissolved in GBL with stirring and
heating at 40 °C to make a 1 M solution. Glass and P-doped
silicon wafers were sequentially sonicated in Alconox (1%
aqueous detergent solution), deionized water, acetone, and
isopropanol for 15 min in each step. The precursor solution
then was spin-coated in an ambient environment on cleaned
glass substrates and P-doped silicon wafers by a two-step
protocol. Substrates first spun at 200 rpm for 10 s with an 85
rpm s~! ramping rate followed by 3000 rpm for 20 s with the
acceleration 340 rpm s™'. The wet films, afterward, were
soaked in a diethyl ether bath (~20 mL) for crystallization for
~30 s. The as-synthesized perovskite films were then thermally
annealed at 100 °C on a hot plate in a N, glovebox for 10 min.
The perovskite films on silicon and glass substrates were
routinely prepared at the same time. The composition,
crystallinity, and morphology of the perovskite thin films
were characterized and compared to ensure negligible
differences in the synthetic product obtained between the
two types of substrates.

2-mcpEtOH Surface Treatment. MAPbI; films were
surface treated with 2-mcpEtOH vapor in a quartz tube of a
tube furnace (Thermo Scientific, Lindberg Blue M). MAPbI,
films were placed at the center heating area of the quartz tube,
sitting on a glass slide. S0 yL of 2-mcpEtOH in an alumina
boat was then placed at the cold side of the furnace, away from
the heating coil. The tube was pumped through a mass flow
controller (Alicat Scientific) with a 30 Torr pressure set point.
The target temperature was set at 80 °C, at which surface
treatment continued for 30 min before the furnace heating was
turned off. The MAPbI; film were removed after cooling to
below 50 °C under vacuum.

Atomic Layer Deposition (ALD). ALD ALO; was
deposited with a Fiji G2 system. The reactor chamber was
first heated to the designated ALD growth temperatures and
allowed to stabilize for 15 min. MAPbI, films with and without
2-mcpEtOH surface treatment were first placed in the load
lock and pumped below 2 X 107> Torr before being transferred
into the reactor. Before the beginning of ALD growth cycles,
carrier Ar and plasma Ar gas were flown through delivery line
and ALD reactor at 30 and 80 sccm for 20 s, respectively. Each
thermal ALD cycle consisted of a TMA pulse of 0.06 s, an Ar
purge of 5.2 s, a H,O pulse of 0.06 s, and then a purge time of
10 s. On the other hand, each plasma ALD cycle was
constituted of a TMA pulse of 0.06 s, an Ar purge of 5.2 s, and
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then a 300 W oxygen plasma of 6 s followed by a purge time of
4 s. During the ALD processes, the delivery line and valve
manifold of the system were kept at 150 °C. No pre- and
postdeposition thermal annealing of the MAPDI; films were
performed. During the ALD processing, the surface of the
perovskite is acting as the actual receiving substrate. Therefore,
we do not expect, nor did we observe, substantial effects from
the Si or glass on Al,O; coating.

Solid-State "H NMR. A high-resolution '"H NMR spectrum
of MAPDI; was collected on a Bruker 600 MHz spectrometer.
The samples were packed into 1.3 mm NMR rotors in an
argon-filled glovebox. A rotor-synchronized spin-echo pulse
sequence with a /2 pulse length of 2.9 us was used to acquire
the spectrum. The magic angle spinning (MAS) rate was 50
kHz. The NMR spectra were calibrated by using adamantane
at 1.83 ppm.
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