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single reactor. Continuous, polycrystalline lead iodide (PbL,) films were
deposited in the first step and successfully converted to high quality perovskite
films in the second step during exposure of Pbl, films to methylammonium
iodide (MAI) vapor. A complete conversion was realized after 90 min of
exposure with an average grain size of 3.70 + 1.80 ym. The perovskite
conversion starts at the Pbl, surface through the intercalation reaction of Pbl, 90 min conversion
and MAI vapor molecules and progresses toward the Pbl,/substrate interface. b A
The coverage and quality of the perovskite thin film are controlled by that of
the predeposited Pbl, film. The absorbance measurements confirmed air [ ] y
stability of the fully converted perovskite for 21 days, ascribed to its superior o0 i s 05 G o
morphology and grain size. Finally, a planar single-junction perovskite solar e

cell with no additives or additional interfacial engineering was fabricated and tested under open-air conditions, yielding a best power
conversion efficiency of 11.7%. The solar cell maintains 85% of its performance up to 13 days in the open air with a relative humidity
up to 80%.

KEYWORDS: two-step vapor deposition, large grains, intercalation, air-stable, planar device
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B INTRODUCTION (vacuum thermal evaporation), and chemical vapor deposition
(CVD). All these methods are either single-step, where the
organic cation is deposited simultaneously with the metal
halide, or two-step sequential deposition, with the metal halide
predeposited and organic halide material introduced in the
second step.””'* The spin-coating methods have several
challenges, which include incomplete surface coverage, use of

Organic—inorganic hybrid perovskites have emerged as an
interesting class of semiconductor materials for their
application in photovoltaic (PV) and other semiconducting
devices.'™® The first application of perovskites in PV
technology was in 2009 by Kojima and co-workers,” with
measured power conversion efficiency (PCE) of about 3.8%

and in 2012 by Lee et al.® with an improved PCE of about solvents that may promote high instability, processing in inert
10.9%. A fast rise in PCE of this material observed in a decade environments, and lack of reproducibility. Thermal evapo-
from 3.8% to 25.2% is highly unique compared to other ration, on the other hand, requires the use of dedicated

established PV technolo§ies such as c-Si, GaAs, CdTe, and ultrahigh—vacuum systems. In addition, the'se techni.ques are
organic-based solar cells.” The high efficiency of these organic not .e‘asﬂy scalabl.e.and are in most cases 1ncompz.1t1ble with
metal halide perovskites has been attributed to its excellent traditional deposition methods used in the semiconductor

optical and electronic properties. These include high optical industry.

absorption coefficient (ca. 10* cm™) and a wide range of CVD has the advantage of bein%sa well-established technique
visible absorption with tunable direct band gap (1.5—2.3 €V), in the silicon processing industry. ~ It allows for the deposition
long carrier diffusion lengths, ambipolar charge transport, low of uniform thin films onto large substrate sizes, which aids in
intrinsic recombination rates due to weakly bounded excitons, the scalability of the perovskite deposition process. CVD has
high crystallinity, and low-temperature processing.”” However, been employed for the deposition of hybrid perovskite thin
hybrid perovskite absorbers still face the issue of chemical

instability as they degrade under continued exposure to Received: September 29, 2019

moisture, light illumination, and UV light and are unstable at Accepted: February 11, 2020

high temperatures.">’ Published: February 11, 2020

Perovskite thin films are usually deposited via three main
routes: solution spin-coating, physical vapor deposition
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Figure 1. (a) XRD patterns of Pbl, film (bottom) and the subsequent converted perovskite samples: 15, 30, 60, 90, and 120 min from bottom to
top patterns. (b) Planar SEM micrograph of the as-deposited Pbl, thin film and (c) 90 min converted perovskite film, both on glass substrate
showing smooth and flat grains. (d) Grazing incident XRD pattern of the 30 min converted sample at different angles for the Pbl, peak position.
(e) Schematic illustration of the perovskite conversion mechanism. (f) XPS depth profile of the 90 min converted perovskite sample showing the

atomic concentration depth profile.

films by various groups based on the one-step'® and two-step
processes.''>!77% Although simpler, during one-step CVD it
may be difficult to control the coevaporation of the sources,
which results in poor conversion and film quality. The two-step
CVD method, termed hybrid CVD (HCVD), requires the
predeposition of the Pb halide on substrates typically by spin-
coating or thermal evaporation.">'”~>® The predeposited Pb
halide thin films are then placed inside the CVD furnace a
distance away from the methylammonium iodide (MAI)
source that is vaporized by thermal heating. The resultant MAI
vapors are transported by the inert gas that diffuse through the
layered Pb halide structure, forming a solid perovskite during a
chemical reaction of the MAI molecules with the layered Pb
halide.">'” HCVD still poses a challenge to scalability of the
CVD technique, since the predeposited Pb halide layers are
dependent on the inherent constraints of the spin-coating or
thermal evaporation techniques. The highest PCE of a hybrid
perovskite-based solar cell fabricated by HCVD method is
18.9%, where the Pbl, layer was deposited by spin-coating.”” A
comparison of various deposition techniques and the issue of
scalability of perovskite films are found in a recent review by
Swartwout et al.”* and Luo et al.”” with PCE ranging between
7.9 and 18.9%.

The major drawback of perovskites is its instability when
exposed to humidity, particularly for those grown by spin-
coating, which requires the devices to be processed in a
glovebox. There is thus a need to improve the stability of
perovskites by producing thin films with large grain sizes, full
surface coverage, and improved morphology, while maintaining
a high throughput on large-area substrates. Several strategies
such as interface engineering, addition of interfacial coating
layers to protect against moisture permeation, encapsulating
layers to shield against moisture, and doping of the perovskite
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absorber layer have been employed to improve the solar cell
stability. Among solution-processed films, the use of ionic
additives degrades the performance of encapsulated perovskite
solar cells by only 5% under continuous simulated full
spectrum sunlight for more than 75 days at elevated
temperatures.”’ Air stability still remains an issue, and there
are not many reports of stability tests found in the literature
from unencapsulated CVD grown perovskite solar cells. Wang
et al.”’ investigated the stability of CVD perovskite devices,
which remained stable for 100 days stored in air at a relative
humidity of 40%. However, the group used a fresh hole
transport layer and metal contact for each measurement. Peng
et al.”" also reported on the stability of their perovskite solar
cell, which maintained 80% of initial performance after 31 days
stored at ambient environment with 30% relative humidity.
Another study of CVD grown perovskite device stability was
reported by Tran et al.”® where they employed single-wall
carbon nanotubes as a counter electrode, and their device
maintained 80% of the initial 7.9% efliciency for 500 h of test
under an ambient atmosphere. Furthermore, Pammi et al.”'
investigated long-term stability of CVD grown perovskite films
on glass, but these investigations were not conducted on a
functioning device. Shallcross et al.** also report on the vapor
growth of the hybrid perovskite films and the role of the
interfacial TiO, surface defects on the perovskite stability but
show no application of vapor-deposited perovskite films in
solar cells. A recent study utilized a fast vapor deposition
technique in a custom-built reactor, enabling cost-effective
scalable manufacturing.”® A 6.9% PCE was achieved in this
study, and no long-term stability measurements were
conducted. Recently reported deposition methodologies to
increase the PCE of vapor-deposited perovskite solar cells
include white-light illumination assisted deposition,”* vapor
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exchange deposition,” and vapor assisted solution process-
ing.’® To reduce the production and installation cost of
MAPbDI; perovskite solar panels, the emphasis should be on
addressing and improving the intrinsic stability of the MAPbI;
perovskite absorber layer, as this will remove the costly and
stringent encapsulation process required to protect the
perovskite solar cell from humidity.

In this contribution, we report on the vapor deposition of a
Pbl, thin film in a CVD reactor, followed by its conversion to a
uniform, polycrystalline MAPbI; perovskite thin film, using the
same CVD reactor. The novelty of this approach stems from
the deposition of a uniform, compact, and crystalline Pbl, layer
in the same CVD reactor at low pressure, as opposed to other
hybrid CVD methods where the Pbl, layer is deposited by
either spin-coating or high-vacuum thermal evaporation in a
different reactor. As the CVD reactor allows for independent
control of deposition parameters, this technique aids in
improving the reproducibility of the perovskite thin films
with enhanced morphology and stability. Moreover, since the
deposition of the uniform Pbl, layer is performed in the same
CVD reactor in the first step, a scale-up synthesis is facilitated.
We further investigate the perovskite conversion process by
exposing Pbl, films to the MAI vapors in the second
conversion step. The structural, morphological, and composi-
tional properties are probed by powder and grazing incidence
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS),
respectively. Furthermore, the air stability of a fully converted
perovskite thin film is investigated through absorbance
measurements for 21 days. The optimum converted perovskite
film is applied in a planar solar cell architecture with the best
PCE of 11.7%, measured in air. The solar cell maintained 85%
of its performance for 13 days of measurements under ambient
conditions with the temperature ranging from 15 to 22 °C and
the relative humidity ranging from 60 to 80%.

B RESULTS AND DISCUSSION

Thin Film Deposition. Crystalline Pbl, thin films were
successfully deposited in the first vapor deposition step. Figure
la shows the XRD pattern of a pure, high quality Pbl, thin film
on glass substrate, depicting its polycrystalline nature. The
observed peaks at ~12.74°, 25.59°, 38.76°, and 52.51° belong
to the (001), (002), (003), and (004) diffracting planes,
respectively, based on the Joint Committee on Powder
Diffraction Standards (JCPDS, data no. 07-0235). This XRD
pattern is indexed to the hexagonal (P3m1) structure’”** of a
highly crystalline Pbl, film. A slight shift in 20-peak positions
was observed as compared to the standard pattern, which
suggest a slight compression of the d-spacing (<1%) and hence
compression of the c-axis lattice constant that can be ascribed
to the higher growth temperature (ca. 380 °C) of the Pbl,
films. The (001) peak is the most intense, indicating a
preferred growth orientation along the [001] direction, which
is parallel to the c-axis of the hexagonal crystal structure. This
preferred growth direction is linked to the growth mechanism
of Pbl, thin films, which follows a layer-by-layer growth of
repeating I-Pb—I monolayers along the c-axis and separated
by a van der Waals gap.””~*” This van der Waals gap allows an
easy intercalation of foreign molecules, such as MAI, during
the conversion to perovskite.

A uniform, smooth Pbl, film is shown in the SEM
micrograph in Figure 1b with large and compact grains visible
with well-defined grain boundaries. This successful growth of a
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Pbl, film is achieved through evaporation of Pbl, source that
moves toward the substrate due to the temperature gradient in
the tube assisted by N, flow. The growth begins with this layer-
by-layer deposition on the substrate forming a continuous film
under the optimum conditions of temperature and pressure.
The smooth surface is related to the grain formation during
deposition (layer-by-layer growth), and these flat grains of Pbl,
are often termed platelet grains.'”*’~** The SEM micrograph
also confirms a full surface coverage with no pinholes present
in the film. Optical micrographs are provided in the Supporting
Information (Figure S2). The lateral grain size amounts to 1.60
+ 0.62 ym (as measured from the SEM micrograph, Figure
1b). There are, however, grains larger than 1.6 ym measured
along their length. The Pbl, large grain sizes are due to a fast-
preferred grain growth along the lateral direction where there is
a minimized facet surface energy as opposed to along the c-axis
(vertical direction).”” Hence, the grains are larger than the film
thickness of 230 + 15 nm. These larger grains are favorable for
conversion to perovskite and are expected to grow larger in size
during the perovskite conversion through the diffusion of MAI
molecules.

The Pbl, thin film was successfully converted into the
MAPDI; perovskite film during exposure to the MAI vapors.
During conversion, the MAI vapors diffuse toward the heated
Pbl, substrates, which upon contact with the Pbl, surface
diffuse through its layered framework. The proposed reaction
mechanism is an intercalation of the MAI into the layered Pbl,,
beginning at the surface (top)'? or at the substrate interface
(bottom)."” Here the deposition mechanism and conversion
process are investigated at different conversion times. Figure la
shows the XRD patterns of MAPDI; perovskites converted
after 15, 30, 60, 90, and 120 min exposure times. The MAPbI,
pattern shows major diffraction peaks at 14.05°, 19.94°, 28.39°,
31.81° and 40.61° 26, assigned to the (110), (112), (220),
(310), and (224) planes, respectively, of the tetragonal (I4/
mcm) MAPbL; phase known to be stable at room temper-
ature.*”*' There are other smaller peaks at 23.44° (211),
24.42° (202), 34.91° (204), and 43.09° (330), also indexed to
tetragonal MAPDI; perovskite. The small peak at 23.44° is
inconsistent with the cubic symmetry of MAPbI;, hence
confirming a pure tetragonal phase perovskite."”*' The XRD
pattern of the 15 min converted film shows sharp peaks
belonging to the hexagonal Pbl, phase that is more intense
than the MAPDI; perovskite peaks, which confirms the
coexistence of the two phases. This demonstrates that the
conversion process is incomplete after 15 min. A small peak at
12.74° that belongs to a low level Pbl, impurity appears for the
30 and 60 min converted perovskites (as seen in Figure la),
suggesting that the majority of the Pbl, is converted to
perovskite with a small fraction of Pbl, still present. The Pbl,
diffraction peak disappears after 90 min conversion time,
confirming complete conversion of the Pbl, film into MAPbI,
perovskite after this exposure time. Further exposure after 120
min does not induce an appreciable change in the XRD
pattern. These results show that the intercalating reaction
begins the instant that the Pbl,-coated substrate is exposed to
the MAI vapor.

The morphology of the polycrystalline perovskite thin films
was investigated by means of SEM as shown in Figure 1c and
in the Supporting Information (Figure S3a—d). Low surface
coverage, pinholes, and inhomogeneity of the perovskite thin
film often results in poor solar cell performance."”” An
advantage of a two-step deposition process, especially in this
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instance, is that the predeposited Pbl, morphology can be
controlled carefully, resulting in high quality perovskite thin
films. The yellow Pbl, film was converted into a dark brown/
black perovskite upon exposure to the MAI vapor during the
second step of the sequential deposition where even the
partially converted 15 min sample appears dark. The optical
micrographs of the converted perovskite films show uniform
and continuous films with full surface coverage for all
conversion times. The perovskite film obtained after 90 min,
which is the fully converted sample, shows visible grains of
sizes up to 6 um in the optical micrograph. Details of film
morphology are included in the Supporting Information.

It is known that the grain sizes and shapes of Pbl, change
after conversion to perovskites due to the insertion of the MAI
molecule within its layered structure.'”'>'” The lattice
parameter along the c-axis expands upon conversion of the
hexagonal Pbl, (c = 6.95 A) to tetragonal MAPbI; (c = 12.44
A), and hence the volume of the converted perovskite
increases as compared to that of PbL.'* After 15 min
conversion time, the grains observed from the SEM micro-
graph (Figure S3a) are well-defined with clear grain
boundaries, average grain size of 0.73 + 0.24 ym, and smaller
in size compared to that observed for the Pbl, film. With
prolonged conversion time up to 30 and 60 min, the grain size
increases to average values of 1.02 & 0.58 and 1.61 + 0.77 pum,
respectively, as shown in Figure S3b,c and comparable to those
measured for the Pbl, film. However, the grains appear
rougher and irregular. Larger and flatter grains are observed
after 90 min conversion with average size of 3.70 + 1.80 um
(Figure 1c), followed by grain-coarsening and size reduction
after 120 min conversion to 2.36 + 1.03 pm (Figure 3Sd). The
grain size evolution is summarized in Table 1.

Table 1. Grain Size, RMS Roughness, Thickness, and Pb/I
Ratio by EDS for Different Conversion Times

conversion time grain size RMS roughness thickness Pb/1

(min) (um) (nm% (nm) ratio
0 (Pbl, layer)  1.60 + 0.62 8.5 230 0.58
15 0.73 + 0.24 45.7 405 0.43
30 1.02 + 0.58 39.8 409 0.36
60 1.61 + 0.77 33.5 415 0.37
90 3.70 + 1.80 32.7 450 0.36
120 2.36 + 1.03 S1.9 444 0.37

The RMS roughness extracted from the AFM micrographs
of the perovskite thin film reduces from 45.7 nm after 15 min
conversion to 32.7 nm after 90 min conversion, followed by an
increase to 51.9 nm after 120 min conversion (see Table 1 and
Figure S4f—j). There is an inverse relationship between the
grain size and roughness, which suggests that the grain growth
results in a continuous and smooth film. The increase in RMS
roughness from predeposited Pbl, thin films to the perovskite
films is due to the insertion of the MAI molecule within the
layered network of Pbl, where the perovskite grain formation
induces surface roughness. The difference in morphology was
also observed in the SEM micrographs with perovskite films
depicting defined grains (Figure 1c) as compared to the flat
grains of Pbl, (Figure 1b). The 90 min sample had a relatively
smaller roughness (32.7 nm) than the other perovskite
samples, which confirms the smoother and larger grains
observed in the SEM micrographs (Figure 1c). The larger grain
size and smoother surface of the 90 min sample are attributed
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to the complete conversion, presenting the saturation stage of
this sequential deposition process. It should be noted that the
large grain size and low RMS roughness observed after 90 min
conversion were not observed for any CVD prepared
perovskite and without any postdeposition annealing. Pinholes
and grain boundaries are defect centers that impede the
electron—hole transport, inducing carrier recombination sites
and deteriorating device performance.*”** The cross-sectional
SEM micrograph of our CVD grown perovskite film shows
continuous, columnar grains along the film thickness with no
grain boundaries parallel to the substrate (Figure S3e), which
is beneficial for efficient charge transport. The superior grain
sizes reported here suggest a reduced defect density, which as
we see later contributes toward the improved stability and
performance of the devices.

The changes in the grain shapes and sizes are related to the
deposition kinetics. The unit cell volume of hexagonal Pbl, is
about 0.1255 nm® at room temperature, and that of cubic
MAPbDL, is about 0.2475 nm® at 85 °C,*" almost double that of
Pbl, (MAPbI; were deposited at 180 °C). This grain
morphology evolution suggests that during the initial stages
(15 min) of the conversion process the larger grains of Pbl,
shrink and separate during the MAI intercalation into the
layered Pbl,, resulting in smaller, partially converted perovskite
grains. With further MAI exposure and subsequent inter-
calation, the grain size increases due to volume expansion as
more Pbl, is converted to perovskite. The maximum grain size
observed after 90 min of conversion and the subsequent
reduction thereof after 120 min suggest that the intercalation
stops and that the saturation stage of the perovskite conversion
is achieved after 90 min. With all the Pbl, converted to
perovskite, the grain growth stops, and the films appear to
oversaturate after 120 min conversion, resulting in grain size
reduction and coarsening. The 120 min sample remained
exposed to MAI vapor after the saturation stage, but no
signature of MAI residue was observed in the XRD pattern
(Figure 1a) in which MAI diffraction peaks normally appear at
9.84°, 19.74°, and 29.79°.** The absence of crystalline MAI
confirms that an MAI layer did not form after full conversion.
The reduction in the grain size is attributed to the coarsening
of the grains that may be due to the unstable crystallization of
the perovskite after full conversion of the Pbl,. This may be
caused by the formation of an amorphous intermediate phase
due to the oversupply of MAI vapors into the grains.*’
Furthermore, prolonged heat supply may then transform the
crystalline structure into a thermodynamically stable phase.'”
The thickness of the Pbl, layer and the converted perovskite
samples are summarized in Table 1. The thickness of the fully
converted sample (90 min with 450 nm) is approximately
double that of the Pbl, layer (230 nm), which agrees with
previous reports and accords with the expected volume
changes induced during the conversion process.*"*’

The XRD pattern of the 15 min sample (Figure 1a) showed
strong diffraction of the (110), (220), and (224) peaks, as
inferred from the peak intensities, suggesting a mixed preferred
orientation, which apparently arises from the volume
expansion and the competing steric constraints in the reacted
film. Extending the conversion time to 30 min resulted in the
(110) and (220) being the preferred orientation with larger
average grain size than the 15 min sample. The 60 and 120 min
samples are highly orientated along the (310) planes with even
larger grain sizes and a similar morphology as seen from their
SEM micrographs (Figure S3c,d). Lastly, the 90 min exposed
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Figure 2. (a) Absorbance and photoluminescence spectra of the 90 min converted perovskite and (b) evolution of the absorbance spectra of the
same sample measured for 21 days at ambient room conditions to probe film air stability.
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Figure 3. (a) SEM cross-sectional view of the 90 min perovskite solar cell showing all the layers except the metal contact. (b) J—V characteristic
scanned in forward and reverse also showing the respective device parameters and performance.

sample has the largest grain size and different orientation along
the (224) planes with well-suppressed (110) and (220)
orientations shown in Figure la. These results suggest that
larger grains of perovskites, obtained after 90 min conversion,
do not grow along the (110) and (220), which is preferred
orientation for grains <1 pm.'”">"”

During the conversion process, the MAI intercalates slowly
through the layered Pbl, framework and chemically reacts with
the Pbl,, which subsequently transforms to solid MAPbI;.
However, this process is time-dependent, as the reaction does
not happen simultaneously throughout the film thickness. As
the exposure time is prolonged, more of the Pbl, is converted
to perovskite (30 and 60 min) until the entire film is
completely converted (90 min). To gauge the presence of Pbl,
through the thickness of the film, grazing incident XRD
(GIXRD) was performed on the 30 min sample, which had a
small Pbl, peak during normal XRD. GIXRD was probed at
different grazing incident angles (0.2°, 0.3° 0.4°, and 0.5°) as
shown in Figure 1d to investigate the conversion process. As a
note, low grazing incident angles probe the top surface, and
higher angles penetrate deeper in the film. The low grazing
angle (0.2°) shows no Pbl, peak, suggesting an absence of Pbl,
on the film surface compared to high grazing angles (0.4° and
0.5°) where the Pbl, peak appears, suggesting a presence of
Pbl, toward the bottom of the perovskite film. These results
confirm that the perovskite conversion reaction starts at the

Pbl, surface and continue downward toward the substrate.
This is in agreement with the proposed perovskite conversion
mechanism by Chen et al.'’ The schematic illustration in
Figure le shows the different phases of conversion: phase one
with a high concentration of Pbl, (15 min conversion), phase
two with a small amount of Pbl, at the bottom (30 and 60 min
conversion), and finally phase three with a full consumption of
Pbl, (90 min).

X-ray photoelectron spectroscopy (XPS) was used to probe
the atomic concentration depth profile of the 90 min
perovskite film through sputtering with energetic argon ions,
and the profile is shown in Figure 1f. Details of the XPS data
are included in the Supporting Information (Figure SS). The
Pb and I concentrations are higher on the surface (as
expected) and are relatively constant throughout the film
thickness, which then decreased toward the glass substrate—
film interface, signified by the increased silicon and oxygen
atomic concentrations. This substrate—film interface is marked
with a rectangle in Figure 1f and found between 200 and 250 s
of sputtering based on the abrupt reduction of lead and iodide
profiles accompanied by an increase in silicon and oxygen
concentrations (from the substrate). The presence of oxygen
and silicon on the surface might be due to sample oxidation
and contamination during handling and storage.

The optical behavior of the 90 min converted sample was
investigated by absorbance and photoluminescence (PL)
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Figure 4. Evolution of the normalized open-circuit voltage (V,), short-circuit current density (J,.), fill factor (FF), and the power conversion
efficiency (PCE) of the device measured for 21 days in the (a) reverse and (b) forward scan.

spectroscopy, shown in Figure 2a. The perovskite film absorbs
throughout the visible range with a sharp reduction at about
750 nm. This wide absorption confirms the high quality of
sequential vapor grown perovskite films. The steady-state PL
shows an intense peak at about 775 nm (1.59 eV), which
agrees with the known MAPDI; perovskite optical band gap of
1.5—1.6 eV."”*® Details of the absorbance and extracted optical
properties are provided in the Supporting Information.

After initial characterization, the absorbance spectra were
measured daily on the fully converted (90 min) perovskite
sample to investigate the air stability of the films. Samples were
placed in the dark with uncontrolled ambient conditions
(temperature and humidity). Temperatures during the
measured days ranged from 15 to 22 °C and relative humidity
from 60 to 80%. Figure 2b shows the evolution of the
absorbance spectra of the 90 min perovskite sample. The film
remained stable for 21 days of measurements, with slight
changes in absorbance associated with the inhomogeneity of
the sample thickness. The stability of the fully converted
sample is due to its superior grain size and crystalline quality
that is concomitant with a reduced defect density.
Furthermore, the purity and compactness of these CVD
deposited films with no pinholes to trap moisture and the
absence of solvents in both deposition steps also contribute to
its prolonged stability.

Device Performance and Stability. The 90 min
converted sample with larger grain size was subsequently
used as the absorber layer in the solar cells. The corresponding
cross section of the planar perovskite solar cell device is shown
in Figure 3a with FTO coated on glass followed by a double-
spin-coated c-TiO, film as an electron transport layer, then the
MAPDI; perovskite, and finally a layer of Spiro MeOTAD as
hole transport material. The device was prepared in open air
(without the use of a glovebox) and finalized by depositing a
100 nm Ag layer as back-contact.
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The solar cells were characterized by current and voltage
measurements under simulated AM 1.5G (100 mW/cm?) solar
irradiation in air, scanned in both forward and reverse. The
current density (J)—voltage (V) curve is shown in Figure 3b
for both forward and reverse scans, indicated with arrows. As
shown, the device had an open circuit voltage (V,.) of 0.869 V,
short-circuit current density (J.) of 23.6 mA/cm?, fill factor
(FF) of 0.426, and power conversion efficiency (PCE) of 8.7%
under forward scan. There is a hysteresis between forward and
reverse sweeps. The reverse scan showed a better performance:
V,. = 0877 V, J.. = 224 mA/cm?, FF = 0.595, and PCE =
11.7%. The most probable cause for hysteresis in our devices is
due to ion migration, ferroelectric polarization, and charge
accumulation at the c-TiO,/perovskite interface.”” " Charge
trapping at this interface lowers both FF and V. Doping of
the ¢-TiO, layer’>*® and interface engineering’* are normally
employed as a means to increase the TiO, conductivity,
improving the performance, and reducing the hysteresis of the
device. Here we did not perform any c¢-TiO, doping, as the
objective was to determine the applicability of a two-step CVD
grown perovskite film for solar cell application. Future studies
will entail the optimization of the individual non-perovskite
layers and detailed quantum efficiency measurements.

Although the device showed hysteresis, we tested its
performance stability since the film was stable under ambient
room conditions. The devices were kept in the dark under
ambient room conditions with temperature ranging between
15 and 22 °C and relative humidity ranged between 60 and
80%. Figure 4a,b shows the evolution of the V,, J,., FF, and
PCE in reverse and forward scans as a function of time. These
values were divided by the values obtained on day 1. V.
remained above 90% throughout the measured period under
reverse scan, and the minimum J, was 87%, fluctuating
between this value and 99% (both in Figure 4a). A similar
trend was observed at forward scan, except for a fast drop in
V. during the final 2 days of measurements to about 80%
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(Figure 4b). The FF and the corresponding PCE were
maintained at above 85% of their highest values for the first 13
days in the reverse sweep and then dropped significantly
(Figure 4a). A steady drop in FF and PCE was observed for
the forward sweep as shown in Figure 4b. The data values of
the stability and the corresponding J—V curves measured on
consecutive days are provided in the Supporting Information
(Figures S7 and S8).

The drop in device performance is attributed to the
possibility of ion migration, which inhibits charge transport
at the layer interfaces (electron and hole transport layers).
Another possible reason could be the corrosion of the Ag
contacts, which appeared as early as day 9 of measurements
with a brownish color around its edges and regions in contact
with the FTO. The corrosion of Ag metal reduces its
conductivity and creates a high series resistance in the device.

B CONCLUSIONS

We have demonstrated the deposition of pure, highly
crystalline, smooth, and compact MAPDI; perovskite films on
glass substrates by using a sequential vapor deposition method
at low pressures in a single reactor. The as-deposited Pbl, films
grown in the first step were successfully converted to MAPbI;
perovskite during their exposure to MAI vapor in the second
step by using the same CVD reactor. The conversion begins at
the surface and progresses toward the glass substrate, resulting
in tetragonal MAPDI; perovskites. A growth in grain size was
realized as the conversion time increases up to 90 min, where
conversion saturation was observed with a grain size of 3.70 +
1.80 um. A perovskite-rich film was confirmed from the XPS
depth profile. The fully converted perovskite film (90 min) was
found to be optically stable in air with a high relative humidity
up to 80% for more than 21 days. This stability is ascribed to
its superior grain size, crystalline quality, high purity, and
compactness of the film. Air-processed planar perovskite solar
cell devices under similar ambient room conditions were
achieved. The best device performance achieved was 11.7%,
albeit with a hysteresis. After 13 days of exposure to high
relative humidity, 85% of its initial PCE was maintained. This
work opens a path toward a low-cost, scalable deposition
technique for the manufacturing of air-stable hybrid alkali
halide perovskite solar panels.

B EXPERIMENTAL METHODS

Perovskite Film Fabrication. Corning glass substrates were cut
into 1 cm X 1 cm sizes and subsequently cleaned in acetone and
isopropanol for 10 min each in an ultrasonic bath and repeatedly
rinsed with deionized water. The CVD system used in this study is
composed of a horizontal ceramic tube, enclosed by a three-zone
ceramic tube furnace (Brother XD 1600MT manufactured by
Zhengzhou Brother Furnace Co., LTD), where each zone is 20 cm
in length. The base pressure in the system amounts to 10™* mbar, and
the deposition pressure is maintained by an automated pressure
regulating system. A schematic of the CVD system is given in the
Supporting Information (Figure Sla). For the deposition of the lead
iodide (Pbl,) thin films (step 1), about 150 mg of lead(II) iodide
powder (99%, Sigma-Aldrich) in a ceramic boat was placed in the
center of the first zone, and the Corning glass substrates were placed
downstream, 15 cm away from Pbl, source mounted on a ceramic
substrate holder. The first zone was subsequently ramped at 10 °C/
min up to a nominal temperature of 380 °C, which is above the
known sublimation temperature of Pbl,. The temperature of the
Corning glass substrate (15 cm downstream from the source)
amounted to 145 °C. To transport the Pbl, vapors toward the
substrates, a nitrogen gas (N,) flow rate of 100 sccm was maintained
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at a deposition pressure of 300 mbar. The deposition time amounted
to 40 min for the complete consumption of the PbI, powder.
Thereafter, the N, flow was interrupted, and the samples were allowed
to cool to room temperature. A yellowish, compact Pbl, thin film was
produced, and no post-treatment was performed on the Pbl, thin
films (Figure S1b).

The perovskite conversion of the Pbl, thin films (step 2) was
performed in the aforementioned CVD system. About 200 mg of
methylammonium iodide (MAI) (Dyesol) salt was placed in a fresh
ceramic boat at also at the center of the first zone and Pbl, thin films
placed 8 cm downstream from the MAIL The temperature of the MAI
boat was subsequently ramped at 10 °C/min up to a nominal
temperature of 180 °C. The temperature of the Pbl,/glass substrate
(8 cm downstream from the source) amounted to 130 °C. The MAI
vapors were transported toward the Pbl, thin films by a N, flow of
100 sccm at a constant pressure of SO mbar. To investigate the
perovskite conversion process, the conversion times for the MAPbI;
samples were fixed to 15, 30, 60, 90, and 120 min. Figure S1b displays
photographs of the Pbl, thin film and the converted MAPbI; samples
after various conversion times.

Perovskite Solar Cell Fabrication. The device fabrication was
done under ambient conditions (temperature and humidity) in air. All
chemicals used here were purchased from Sigma-Aldrich and used as
bought. Fluorine-doped tin oxide (FTO)-coated glass substrates (10
ohm/sq) were cut into 1.5 cm X 2 cm sections and etched with Zn
powder and 2 M hydrochloric acid (HCl). These samples were
sequentially cleaned with Hellmanex detergent (2%) and isopropanol
in an ultrasonic bath followed by a thorough rinsing in hot deionized
water and finally cleaned with UV ozone for 10 min. A 365 uL aliquot
of titanium isopropoxide was added into 2.5 mL of ethanol, and 35 uL
of HCI (2 M) also added into 2.5 mL of ethanol, mixed to form S mL
solution, and stirred for an hour. The prepared solution was spin-
coated on the etched FTO substrates at 2000 rpm for 30 s to obtain a
titanium containing film followed by 4000 rpm spin coating as a
second coat, also for 30 s, to fill any voids left during the first spin
coating step. The samples were dried on a hot plate at 150 °C for §
min and then annealed at 500 °C for 30 min by using a tube furnace
at atmosphere to form a compact (c-)TiO, film. The fully converted
(90 min) perovskite film was employed as the absorber layer onto the
¢-TiO, layer. To finalize the device a hole transport layer (HTL) was
spin-coated on top of the perovskite film at spin speed of 2000 rpm
for 30 s. The HTL solution was prepared by dissolving 80 mg of
Spiro-MeOTAD in 1 mL of chlorobenzene, to which 40 uL of 4-tert-
butylpyridine (tBP) and 25 uL of lithium bis(trifluoromethane-
sulfonyl)imide (LITSFI) solution (52 mg of LITSFI in 100 uL of
acetonitrile) were added and stirred for 30 min. Finally, 100 nm of
silver electrode was deposited by thermal evaporation at a deposition
pressure of 107> mbar through a shadow mask with device active area
of 0.05 cm?.

Characterization. The phase composition and the crystal
structure were identified by X-ray diffraction (XRD) using a
PANalytical Empyrean X-ray diffractometer with Cu Ka radiation
(1.54 A) at an acceleration voltage of 45 kV and current of 40 mA
over the 20 range of 5°—50° with a scan step of 0.02°. The
morphology of the thin films was investigated by using a Zeiss Cross
Beam 540 focused ion beam scanning electron microscope (FIBSEM)
operated at acceleration voltages of 1—3 kV and equipped with energy
dispersive X-ray spectroscopy (EDS) for elemental composition. X-
ray photoelectron spectroscopy (XPS) was performed on a Thermo
Scientific ESCALAB 250 surface and depth analysis system equipped
with a monochromatic Al Ka X-ray (1486.7 eV) source. Optical
transmission spectra were measured from 250 to 1000 nm with a
spectral resolution of 0.5 nm by using an Ocean Optics UV—vis
spectrophotometer. Current density—voltage (J—V) characteristics
were recorded with a Keithley 2420 source meter under illumination
of 100 mW/cm? AML.S, by a solar simulator (Sciencetech Inc.) in
air. The cells were illuminated for 15 s before measurements with J—V
curves recorded in forward scan (—0.2 to 1 V) and reverse scan (1 to
—0.2 V) with a step voltage of 12 mV.
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