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We report the development of instrumentation and methodology for
fabricating large area semi-transparent organo-lead-halide perovskite
films. In our method, the growth of perovskite films relies on the
control of CHzNH3l flow and vapor pressure inside a vacuum chamber.
Solar cell devices based on the prepared semi-transparent perovskite
films as thin as ~135 nm achieved an efficiency of 9.9% and a high
open circuit voltage of 1.09 V.

It has been demonstrated that organo-lead-halide perovskite
(OHP) based solar cells can achieve solar energy-to-electricity
power conversion efficiency (PCE) as high as 16.2% and are
compatible with protocols for low-cost solar cell fabrication.'*
The nature of the OHP materials to form long-range ordering in
their crystal structure, abundance, inexpensive as raw mate-
rials, and the easy processability at 150 °C temperature (solu-
tion and vacuum evaporation) are major advantages for
photovoltaic applications.”*® However, very few reports were
documented regarding the scaling up of such solar cells
although it is widely acknowledged that the methodologies for
large area fabrication have to be developed to make a photo-
voltaic technology viable. Generally, large area processing is
challenging due to vast variation in the film thickness, rough
film morphology, and uncontrolled stoichiometry and crystal-
linity changes across the substrate area.

The film thickness, morphology, stoichiometry, crystallinity
as well as material purity have a significant impact on the
overall solar cell performance.”'**> A variety of deposition
techniques have been reported including one-step spin-
coating,'®"” two-step deposition techniques,">'®'* vapor-
assisted solution processes,** and vacuum deposition.**"*> One-
step spin-coating is the most widely used method to prepare the
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Fabrication of semi-transparent perovskite films
with centimeter-scale superior uniformity by the
hybrid deposition method
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Broader context

Currently, crystalline Si solar cells represent the dominant photovoltaic
technology. The highest efficiency for these kinds of cells is around 28%,
but the overall cost to use these solar cells as an energy source is still
significantly higher than conventional energy supplies (e.g:, fossil fuels).
Organometal halide perovskite (OHP) solar cells have emerged as the most
promising candidates for the next generation high efficiency solar cell
technology that is compatible with low cost and large-area fabrication.
There is plenty of room for further improvements. In particular, the
development of protocols to make such a technology practical and
applicable to industry is of paramount importance. In this work, we report
on the development of instrumentation and methodology for depositing
semi-transparent OHP films with centimeter-scale superior uniformity (5
x 5 cm?), good crystallinity and high reproducibility, which is particularly
suitable for large-area applications such as window photovoltaics. High-
performance solar cell devices (Js = 17 mA cm ™2, Vo = 1.09 V, PCE =
9.9%) were obtained using our methodology, which further testifies its
potential.

solar cells due to its simplicity and low-cost. However, the films
prepared by this method have been reported to have a poor
morphology.”*® In the two-step process, a layer of metal halide
is deposited by spin-coating followed by dipping the film into
the organic salt solution and perovskite formed by a chemical
reaction. However, due to high reaction rates of the perovskite
formation, it is challenging to optimize the processing condi-
tions with sufficient reproducibility. To circumvent these
issues, the incorporation of CH;NH;I (MAI) into the spin-coated
Pbl, film via vapor (the so-called vapor-assisted solution
process) has been proposed to generate high quality films with a
PCE of 12.1%.?° On the other hand, neither the two-step process
nor the vapor-assisted solution process can be applied to metal
halides with poor solubility (e.g., PbCl,). Vacuum evaporation
techniques have also been employed using standard dual-
source physical deposition processes. This technique enables
better control of the film thickness and morphology. However, a
number of factors such as simultaneous control of the evapo-
ration rates of the PbCl, and MAI sources that have significantly
different vapor,” non-uniform film composition if ratios of
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PbCl, and MAI evaporation rates are not well controlled, limited
area with lateral composition uniformity, and high consump-
tion of MAI present challenges for this technique to be widely
applied for large scale fabrication.**"*

In this work, we describe home-built instrumentation that is
capable to generate perovskite films with centimeter-scale
superior uniformity (5 x 5 cm?), good crystallinity and high
reproducibility. For simplicity, in the rest of the letter, we will
use MAI and PbCl, as the example material system. On the other
hand, it should be noted that this method has been tested to be
of general use for other combinations of MA halides and Pb
halides. The working principle of our system relies on control-
ling the MAI vapor partial pressure inside the vacuum chamber
that is monitored by a QCM facing the opposite side of the MAI
evaporator source (upwards, Part #7 in Fig. 1a). The second
QCM that is facing the PbCl, evaporator source (downwards,
Part #6 in Fig. 1a) helps to determine the total rate of PbCl, and
MALI Only when the MAI vapor is generated, the QCM that faces
upwards starts to detect a rate, which confirms that the MAI is
largely vapor-induced, i.e., non-directional. Our hybrid deposi-
tion method provides good control on the nominal stoichiom-
etry of MAI and PbCl,. In comparison, in the solution method,
the solubility of reactants in solvents is an additional parameter
that needs to be considered. For example, it is observed that it is
difficult to dissolve PbCl, in N,N-dimethylformamide when the
MAI-PbCI, molar ratio is lower than 3 : 1.>* In this sense, our
hybrid deposition method is advantageous because the ratio of
the two reactants (i.e. lead halide and MAI) can be tuned in a
wider range under vapor evaporation conditions and therefore
it is not limited by solubility. Devices based on ultra-thin
perovskite films of ~50 nm prepared by our hybrid deposition
method without the post-annealing procedure achieved a PCE
of 6.3% with an open-circuit voltage (Vo) of 1.06 V. These ultra-
thin perovskite films showed a high degree of crystallinity, a
smooth surface, and a semi-transparent color that meet the
requisites for window photovoltaic applications.>*?>¢

The overall design of the system is shown in Fig. 1a and S1.7
The detailed descriptions of the components comprising the
hybrid deposition method system as well as the protocols for
the evaporation rate calibrations (Fig. S21) and fabrication of
perovskite films can be found in the Experimental section
(ESIt). The macroscopic uniformity of perovskite films prepared
in our system was evaluated by evaporating a film of ~135 nm
thickness on tin-doped indium oxide (ITO)/glass with a
substrate area of 5 x 5 cm” (Fig. 1b). A picture of the as-
prepared film (inset in Fig. 1b) shows a uniform semi-trans-
parent light-orange color across the entire substrate area. XRD
was measured at 12 different points showing everywhere similar
intensities of the characteristic diffraction peaks at 14.0°, 28.4°,
and 43.1° corresponding to the (110), (220), and (330) planes of
CH;NH;PbI; ,Cl,. Additional diffraction peaks corresponding
to the ITO substrate as well as Pbl, were also detected. The
small PbI, peak is most likely caused by the ambient exposure
of the perovskite film while the 12 spot ex situ XRD measure-
ments were performed.””*® Both the crystalline uniformity and
the thickness variation over the 5 x 5 cm” area were investi-
gated. As shown in Fig. S3,f AFM measurements were
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Fig. 1 (a) Side view of the hybrid deposition method system: (1) main
vacuum chamber; (2) pumping system comprising a gate-valve and a
turbo molecular pump; (3) substrate holder stage which allows cooling
and heating from —190 °C to 200 °C; (4) substrate sizes of upto 5 x 5
cm?; (5) substrate shutter; (6) QCM facing downwards; (7) QCM facing
upwards; (8) Knudsen cell evaporator for producing MAI vapor partial
pressure; (9) widely opened dish-shaped crucible for the evaporation
of lead halide compounds; (10) spiral-shaped tungsten wire; (11)
electric feedthroughs; (12) lead halide shutter; (13) pressure gauge. (b)
XRD and picture of the perovskite film prepared in the hybrid depo-
sition system on a large (5 x 5 cm?) ITO/glass substrate and measured
at 12 different points. Note that the as-prepared films show a light-
orange color. The dark brown color in the picture is from the copper
sample holder.

conducted on a batch of samples to investigate the film thick-
ness variation over the 5 x 5 cm? area. Two measurements, one
conducted at the center of the sample (Fig. S3b}) and another at
one edge (Fig. S3ct) showed a film thickness variation of 2%.
Based on our AFM analysis, our perovskite films showed to be
extremely uniform in the length scale of micro-meter (Fig. 2b)
without clear crystallite domain structures, which is drastically
different from the solution processed perovskite films. This is in
agreement with the observations by Liu et al.**

After optimizing the conditions in our system by tuning the
evaporation rates of MAI and PbCl,, perovskite films of two
different thicknesses (~50 nm and ~135 nm) were grown. XRD

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) XRD data of the ~50 nm thick perovskite film reveal the

characteristic peaks at 14.0°, 28.4°, and 43.1° corresponding to (110),
(220), and (330) in CHsNHsPbls_,Cl,. Additional peaks labeled with *
correspond to the FTO substrate. (b) AFM topography image (scan
size: 20 pm x 20 pum) of the perovskite film deposited on the ITO
substrate from which the surface RMS roughness of ~4.6 nm was
extracted. (c) Optical absorption on the ~135 nm perovskite film
showing a sharp rise at 780 nm corresponding to a bandgap of 1.59 eV.

measurements of the ~50 nm thick perovskite film (Fig. 2a)
revealed the characteristic diffraction peaks of (110), (220), and
(330) planes of CH3;NH;Pbl; ,Cl, usually assigned to the
orthorhombic crystal structure.?* Looking closely at the (220)
diffraction peak, no characteristic feature of a double-peak was
observed that is indicative of CH;NH;Pbl; phase formation.**®
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The absence of the peak at 15.7° (the characteristic peak for the
CH;3NH;PbCl; phase) and the detection of the (330) peak
confirmed the high phase-purity and crystallinity of our perov-
skite films. In addition, the (110) peak is stronger than (220)
even without the post-annealing treatments which is a common
procedure employed after the film growth.*** The macroscopic
and microscopic uniformities of perovskite films were
confirmed by optical microscopy (Fig. S41) and AFM topography
(Fig. 2b), respectively. The as-prepared samples with ~50 nm
and ~135 nm perovskite films showed a uniform semi-trans-
parent light-orange color, which was distinctively different from
the black or dark brownish color commonly observed in solu-
tion processed samples. Based on AFM measurements on a 20
pm x 20 pm sample area, these ~50 nm and ~135 nm perov-
skite films had a root-mean square (RMS) surface roughness as
low as ~4.6 nm and ~9 nm when deposited on flat substrates,
respectively, corresponding to their intrinsic film roughness
(Fig. 2b). When rougher substrates of compact TiO,/FTO were
used, the perovskite films were conformal to the top compact
TiO, showing a surface roughness of ~30 nm which corre-
sponded to the same roughness of compact TiO,/FTO. In
comparison, the solution-processed perovskite films following
the procedure in ref. 7 were extremely rough as measured by
AFM (not shown) with a RMS roughness of ~243 nm (scan size
20 pm X 20 um). The UV-vis acquired on the thicker perovskite
film (~135 nm) showed a sharp rise at 780 nm corresponding to
a bandgap of 1.59 eV in good agreement with previous
reports.”’**° The best performing device for the ~50 nm perov-
skite film (Fig. 3a, blue curve) under standard AM1.5G illumi-
nation achieved a short-circuit photocurrent (Js.) of 10.5 mA/
cm?, a V. of 1.06 V, a fill factor (FF) of 0.566, and 6.3% power-
conversion efficiency (PCE). On the thicker perovskite film
(~135 nm), the measured j-V curve under standard AM1.5G
illumination produced Js., Vo, FF, and PCE of 17 mA/cm?, 1.09
V, 0.535, and 9.9%, respectively (Fig. 3a, red curve). The average
and standard deviation values of 9.5 & 0.9 mA/cm? (16.2 + 0.6
mA/cm?), 0.98 + 0.10 V (1.06 =+ 0.05 V), 0.500 + 0.007 (0.490 +
0.003), and 4.7 & 1.2% (8.45 + 1.03%) were extracted based on a
batch of sample with 6 cells on the perovskite films with ~50
nm (and ~135 nm). All devices showed similar j-V character-
istics (Fig. S5t), which exemplifies the superior uniformity of
the perovskite films prepared using our system and method.
The high performance of these solar cell devices is a strong
indication that our new instrumentation and methodology can
be employed to fabricate state-of-the-art photovoltaic products.
The high V,. (over 1 V) typically achieved by our devices with
~50 nm and ~135 nm perovskite films well aligns with the
reported values using vapor deposition methods: 1.07 V in the
work of Liu et al.** and 1.05 V in the work of Malinkiewicz et al.®
On the other hand, solution processed ones have generally
substantially lower V,. possibly because of large variations of
the film thickness.”* V,. depends on various factors, one of
which is the recombination processes (or charge life-time)
present at the interfaces of different layers within a perovskite-
based solar cell as well as within each layer.**** Uniform layer
perovskite formation prevents the shunting pathways effec-
tively, leading to a lower recombination rate. In addition, it has
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Fig. 3 (a) Current density—voltage (J-V) characteristics of the solar
cells based on the perovskite films with two different thicknesses
prepared by the hybrid deposition method under AM 1.5G illumination.
Solar energy-to-electricity conversions of 6.3% (blue curve) and 9.9%
(red curve) were extracted for devices using ~50 nm and ~135 nm
perovskite films, respectively. (b) Corresponding external quantum
efficiency spectra. The inset in (a) shows pictures of the actual devices
showing a semi-transparent light-orange color.

been proposed that perovskites are ionic materials that have the
property to generate only shallow trap states.**** Therefore,
perovskite solar cell performance is expected to be only weakly
dependent on grain sizes. This is consistent with the observa-
tions that perovskite solar cells show a similar level of high
efficiencies although they are prepared by different methods
(e.g. solution processing or vacuum evaporation). In general,
vacuum prepared perovskites show lower XRD peak intensities
than the films prepared by the solution processing method.*****
More interestingly, the intensities of the XRD peaks seem to do
not correlate directly with the high performance of solar
cells.”***3¢ The XRD data by Barrows et al.** show additional
peaks for the (110), (220), and (330) planes of tetragonal
MAPbDI;_,Cl, and are assigned to the excess PbCl,. However, a
performance of 11.1% was obtained for their champion cell
with 330 nm perovskite thickness. Similarly, the presence of
excess Pbl, has been also shown to have beneficial effects on the
solar cell performance showing PCE as high as 12%.%¢ The
magnitude of the hysteresis effects in our cells was character-
ized by sweeping the applied voltage from —0.2 V to +1.1 V
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(reverse). Significant hysteresis of the J-V scans was observed
(Fig. S6t) for our perovskite solar cells and a PCE decrease of
~30% was observed on the reverse bias. The exact cause for the
hysteresis features is not clear to us at the moment and this
topic is still under investigation in our group. The external
quantum efficiency (EQE), or incident-photon-to-current
conversion efficiency, spectra of the complete devices illumi-
nated under monochromatic light (Fig. 3b) show the generation
of photocurrent starting from ~780 nm in agreement with the
band-gap of CH;NH;PbI; ,Cl, determined by UV-vis (Fig. 2c).
Our solar cells with ~50 nm and ~135 nm perovskite layers
reach ~45% and ~80%, respectively, in the range of 420-510
nm. A decrease in EQE intensity is observed in the 500-750 nm
range which might be induced by the presence of small
concentrations of Cl (below 3-4%).>° In contrast, the pure phase
CH;NH;PbI; films were reported to produce a high EQE of ~70-
80% over a long wavelength range of 350-750 nm.** However,
the beneficial effects of the presence of the two different halo-
gens (I and Cl) within the crystalline structure for obtaining
high conductivity have been demonstrated.*

We have demonstrated that perovskite films as thin as ~135
nm can generate a PCE of 9.9% when implemented in solar cells
by controlling the PbCl, evaporation rate and MAI vapor pres-
sure in our hybrid deposition method. Such a perovskite film
growth method provides a centimeter-scale uniform semi-
transparent color that is particularly suitable for large-scale
window photovoltaic applications*>*® where good transparency
is a prerequisite. In addition, although in this article, we have
focused on the particular case of using the PbCl, and MAI
powders for the generation of CH3;NH,PblI; ,Cl, perovskite
films, our hybrid evaporation method can be easily adopted for
the evaporation of other lead halides such as Pbl, and PbBr, or
their combinations. Such mixed-halide perovskite films with
different compositions were reported to allow bandgap
tunability properties,®*” thus, providing flexibility on perov-
skite film color choices as well as suitability for the development
of perovskite-based tandem solar cells.
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