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ABSTRACT: Halide perovskites of the form ABX3 have shown
outstanding properties for solar cells. The highest reported compositions
consist of mixtures of A-site cations methylammonium (MA),
formamidinium (FA) and cesium, and X-site iodide and bromide ions,
and are produced by solution processing. However, it is unclear whether
solution processing will yield suﬃcient spatial performance uniformity
for large-scale photovoltaic modules or compatibility with deposition of
multilayered tandem solar cell stacks. In addition, the volatile MA cation
presents long-term stability issues. Here, we report the multisource
vacuum deposition of FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite thin ﬁlms with
high-quality morphological, structural, and optoelectronic properties.
We ﬁnd that the controlled addition of excess PbI2 during the deposition is critical for achieving high performance and
stability of the absorber material, and we fabricate p-i-n solar cells with stabilized power output of 18.2%. We also reveal the
sensitivity of the deposition process to a range of parameters, including substrate, annealing temperature, evaporation rates,
and source purity, providing a guide for further evaporation eﬀorts. Our results demonstrate the enormous promise for MAfree perovskite solar cells employing industry-scalable multisource evaporation processes.

H

Vacuum deposition is a mature technique in the semiconductor industry to fabricate highly uniform and pinholefree ﬁlms at a large scale on diﬀerent types of substrates
including planar or textured surfaces.8−12 Furthermore,
vacuum deposition allows strict control over ﬁlm composition
and thickness, which will be critical for achieving suﬃcient ﬁlm
uniformity at scale.13 To date, the PCE of perovskite solar cells
fabricated by simultaneous multisource deposition is still
lagging behind their solution-processed counterparts, in part
because of the more limited literature around the vacuum
deposition of perovskite ﬁlms relative to the solution-processed
literature, which has a lower equipment entry barrier. There is
also a number of nontrivial challenges unique to vapor
deposition, including optimizing source evaporation, rates,
growth processes, and engineering solutions to prevent source
cross-talk of volatile substances, to name a few. The highest
PCE of a vacuum-deposited perovskite solar cell is 20.8%
based on a MAPbI3 composition, with an encouraging 18.2%
for a 20 cm2 device.14,15 However, the volatile character of the

alide perovskite semiconductors have attracted
signiﬁcant attention because of their excellent
optoelectronic properties, which, for solar cells,
includes high absorption coeﬃcients, long charge-carrier
diﬀusion lengths, and low exciton binding energies.1,2 The
tunable ABX3 structure, where A is a cation such as cesium
(Cs), methylammonium (MA), and/or formamidinium (FA);
B is a divalent metal cation such as lead (Pb) or tin (Sn); and
X is a halide (iodide (I), bromide (Br), and/or chloride (Cl)),
allows us to tune the optoelectronic properties such as
bandgap for diﬀerent device demands.3 Perovskite solar cells
have surpassed 25% power conversion eﬃciency (PCE) by
solution-processed methods and are approaching performances
of market-leading crystalline silicon.4 The highest performing,
most stable, and readily reproducible solution-processed
perovskite solar cells employ absorbers comprising mixtures
of A-site cations and X-site cations, for example, the triple
cation composition Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 or
the MA-free double-cation analogue.5,6 However, industrial
application requires scaling up the processes with high spatial
uniformity and reproducible performance parameters on a
number of underlying layer stacks, and it is unclear that
solution methods will meet these stringent criteria. In addition,
the solutions employed to fabricate perovskite solar cells such
as dimethylformamide are toxic, and there are not yet clear
alternatives that can match these performances.7
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Figure 1. SEM top view images showing the morphology of evaporated FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite ﬁlms on glass as-deposited (a) and
after 30 min of annealing at 150 °C (b). (c) Room-temperature XRD patterns corresponding to evaporated perovskite ﬁlms on glass
following annealing at diﬀerent temperatures for 30 min. Peaks corresponding to additional PbI2 and CsPbI3 phases are labeled; the other
peaks correspond to the alloyed perovskite. SEM top view images displaying the morphology diﬀerences when the perovskite ﬁlms are
evaporated on glass (d) and PTAA (e) and annealed at an optimum temperature of 135 °C; their corresponding XRD patterns (f). The
perovskite XRD peaks are assigned based on Pawley reﬁnements (Figure S4). XRD patterns are vertically oﬀset for clarity.

longer charge carrier lifetimes. We fabricate p-i-n solar cells
with a planar architecture, achieving an SPO of 18.2%, which is
to date the highest performance for a vacuum-deposited MAfree based perovskite. Such cells, deposited on p-i-n
architectures and fabricated at low temperature, are compatible
with more complicated multilayer tandem stacks and ﬂexible,
lightweight substrates.
We simultaneously evaporated FAI, CsBr, and PbI2 to form
mixed-cation lead mixed-halide perovskite ﬁlms (see the
Supporting Information for detailed methods). For any given
deposition, the source rates were ﬁxed by allowing the
respective source temperatures to vary (see Figure S1). We
used a proﬁlometer to calibrate the tooling factors of the
individual precursors and ﬁnal perovskite ﬁlm to conﬁrm ﬁlm
uniformity across 10 × 10 cm2 (see Table S1 for deposition
parameters such as tooling factor, Z-factor, and substrate
rotation speed, and Methods for further details). The ﬁnal
perovskite ﬁlm thickness was set to typical solar cell device
absorber layer values (∼500 nm). We modiﬁed the nominal
ﬁlm composition by changing the relative ratios of the rates for
each source for a given deposition run, converging on a
combination of rates that give a nominal stoichiometric
composition corresponding approximately to FA0.7Cs0.3Pb(I0.9Br0.1)3 (see Figures S2 and S3 for details). We note that we
needed to evaporate an excess of FAI to achieve a
stoichiometric composition, which we attribute to issues with
the organic component adhering to the substrate.21,22
Scanning electron microscopy (SEM) images reveal that
morphological grains in as-deposited ﬁlms on UV-ozonetreated glass are ∼50 nm in size (Figure 1a), but after the
deposited ﬁlms are annealed at 150 °C for 30 min, larger
entities of up to 1−2 μm form (Figure 1b), consistent with the
sharpening of the XRD peaks upon annealing (Figure 1c). We
show in Figure 1c the progression of the room-temperature
XRD proﬁles as the postdeposition annealing temperature is

MA cation hampers the stability of the device, especially at
temperatures above 80 °C, presenting hurdles for such cells to
pass all critical photovoltaic stress tests to validate long-term
stability.16−18 Therefore, evaporation of MA-free perovskite
compositions represents a promising new direction albeit a
signiﬁcant challenge for the ﬁeld. Borchert et al. reported
evaporated FAPbI3-based n-i-p solar cells with PCE of 15.8%
and stabilized power output (SPO) of 14.2%.19 However, pure
FAPbI3 perovskite will compromise operational stability as the
black-phase readily converts to a yellow δ-phase at room
temperature because of the large FA cation distorting the cubic
structure.20 In order to stabilize the black perovskite phase,
Gil-Escrig et al. proposed a mixed cation and mixed halide
FA0.5Cs0.5Pb(I0.83Br0.17)3 composition to achieve a PCE of
9.6%, though there was still δ-phase FAPbI3 observed in the
ﬁlm.10 As a result, the addition of MA was required to suppress
the formation of the unwanted yellow δ-phase, leading to
better perovskite ﬁlms and a higher PCE of 16%. There
remains a challenge to vacuum deposit MA-free mixed cation,
mixed halide perovskite ﬁlms to achieve the required
combination of both ﬁlm stability and solar cell performance
that could ultimately rival the parameters of their solutionprocessed counterparts.
In this work, we develop a three-source thermal evaporation
vacuum deposition protocol simultaneously using FAI, PbI2,
and CsBr sources to attain high-quality and highly reproducible FA0.7Cs0.3Pb(I0.9Br0.1)3 thin ﬁlms. We identify that the
resulting ﬁlm quality is highly sensitive to a number of
experimental parameters, including substrate surface, source
purities, relative evaporation rates between the sources, and
annealing temperature, highlighting critical parameters that
need global consideration for further device developments. We
found that the optimal ﬁlm structure and morphology was
attained by inclusion of a small excess of PbI2, which also led to
higher photoluminescence quantum eﬃciencies (PLQEs) and
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Figure 2. Morphological and structural characterization of evaporated and annealed FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite thin ﬁlms on ITO/
PTAA substrates with diﬀerent fractions of excess PbI2. (a−c) XRD diﬀraction patterns as prepared (and annealed) and after storage in air at
50% relative humidity for 5 days. XRD patterns are vertically oﬀset for clarity. We assign the peaks at ∼10° and 13.1° to CsPbI3, although we
note that this phase could also contain fractions of bromide. (d−f) SEM micrographs of the ﬁlms.

Figure 3. UV−Vis absorption (a) and normalized photoluminescence (PL) (b) spectra (excitation at 520 nm) of evaporated
FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite ﬁlms with diﬀerent quantities of excess PbI2 with respect to the stoichiometric control sample. (c) TRPL
measurements for the diﬀerent perovskite ﬁlms with excitation at 407 nm (repetition rate of 0.5 MHz, ﬂuence of 5 nJ/cm2/pulse). (d) J−V
curves of evaporated perovskite solar cells with diﬀerent quantities of excess PbI2 measured under AM 1.5G (100 mW/cm2 irradiance),
along with corresponding dark curves. The curves are from the reverse scan (sweeping from 1.2 V to −0.1 V). A cross-sectional SEM image
(scale bar is 500 nm) and a schematic of the employed solar cell architecture are shown in the inset.

of diﬀerent surface chemistry in each case. We ﬁnd that the
perovskite grain size when deposited on the bottom p-type
solar cell contact poly(triarylamine) (PTAA, Figure 1e) is
signiﬁcantly larger than that of the ﬁlm deposited on glass
(Figure 1d). Likewise, the perovskite crystallinity and structure
orientation also vary with the substrate, with the perovskite
deposited on PTAA showing stronger black perovskite phaserelated reﬂections than when the material is evaporated on
glass (Figure 1f). Thus, to ensure we optimize the material
growth on the speciﬁc substrate relevant to our devices, we

changed, revealing an increase in the peak at 2θ = 14.15°
corresponding to the black absorbing perovskite phase
identiﬁed as the (011) peak (Figure S4; see labels on Figure
1f). Although the perovskite ﬁlm annealed at 150 °C exhibits
the largest grain sizes and highest perovskite-peak crystallinity,
there is a new CsPbI3 peak at ∼10°, indicating the presence of
an unwanted additional phase. Therefore, we identiﬁed 135 °C
as the optimum annealing temperature.
We also observe that the perovskite ﬁlm properties are
particularly sensitive to the underlying substrate, likely because
2500
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Figure S12). We attribute this observation to the passivating
nature of PbI2 in the perovskite ﬁlms.28,29 This passivation of
defects may also be related to the improved air stability of
perovskite ﬁlms with 10% PbI2 incorporation, in line with
proposed links between nonradiative centers and sites of
instability (such as ion migration and environmental
susceptibility).30,31 Further, time-resolved PL measurements
under ﬂuences similar to 1 sun illumination reveal an initial fast
component but long lifetime components for the control, 10%,
and 20% perovskite ﬁlms of 401, 204, and 130 ns, respectively,
where lifetime is deﬁned as the time taken to fall to 1/e of the
initial intensity of the long decay component (Figure 3c).
These values are an order of magnitude longer than the values
of a few nanoseconds reported for most evaporated perovskite
ﬁlms in the literature to date.19,32 We note there is an initial
fast decay component in all of our samples that is likely due to
nonradiative recombination and is consistent with the PLQE
values being signiﬁcantly less than unity; it is likely that further
surface passivation work will reduce these losses further.
We fabricated solar cell devices with an inverted
architecture: ITO/PTAA/evaporated perovskite/phenyl-C61butyric acid methyl ester (PCBM)/bathocuproine (BCP)/
silver (Ag) and encapsulated them with a glass cover slide in a
nitrogen-ﬁlled glovebox. We display in Figure 3d a schematic
of the device architecture along with a cross-sectional SEM
image, which shows a perovskite ﬁlm with a thickness of ∼490
nm with large, homogeneous morphological grains. We
compare the performance of devices under AM 1.5 G
illumination with diﬀerent amounts of PbI2 additives in
Table 1 and show the corresponding current−voltage (J−V)

herein performed depositions on PTAA substrates with an
underlying indium tin oxide (ITO) layer and an annealing
temperature of 135 °C, unless stated otherwise.
To test the atmospheric stability of the stoichiometric ﬁlms,
we stored them in ambient air with a relative humidity of 50 ±
5% for a period of 5 days and assessed changes in the XRD
patterns (Figure 2a). We found that the samples stored in air
showed substantial phase segregation over time under
exposure, with the appearance of two new peaks at 2θ = 10°
and 13.1° that we assign to the orthorhombic CsPbI3 yellowphase.23−25 We identify moisture as the primary cause of this
degradation because the perovskite quality is preserved when
we store the samples in dry air (relative humidity <10%);
protection of the ﬁlms with standard contact layers did not
mitigate the degradation process in the presence of moisture
(Figure S5).
We now varied the PbI2 precursor evaporation rate to ﬁnely
tune its content in the ﬁnal ﬁlm to be +10% and +20% with
respect to the stoichiometric control sample. The addition of
PbI2 results in strong XRD peaks at 2θ = 12.7° (corresponding
to crystalline PbI2), concomitant with a slight decrease in the
perovskite (011) peak (2θ = 14.14° and 14.12°) for both the
+10% (Figure 2b) and +20% (Figure 2c) samples (see Figure
S6 for a zoomed-in view of the XRD data). Nevertheless, we
found that the stability under ambient conditions was
remarkably increased for the ﬁlms with excess PbI2, with no
detectable phase segregation observed after 5 days for the
+10% PbI2 sample and only a small amount of orthorhombic
CsPbI3 signal noticeable after 32 days in humid air (Figure
S7). We also ﬁnd that the ﬁlms with excess PbI2 do not show
degradation even after 8 h of heating at 135 °C inside a
nitrogen-ﬁlled glovebox (Figures S8 and S9), which we
attribute to the MA-free nature of the system.17 SEM images
show that the addition of PbI2 causes a decrease and
homogenization in the size of the perovskite grains from an
average size of ∼335 nm for the control (Figure 2d) to ∼209
nm for +10% (Figure 2e) (see Figure S10 for the grain size
distributions); these results are in line with the slight
broadening in the perovskite peaks in the XRD patterns (cf.
Figure 2a−c). Moreover, we ﬁnd that the excess PbI2 forms as
clusters as revealed by bright areas in the micrographs, which
are particularly evident in the +20% sample (Figure 2f).26 We
propose that the excess PbI2 particularly situated at the grain
boundaries could form a protection layer against moisture
inﬁltration.27 We also note that our optimal parameters change
when using a diﬀerent PbI2 supplier, further emphasizing the
sensitivity of the process (Figure S11).
To assess the resulting optoelectronic properties of the ﬁlms,
we show absorbance spectra in Figure 3a, revealing an
absorption onset at ∼765 nm for the control ﬁlm which redshifts to ∼767 and ∼775 nm with 10% and 20% PbI2 excess,
respectively. We ﬁnd a similar trend in the PL peaks, which
also red-shift by ∼2 and ∼10 nm with addition of 10% and
20% excess PbI2, respectively (Figure 3b). We associate these
reduced absorption onset and emission energies to a higher
fraction of I/(I + Br) in the perovskite structure (i.e., dilution
of Br), which is consistent with the shift of the perovskite peak
toward lower angle in XRD (Figure S6). We also ﬁnd that the
PLQE of the ﬁlms on glass under approximately 1 sun
equivalent excitation density (520 nm CW laser at 60 mW/
cm2) is enhanced in the samples with 10% and 20% excess
PbI2, with PLQE values of 0.5% and 0.3%, respectively,
compared to 0.2% measured for the control sample (see also

Table 1. Device Performance Parameters from the Reverse
Scans of the FA0.7Cs0.3Pb(I0.9Br0.1)3 Solar Cells with
Diﬀerent Amounts of Excess PbI2 with Respect to the
Control
control
5%
10%
20%

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

1.08
1.06
1.12
1.12

−20.4
−23.0
−22.8
−20.9

70.4
74.6
70.1
68.7

15.5
18.1
17.8
16.1

curves in Figure 3d. For the stoichiometric perovskite
composition (no excess PbI2), the device presents a PCE of
15.5%, an open-circuit voltage (Voc) of 1.08 V, a short-circuit
current density (Jsc) of 20.4 mA/cm2, and a ﬁll factor (FF) of
70.4%. With the addition of 10% excess PbI2, both Voc and Jsc
are increased to 1.12 V and 22.8 mA/cm2, respectively,
yielding a PCE of 17.8%. We note that the measured voltage of
1.12 V matches the value expected from PLQE measurements
of the full device stack under solar illumination conditions
(0.05%, Figure S13). For 20% excess PbI2, the device
performance drops to 16.1% with lower Jsc and FF, likely
because of the excess PbI2 starting to hinder charge transport
and/or collection (cf. Figure 2f). In general, with more PbI2
the device open-circuit voltage increases, which is in line with
the increased luminescence eﬃciency and passivation eﬀect.
We also observe that hysteresis between the forward and
reverse scans is low in each of the devices (Figure S14), though
the hysteresis signiﬁcantly increases if the PbI2 deposition rate
is unstable in a given batch (Figure S15). This observation is
also reﬂected in far less homogeneous ﬁlms when the rate is
unstable, with clear phase segregation in the case of unstable
2501
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Figure 4. (a) Histogram of device performances from 35 independent devices with the FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite including 5% excess
PbI2. The results from reverse (1.2 V to −0.1 V, black curve) and forward (−0.1 to 1.2 V, red curve) scans are distinguished. (b) EQE
measurement for the champion device. (c) Forward (red) and reverse (black) J−V curves of a champion device. The inset ﬁgure is the
stabilized power output (SPO) measurement, maintaining the bias at maximum power point of the reverse scan at 0.88 V and measuring the
photocurrent.

with a p-i-n architecture showing stabilized power output of
18.2%, which is the highest performance for a vapor-deposited
MA-free system. We highlight the extreme sensitivity of the
resulting ﬁlm and device properties to a range of processing
conditions, including precursor rates and rate stability,
precursor supplier, postannealing temperature, and underlying
substrates, providing clear guidelines for further optimization
and deposition of diﬀerent compositions. These results provide
a major step toward MA- and solvent-free, scalable, and
reproducible methodologies suitable for the adoption of
perovskite technology in production chains and applications
such as multijunction devices where solution methods are less
preferred.

rates (Figures S16 and S17). These results emphasize the
importance of the composition, achieved through precisely
controlled deposition rates, to yield high-quality perovskite
ﬁlms and devices by vapor deposition.
Finally, we further optimize the PbI2 excess and ﬁnd that our
best-performing solar cells are based on a perovskite
composition with 5% excess PbI2 (Table 1). This composition
results in a small fraction of crystalline PbI2 in the ﬁnal ﬁlms
that provides a compromised balance of passivation and
stabilization of the ﬁlms without hindering current collection
(related to current density) or increasing series resistance
(related to ﬁll factor); the PbI2 entities in these ﬁlms are too
small to be resolved in SEM images (see Figure S18 for ﬁlm
characterization). We show the device performance statistics in
Figure 4a with forward (from short circuit to open circuit) and
reverse scan (from open circuit to short circuit) results from 35
independent devices across ﬁve diﬀerent batches. We note that
the batch-to-batch variation is low (see Figure S19). The
device metrics are highly reproducible with an average PCE for
reverse and forward scans of 16.8 ± 0.8% and 16.2 ± 0.9%,
respectively. We observed no degradation in performance of an
encapsulated device over a period of 18 days stored in air
(Figure S20), reﬂecting the ﬁlm stability observed in Figure 2
in samples with excess PbI2. We display the external quantum
eﬃciency (EQE) of our champion device in Figure 4b, with
values greater than 80% for the working spectral range 400−
775 nm, demonstrating an excellent photon-to-electron
conversion eﬃciency. Interestingly, the spectrum shows
oscillating features that are ﬁngerprints of light interference
phenomena arising from the high optical quality of the device
stack. The SPO of the champion device reaches 18.2% with
negligible hysteresis eﬀect between the forward and backward
curves (Figure 4c). This result represents the best performing
MA-free perovskite solar cell by vacuum deposition to date.
Finally, a proof of principle stability test shows that the
champion device composition retains ∼90% of its initial
eﬃciency after 35 h under continuous operation at maximum
power point (Figure S21), which is an extremely encouraging
result for vacuum-deposited MA-free perovskite solar cells
given the device stack has not been optimized for stability.
In conclusion, we simultaneously use three thermal sources
to evaporate MA-free perovskite ﬁlms with FA0.7Cs0.3Pb(I0.9Br0.1)3 composition. We found that an excess of PbI2 from
the nominal stoichiometric composition enhances the ﬁlm
stability and optoelectronic properties, yielding a greater PLQE
and long charge carrier lifetimes. We demonstrate solar cells
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