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We report the use of ultra-sonic spray-coating under ambient
conditions as a deposition technique for the fabrication of planar
heterojunction CH3NH3PbI3 xClx perovskite solar cells. We make a
ﬁrst optimization of processing parameter space using this deposition
technique, and explore the role of the temperature of the substrate
during spray-casting, the volatility of the casting solvent and the post
deposition anneal on determining the eﬃciency of the resultant solar
cells. We ﬁnd that maximum device eﬃciency is correlated with the
creation of dense ﬁlms having a surface coverage above 85%. When
such ﬁlms are incorporated into a solar cell device, power conversion
eﬃciencies of up to 11% are realized. These results demonstrate that
spray-coating can be used in the large-area, low-cost manufacture of
high eﬃciency solution-processed perovskite solar cells.

Introduction
The rapid rise in eﬃciency of thin-lm solar cells using organometal halide perovskite semiconductors has made this class of
photovoltaic device a highly promising technology for solar
energy conversion.1–3 State-of-the-art devices already achieve
power conversion eﬃciencies (PCEs) of 15–16%;4–6 this value
surpassing the record eﬃciencies of amorphous silicon and
organic semiconductor PV.7 The precursor materials used to
fabricate perovskite lms can be deposited from solution,8
enabling processing routes with low embodied energy to be used
in the fabrication of functional devices. To date however, there
have been few reports of scalable solution-processing techniques
being applied to the deposition of perovskite lms. It is apparent
that the path towards commercialization of solution-processed
a
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Broader context
Sunlight oﬀers vast potential to decarbonise the world economy via the
widespread implementation of solar energy harvesting technologies.
Photovolatic devices signicantly contribute to this area, however a
present drawback to their extensive adoption is the cost associated with
manufacturing eﬃcient modules. Solution processable organic–inorganic
perovskite semiconductors have recently emerged as promising lightharvesting materials in photovoltaic devices. Remarkably, this class of
material oﬀers the potential to combine the high-performance of existing
technologies with the low embedded cost of production traditionally
associated with thin-lm organic PV. Driven by these exciting characteristics, perovskite PV is currently attracting signicant interest within the
photovoltaic research community in order to determine the commercially
viable processing protocols for manufacture. Here, we successfully
demonstrate the fabrication of perovskite solar cells with an eﬃciency of
up to 11%, where the light-harvesting layer has been deposited by spraycoating. This study advances upon existing work where the perovskite
layer has been deposited from solution using laboratory scale techniques
such as spin-coating, and represents a signicant step in the development
of eﬃcient, low-cost solar cell devices made using roll-to-roll compatible
processing methods.

perovskite solar cells requires the development of fabrication
protocols compatible with high-volume roll-to-roll or sheet-fed
processing techniques. Such techniques should ideally result in
the creation of devices having power conversion eﬃciencies
similar to those already demonstrated using non-scalable deposition processes such as spin-casting. We note that the development of scalable deposition technologies is an active area of
research within the eld of polymer:fullerene bulk-heterojunction Organic Photovoltaics (OPVs).9–11 Here, a number of scalable
techniques have been evaluated for large-area device processing,
including ink-jet printing,12,13 slot-die coating14,15 and spraycoating.16–19 Notably, the optimized ink formulations of polymer:fullerene blends are not necessarily transferrable between
each of these techniques as a result of the diﬀerent mechanisms
that drive lm formation.9,11 Understanding such diﬀerences is
an important aspect of the development of solution-based PV
deposition processes suitable for manufacture at large-scale.
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In this work, we explore the use of ultra-sonic spray-coating
as a deposition technique to create thin-lms of a perovskite
precursor containing methylammonium iodide and lead chloride in ambient conditions.8 These lms are subsequently
annealed into a CH3NH3PbI3 xClx perovskite structure, and
fabricated into a solar cell device having a planar heterojunction
architecture.20–22 We identify an important parameter space
associated with the temperature of the substrate during
precursor deposition and subsequent annealing that inuences
the surface coverage of the perovskite over the underlying
substrate.20,23,24 We note that previous reports of spin-coated
planar heterojunction solar cells using CH3NH3PbI3 xClx
deposited from a single precursor solution have achieved
average PCEs in the range 6–8% (ref. 4, 20, 21 and 25) with a
range of hole- and electron-transporting semiconductors, with
champion devices exhibiting PCEs of up to 11%;21,22,25 a result
that we replicate here. Such gures-of-merit compare favourably
with solar cells made using single halide semiconductors,
incorporated in either a planar or mesoporous scaﬀold architecture5,25–29 in which sequential processing of the perovskite
lm aﬀords the possibility of PCEs of up to 15%.5,29 We believe
however that signicant scope exists to further improve the
eﬃciency and yield of spray-cast devices; a process that will be
dependent upon the quality of the deposited perovskite lms
over large areas. Indeed, we nd that high eﬃciency devices are
correlated with optically thick and continuous perovskite layers
that are free from pinholes and areas void of perovskite.4,30 Such
voids in a perovskite lm will provide paths of low shunt
resistance between the electrodes of the solar cell that will act to
reduce the maximum attainable open-circuit voltage VOC and ll
factor FF.
For the samples prepared in this work a range of optical and
structural probes are used to characterize the eﬀects of diﬀerent
spray-coating conditions on lm quality. Our optimized lowtemperature (<100  C) processing protocol results in the fabrication of solar cells with an average eﬃciency of 7.8%. Our best
device exhibits a PCE of 11.1%, a value comparable to other
champion devices based on spin-cast CH3NH3PbI3 xClx lms
utilising PEDOT:PSS and PCBM electrode interfacial layers,21,22
and is the highest eﬃciency reported for spray-deposited PV to
date. These results demonstrate the promise of spray-coating as
a scalable technique for the large-area deposition of perovskite
lms for solar cell applications.

Results and discussion
The spray-coating system used in this work has previously been
used in the deposition of uniform metal oxide and polymer:fullerene blend thin-lms for OPV applications.18,31 One of the
key characteristics of the system is the nozzle-less spray head
that permits the generation of an ultra-ne aerosol upon
contact of the spray solution with an ultra-sonic (35 kHz)
vibrating tip. Here, the advantage over nozzle-based spraydeposition is the minimization of droplet coalescence before
reaching the substrate, as the coalescence of droplets within a
nozzle results in larger droplets that negatively impact upon
lm uniformity.32,33 This approach provides a means for
This journal is © The Royal Society of Chemistry 2014
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eﬃcient thin-lm deposition with minimal material wastage,
allowing lms to be cast from inks containing a lower solid
concentration compared to techniques such as spin-coating.
We have deposited perovskite precursor lms of methylammonium iodide (MAI) and PbCl2 in a single pass of the
spray-head over the solar cell substrate. Aer conversion via
thermal annealing to CH3NH3PbI3 xClx, these lms were
incorporated into planar-heterojunction solar cells within the
device architecture ITO/PEDOT:PSS/perovskite/PCBM/Ca/Al,
with PEDOT:PSS and PCBM/Ca acting as hole- and electrontransporting layers respectively. We note that the boiling point
(b.p.) of the casting solvent is an important factor in inuencing
the quality of the spray-deposited lms. Previous work on spraycoating polymeric organic semiconductors from a chloroform
solvent18 (b.p. 63  C) has shown that if the boiling point is too
low, the spray solution can dry before reaching the substrate
resulting in a lm characterized by a relatively large density of
pinholes and signicant thickness variations, making such
lms unsuitable for PV applications. Here, the boiling points of
the casting solvents are relatively high, having values of 153  C
and 189  C for dimethylformamide (DMF) and dimethylsulfoxide (DMSO) respectively. Such relatively high boiling points
can result in the formation of large-area thickness variations or
shrinkage/de-wetting of the casting solution due to the relatively prolonged drying times of spray-coated lms. To minimize such issues we have designed a process by which the
casting solution is sprayed onto a substrate held at an elevated
temperature to accelerate the lm drying process. This is then
followed by a second, extended thermal anneal to crystallize the
MAI:PbCl2 precursor lm into a CH3NH3PbI3 xClx perovskite
structure. This extended thermal anneal also removes excess
solvent and organic and halide materials.20
In Fig. 1 we present a series of optical micrographs that show
the eﬀect of the substrate temperature during deposition on the
quality of the as-deposited lms. Here, each lm was spray-cast
from a perovskite precursor dissolved in DMF and then subject
to a post-lm deposition thermal anneal at 90  C for 90 minutes.
The nominal thickness of each lm is in the range of 230 to 270
nm, as measured by prolometry. It can be seen that relatively
low substrate temperatures during solution deposition (corresponding to relatively prolonged drying times) are correlated
with perovskite lms having a low substrate coverage. Indeed, it
is apparent in Fig. 1 parts (a) and (b) that there are relatively large
and discontinuous crystalline regions on the lm substrate; with
lms deposited onto a substrate held at 28  C having an average
substrate coverage as low as (65  5)%. As the substrate
temperature during spray-deposition is increased, we nd that
the perovskite lms become more continuous and are characterized by a hierarchy of structures on a micron length-scale.
Indeed, we nd that the surface coverage of perovskites on a
PEDOT:PSS/ITO substrate takes a maximum value of (85  5)%
when the precursor lm is deposited onto a substrate held at
75  C (see Fig. 1 part (d)).
To optimize the post-deposition annealing treatment, we
spray-cast a series of precursor-perovskite onto substrates
heated to 75  C, that were then annealed at temperatures
ranging between 70 and 130  C for times ranging between
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Fig. 1 Optical microscopy images of spray-deposited thin-ﬁlms of
methylammonium iodide and lead chloride onto substrates held at a
range of elevated temperatures. (a) 28  C, (b) 38  C, (c) 55  C, (d) 75  C,
(e) 80  C, (f) 87  C. The scale bar in each image corresponds to 20 mm.

30 and 90 minutes. Samples were characterized using optical
microscopy, with data shown in ESI Fig. S1.† For samples
annealed at a temperature #90  C for 30 minutes, the perovskite lms have color variations across their surface suggesting
incomplete crystallization. These results are in qualitative
agreement with detailed studies on the thermal annealing
protocol of MAI and PbCl2,24 where it was found that low
annealing temperatures required extended annealing-times
above 3 hours to fully crystallize the perovskite lm. At
annealing temperatures above 110  C, we nd that the lm
perovskite lm undergoes partial dewetting, leading to a relatively low surface coverage. At the highest annealing temperature trialed in this study (130  C), the lms formed again have
signicant variations in color, with a number of regions
characterized by a yellow hue. This observation suggests that
the perovskite layer has partially decomposed into regions rich
in PbI2.24
To understand the role played by the casting solvent on
controlling the surface coverage of a perovskite lm, a set of
lms were prepared by spray-casting the precursor solution
from DMSO. Optical micrographs of lms cast using the same
conditions as in Fig. 1 are presented in ESI Fig. S2.† Here, we
nd that such lms have a relative reduction in perovskite
surface coverage compared to lms cast from DMF. Films cast
on to substrates held at or below 38  C also undergo signicant
de-wetting owing to the prolonged (c. 20 minutes) drying time.
At temperatures between 55  C and 80  C, we observe the
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formation of relatively large perovskite crystals, however the
surface coverage does not exceed (65  5)%. These results are in
qualitative agreement with earlier reports on lms cast from
DMSO,20 suggesting that relatively slow lm formation
dynamics have a detrimental impact on the formation of
continuous perovskite layers during subsequent annealing.
Here, the peak PCE from solar cells prepared using DMSO
solvent is 4.8% (see ESI Fig. S3†). A detailed study on the
kinetics of perovskite formation is currently underway to
further explore this process.
A series of photovoltaic devices were fabricated to evaluate the
PCE of PSCs deposited by spray-casting from DMF. Here,
precursor lms were deposited at a substrate temperature of
75  C (corresponding to a lm drying time of less than 1 minute)
and then annealed at 90  C for 90 minutes; conditions that
correspond to maximal surface coverage of the perovskite lm.
The morphology of such lms were also characterized using
scanning electron microscopy (SEM), X-ray Diﬀraction (XRD) and
scanning probe microscopy (SPM), with results presented in
Fig. 2. It can be seen from the SEM shown in Fig. 2(a) that the lm
created is characterized by a series of voids; a result in accord
with the optical microscopy images shown in Fig. 1. The presence
of such voids are also apparent in Fig. 2(b) where we plot an SEM
image taken across the cleaved edge of a PEDOT:PSS/perovskite/
PCBM/Ca/Al lm deposited on a silicon wafer.
In Fig. 2(c) we plot an XRD 2q scan recorded from a spray-cast
perovskite lm deposited on a PEDOT:PSS/glass substrate, and
thermally annealed according to the optimised conditions discussed previously. We attribute the relatively strong diﬀraction
signals at 14.2 , 28.6 and 43.8 to X-ray scatter from the (110),
(220) and (330) planes of tetragonal CH3NH3PbI3 xClx respectively.4,8,24 Note however that additional peaks are resolvable in

Fig. 2 (a) SEM image of spray-deposited CH3NH3PbI3 xClx on
PEDOT:PSS. Here the scale bar corresponds to 50 mm. (b) Crosssectional SEM image of the solar cell architecture PEDOT:PSS/
CH3NH3PbI3 xClx/PCBM/Ca/Al employed in this work. The perovskite,
PCBM and Ca/Al layers are highlighted in blue, green and orange
respectively to ease identiﬁcation. Here the scale bar corresponds to
1 mm. (c) XRD pattern of spray-deposited CH3NH3PbI3 xClx on
PEDOT:PSS. (d) SPM image of the surface topography of the perovskite
thin-ﬁlm.
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the diﬀraction spectrum. These peaks are also present in
measurements of nominally identical perovskite lms deposited onto silicon (see ESI Fig. S4†) and may correspond to PbCl2
as has been observed elsewhere.24 This observation is consistent
with an incomplete conversion of precursor material into
CH3NH3PbI3 xClx. Nevertheless, as will be demonstrated below,
PV devices based on such lms still have very promising eﬃciency. In Fig. 2(d), we plot the topography of the perovskite lm
characterized by SPM. The lm has an RMS roughness of 50 nm,
however this value masks signicant local height variations in
areas void of perovskite, with such variations being commensurate with the lm thickness (c. 270 nm as measured by
prolometry).
A series of PV devices were fabricated using the optimized
perovskite/PEDOT:PSS layer together with a PCBM electronextraction layer. Here, a relatively thick PCBM layer was used
(having a thickness of around 120 nm) to minimize shortcircuits between the solar cell electrodes at places corresponding to voids in the perovskite lm (see Fig. 2(b)). Our optimization process also included a study of perovskite layer
thickness, with lms explored having a thickness ranging
between 300 and 700 nm. The average solar cell eﬃciency
metrics of solar cell devices fabricated and the results for the
“champion cell” are summarized in Table 1. As shown in Table
1, devices with an active layer of thickness of 340  30 nm
exhibit relatively high PCE combined with narrow distribution
in lm thickness variations. A second, larger study was then
conducted utilizing perovskite lms having this thickness range
(44 cells tested), with solar cells exhibiting an average PCE of
7.8  2%. For the best solar cell, a PCE of 11.1% was determined. This value matches an earlier report of mixed-halide
perovskite planar heterojunction solar cells utilizing
PEDOT:PSS and PCBM electrode interfacial layers.21 The
current-voltage characteristics for the champion cell are presented in Fig. 3(a) with the external quantum eﬃciency for a
typical cell plotted in Fig. 3(b). Using this data, we calculate the
theoretical JSC for our device, and nd it to be within 5% of its
measured value. For completeness, we have also fabricated a

series of solar-cells using the same materials set, however using
a spin-coated to deposit the perovskite precursor solution (see
Experimental methods). As can be seen from Table 1 and
Fig. 3(c), spin- and spray-cast devices have similar average PCE,
indicating that the spray-coating process does not apparently
reduce cell eﬃciency.
We note that during the measurement of all perovskite cells,
a positive light-soaking eﬀect on enhancing device PCE was
observed during the rst 20 minutes of illumination. This
treatment was applied whilst the solar cells were held at opencircuit, and resulted in a simultaneous increase in device FF, JSC
and VOC (see ESI† for further details). In planar-heterojunction

Table 1 Average solar cell metrics and standard deviations for each
processing batch of perovskite solar cell under simulated 100 mW
cm 2 AM1.5G illumination. Devices were left under the solar simulator
for 20 minutes prior to measurement. To remove any selection bias,
these averages represent the top 50% of pixels in each processing
batch (10 individual cells during initial thickness test, 22 cells for a layer
thickness of 360 nm). The champion cell metrics corresponds to the
data presented in Fig. 3. * Perovskite layer deposited via spin-coating
of the precursor solution

Perovskite layer
thickness (nm)

JSC/mA cm

2

VOC/V

FF/%

PCE/%

0.73
0.78
0.86
0.87
0.84
0.92
0.85

42
55
56
57
63
72
67

3.3  2.0
6.5  0.8
5.0  0.5
6.0  0.3
7.8  2
11.1
7.8  0.3

(a) Current-density versus voltage characteristics for spraydeposited CH3NH3PbI3 xClx planar solar cell subject to optimised
processing conditions. (b) External quantum eﬃciency spectrum for
the same cell, corresponding to an integrated JSC of 17.7 mA cm 2 with
respect to the AM1.5G solar spectrum. (c) Comparison of average
current-density versus voltage characteristics for perovskite solar cells
where the light-harvesting layer has been deposited via either spraycoating or spin-coating.
Fig. 3

290  30
340  30
450  40
670  200
330  40
Champion cell
400  10*

10.8
15.2
10.4
12.2
14.9
16.8
13.7
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perovskite solar cells incorporating TiOx as a cathode buﬀer
layer, positive light-soaking eﬀects have also been observed that
were specically attributed to the presence of TiOx.21 As this
material is not present in our devices, this suggests that the
light-soaking may be inuencing a mechanistically distinct
process.
A nal characterization of device eﬃciency was conducted to
determine the magnitude of the hysteresis eﬀects in cell
performance.34 Here, a solar cell with an average PCE of 8.4%
was subject to a series of current–voltage measurements where
both the scan rate and scan-direction were varied (although the

Communication

inuence of the absolute starting bias was not explored). Our
results are presented in Fig. 4. We nd that under the
measurement conditions investigated here, there is a marginally higher PCE is determined on measuring from forward (1 V)
to reverse ( 1 V) bias. Note however the diﬀerence in PCE
determined between each measurement is approximately 6%; a
value within the cell-to-cell variation of the processing batch.

Conclusions
The evaluation of scalable deposition techniques for solution
processable perovskite semiconductor lms is a necessary
process in the path towards their low-cost manufacture. To
address this, we have explored the use of spray-coating under
ambient conditions to deposit a blend of methylammonium
iodide and lead chloride from solution, with such lms subjected to a thermal annealing step to crystallize the precursor
into a CH3NH3PbI3 xClx perovskite lm. Such lms were
subsequently fabricated into planar-heterojunction solar cell
devices. Our optimized processing route results in solar cells
having power conversion eﬃciencies of up to 11%, with no loss
in average PCE determined compared to cells fabricated by spincoating the perovskite precursor layer. We note that the slow (90
minute) annealing process employed here may be reduced via
the use of techniques such as ash-annealing35 and IR heating.
Furthermore, the use of sequential steps to deposit the perovskite precursor compounds also oﬀers an alternative route for
scalable lm processing that in principle removes the need for
thermal annealing at elevated temperatures. Our work demonstrates therefore that spray-coating can be used as a practical
technique to deposit precursor perovskite lms that can then be
used in high-performance photovoltaic devices with a range of
electrode interfacial layers. We believe this result is an important
step towards the commercialization of this technology.

Experimental
Preparation of perovskite precursor

Fig. 4 Current-density versus voltage characteristics for a perovskite
solar cell device measured under diﬀerent scan rates and scan
directions: (a) 0.5 V s 1, (b) 1 V s 1 and (c) 2 V s 1. Eﬃciency values are
shown in each ﬁgure legend. Note that the forward bias sweep
conditions reported in part (b) correspond to our standard testing
protocol.
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Methylamine (33 wt% in ethanol), hydroiodic acid (57 wt% in
water) and lead II chloride (98% purity) were purchased from
Sigma Aldrich and were used as received. Synthesis of methylammonium iodide powder followed methods described in
detail elsewhere.4 The powder was dried overnight in a vacuum
oven at 40  C before use. Precursor solutions of methylammonium iodide and lead chloride (3 : 1 molar ratio) were
dissolved in sequence into dimethylformamide (DMF) or
dimethylsulfoxide (DMSO) to a total concentration of 100 mg
ml 1. For spin-coated lms, a solution with a total solids
concentration of 664 mg ml 1 was used. Solutions were heated
at 70  C overnight to encourage dissolution of solid material,
cooled to room temperature, and then ltered through a
0.45 mm PTFE lter before use.
Perovskite solar cell device fabrication
Pre-patterned glass-ITO substrates (20 U , 1) were purchased
from Ossila Limited. The substrates were cleaned by sonication
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in Helmanex solution, isopropyl alcohol and deionized water
and dried with compressed nitrogen before use. PEDOT:PSS
(HC Stark Clevios P VP AI4083, ltered through a 0.45 mm PVDF
lter) was spin cast on top of the cleaned substrates to form a
30 nm thick layer that was then annealed in air at 130  C for
30 minutes prior to use. The precursor perovskite lms were
then coated on the ITO/PEDOT:PSS anode under ambient
conditions using a Prism ultrasonic spray-coating system
supplied by Ultrasonic Systems, Inc. (USI). This system uses a
xed ultrasonic frequency of 35 kHz and a nitrogen-gas carrier
pressure of 10 psi. Films were sprayed at a nozzle height of 45
mm and lateral speed between 20 and 200 mm s 1. During
spray-coating, substrates were held at a xed temperature, aer
which they were transferred to a second hot-plate for extended
thermal annealing (with all processes performed in air). For
spin-coated samples, a spin-speed of 5000 rpm was used to
prepare lms of the desired thickness. Prior to lm deposition,
both the substrate and casting solution were held at elevated
temperatures (90  C and 70  C respectively) to enable rapid
drying of uniform thin-lms. For all samples, lm thickness
was determined from post-annealed lms across 8 locations
using prolometry. PCBM (99% supplied by Ossila Ltd) thinlms were deposited on to the perovskite layers by spin-coating
in a glove-box. PCBM solutions for spin-coating were prepared
in a 50 mg ml 1 chlorobenzene solution that was heated at
70  C for 12 hours and then ltered through a 0.45 mm PTFE
lter. The cathode (a bilayer of calcium and aluminium – 5 nm
and 100 nm respectively) was thermally evaporated within a
vacuum chamber held at a pressure <10 6 mbar. Devices were
encapsulated using a UV-treated epoxy (supplied by Ossila Ltd)
before testing.
Film characterization
To estimate perovskite surface coverage, optical microscopy
images were analyzed using the ImageJ soware package. SPM
measurements of sample surfaces were acquired using a Veeco
(Santa Barbara) Dimension 3100, operating in tapping mode.
Tips from Budget Sensors (300G-Al) were used, with a resonant
frequency at 300 kHz and a spring constant of 40 N m 1.
Images were analysed using the Gwyddion soware package. 2q
scans of X-ray diﬀraction from perovskite samples were
obtained using a Bruker D8 X-ray Diﬀractometer. SEM images
of samples on Si substrates were acquired using a Jeol
JSM6010LA microscope.
Device characterization
Device performance was tested in ambient conditions using a
Newport 92251A-1000 solar simulator (AM1.5). An NREL certied silicon reference cell was used to calibrate the integrated
light-output from the simulator to 100 mW cm 2 at 25  C. Here,
an aperture mask (0.025 cm2) was placed over each solar cell to
accurately dene the device area and minimize absorption of
stray light. PCEs are determined for a cell initially held at 1 V
and swept to 1 V at a rate of 1 V s 1 unless otherwise stated. EQE
measurements of solar cell devices were acquired under
continuous illumination of monochromated light from a
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tungsten lamp. EQE values were determined over the wavelength range of interest by comparing the photocurrent of the
perovskite solar cell to a reference silicon photodiode having a
known spectral response.
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