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Smooth perovskite thin ﬁlms and eﬃcient
perovskite solar cells prepared by the hybrid
deposition method†
Shenghao Wang, Luis K. Ono, Matthew R. Leyden, Yuichi Kato, Sonia R. Raga,
Michael V. Lee and Yabing Qi*
We provide details on the development of instrumentation and methodology to overcome the common
diﬃculties that the vacuum-related techniques face for fabrication of perovskite thin ﬁlms and perovskite
solar cells (PSCs). Our methodology relies on precisely controlling the ﬂow of methylammonium iodide
(CH3NH3I, MAI), which has a high-vapor pressure nature, and the deposition rate of metal halides (PbCl2
or PbI2). This hybrid deposition method allows the growth of perovskite ﬁlms with smooth surface, good
crystallinity, high surface coverage, uniform chemical composition and semi-transparency. We also
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systematically investigated the eﬀects of the evaporation source materials (PbCl2 : MAI versus PbI2 : MAI),
substrate temperatures, and post-annealing on the properties of perovskite ﬁlms, as well as device
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performances based on this method. By employing a thin perovskite ﬁlm (<200 nm), the power
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conversion eﬃciency of PSC can be as high as 11.5%.

Introduction
Perovskite materials CH3NH3PbX3 [X ¼ Cl, I or Br] have recently
attracted increasing attention due to their desirable opto-electronic properties, such as strong light absorption for almost the
whole visible range, long exciton diﬀusion lengths, long chargecarrier lifetime, and high carrier mobility.1–9 Since the rst
report by Miyasaka et al.,3 tremendous progress in achieving
high performance perovskite solar cells (PSCs) with power
conversion eﬃciencies (PCEs) of 12–20.1% has been made over
the past 5 years,10–17 showing that PSCs have the potential to
compete with the well-established silicon photovoltaic industry
in the near future.
Perovskite thin lms can be prepared by a range of deposition techniques, such as spin-coating,11,18–20 co-evaporation,14,15,21,22 vapor assisted solution process (VASP),23 hybrid
chemical vapor deposition (HCVD),24 vacuum sequential deposition,25,26 and spray-deposition.27 Generally, mesoporous metal
oxides (e.g., TiO2 and Al2O3) are used to obtain high PCEs for
solution-based methods, in which perovskite is scaﬀolded by
the mesoporous matrices.18,28–32 However, it requires a hightemperature sintering process, limiting the application on
exible substrates.15 Although the planar-type device architecture is particularly attractive due to its simple cell conguration
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and possible fabrication using a solution process, depositing a
homogeneous perovskite lm with a thickness comparable to
the charge diﬀusion length has been proven to be diﬃcult.14,33
On the other hand, vacuum evaporation methods oﬀer some
unique advantages. (1) Vacuum evaporation methods are
desirable to achieve high-purity lms, because the lms are
formed in a vacuum chamber by sublimation of powder materials aer extensive outgassing. (2) The initial nominal stoichiometry of methylammonium iodide (CH3NH3I, MAI) and
lead halides can be well controlled in both solution and vacuum
evaporation methods. However, in solution methods the solubility of reactants in solvents is an additional parameter that
needs be considered. For example, it is diﬃcult to dissolve
PbCl2 in N,N-dimethylformamide when the MAI : PbCl2 molar
ratio is lower than 3 : 1.32 In this sense vacuum evaporation
methods are advantageous because the ratio of the two reactants (i.e. lead halide and MAI) can be tuned and therefore it is
not limited by solubility. (3) It is suitable to prepare multilayered structures of thin lms to ne tune the charge collection/injection properties at interfaces among multilayers34,35 or
precisely control the electrical properties by doping, a wellestablished technique in organic solar cells and organic lightemitting diodes.36,37 (4) Perovskite lms can be deposited by a
vacuum evaporation method on a variety of substrates without
concerning solvent compatibilities allowing diﬀerent device
architectures with various contact buﬀer layers: TiO2,14 NiO/
CuSCN,22
poly(3,4-ethyene
dioxythiophene):(polystyrene
sulfonic acid) (PEDOT:PSS),21 and poly(N,N0 -bis(4-butylphenyl)N,N0 -bis(phenyl)benzidine) (poly-TPD).15,21 (5) In addition,
vacuum evaporation methods are compatible with conventional
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processing methods that have been well established for silicon,
cadmium telluride (CdTe) and copper indium gallium (di)selenide (CIGS) solar cells. Hybrid tandem junction solar cells
obtained by combining PSCs with these rst- or second-generation solar cells are very promising to obtain solar cells with
even higher eﬃciencies.
Despite the aforementioned advantages, to date only a
handful of studies have utilized vacuum-based deposition to
fabricate perovskite layers and solar cells, in sharp contrast to a
myriad of solution-based methods and their variants.38–41 Liu
et al.14 and Subbiah et al.22 reported uniform deposition of
perovskite layers by co-evaporating PbCl2 : MAI. Similarly,
Malinkiewicz et al. fabricated PSCs with a PCE as high as 14.8%
by using PbI2 and MAI as evaporation materials.15,21 However,
diﬃculties in calibrating the quartz crystal thickness monitor
parameters for MAI were mentioned in all these studies as a key
challenge to achieve reproducible and controlled lm preparation. The evaporation rate of MAI is diﬃcult to be calibrated and
controlled because of its relatively high vapor pressure. To solve
such a challenge, our group recently developed a new methodology (the hybrid deposition method) to monitor the deposition
rate of MAI by orientating the thickness monitor opposite to the
evaporation direction of MAI to avoid the cross-talk from the
metal halide source.42 Also, a two-step sequential deposition
method was recently reported for the fabrication of PSCs.25,26 In
this method, a metal halide layer was rst deposited on the
substrate, and then the MAI layer was subsequently deposited.
However, the MAI diﬀusion depth is limited leaving the bottom
metal halide layer unreacted.25 Additionally, similar diﬃculties
faced in the co-evaporation method are also encountered in the
sequential deposition method.
In this work, we rst present the key challenges of the
vacuum-based deposition methods and show how our hybrid
deposition method can be used to alleviate these issues. Then
we systematically study the eﬀects of evaporation source materials (PbCl2 : MAI versus PbI2 : MAI), substrate temperatures,
and post-annealing on the perovskite lm quality (i.e. coverage,
uniformity, and crystallinity), as well as device performance.
Using optimized conditions, we were able to reliably deposit
perovskite lms with very smooth surface, good crystallinity,
high surface coverage, uniform chemical composition and
semi-transparency. PSCs with high performance can be achieved at room temperature. Such a comprehensive study is
expected to not only provide a full guide of convenient and
reliable fabrication of PSCs by the hybrid deposition method,
but also provide insight into the development of a low cost
building integrated photovoltaic (BIPV) window.

Experimental section
Instrumentation and methodology: hybrid deposition
In a typical co-evaporation system, the precise control of the
deposition rates is important for obtaining a uniform chemical
composition across the lm thickness. Generally, a quartz
crystal thickness monitor (so-called “sensor” hereaer) is used
to measure the deposition rate of the material. It is generally
necessary to perform the thickness calibration, i.e. to use
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another technique (e.g., atomic force microscopy (AFM) or
prolometry) to determine the lm thickness and nd out its
relationship with the nominal thickness measured by the
sensor. However, in the case of MAI, the calibration procedure
is diﬃcult due to the formation of a non-uniform layer dominated by the Volmer-Weber or Stranski-Krastanov growth mode.
The morphology of the MAI layer deposited on a Si substrate is
shown in Fig. S1(a) (ESI).† In addition, MAI has a relatively high
vapor pressure and is found to be able to deposit everywhere in
the chamber. For instance, the MAI layer was observed
(conrmed by XRD and AFM, not shown here) on the top
surface of a substrate that is facing the opposite direction of the
MAI source. In comparison, metal halides deposit mainly along
the line-of-sight direction from the source. The high vapor
pressure of MAI also leads to cross-talking to the reading of the
sensor used to monitor the evaporation rate of metal halides.
Considering the challenges to control the individual deposition rates as mentioned above, we developed the hybrid
deposition method to precisely control the deposition rates of
both materials and the lm thickness to obtain a high quality
perovskite lm. Fig. 1 shows the schematic illustration of the
deposition setup. Metal halides (PbCl2 or PbI2) and MAI were
used as evaporation source materials. Substrates are placed on a
sample holder at a distance of 25 cm above the metal halide
source. To achieve a high level of lm thickness and composition uniformity, two widely open dish-like crucibles are used for
evaporating the two source materials. A shield is xed between
the two sources, in order to minimize the thermal “cross-talking” between them, and in particular, to reduce the inuence of
the metal halide source heating on the MAI source. Such a
consideration is oen necessary when evaporating two materials with distinctively diﬀerent evaporation temperatures, e.g.,
PbI2 typically evaporates at 250  C while MAI evaporates at
only 70  C. A shutter with a diameter larger than that of the
source crucible is used. It should be emphasised that this
shutter is always closed during the evaporation of MAI. The
shutter blocks the direct deposition of MAI and avoids the high
ux of MAI hitting directly the substrate area, which may cause
the non-uniform composition in the lm.
There are two sensors in the chamber. The density, z-factor
and tooling factor parameters of sensor 1 are set to be
5.85 g cm3, 0.8 and 7, respectively. For sensor 2, they are
nominally set to be 0.2 g cm3, 0.2, and 3. These optimized
parameters enhance the sensitivity of sensor 2 for the rate
detection of MAI. The eﬀect of MAI evaporation on sensor 1 is
expected to be minimal because MAI has a much smaller
density than metal halides. Therefore sensor 1 mainly monitors
the rate of metal halides. Sensor 2 is located at the MAI source
side and its height is below the height of the shield that separates the two sources. Therefore, it only detects the nominal
deposition rate of MAI without the inuence of the metal halide
source. Further details on the optimization procedure for
sensor 2 can be found in the ESI.†
In the hybrid deposition method, aer the substrates
(multiple substrates can be mounted depending on the
substrate size) are transferred into the chamber (base pressure <
4.0  106 Torr), the metal halide source is heated and the rate
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pump out the remaining vapor of excess MAI to avoid the
formation of a MAI rich layer on the sample surface. Then the
samples are transferred to a home-designed nitrogen suit-case
immediately aer the completion of evaporation that avoids air
exposure induced contamination or degradation of perovskite
lms.
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MAI synthesis
MAI was synthesized according to a literature procedure.32
Briey, hydroiodic acid solution was gradually added to methyl
amine ethanol solution that was kept stirring in an ice-bath.
Ethanol and water from the mixed solution were evaporated
using a rotary evaporator (BUCHI, Rotavapor R-3). The precipitated yellow-colored crystals were dissolved in hot ethanol, and
cooled in a refrigerator at 5  C for recrystallization. Subsequently, the crystals were ltered and washed with tetrahydrofuran and diethyl ether resulting in a white crystal powder.
We dried and kept the MAI in a N2 glove box (H2O < 0.1 ppm and
O2 < 0.1 ppm).
Fig. 1 Schematic illustration of the hybrid deposition method using
metal halides and MAI as source materials. Part numbers are deﬁned as
follows: (1) substrate holder stage that allows cooling and heating; (2)
substrate shutter; (3) thickness monitor (sensor 1) for monitoring the
deposition rate of metal halides; (4) thickness monitor (sensor 2) for
monitoring the nominal deposition rate of MAI; (5) MAI source shutter,
which is always closed during perovskite ﬁlm growth; (6) widely open
dish-shaped crucible for the evaporation of metal halides; (7) crucible
for MAI vapor deposition; (8) ﬁlaments for heating the source materials; (9) shield for separating the two sources to avoid the thermal
cross-talking; (10) pumping system comprising a gate-valve and a
turbo molecular pump; (11) additional pump line to guide the MAI ﬂow
with respect to the substrate position; (12) main vacuum chamber.

is monitored by sensor 1. Aer reaching a certain rate on sensor
1, we start to heat MAI. As MAI vapor is produced, the pressure
inside the chamber increases substantially to 103 Torr. The
evaporation of MAI relies primarily on controlling the vapor and
ow of MAI inside the chamber. By optimizing the MAI vapor
pressure and ow, a precise control of the deposition rate for
MAI can be achieved. The control of pressure is crucial, because
if the pressure is too high, it will eventually aﬀect the vapor ow
condition and inuence the rate of metal halides. To avoid this
detrimental eﬀect, a gate valve is used to maintain the pressure
constant at a value of 3  103 Torr. The gate valve also allows
the control of the MAI vapor pressure inside the chamber (i.e.,
setting the gate valve to a pre-determined opening position)
without being pumped out, resulting in a more eﬃcient use of
MAI. An additional pumping line (HiCube80, Pfeiﬀer) is connected at the top part of the chamber (at the same height as the
samples), which provides better vapor ow uniformity across
the substrate surface. The uniform vapor ow makes the sensor
2 reading stable and is key to achieve reproducible lm deposition. Typical readings of PbI2 and MAI from sensors 1 and 2
are shown in Fig. S2 ESI.† When metal halides and MAI meet on
the substrate, the reaction occurs to form perovskite. When the
desired thickness is achieved, the heating of the two sources is
stopped and the gate valve is immediately opened to quickly
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Perovskite lm preparation and characterization
Perovskite lms were prepared by the hybrid deposition
method by using either PbCl2 : MAI or PbI2 : MAI. In the case of
PbCl2 : MAI, the evaporation rate ratios for PbCl2 : MAI were
varied from 0.76, 0.61, 0.52, 0.39, 0.30, and 0.21, corresponding
to lms 1, 2, 3, 4, 5 and 6, respectively. In the case of PbI2 : MAI,
the evaporation rate ratios for PbI2 : MAI were varied from 2.27,
1.82, 1.55, 1.18, and 0.82, corresponding to lms 7, 8, 9, 10 and
11, respectively. The lm thicknesses were measured by using a
prolometer (Dektak XT, Bruker). The crystal structure of lms
was characterized by X-ray diﬀraction (XRD, D8 Discover,
Bruker). High-resolution X-ray photoelectron spectroscopy
(HRXPS, Axis Ultra, KRATOS) measurements were performed to
obtain the surface chemical composition of the lms. The
chemical composition of the bulk lm was studied by X-ray
uorescence (XRF, XGT-7200, Horiba). The elemental sensitivity
of the instrument was calibrated by using a PbI2 lm as the
reference. The morphological properties were investigated by
atomic force microscopy (AFM, MFP-3D series, Asylum
Research). The transmittance was measured using a UV/Vis
spectrometer (JUSCO Inc., V-670).
Substrate temperature dependence and post-annealing
process
For the substrate temperature dependence experiment, the
substrate temperatures were varied from 50 to 110  C. The low
temperature was achieved by cooling down the sample holder
using liquid nitrogen. High temperatures (>20  C) were attained
by four thermal resistive elements that are installed inside the
sample holder. The uctuation in temperature is 2  C. The
post-annealing process of the as-deposited lms was carried out
on a hot plate at diﬀerent temperatures (100–140  C) and
diﬀerent annealing times in a N2-lled glove box. During the
sample transfer from the deposition chamber to the N2-lled
glove box, an additional home-designed N2-lled suit-case was
used to avoid air exposure.
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Device fabrication and performance characterization
Patterned uorine-doped tin oxide (FTO) glasses (Pilkington, 7
U ,1) were used as substrates. The device structure is FTO/
TiO2/perovskite/spiro-MeOTAD/Au. A compact layer of TiO2
(thickness  70 nm) is used as an electron transport layer (ETL),
which was prepared via spray pyrolysis using a precursor solution of acetylacetone, Ti(IV) isopropoxide and anhydrous
ethanol (3 : 3 : 2) on a pre-heated hot plate at 480  C. The
absorber layer of CH3NH3PbI3 perovskite was deposited by the
hybrid deposition method. Aer the deposition of the perovskite layer, the samples were in situ transferred to the homedesigned N2-lled suit-case and then to the N2 glove box.
Subsequently, a hole transport layer (HTL) was spin-coated at
4000 rpm for 60 s by mixing three compounds: spiro-MeOTAD
(2,20 ,7,70 -tetrakis(N,N-di-p-methoxy-phenylamine)-9,90 -spirobiuorene (Merck) (72.5 mg), 17.5 mL of Li-bis(triuoromethanesulfonyl)-imide (LiTFSI, Sigma) dissolved in
acetonitrile (52 mg/100 mL), and 28.8 mL of tert-butylpyridine (tBP, Sigma) dissolved in 1 mL chlorobenzene. Finally, the Au top
electrode (100 nm) was deposited by thermal evaporation. The
cell active area was 6 mm2, as determined by the overlapping
area of the FTO cathode and Au anode with a shadow mask. The
current density versus voltage (J–V) characteristics of the devices
were measured with a J–V source meter (Keithley 2420) under
AM 1.5 G 100 mW cm2 simulated solar light. The photovoltaic
parameters were obtained at 0.17 V s1 scan rate and setting the
voltage sweep starting from positive to the negative voltage
during J–V measurements.

Results and discussion
Perovskite formation from PbCl2 : MAI
It has been demonstrated that high PCEs (15.4% (ref. 14) and
14.8% (ref. 25)) can be obtained by either co-evaporating
PbCl2 : MAI or co-evaporating PbI2 : MAI. In the case of PbCl2,
the chemical formula “CH3NH3PbI3xClx” is generally used to
represent the mixed methylammonium lead halide perovskite.14,22 However, the incorporation of Cl and its role are
still under debate.43,44 In the case of PbI2, the chemical
formula is “CH3NH3PbI3” for perovskite.14,21 To understand
how metal halides react with MAI and how the perovskite lm
formation takes place, it is essential to systematically study
these two cases by using diﬀerent metal halides, namely,
PbCl2 or PbI2.
For the co-evaporation method, it is important to precisely
control the composition of lms by choosing suitable evaporation rates for the two source materials. In the co-evaporation
system described by Liu et al., the optimized molar ratio of
PbCl2 : MAI ¼ 1 : 4 was used.14 On the other hand, Subbiah et al.
reported the optimized molar ratio of PbCl2 : MAI to be 1 : 5.4,22
substantially diﬀerent from Liu et al.'s report. This suggests that
the optimal rates and ratio between the two source materials are
highly dependent on the deposition system, which is another
indication of unusual evaporation properties of MAI. To
understand the perovskite lm formation and to further control
the lm growth, it is necessary to investigate the properties of
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the lms prepared at diﬀerent evaporation rate ratios of
PbCl2 : MAI.
First of all, it is necessary to characterize the properties of the
pure PbCl2 layer and MAI lm, such as XRD features and
morphologies. In addition, PbI2 sometimes exists in the
perovskite lm even though the precursors are PbCl2 and MAI.16
The morphology properties and XRD spectra of PbCl2, PbI2 and
MAI lms deposited by the hybrid deposition method are
shown in Fig. S1 and S3 ESI.† Fig. 2(a) shows the XRD spectra of
the lms prepared by the hybrid deposition method using
diﬀerent evaporation rate ratios between PbCl2 and MAI. Films
1 to 6 correspond to the samples using the decreasing evaporation rate ratio of PbCl2 : MAI from 0.76 to 0.21. XRD features
diﬀer as the evaporation rate ratio varies. When the ratio is 0.76
(lm 1), three main diﬀraction peaks at 15.6 , 31.5 and 48.0
are found, corresponding to the CH3NH3PbCl3 phase.14,16 Phase
purity is inferred from the XRD spectrum, because no peaks
associated with remaining PbCl2 and other phases of perovskite
such as CH3NH3PbI3 are observed. The decrease in the PbCl2: MAI ratios (0.61 for lm 2 and 0.52 for lm 3) induces a
mixture of CH3NH3PbCl3 and CH3NH3PbI3 phases, as well as
PbI2 indicated by the diﬀraction peak at 12.6 . When the
PbCl2 : MAI ratio is further decreased to 0.39 (lm 4), the XRD
spectrum only shows 14.0 , 28.3 , and 43.0 diﬀraction peaks,
corresponding to the (110), (220) and (330) planes of the halide
perovskite CH3NH3PbI3 lm with an orthorhombic crystal
structure.14 If the ratio of PbCl2 : MAI decreases to 0.30 (lm 5),
except for the main diﬀraction peaks of CH3NH3PbI3, a new
diﬀraction peak at 11.4 appears in the XRD patterns. This peak
is likely associated with a H2O-incorporated perovskite complex
formed during the ex situ XRD measurements due to the excess
MAI in the perovskite lm.45–47 In addition, the intensity of the
perovskite peaks of lm 5 becomes lower than that of lm 4.
With further decrease of the ratio of PbCl2 : MAI to 0.21 (lm 6),
the perovskite peaks completely disappear and three distinct
peaks at 9.7 , 19.6 and 29.6 dominate the XRD pattern, which
corresponds to the formation of a MAI rich lm. The diversity of
the presented XRD spectra suggests not only the importance of
precise control of the ratio between PbCl2 and MAI, but also
provides vital information regarding the reaction, which will be
discussed in the next section.
The morphological properties of the lms with diﬀerent
phases, namely lms 1, 3, 4 and 5, were characterized by AFM
measurements, as shown in Fig. 2(b). Root mean square (RMS)
is used to quantify surface roughness. The lms 1, 3 and 4 show
uniform and full coverage on the substrates, while lm 5 is not
uniform. The pure CH3NH3PbCl3 lm (lm 1) has a very smooth
surface (RMS ¼ 2.9 nm) with a grain size of 50 nm. When the
lm consists of a mixture of CH3NH3PbCl3 and CH3NH3PbI3
(lm 3), two distinct features with both small and big grains are
observed from the AFM image, which may represent the chloride and iodide perovskites, respectively. The pure CH3NH3PbI3
lm (lm 4, RMS ¼ 11.3 nm) has a much bigger grain size of
100 nm. When the excess MAI is contained in the lm (lm 5),
the lm shows a substantially rougher surface (RMS ¼ 76.7 nm).
High resolution X-ray photoelectron spectroscopy (XPS) and
X-ray uorescence (XRF) measurements were carried out to
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bottom 20 nm of the lm.43 Therefore, the chemical formula of
“CH3NH3PbI3” is more precise than “CH3NH3PbIxCl3x” to
represent the perovskite in this work. The peak positions of I
3d, Pb 4f, C 1s and N 1s core levels (Fig. 3(b)–(e)) for lms 3
and 4 are nearly the same, because the chemical environments
for these elements are similar for CH3NH3PbCl3 and CH3NH3PbI3. The C 1s core levels show two distinct peaks, which
are assigned to C–N and C–C bonds, respectively.48 For lm 6,
both C 1s and I 3d core levels shi to higher binding energies,
which is attributed to the charging eﬀect by the rich MAI lm.
Thus, the XPS results presented here corroborate the XRD
results. In addition, a minimal oxygen level (Fig. 3(f)) is
present in the XPS measurements, conrming the cleanness
of the sample.
To investigate the inuences of the compositions of the
perovskite lms on the device performances, PSCs were fabricated employing lms 1 and 4. The device structure is FTO/TiO2
(70 nm)/perovskite (50 nm)/spiro-MeOTAD (100 nm)/Au (100
nm), as illustrated in Fig. 4(a). Fig. 4(b) shows the J–V curves of
the devices with diﬀerent compositions in perovskite lms.
The device with lm 1 exhibits very poor photovoltaic
properties because of the large bandgap (3.1 eV) of CH3NH3PbCl3,49 which is almost colorless and a poor light absorber.
The device employing lm 4 shows a reasonable PCE with an
open-circuit voltage (Voc) of 1.029 V, a short-circuit current (Jsc)

Fig. 2 (a) XRD spectra and (b) AFM topography images of the ﬁlms
prepared by the hybrid deposition method using diﬀerent evaporation
rate ratios between PbCl2 and MAI. Vertical dashed lines are intended
as guides to the eye. Si (100) with native oxide was used as a substrate.
Films 1 to 6 correspond to the samples in the order of decreasing
evaporation rate ratios of PbCl2 : MAI from 0.76 to 0.21. The RMS
roughness values are 2.9, 17.6, 11.3 and 76.7 nm for ﬁlms 1, 3, 4 and 5,
respectively.

determine the chemical composition of the perovskite lms.
Fig. 3 shows the XPS spectra of the top surface of lms 3, 4 and
6. The Cl 2p peak is observed only in lm 3 (Fig. 3(a)), which is
assigned to the CH3NH3PbCl3 phase. In the case of the
absence of CH3NH3PbCl3 for lm 4, there is no Cl peak. The
XRF results show that the atomic ratio of I/Pb in the bulk of
lm 4 is around 3.01 (see Fig. S4 of ESI†), suggesting that this
perovskite lm has well matched stoichiometry. This is also
consistent with the pure CH3NH3PbI3 phase as revealed from
the XRD result as discussed above. Although XPS is a surfacesensitive technique providing chemical elemental information with a probing depth of a few nanometers, we suppose
that a negligible amount of Cl is incorporated into the bulk
lm. This result is consistent with the report by Yu et al., in
which XPS depth prole measurement by sputtering the
perovskite lms (prepared by the solution method, around
310 nm thick) with an Ar ion gun was performed to investigate
the chemical composition from the surface to bulk.43 No
signal related to the Cl 2p photoelectrons was found in the
bulk perovskite lm and only 1% Cl could be detected at the

This journal is © The Royal Society of Chemistry 2015

Fig. 3 XPS core level spectra of (a) Cl 2p, (b) I 3d, (c) Pb 4f, (d) C 1s, (e) N
1s and (f) O 1s of the top surface of perovskite ﬁlms deposited by the
hybrid deposition method. Films 3, 4 and 6 correspond to perovskite
ﬁlms with the mixture of CH3NH3PbCl3 and CH3NH3PbI3, the CH3NH3PbI3, and the rich MAI, respectively.
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of 13.14 mA cm2, a ll factor (FF) of 42.67%, and an overall
PCE of 5.77% under 1 sun illumination. This is because the
absorber layer of lm 4 is pure CH3NH3PbI3 perovskite,
which has strong light absorption and good charge-transport
properties for photo-generated free carriers. We observed
that the devices show hysteresis (see Fig. S5 of ESI†), which is
commonly observed in planar structured perovskite solar
cells.

Perovskite formation from PbI2 : MAI
In this section, the inuence of metal halides by changing PbCl2
to PbI2 is investigated on the perovskite lm formation. Fig. 5(a)
shows the XRD spectra of the lms prepared by the hybrid
deposition method using diﬀerent evaporation rate ratios
between PbI2 and MAI. Films 7 to 11 correspond to the samples
by systematically decreasing the evaporation rate ratios of
PbI2 : MAI from 2.27 to 0.82. When the PbI2 : MAI ratio is as
large as 2.27 (lm 7), the lm shows a characteristic diﬀraction
peak at 12.6 , which corresponds to the (001) plane of PbI2. This
suggests that excess PbI2 is present in the lm. The diﬀraction
peaks at 14.1 , 20.0 , 23.4 , 24.0 , 28.4 , 31.8 , 40.5 , and 43.1 ,
correspond to the (110), (200), (211), (202), (220), (310), (224)
and (330) planes of CH3NH3PbI3 perovskite, respectively. When
the ratio of PbI2 : MAI decreases to 1.82 (lm 8), the intensity of
the PbI2 diﬀraction peak decreases, suggesting that the unreacted PbI2 becomes less than that in lm 7. As the ratio of
PbI2 : MAI equals to 1.55 (lm 9), no PbI2 peak is observed and
only pure CH3NH3PbI3 perovskite lm forms. As the ratio of
PbI2 : MAI further decreases (1.18 for lm 10 and 0.82 for lm
11), the intensity of perovskite peaks decreases and the
diﬀraction peak at 11.4 is observed, which indicates the presence of excess MAI.
Interestingly, the XRD features of the perovskite lms are
diﬀerent in the cases of PbCl2 and PbI2. The number of
diﬀraction peaks of perovskite lms formed from PbI2 : MAI is
much larger than that from PbCl2 : MAI. Fig. 5(b) shows the
XRD spectra of perovskite lms prepared from PbCl2 : MAI and
PbI2 : MAI under optimized conditions. The perovskite lm
prepared from PbCl2 : MAI is more oriented than that from

(a) Schematic illustration of the PSC device structure consisting
of FTO/TiO2/perovskite/spiro-MeOTAD/Au. (b) J–V curves of the
devices with CH3NH3PbCl3 and CH3NH3PbI3 perovskite ﬁlms under 1
sun illumination. The table as the inset in (b) shows the photovoltaic
parameters of the devices.
Fig. 4
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(a) XRD spectra of perovskite ﬁlms prepared by the hybrid
deposition method using diﬀerent evaporation rate ratios between
PbI2 and MAI. Films 7 to 11 correspond to the samples in the order of
decreasing the evaporation rate ratios of PbI2 : MAI from 2.27 to 0.82.
(b) XRD spectra and (c) AFM topography images of perovskite ﬁlms
prepared from PbCl2 : MAI and PbI2 : MAI under optimized conditions.
The RMS roughness values in (c) are 24.5 and 26.5 nm for PbCl2 : MAI
case and PbI2 : MAI case, respectively. The substrates for all samples
are TiO2/FTO coated glass.
Fig. 5

PbI2 : MAI. Based on the discussion of the XRD patterns, the
following reaction steps are proposed to take place for the
perovskite lm formation.18
PbCl2 + 2CH3NH3I / 2CH3NH3Cl + PbI2

(1)

PbCl2 + CH3NH3Cl / CH3NH3PbCl3

(2)

PbCl2 + 3CH3NH3I / CH3NH3PbI3 + 2CH3NH3Cl

(3)

PbI2 + CH3NH3I / CH3NH3PbI3

(4)

In the PbCl2 case, when excess PbCl2 is present, reactions (1)
and (2) occur, forming a pure CH3NH3PbCl3 lm. As the ratio of
PbCl2 : MAI reduces, the formed lm consists of CH3NH3PbCl3
and CH3NH3PbI3 and/or PbI2 via reactions (1), (2) and (4). This
suggests that MACl is generated when MAI is insuﬃcient,
because the reaction (1) must occur to form a pure CH3NH3PbCl3 phase. When the PbCl2 : MAI ratio is further decreased to
reach the matched stoichiometry, the pure CH3NH3PbI3 phase
forms by reaction (3). This suggests that excess of MAI drives the
favorable reaction direction to form pure CH3NH3PbI3 perovskite. On the other hand, only reaction (4) occurs in the case of
PbI2. Thus, the remaining PbI2 exists in the lm when MAI is
not enough, and the H2O-incorporated diﬀraction peak at 11.4
is observed when excess MAI is present in the lm. The stronger
preferred orientation along the (110) plane in the case of PbCl2
may be associated with the presence of MACl through the
reaction (3), because the introduction of a CH3NH3+ rich environment is critical to slow down the lm formation process.43
This nding is also consistent with Zhao et al.'s report,50 in
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which the incorporation of MACl helps the crystallization of
the perovskite lm in the one-step solution method. Therefore,
the perovskite lm shows random orientation in the case of
PbI2 : MAI where no MACl is incorporated in the reactions.
The morphological properties for both cases are similar, as
revealed in Fig. 5(c). The RMS roughness values are 24.5 and
26.5 nm for the PbCl2 and PbI2 cases, respectively. From the
AFM images, we can see that dense and uniform lms
completely cover the TiO2/FTO substrates. Taking into account
the large substrate roughness of TiO2/FTO (20 nm), our AFM
analysis showed our perovskite lms to be extremely uniform
on the length scale of micro-meter (Fig. 5(c)) without clear
crystallite domain structures, which is drastically diﬀerent from
the solution processed perovskite lms.51 This is in agreement
with the observations by Liu et al.14 For the two cases of
PbCl2 : MAI and PbI2 : MAI, we did not nd clear diﬀerence in
device performances.

Substrate temperature dependence
It is known that the substrate temperature can aﬀect the
properties of thin lms, such as crystallinity, orientation, lattice
parameter and morphological properties.52–54 In the literature,
for vacuum-based CH3NH3PbI3 perovskite fabrication, the
reported optimum substrate temperatures vary (e.g., 20  C in
ref. 14 and 50  C in ref. 22). To clarify the inuence of the
substrate temperature on the formation of perovskite lms, we
studied the structural and morphological properties of perovskite lms as well as device performances as a function of the
substrate temperature in a wide temperature range of 50 to
110  C during the hybrid deposition method. Fig. 6(a) displays
the AFM images of the perovskite lms formed from PbI2 : MAI
at diﬀerent substrate temperatures on Si substrates. At a low
temperature (50  C), the lm morphology shows interconnected islands with a large roughness of 209.9 nm. This
leads to non-uniformity and partial coverage of the lm on the
substrate. When the substrate temperature is 20  C, the lms
show a full coverage with extremely uniform and at features
(RMS ¼ 9.9 nm). When the substrate temperature increases
further from 20 to 80  C, the grain size increases, but the
uniformity becomes worse. At a relatively high temperature of
110  C, the lm consists of large grains with poor uniformity.
Fig. 6(b) shows the XRD spectra of the perovskite lms deposited on TiO2/FTO substrates at diﬀerent substrate temperatures.
The perovskite lm with the best phase purity is only found for
the lm prepared at 20  C. As the substrate temperatures
increase, the perovskite peak intensity decreases gradually,
accompanied by the appearance of the PbI2 diﬀraction peak at
12.6 . There is an additional peak at 6.8 , which is possibly
associated with an intermediate phase of the perovskite
complex at the higher temperatures.
The results described above suggest that the growth of the
perovskite lm is highly dependent on the substrate temperature. The drastic changes in the crystal structure and surface
morphology as a function of substrate temperature are ascribed
to the diﬀerent sticking coeﬃcients of MAI on the substrate.
The sticking coeﬃcient is dened as the fraction of the incident

This journal is © The Royal Society of Chemistry 2015

Fig. 6 (a) AFM topography images of perovskite ﬁlms grown on Si
substrates at diﬀerent substrate temperatures during the hybrid
deposition from PbI2 : MAI. The RMS roughness values are 209.9, 9.9,
20.1 and 13.1 nm for 50, 20, 80 and 110  C of substrate temperatures,
respectively. (b) XRD spectra of perovskite ﬁlms grown on TiO2/FTO
substrates at diﬀerent substrate temperatures. (c) J–V curves of the
devices under 1 sun illumination employing perovskite ﬁlms prepared
at diﬀerent substrate temperatures. The device structure is FTO/TiO2
(70 nm)/perovskite (110 nm)/spiro-MeOTAD (100 nm)/Au (100 nm).
The table as the inset shows the photovoltaic parameters of the
devices.

molecules from the source that actually adheres to the
substrate, which is dependent on the evaporation source
material, substrate temperature, surface properties, and evaporation rate.55,56 The low temperature leads to a high sticking
coeﬃcient of MAI to the substrate followed by the poor quality
of the perovskite lm with partial coverage. The substrate
temperature of 20  C helps the growth of the perovskite lm
with high crystallinity and complete coverage. At higher
temperatures (>80  C), it is diﬃcult to form pure perovskite
lms with suitable stoichiometry because of a small sticking
coeﬃcient of MAI on the substrate, generating lms with excess
PbI2 and intermediate phase.
It is hard to make a working device from the perovskite lm
grown with the substrate temperature held at 50  C because of
the poor morphological properties. The performance of the
devices employing the perovskite lms prepared at diﬀerent
substrate temperatures is shown in Fig. 6(c). The device with the
perovskite lm grown at 20  C exhibits the best performance,
with a Voc of 1.010 V, a Jsc of 12.85 mA cm2, a FF of 66.60%, and
an overall PCE of 8.64% under 1 sun illumination. In the case of
80  C, the decreased PCE is probably ascribed to the presence of
PbI2, because PbI2 has a larger bandgap energy (Eg ¼ 2.3 eV),57
resulting in the increase of series resistance and consequently
the decrease in FF. In addition, the appearance of the intermediate phase of the perovskite complex at higher substrate
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temperature may also be responsible for the poor PCE. When
further increasing the substrate temperature to 110  C, Voc and
FF become lower, which are ascribed to the poor phase purity
and poor morphology of the perovskite lm. Therefore, the
optimized substrate temperature is 20  C. Note that the thickness of the perovskite layer for the devices is 110 nm, i.e. only
one third of the perovskite layer thickness in eﬃcient solutionprocessed PSCs.4,11,51 When we increase the thickness of the
perovskite layer (170 nm), the device shows a Voc of 1.098 V, a
Jsc of 19.92 mA cm2, a FF of 52.44%, and an overall PCE of
11.48%. The corresponding J–V curve can be seen in Fig. S6
ESI.†

Post-annealing eﬀect
For the solution-based methods, the post-annealing process is
needed for fabricating PSCs with high PCEs, because the
conversion of the perovskite lm from precursors of metal
halides and MAI requires suﬃcient temperatures (e.g., 80–
120  C) to ensure the vaporization of solvent and crystallization
of the perovskite material, as well as to obtain uniform
coverage.18,33 However, for the vacuum-based method, high
performing PSCs were fabricated by either performing the postannealing14,22 or skipping the post-annealing procedure in the
reports.21,42 The necessity and the role of the post-annealing in
the properties of perovskite lms prepared by the vacuumbased method, as well as device performance are still lacking. A
more systematic study is benecial for fabricating PSCs with
higher PCE. Therefore, we studied the post-annealing eﬀects as
a function of annealing temperature and annealing time on
perovskite lms prepared by the hybrid deposition method.
First, the post-annealing studies were performed on nonstoichiometric perovskite lms (see Fig. S7 of ESI†). The results
suggest that post-annealing is benecial on the perovskite lms
with excess MAI. When the annealing temperature is lower than
110  C, the inuence is negligible. Gentle annealing at 110–
120  C helps to desorb the undesirable H2O-incorporated
complex from the perovskite lm. High temperature (>130  C)
will decompose CH3NH3PbI3 to PbI2.
The eﬀect of post-annealing on the stoichiometric perovskite
lms was studied next. Fig. 7 shows the XRD spectra and AFM
images of perovskite lms with balanced stoichiometry
prepared from PbI2 : MAI before and aer post-annealing at
120  C for 1 h. The XRD features before and aer annealing are
nearly the same, suggesting that the annealing has a negligible
eﬀect on the crystallinity of the lm. Also the morphology of the
perovskite lm does not change drastically aer the postannealing, as revealed in Fig. 7(b). The RMS roughnesses before
and aer annealing is 33.8 and 29.2 nm, respectively. The postannealing treatment only results in a slight reduction in surface
roughness.
The results above suggest that the eﬀect of post-annealing on
the crystal structure and morphology of perovskite lms with
balanced stoichiometry is negligible. Also the device performance was approximately the same with or without postannealing. This is drastically diﬀerent from that of solutionprocessed samples,33,51 where the perovskite lm properties and
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Fig. 7 (a) XRD spectra and (b) AFM topography images of the stoichiometric perovskite ﬁlms prepared from PbI2 : MAI before and after
the post-annealing treatments at 120  C for 1 h. The RMS roughness
values before and after annealing are 33.8 and 29.2 nm, respectively.

the device performances are strongly dependent on the postannealing conditions. The results indicate that the hybrid
deposition method allows the fabrication of PSCs at lowertemperatures (e.g. room temperature).

Semi-transparent PSCs
The BIPV system is very attractive for modern buildings. Integration of semi-transparent solar cells into BIPV windows is of
particular interest, because it not only provides an aesthetic
outlook, but also harvests solar energy to generate electricity
power without extra installation space.58–61 Most of the perovskite cells made by solution-methods show a dark brownish
hue – unappealing to architects who design skyscrapers. On the
other hand, perovskite lms prepared by the hybrid deposition
method are semi-transparent. Comparison of perovskite lms
prepared by the solution and the hybrid deposition methods is
shown in Fig. S8 ESI.†
In addition, the presence of several hundred nanometer
thickness of the spiro-MeOTAD HTL layer (250–600 nm)29,32,33,62
in a solution-based method leads to parasitic absorption loss,
reducing further the overall transparency and ultimately
limiting its BIPV application.63 However, the thickness of the
spiro-MeOTAD HTL layer can be reduced to as thin as 100 nm in
our device fabrication, since the perovskite layer prepared by
the hybrid deposition method shows a very at surface and the
100 nm-thick spiro-MeOTAD HTL layer can completely cover the
perovskite layer to avoid the direct contact between the top Au
layer and the perovskite layer. The transmittance of the 100 nmthick spiro-MeOTAD HTL layer is shown in Fig. S9 ESI,† which
exhibits extremely high transparency in the visible range.
Therefore, the spiro-MeOTAD HTL layer does not induce the
loss of transparency in the device. Fig. 8 shows a photograph of
the PSC with 8.6% PCE prepared under optimized conditions,
and the transmittance spectrum of the device without a top Au
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Fig. 8 Transmittance spectrum through the device acquired on an Au

electrode-free region. The transmittance values include the glass
substrate. The average transmittance in the range of 400–900 nm is
40%. The picture as the inset is a photograph of the semi-transparent
PSC with 8.6% PCE prepared by the hybrid deposition method at room
temperature.

Journal of Materials Chemistry A

of MAI decreases. Perovskite lms formed with non-stoichiometric ratios between metal halides and MAI showed always
detrimental eﬀects on the device performance. The optimized
substrate temperature is 20  C. In addition, it was found that
the post-annealing treatment has negligible inuence on the
properties of the stoichiometric perovskite lms and device
performances, suggesting that the post-annealing is not a
necessary step for fabricating PSCs by our hybrid deposition
method. In this regard, the hybrid deposition method is very
compatible with a low-temperature process for a exible
substrate to fabricate PSCs. Under optimized conditions, the
PCE of PSC can be as high as 11.5%. This work indicates that
the hybrid deposition method is very eﬀective to prepare thin
perovskite lms with ultra-at surface and fabricate PSCs with
high performance.

Acknowledgements
electrode. Visibly, the PSC also exhibits semi-transparency.
Including the glass substrate, the average transmittance of this
semi-transparent PSC is 40% in the range of 400–900 nm.
Our PSC can generate signicant power while still having
good transparency, allowing for the integration of semi-transparent solar cells into windows of buildings. For example, “if
6% eﬃcient window photovoltaics (PVs) were used to cover a
building the size of the Willis Tower in Chicago, the glass alone
would generate nearly 5.3 gigawatt-hours of energy per year”, as
stated by Service.46 The implementation of semi-transparent
electrodes, such as Ag grids, Ag nanowires, ITO, graphene and
carbon nanotubes6469 is expected to achieve fully semi-transparent PSCs. Additionally, the perovskite layer thickness
dependence results (as summarized in Table S1 of ESI†) indicate the good reproducibility of our hybrid deposition method
for fabricating semi-transparent PSCs with high performance.

Conclusions
In summary, instrumentation and methodology for hybrid
deposition were developed to overcome the diﬃculties generally
faced by the vacuum-based methods by precisely controlling the
MAI ow and the deposition rate of metal halides. Perovskite
lms prepared by this hybrid deposition method show very
smooth surface, good crystallinity, full coverage with a small
density of defects such as pin-holes, uniform chemical
composition across the lm thickness and semi-transparency.
The study of the eﬀects of diﬀerent metal halides (PbCl2 or PbI2)
shows that the chemical reactions between metal halides and
MAI are very sensitive to the relative rate ratio of the evaporation
materials. The crystallinity of lead-halide perovskite lms
shown by XRD is diﬀerent when using diﬀerent metal halides.
In the PbCl2 : MAI case, the perovskite lms are much more
oriented than the case of PbI2 : MAI. This probably stems
from the slow reaction speed by the presence of MACl in the
PbCl2 : MAI growth case. The substrate temperature during
perovskite growth mainly aﬀects the sticking coeﬃcient of MAI.
By increasing the substrate temperature, the sticking coeﬃcient
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