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In this study, the crucial role of perovskites capping layers in the TiO2/CH3NH3PbI3 hybrid solar cells is

investigated. The capping layers are realized by controlling the concentration of PbI2 solutions in the

sequential deposition process. The morphologies of the active layers are studied by high-resolution

scanning electron microscopy (HR-SEM). The amount of perovskites in capping layers increases with the

concentration of PbI2 solution, and the coverage of perovskite capping layers on TiO2 films is better

developed. Except for the correlation between photocurrents and coverages of perovskite proposed by

Snaith, we revealed a more detailed relationship between the photovoltaic performances and perovskite

capping layers. It is noteworthy that UV-vis absorption increased with perovskites in capping layers.

Moreover, according to the diffuse reflection spectra, light scattering, which is beneficial for the

conversion efficiency of photons to electrons by directly preventing most of the incident light from

transmitting out, is also enhanced due to both the emergence of larger-size particles in the capping

layers and the higher effective dielectric coefficient. All of the aforementioned aspects result in high

photocurrents up to 20.6 mA cm�2. Efficiency as high as 10.3% is ultimately achieved by a simple control

of PbI2 concentration in the sequential deposition process.
1 Introduction

Organic–inorganic perovskites have spurred scientists' great
interests in hybrid solar cells, due to the direct and tunable
band gap, high absorption coefficients in the large range of
visible light, and high carrier mobilities.1–7 Park fabricated
perovskite-sensitized liquid solar cells using 2–3 nm-sized
CH3NH3PbI3 nanocrystals as the sensitizers, with a power-
conversion efficiency up to 6.54%.8 However, the rapid disso-
lution of CH3NH3PbI3 in the I3

�/I� electrolyte induced the
serious instability of solar cells, which decreased the overall
performances intensely under continued irradiation.8,9 Grätzel
then reported all-solid-state mesoscopic solar cells with lead
iodide perovskite as the sensitizer, in which spiro-OMeTAD was
added as the hole transporter.10 The improved stability of
perovskite contributed to a higher conversion efficiency of
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9.7%. Snaith et al. replaced the mesoporous TiO2 lm with
insulating Al2O3 prepared at a lower temperature, introducing a
new concept known asmeso-superstructured solar cells (MSSC),
which generated open-circuit photovoltages of more than 1.1
volts and a power conversion efficiency of 10.9%.11 Moreover,
using the sequential deposition process instead of the one-step
method in the preparation of CH3NH3PbI3, Grätzel took better
control over perovskite morphology and achieved excellent
photovoltaic performances, with rather high efficiency up to
15%.12 In addition to the solution-processed devices, Snaith
fabricated a simple planar heterojunction perovskite solar cell
by vapour deposition, of which the power conversion efficiency
reached more than 15%.13 Furthermore, Y. Yang proposed an
incorporative preparation method of CH3NH3PbI3 called a
vapor-assisted solution process, through which they obtained
perovskite lms with well-dened grain structures and grain
sizes up to microscale and efficiency up to 12.1%.14 Thus far,
perovskite solar cells have developed from dye-sensitized liquid
devices to all-solid-state devices with a great deal of research on
preparation methods,10,12–14 photoanodes15–17 and hole-trans-
port materials.18–21

In the various kinds of perovskite solar cells, the morphology
of perovskite lms plays an important role for photovoltaic
performances. Snaith elucidated that in the solution process, a
“wetting layer” could be formed on the internal surface of the
mesoporous lm uniformly with a sufficiently low concentra-
tion.11 As the concentration increased, an extra perovskite lm,
J. Mater. Chem. A, 2014, 2, 14973–14978 | 14973
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known as the “capping layer,” emerged on top of the lled
mesoporous Al2O3. They obtained various coverages of the
CH3NH3PbI3�xClx capping layer on Al2O3 by controlling the
annealing temperatures and thicknesses of the lms.22 Results
showed that the highest photocurrents were attainable only
with the highest perovskite surface coverages. However, the
details of perovskites in the capping layer had not been
considered in depth.

In this study, we mainly focus on the critical CH3NH3PbI3
capping layer on top of the mesoporous TiO2 lm in solution-
processed TiO2/CH3NH3PbI3 hybrid solid solar cells. Compared
with the devices fabricated by Snaith, mesoporous TiO2 is used
as the electron transport material (ETM) because the effective
diffusion length of electrons in CH3NH3PbI3 is shorter than that
in CH3NH3PbI3�xClx.23 With an increase in the concentration of
PbI2 solutions, higher photocurrents are obtained only with
higher coverages of the perovskite capping layer on TiO2 lms,
which is in accordance with the dependence of photocurrents
on perovskite coverages demonstrated by Snaith.22 Based on
this result, we proceed with further work on the perovskite
capping layers and the increasing photocurrents. As the PbI2
concentration increases, more perovskite particles in the
capping layer and enhanced light scattering are observed. More
particles result in higher absorption, and light scattering is
benecial for stronger light harvesting by preventing most of
the incident light from directly transmitting out. Both aspects
contribute to the increasing photocurrents. Through simply
varying the solution concentration, we achieve power conver-
sion efficiency up to 10.3%. The important reasons for the
growing photocurrents are elaborated in view of the larger
amounts of perovskites in the capping layers and the enhanced
light scattering, as well as the higher coverage of capping layers.
2 Experimental section
2.1 Materials synthesis

Methylammonium iodide (CH3NH3I) was synthesized bymixing
30 mL of methylamine (40% in methanol, TCI) and 32.3 mL of
hydroiodic acid (57 wt% in water, Aldrich) in a 250 mL round-
bottomed ask at 0 �C, followed by stirring the mixture for 2 h.
The precipitate was recovered by putting the solution on a
rotavap and carefully removing the solvents at 50 �C. The
yellowish raw product of CH3NH3I was washed with diethyl
ether by stirring the solution for 30 min, a step which was
repeated three times, and the CH3NH3I was nally recrystallized
from a mixed solvent of diethyl ether and ethanol. Aer ltra-
tion, the solid was collected and dried at 60 �C in a vacuum oven
for 24 h.
2.2 Solar cell fabrication

FTO glasses were cleaned in ethanol and deionized water alter-
nately using an ultrasonic bath. Titanium(IV) isopropoxide (Ti
[OCH(CH3)2]4, Aldrich, 99.999%, 1 mL) was mixed with 2-
methoxyethanol (CH3OCH2CH2OH, Alfa Aesar, 99%, 5 mL) and
ethanolamine (H2NCH2CH2OH, Alfa Aesar, 98+%, 0.5 mL) to
prepare the precursor of compact TiO2 layers. Aer magnetic
14974 | J. Mater. Chem. A, 2014, 2, 14973–14978
stirring at 80 �C for 2 h, the precursor was coated on FTO glasses
by spin-coating under 3000 rpm for 30 s in air. The substrate was
subsequently treated at 80 �C for 10 min and 500 �C for 30 min.
Aerward, mesoporous TiO2 lms were deposited on the
substrate by spin-coating TiO2 paste (18NR-T, Dysol) under 5000
rpm for 30 s, which was followed by heating at 500 �C for 1 h.
Later, the sintered TiO2 lms were immersed in 0.02 M aqueous
TiCl4 (Aladdin, 99.99%) solution at 70 �C for 1 h, then taken out
and heated at 500 �C for 1 h. PbI2 (99.9985%, Alfa Aesar) was
dissolved in anhydrous N,N-dimethylformamide (DMF, 99.9%,
Aldrich) with a series of concentrations from 300 mg mL�1 to 500
mg mL�1. Considering that at a high concentration of 500 mg
mL�1 without any additives, the solution was no longer stable,
and PbI2 crystals began to form at the bottom of the sample
bottles aer placement at room temperature for 2 h, we set 500
mg mL�1 as the highest concentration. CH3NH3PbI3 was
synthesized with a sequential deposition method reported by
Grätzel.12 First, PbI2 solutions were spin-coated on TiCl4-treated
mesoporous TiO2 lms at 5000 rpm for 60 s, followed by heating
the lms at 70 �C for 30 min in the glove box. The lms were then
immersed in a solution of CH3NH3I in 2-propanol (10 mg mL�1)
for 60 s and rinsed with 2-propanol. Aer being dried at room
temperature, the lms were treated at 70 �C for 30 min. The hole-
transport material (HTM) was composed of 72.3 mg 2,29,7,79-
tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,99-spirobiuorene
(spiro-MeOTAD), 17.5 mL bis(triuoromethane)sulfonimide
lithium salt (LiTFSI, 99.95%, Aldrich)/acetonitrile (520 mg mL�1)
and 37.5 mL 4-tert-butylpyridine (TBP, 96%, Aldrich) in a solvent of
1 mL chlorobenzene (99.9%, Alfa Aesar). The CH3NH3PbI3-sensi-
tized TiO2 lms were coated with HTM solution by spin-coating at
4000 rpm for 30 s. For the counter electrode, a 60 nm thick Au was
deposited on the top of the HTM layer by thermal evaporation.
2.3 Characterization

The morphologies of perovskite layers were characterized by
high-resolution scanning electron microscopy (HR-SEM) (Jeol,
JSM-7401F). X-ray diffraction (XRD) patterns were obtained with
smart lab instruments CuKa radiation (l ¼ 1.54 Å). The UV-vis
absorption spectra and diffuse reectance spectra of meso-
porous TiO2 (mp-TiO2)/perovskite lms were used to test the
absorption and diffuse reection of perovskite-sensitized TiO2

lm with a Hitachi model U-3010 UV-vis spectrophotometer.
Photocurrent–voltage (J–V) curves, incident photon-to-electron
conversion efficiency (IPCE), and intensity-modulated photo-
current spectroscopy (IMPS) were performed by a ZAHNER
CIMPS electrochemical workstation, Germany.
3 Results and discussion
3.1 Morphologies and crystal structure of perovskites in
capping layers

To intuitively observe the morphological changes of perovskite
capping layers with increasing PbI2 concentrations, we took
surface SEM images of the perovskite lms, as shown in Fig. 1.
Obviously, uniform perovskite capping layers were formed on
the TiO2 lms, and with the larger amount of perovskites, the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 SEM images of perovskite capping layers on mesoporous TiO2

films with different concentrations of PbI2 solutions: (a) 300 mg mL�1,
(b) 400 mg mL�1, (c) 463 mg mL�1, and (d) 500 mg mL�1.
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coverages of capping layers increased steadily from partially
covered TiO2 lms to the complete coverage of perovskites with
a PbI2 concentration of 463 mg mL�1. The larger amount of
CH3NH3PbI3 in capping layers is advantageous for higher light
absorption, and the increasing coverage of perovskites can
reduce recombination due to the decreasing possibilities of the
direct contact between TiO2 and spiro-OMeTAD.13,14,22 However,
as the concentration of PbI2 solution was up to 500 mg mL�1,
more perovskite particles were aggregated and stacked, which
was hard to control and easily to led to uneven morphologies
and a small amount of voids, potentially increasing the
recombination of electrons and holes. To further investigate the
nature of perovskites formed on mesoporous TiO2, X-ray
diffraction (XRD) measurements were conducted with mp-TiO2/
perovskite lms (Fig. 2). X-ray diffraction analysis for perov-
skites synthesized with different PbI2 solutions showed
diffraction peaks at 14.08�, 24.50�, 28.44� and 31.84�, which
were assigned as the (100), (111), (200) and (210) lattice planes,
respectively, of a cubic perovskite structure similar to the
CH3NH3PbI3 previously reported.27 Moreover, peaks at 12.7�

were ascribed to the formation of PbI2. It is noteworthy that at
higher PbI2 concentrations, peak intensity became stronger,
indicating the incomplete conversion to perovskites.
Fig. 3 UV-vis spectra of TiO2/CH3NH3PbI3 films.
3.2 Enhanced light absorption and light scattering of
perovskite capping layers

We tested UV-vis absorption spectra and diffuse reection
spectra of mp-TiO2/perovskites lms to study optical properties
Fig. 2 X-ray diffraction (XRD) patterns of TiO2/CH3NH3PbI3 films.

This journal is © The Royal Society of Chemistry 2014
with different PbI2 solutions. With higher concentrations of
PbI2 solutions, the enhanced absorption in the range of 450–
750 nm were obtained, as illustrated in Fig. 3. Even at a low
concentration of 300 mg mL�1, a capping layer was formed on
the TiO2 lm (Fig. 1(a)), indicating that the mesoporous lm
was probably lled up.11 The larger amount of perovskites in the
capping layer, as illustrated in the SEM images (Fig. 1), greatly
improved the absorption. The drop of absorption at 500 nm was
induced by the corrosion of CH3NH3PbI3 in the air.24 At lower
concentrations, due to the smaller amount of perovskites and
uncompleted coverage in the capping layer, more CH3NH3PbI3
particles in mesoporous TiO2 lms were exposed to air, and the
high specic surface area provided by mesoporous TiO2 lms
accelerated the degradation of CH3NH3PbI3. However, with
complete coverage, the capping layer formed a barrier for the
further contact between CH3NH3PbI3 particles in mesoporous
TiO2 lms and air, remarkably retarding the corrosion of
CH3NH3PbI3.

Moreover, from the SEM images, we found that as the
concentration increased, larger perovskite particles appeared in
the capping layer. More details can be seen in the cross-
sectional SEM images illustrated in Fig. S1 (ESI†). The co-exis-
tence of big and small perovskite particles is benecial to light
scattering in the perovskite lm, which contributes to a higher
possibility for photons to be captured by preventing most of the
incident light from transmitting out directly.25,26 To conrm
this, diffuse reection spectra of perovskite-sensitized TiO2

lms were carried out, as shown in Fig. 4. Because perovskites
had no absorption at the long wavelength range above 800 nm
and TiO2 photoanodes used in all devices were the same,
differences between the reectance data of perovskite on TiO2

lms clearly reected the effects of light scattering in various
Fig. 4 Diffuse reflection spectra of TiO2/CH3NH3PbI3 films.

J. Mater. Chem. A, 2014, 2, 14973–14978 | 14975
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capping layers. Fig. 4 indicates that perovskite lms prepared
using 463 mg mL�1 and 500 mg mL�1 PbI2 solutions show
signicantly improved scattering performances, consequently
giving rise to the light harvesting. Moreover, the effective
dielectric coefficient 3m of mp-TiO2/perovskites lms can also
affect light scattering. Table S1 (ESI†) shows an obvious
change of the effective dielectric coefficient from 300 mg mL�1

to 400 mg mL�1, whereas a slight increase was observed in the
range of 400–500 mg mL�1. According to Mie theory,30 both the
larger size of perovskite particles and the increased effective
dielectric coefficient led to the enhancement of scattering (see
details in ESI†). Because in the range of 400 mg mL�1 to 500 mg
mL�1, 3m slightly changed but the size of perovskite particles
obviously increased with PbI2 concentration, we mainly
contributed the enhanced reectance at higher concentrations
to the larger particle sizes in capping layers. Therefore, both the
larger amount of perovskites in capping layers and the
enhanced light scattering increased the light absorption, facil-
itating light harvesting and the possibility for incident photons
converting into electrons.
Fig. 5 J–V curves of the 300 mg mL�1 and the 463 mg mL�1 devices
in the best performing batch under simulated AM1.5G solar irradiation.

Fig. 6 (a) IMPS spectra and (b) IPCE spectra of photovoltaic devices.
3.3 Photovoltaic performances

Solar cells were fabricated by the aforementionedmethod in the
Experimental section, with spiro-OMeTAD as the hole-transport
material (HTM) and Au as the counter electrode. We have
measured J–V characteristics of a batch of devices with the four
concentrations under simulated air mass at 1.5 global (AM1.5G)
solar irradiation, and the concentration of PbI2 precursor
solutions had remarkable impact on the photovoltaic perfor-
mances, with details of the extracted performance parameters
provided in Fig. S2 (ESI†). The results showed that as the
concentration increased from 300 mg mL�1 to 463 mg mL�1,
the mean short circuit current Jsc rose from 15.2 mA cm�2 to
19.7 mA cm�2, and the power conversion efficiency (PCE) rose
from 6.9% to 9.2%. We mainly attributed the improved effi-
ciency to the obviously increased Jsc because the ll factor (FF)
and the open circuit voltage Voc showed inconspicuous varia-
tions, compared with Jsc. Based on the former results, it is
reasonable to attribute the improvement of photocurrents to
the following aspects: stronger light harvesting with a larger
amount of perovskites, higher coverage of capping layers, and
improved light scattering facilitated by both the larger particle
size in capping layers and the increased effective dielectric
coefficient. Moreover, the mean parameter values, such as Jsc
and the PCE of 500 mg mL�1 devices showed an obvious drop,
ascribed to the increased recombination induced by the
appearance of small voids observed in the Fig. 1(d), which was
proved by the J–V curves in the dark condition (Fig. S3†).

However, the performance of the 500 mg mL�1 devices had a
uctuation above and below those of the 463 mg mL�1 devices
in the same batch. Two reasons can explain this. First, the two
concentrations were close, and the corresponding mp-TiO2/
perovskite lms showed similar absorption (Fig. 3) and scat-
tering (Fig. 4). Second, the solvent induced by the solution
process probably inuenced the growth and distribution of
perovskite particles, particularly when excess perovskites
14976 | J. Mater. Chem. A, 2014, 2, 14973–14978
aggregated in the capping layers at as high as a concentration of
500 mg mL�1, and the change of capping layer morphologies
affected devices performances. Therefore, for clear and accurate
comparisons, we gave 300 mg mL�1 and 463 mg mL�1 as
examples to show the effects of capping layers on photovoltaic
performances. The best performing J–V curves are depicted in
Fig. 5. As the concentration increased from 300 mg mL�1 to 463
mg mL�1, the short circuit current Jsc reached as high a value as
20.6 mA cm�2, and the power conversion efficiency (PCE) rose
from 7.9% to 10.3% by 30.4%.

To fully study the increase of photocurrents, we discussed
the electron transfer in devices by measuring IMPS spectra with
the electrochemical workstation. IMPS spectra measure the
photocurrent response of the device to a small sinusoidal
perturbation of the light intensity superimposed on a larger
steady background level, providing information about the
dynamics of charge transport.28 As is shown in Fig. 6(a), the
electron diffusion coefficient increased as the concentration
rose from 300 mg mL�1 to 463 mg mL�1, indicating that the
electron transfer was accelerated. The incident photon-to-
current efficiency (IPCE) spectra were also carried out to inves-
tigate the ratio of extracted electrons to incident photons at a
given wavelength. Fig. 6(b) shows that in the range from 400 nm
This journal is © The Royal Society of Chemistry 2014
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to 750 nm, IPCE increased with the rise of concentrations from
300 mg mL�1 to 463 mg mL�1. As we know, IPCE is determined
by the following equation,29 expressed as

IPCE(l) ¼ LHE(l)4injhcoll,

where LHE (l) is the light-harvesting efficiency for photons of
wavelength l, 4inj is the quantum yield for the electron injection
from the light harvester to the conduction band of the semi-
conductor oxide, and hcoll is the electron collection efficiency.

A higher concentration of PbI2 solutions leads to higher LHE
due to the larger amount of perovskites and stronger light
scattering, veried by UV-vis spectra and diffuse reection
spectra. The accelerated electron derived from IMPS is favorable
to the rise of 4inj and hcoll. However, because the effective
diffusion length of triiodide perovskite is on the order of 100
nm,6 capping layers with excess thickness may interfere with the
electron injection into TiO2 lms, thus decreasing 4inj and hcoll.
Optimizing the thickness of the perovskite capping layer may
achieve both efficient electron transfer and strong light har-
vesting. Nevertheless, the enhanced IPCE values prove that LHE
has sufficient increase by which to compensate for the loss of
4inj and hcoll. This gives reasonable explanations for the
increasing photocurrents.
4 Conclusions

By controlling the concentration of PbI2 solutions in the
sequential deposition process, we have fabricated a series of
hybrid perovskite solar cells. In this work, we mainly focused on
the capping layers of perovskite lms, which attracted little
attention in previous studies. The effects of capping layers on
perovskite morphologies and photovoltaic performances of
devices were carefully investigated. It has been demonstrated
that the capping layer plays a critical role in perovskite solar
cells with light absorption and scattering of CH3NH3PbI3
particles. As the concentration of PbI2 solutions rises, we obtain
a higher coverage of perovskite capping layers on the meso-
porous TiO2 lms, which can decrease the charge recombina-
tion, and a larger amount of perovskites in the capping layer
and enhanced light scattering, both of which improve the light
absorption. All aspects previously presented are benecial for
the photocurrents, resulting in the highest values, up to 20.6
mA cm�2. By optimizing the concentration of PbI2 solutions
and perovskite capping layers, the efficiency of 10.3% has been
achieved. The impacts of the perovskite capping layer on the
performances of hybrid perovskite solar cells are astounding. By
optimizing the thickness of perovskite capping layers, we expect
that a higher efficiency can be achieved, and this part of the
research is proceeding in our lab.
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