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d structure for perovskite solar
cells with anomalous grain growth and effective
electron extraction†
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Joseph Michel Mbengue,a Wenjia Zhou,c Zhijun Ningc and Nam-Gyu Parkd
The structure of the perovskite solar cells (PSCs) is either mesoporous

or planar. Here, a novel structure for highly efficient and stable PSCs is

proposed, i.e., an embedded structure, which combines the advantages

of the mesoporous and planar structures. The embedded structure

utilizes a TiO2 nanoparticle embedded perovskite (CH3NH3PbI3) film as

the absorption layer. The presence of TiO2 nanoparticles in the

perovskite film could improve the electron extraction, and promote the

formation of a compact perovskite layer with large grains. Conse-

quently, the performance of the PSCs is significantly improved with

the efficiency increasing from 16.6% for the planar structure to 19.2%

for the embedded structure, which is the best performance of the

MAPbI3-based PSCs. Furthermore, the TiO2 embedded perovskite films

present better long-term stability than the pristine perovskite films, and

the corresponding PSCs, which have no other chemical modifications,

also show excellent stability with efficiency approaching 80% (for

average) or 90% (for the best) after being exposed to air for 28 days

without encapsulation.
Introduction

Organic–inorganic halide perovskite solar cells (PSCs) possess
the advantages of low-cost and high performance, especially the
power conversion efficiency (PCE).1–6 The outstanding perfor-
mance of the PSCs relies both on the perovskite itself and the
device structure. The structure of the PSCs is either mesoporous
or planar, depending on the presence or absence of a meso-
porous scaffold layer.7,8
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In PSCs with a mesoporous structure, the mesoporous layer
employs a mesoporous oxide (TiO2 or Al2O3) scaffold layer lled
with perovskite grains. Typically, in the TiO2-based mesoporous
structure, photo-induced electrons generated from perovskite
are demonstrated to be collected and transported by the TiO2

scaffold.5 However, it is also proved that the presence of the
TiO2 mesoporous layer increases the series resistance of the
PSCs, due to the inhibiting effect on the growth of perovskite
grains and the lower charge transport efficiency in the meso-
porous layer with respect to perovskite itself,9,10 leading to lower
device performance compared to the PSCs based on the planar
structure. In addition, mesoporous PSCs usually require a high
temperature annealing process for the formation of a high-
quality TiO2 scaffold layer to reduce the interfacial recombina-
tion between the TiO2 scaffold layer and the perovskite layer.11

In contrast, the planar structure employs a pristine perov-
skite layer directly deposited on the compact layer, which shows
unique performance for efficient PSCs on the basis of the
ambipolar nature of the perovskite material,12 avoiding addi-
tional series resistance and other disadvantages caused by the
mesoporous layer. Moreover, this structure can be facilely
fabricated at low temperature. However, it is shown that planar
PSCs suffered relatively low long-term stability compared to the
mesoporous PSCs,13 because of the electron recombination at
the perovskite/compact layer interface and the shunting paths
resulting from the presence of pin-holes in the perovskite lm
resulting from the absence of the TiO2 mesoporous layer.
Hence, the electron-conducting TiO2 is indispensable, at least
to some extent, for highly performing and long-term stable
PSCs, and it is crucial to explore solutions to avoid its weakness.

In this work, we propose a facile method to take advantage of
TiO2 overcoming its obstacles, which enables the high efficiency
and long-term stability of the as-prepared PSCs. The TiO2

embedded structure, instead of the traditional TiO2 meso-
porous structure, is explored by incorporating TiO2 nano-
particles into perovskite grains (instead of lling TiO2 pores
with perovskite grains). The TiO2 embedded structure could
provide an efficient pathway for electron extraction and avoid
This journal is © The Royal Society of Chemistry 2017
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the unfavorable resistance induced by the massive interfaces of
TiO2mesoporous layers. Furthermore, the embedded TiO2 could
promote the grain growth of perovskite to form a large-grain
compact perovskite lm. Meanwhile, a two-step mechanism for
the anomalous grain growth is revealed. The average PCE of such
PSCs with the TiO2 embedded structure (embedded PSCs)
improved compared to that of the standard planar PSCs, from
16% to 18%, and the highest efficiency of embedded PSCs
achieved was 19.2%, which is the best performance of the
CH3NH3PbI3-based PSCs. More encouragingly, the embedded
PSCs exhibit notable long-term air stability, which keeps
approaching 80% of their original efficiency aer being exposed
to air for 28 days. In contrast, the standard planar structure PSCs
showed marked degradation (almost 40%) aer being exposed
for the same period.
Results and discussion

The schematic illustration of PSCs with different structures is
shown in Fig. 1. As shown in Fig. 1a, the mesoporous PSCs have
a mesoporous layer inltrated with perovskite and a perovskite
capping layer together acting as the light absorption layer. The
mesoporous layer extracts and transfers photo-induced elec-
trons from perovskite. Consequently the performance of the
device is closely bounded up with its thickness and porosity.
Different from the mesoporous PSCs, the planar PSCs possess
a pristine perovskite layer, as shown in Fig. 1b, which forms the
heterojunction with the n-type compact layer directly. The
photo-induced electrons could be selected and transferred at
the interface of the compact TiO2 layer and the perovskite layer.
Distinct from those two standard structures, the embedded
PSCs, as shown in Fig. 1c, have a hybrid absorption layer with
the well-dened TiO2 nanoparticles embedded uniformly into
the perovskite grains. These TiO2 nanoparticles surround the
perovskite grains and form electron transport pathways from
the perovskite layer to the compact TiO2 layer. As the result, the
Fig. 1 Schematic illustration of the structure and the electron transfer of
mesoporous layer (M-TiO2), which could extract and transfer photo-in
perovskite layer deposited directly on the compact TiO2 (C-TiO2) layer, w
involving a TiO2 embedded perovskite layer, which could achieve mo
perovskite.

This journal is © The Royal Society of Chemistry 2017
photo-induced electrons can be extracted by the nearest TiO2

nanoparticles and transported by the embedded TiO2 network
efficiently. Hence, this TiO2 embedded structure simulta-
neously favors the electron extraction in PSCs and provides
a discontinuous scaffold structure for better stability of perov-
skite lms.

The TiO2 embedded perovskite lm was obtained via spin
coating TiO2/PbI2 solution on the compact layer followed by
dipping into MAI (MA ¼ CH3NH3) solution to form the perov-
skite (MAPbI3) lm.14 Here, different amounts of TiO2 are
introduced by varying the content of TiO2 while xing the PbI2
concentration in the solution, which is 0–0.1 wt% in the
TiO2/PbI2 blend.

The representative current density–voltage (J–V) curves of the
PSCs prepared from different TiO2 amounts in the TiO2/PbI2
blend are shown in Fig. 2. The average results of photovoltaic
parameters obtained from twenty corresponding PSCs
including short-circuit current density (JSC), open-circuit voltage
(VOC), ll factor (FF) and photoelectric conversion efficiency
(PCE) are summarized in Table 1. It can be seen that the
performance of the PSCs prepared from xwt% (x > 0) TiO2 in the
TiO2/PbI2 blend (dened as embedded PSCs) presents an
increase–decrease trend in device performance, especially in
JSC, FF and PCE, indicating that the presence of TiO2 nano-
particles in perovskite, despite their trace amount, has
a signicant inuence on the performance of PSCs. A signi-
cant improvement of device performance is shown by the
embedded PSCs under the condition of 0.05 wt% TiO2, which
exhibits a PCE of 18.93% (10% higher than that of the standard
planar PSCs). When the TiO2 amount was lower than 0.05 wt%,
the embedded PSCs perform similarly to the standard planar
ones, as the TiO2 nanoparticles are not able to affect the device
performance by a large extent with a low wt%. It is worth noting
that the FFs of the embedded PSCs prepared under the condi-
tions of 0.03–0.05 wt% TiO2 are higher than that of the standard
planar PSC, which implies that the series resistance is reduced
perovskite solar cells: (a) mesoporous structure employing a thin TiO2

duced electrons. (b) Planar structure with a well-crystallized pristine
hich acts as the electron-extractive layer. (c) TiO2 embedded structure
re efficient extraction and transfer of electrons between TiO2 and
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Fig. 2 (a) Current density–voltage (J–V) curves obtained for the PSCs fabricated with different TiO2 amounts in the TiO2/PbI2 blend (0–0.1 wt%).
All the PSCs were measured under AM 1.5G solar irradiation of 100 mW cm�2 in ambient atmosphere without encapsulation at a constant rate of
100 mV s�1. (b) IPCE curves of PSCs with different TiO2 amounts in the TiO2/PbI2 blend. (c) IPCE of the embedded PSC (0.05 wt% TiO2) and the
corresponding integrated current that is generated under AM 1.5G irradiation. (d) J–V curve measured for the best-performing embedded PSCs.
(e) Average values of JSC, VOC, FF and PCE obtained for the standard planar PSCs and the TiO2 embedded PSCs. Error bars indicate the standard
deviation; twenty devices per type were used. (f) log–log plots of dark J–V curves of PSCs with the planar structure and the TiO2 embedded
structure.

Table 1 Photovoltaic parameters of the PSCs prepared from different
TiO2 amounts in the TiO2/PbI2 blend (0–0.1 wt%)

Amounts of TiO2

nanoparticles JSC (mA cm�2) VOC (V) FF (%) PCE (%)

Standard
(0 wt%)

21.57 1.06 72.44 16.62

0.03 wt% 20.97 1.05 75.29 16.61
0.04 wt% 21.02 1.06 75.85 16.96
0.05 wt% 22.40 1.08 77.70 18.93
0.07 wt% 17.88 1.05 65.0 12.39
0.1 wt% 11.05 1.05 62.0 7.31

Journal of Materials Chemistry A Communication
by introducing TiO2 nanoparticles in perovskite. When the
amount of TiO2 nanoparticles (0.07–0.1 wt%) is further
increased, the device performance becomes poorer than that of
1408 | J. Mater. Chem. A, 2017, 5, 1406–1414
the standard planar PSCs. IPCE (incident photon-to-electron
conversion efficiency) spectra of the PSCs presented in Fig. 2b
show the same trend in the change of the IPCE as that of the JSC
obtained from J–V curves (listed in Table 1). The highest IPCE is
also obtained under the condition of 0.05 wt% TiO2, leading to
a JSC of 22.9 mA cm�2 calculated from the IPCE spectrum (as
shown in Fig. 2c), which is similar to the result obtained by J–V
measurements. The poor performance of the embedded PSCs
prepared from a large amount of TiO2 nanoparticles is caused
by the increased series resistance in the perovskite lm induced
by the high density of TiO2 nanoparticles in the perovskite lm,
leading to the lowered JSC, FF and the resultant PCE.

The highest efficiency achieved by the embedded PSCs is
19.2% (as shown in Fig. 2d), in which the perovskite lm is
prepared from 0.05 wt% TiO2 in the TiO2/PbI2 blend. Moreover,
This journal is © The Royal Society of Chemistry 2017
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the average performance of the embedded PSCs (0.05 wt% TiO2)
is obviously better than that of the standard planar PSCs. As can
be seen in Fig. 2e, the average values of JSC, VOC, FF and PCE
corresponding to the embedded PSCs present an excellent
reproducibility compared to that of the standard planar PSCs.
The average PCE of the embedded PSCs is improved by 10%
compared to that of the standard planar PSCs.

Dark J–V characteristics of the planar and embedded PSCs
are analyzed to get a further insight into the role of the TiO2 in
the device performance.15 As shown in Fig. 2f, the dark current
density is composed of the recombination current in the space
charge zone at low voltages and the dri current across the
device at high voltages. The embedded PSC displays a lower
recombination current density and a higher dri current than
the planar PSC. These phenomena indicate that the recombi-
nation in the space charge zone is reduced by incorporating
TiO2 in perovskite. In addition, the electrical parameters
including the reverse saturation current (J0) and the series
resistance (Rs) of the PSCs with and without TiO2 were calcu-
lated by tting dark J–V curves using the Shockley equation:

J ¼ J0

�
exp

�qðV � AJRsÞ
mkBT

� 1

�
þ V � AJRs

ARsh

(1)

where A and m represent the device area and the diode ideality
factor, Rsh represents the shunt resistance, respectively. Dark
curves of the standard planar and the TiO2 embedded PSCs and
the corresponding curves tted by eqn (1) are shown in Fig. 3. As
J0 is determined by the carrier recombination induced by trap
states, lower J0 (3.72 � 10�6 mA cm�2) of the embedded PSC
reveals lowered carrier recombination and reduced trap states
in the presence of TiO2 nanoparticles in the perovskite lm than
the standard PSC (J0 ¼ 1.03 � 10�5 mA cm�2). Furthermore, the
value of Rs (5.8 U) is lower in the embedded PSC than in the
planar PSC (Rs ¼ 35.62 U), which indicates that the carrier
transport is more favorable in the embedded PSC. The reduced
carrier recombination and lowered series resistance are bene-
cial for a higher JSC and FF of the PSCs; therefore, the
embedded PSCs exhibit high device performance than the
planar PSCs.
Fig. 3 Dark curves and the fitting curves of (a) the standard planar PSC
fitting dark curves corresponding to the standard planar and the TiO2 em
carrier recombination and reduced trap states.

This journal is © The Royal Society of Chemistry 2017
From the above J–V characteristic analysis, it is clear that the
incorporation of TiO2 nanoparticles in fabricating the perov-
skite lm has signicant impact on the device performance.
Theoretically, the TiO2 nanoparticles probably function through
two aspects. One is the engineering of the perovskite lm
during fabrication. The other one is their electronic properties,
which are similar to their role in mesoporous PSCs, i.e., the
electron extraction and electron transport properties.

To investigate the morphological properties of the TiO2

embedded perovskite lm, scanning electron microscopy (SEM)
images of the perovskite lms with different amounts of TiO2 in
the TiO2/PbI2 blend (0.03–0.1 wt%) were recorded and shown in
Fig. S1.† The TiO2 embedded perovskite lms with various TiO2

amounts are all more compact with a larger grain size than the
pristine perovskite lm. In particular under the condition of
0.05 wt% TiO2 in the TiO2/PbI2 blend, the grain size is obviously
larger in the embedded perovskite lm than in the pristine
perovskite lm, as shown in the SEM images in Fig. 4a and c.
The pristine perovskite lm yields a poly-crystalline morphology
with a grain size of around 200 nm, whereas the embedded
perovskite lm exhibits an average grain size of 800 nm along
with amore preferred orientation as conrmed from the layered
morphology. Furthermore, the embedded perovskite lm is
more uniform and dense. Thus it is clear that the mechanisms
of grain growth of the perovskite lms with and without TiO2

are quite different. This anomalous phenomenon of grain
growth of the embedded perovskite lm involves two kinetic
processes: the fast heterogeneous nucleation process16 and the
anomalous grain growth mechanism.17,18

At the nucleation stage, TiO2 nanoparticles dispersed in the
precursor solution provide many heterogeneous nucleation
sites which facilitate the nucleation of perovskite, owing to the
lower nucleation energy barrier at the heterogeneous TiO2/PbI2
solution interfaces than at the homogeneous interfaces.19

Hence, the heterogeneous nucleation process induced by the
embedded TiO2 nanoparticles promotes the nucleation of
perovskite grains, as depicted in Fig. 4b and d, which makes the
as-prepared perovskite lm more compact. Meanwhile, the
embedded TiO2 nanoparticles provide many nucleation sites,
and (b) the TiO2 embedded PSC. Inside parameters are calculated by
bedded PSCs. Lower J0 of the TiO2 embedded PSC reveals lowered

J. Mater. Chem. A, 2017, 5, 1406–1414 | 1409



Fig. 4 Scanning electron microscopy (SEM) images of (a) pristine perovskite film (average grain size � 200 nm) and (c) TiO2 embedded
perovskite film (0.05 wt% TiO2 in the TiO2/PbI2 blend) (average grain size � 800 nm). Schematic illustration of the process of nucleation and
growth of perovskite grains (b) without and (d) with TiO2 nanoparticles. (e) Plots of average grain size vs. annealing temperature corresponding to
the pristine perovskite films and the embedded TiO2 films. (f) and (g) present the morphology images of the pristine perovskite films and the TiO2

embedded perovskite films annealed at temperatures of 130 �C, 140 �C and 150 �C, respectively.

Journal of Materials Chemistry A Communication
leading to the perovskite grains in the embedded perovskite
lm yielding many reentrant edges which can promote the
grain growth,18 as shown in Fig. S2.†

In the anomalous grain growth process, the annealing
process plays a very important role to drive the mobility of the
grain boundaries. With the annealing proceeding to a relatively
high temperature, the boundaries of the embedded grains will
migrate and a number of small grains grow and inltrate into
each other.20 Hence, the grain size is greatly increased, leading
to the large grain size of the embedded perovskite lm, as
shown in Fig. 4d. This anomalous grain growth process induced
by the existence of TiO2 nanoparticles can be conrmed by the
change of the perovskite grain size with the annealing temper-
ature, as shown in Fig. 4e–g. In the normal grain growth
scenario without TiO2 nanoparticles, the grain size increases
gently with the annealing temperature as expected. In the
anomalous grain growth scenario with TiO2 nanoparticles, the
grain size increases abruptly with the temperature, as shown in
Fig. 4e and g, the average grain size increases from less than
200 nm to around 800 nm in the TiO2 embedded perovskite
lm. The uniform and compact perovskite lms with a larger
grain size possess less grain boundaries and fewer traps,
1410 | J. Mater. Chem. A, 2017, 5, 1406–1414
minimizing the carrier losses induced at the grain boundaries
and by the trap states.21 Thus, the improved morphology of the
perovskite lms induced by the presence of TiO2 nanoparticles
can be concluded to be one of the main origins of the high
performance of the TiO2 embedded PSCs. In addition, larger
grains and the compact morphology of the embedded perov-
skite lm minimize the negative impact of oxygen and mois-
ture, which favors the long-term stability of the corresponding
lms and devices.

The embedded TiO2 nanoparticles can enhance the electron
extraction properties in the TiO2 embedded perovskite lm as
well. Hence, time resolved photoluminescence spectroscopy
(TRPL) is employed.22,23 For better comparison, the pristine
perovskite lm and the perovskite lm on compact TiO2 are also
characterized.

As shown in Fig. 5, PL decay shows stretch-exponential
proles, indicating that the decay is governed by the bimolec-
ular recombination process. The bimolecular recombination
rates a (a ¼ BDn0, where B and Dn0 represent bimolecular
recombination coefficient (cm3 s�1) and the excess carrier
concentration (cm�3) at t ¼ 0) of the perovskite lms can be
This journal is © The Royal Society of Chemistry 2017



Fig. 5 Time resolved photoluminescence decay at 760 nm obtained
for the standard planar perovskite films and for the embedded
perovskite films.

Fig. 6 J–V curves of the embedded and the standard planar PSCs
obtained from forward scan (from short-circuit to open-circuit) and
reverse scan (from open-circuit to short-circuit). The measurements
were taken under 1 sun illumination (100 mW cm�2) and at a voltage
scan speed of 100 mV s�1.

Communication Journal of Materials Chemistry A
estimated by tting the decay curves with the bimolecular
recombination equation as follows:

I ¼ I0(1 + at)�2 (2)

The TiO2 embedded perovskite lm shows a much faster
decay with a recombination rate of 2.2 � 108 s�1 compared to
the pristine perovskite lm (a ¼ 1.2 � 108 s�1), indicating the
extraction of the photo-generated electrons from the perovskite
to TiO2. The perovskite lm on compact TiO2 yields different
decay trends depending on the irradiation side. Under condi-
tions of irradiation from the perovskite side, the PL decay
prole (a ¼ 1.1 � 108 s�1) is similar to that of the pristine
perovskite lm, pointing to the fact that most of the photo-
generated electrons are not extracted from the perovskite to the
compact TiO2 layer, which also implies that the electrons
generated inside the perovskite lm (away from the compact
TiO2) cannot be extracted effectively. For irradiation from the
compact TiO2 side under which condition the photo-generated
electrons move close to the compact TiO2/perovskite interface,
the decay becomes fast with a decay rate of 1.8 � 108 s�1, which
is similar to that of the TiO2 embedded perovskite lm. Hence,
the TiO2 embedded structure possesses better electron extrac-
tion ability than the compact TiO2, i.e., the electron extraction is
more efficient in the TiO2 embedded lm than in planar
perovskite, as shown in Fig. S3.† Furthermore, high resolution
transmission electron microscopy (HRTEM, Fig. S4 and S5†)
reveals that the perovskite grains are surrounded by the
continuous TiO2 nanoparticles, which form an electron trans-
port network and conduct the electrons to the compact TiO2

layer. In consequence, the favored electron extraction from
perovskite grains to the outer circuit benets the suppression of
carrier recombination in the perovskite lm, leading to a low
carrier recombination current in the corresponding PSCs.

Furthermore, the TiO2 embedded PSCs exhibit lower
hysteresis than the standard planar PSCs. The J–V curves ob-
tained from forward and reverse scans of the optimized
embedded PSC and the optimized standard planar PSC are
This journal is © The Royal Society of Chemistry 2017
shown in Fig. 6. The forward and the reverse J–V curves corre-
sponding to the embedded PSC present less difference
compared with those of the standard planar PSC. The low
hysteresis of the embedded PSCs can be attributed to the larger
grain size of perovskite with fewer trap states and the higher
electron extraction efficiency for reduced carrier recombina-
tion.24 In addition, the high-quality grains of the embedded
perovskite possess less disordered lattices and can rene the
accumulation of unstable ions in the vicinity of grains, resulting
in a slower process of electrode polarization.25 Furthermore, the
embedded TiO2 nanoparticles scattered around the perovskite
grains (shown in Fig. S6†) provide many TiO2/perovskite inter-
faces which could minimize the effect of the traps of the
perovskite surface, resulting in low hysteresis.

The stability of the perovskite lms and the PSCs in ambient
surroundings is the key issue affecting their applications. Here,
it is proved that the incorporation of TiO2 nanoparticles in
fabricating perovskite lms improves the lm and device
stability. The pristine and embedded perovskite lms were
degraded in ambient air (temperature: 21 �C; humidity: 40%)
for 21 days, and their absorption spectra and digital photos
were recorded every 7 days. As shown in Fig. 7a, the absorption
prole of the pristine perovskite lm varies with the degrada-
tion period, demonstrating the gradual decomposition of the
pristine perovskite lm. In particular, the absorption prole
corresponding to the perovskite lm degraded for 21 days is
similar to that of pure PbI2, revealing the serious decomposition
of the pristine perovskite lm. In contrast, the TiO2 embedded
perovskite lm presents excellent stability aer degradation for
21 days, as shown in Fig. 7b, which only yields small changes in
the absorption intensity. The photos of these perovskite lms
also present a similar changing tendency, i.e., the color of the
pristine lm changed from dark-red to light-yellow whereas the
TiO2 embedded lm shows no obvious change aer a long
period of degradation (21 days). In addition, X-ray diffraction
(XRD) measurement was employed as well, as shown in
Fig. S7(a and b).† Comparing the XRD patterns of the pristine
J. Mater. Chem. A, 2017, 5, 1406–1414 | 1411



Fig. 7 The absorption spectra of (a) pristine perovskite film and (b) TiO2 embedded perovskite film (0.05 wt% TiO2 in the TiO2/PbI2 blend) versus
the degradation time. Insets are the digital photos of these films. The absorption measurement and the photos were taken every 7 days. (c–f)
Photovoltaic parameters ((c) JSC. (d) VOC. (e) FF. (f) PCE) of the standard planar PSCs and the TiO2 embedded PSCs versus the degradation period
in ambient air. These PSCs were measured every 7 days and stored in ambient air (kept in the dark) before and after J–V measurement.

Journal of Materials Chemistry A Communication
perovskite lm and the TiO2 embedded perovskite lm, it is
clear that the pristine perovskite lm shows a more intense
diffraction peak of PbI2 than the embedded perovskite lm aer
being stored in ambient air for 28 days, again demonstrating
that the embedded perovskite lm possesses stronger tolerance
to ambient air.

Furthermore, the stability of the embedded PSCs is also
improved. In order to eliminate the inuence of the HTM/metal
interface on the stability of perovskite solar cells,15 we studied
the stability of perovskite solar cells by a non-persistent
measuring method by measuring these planar and TiO2

embedded PSCs every 7 days, keeping these devices in the dark
before and aer J–Vmeasurement. The photovoltaic parameters
versus degradation time are presented in Fig. 7c–f, which reveals
that the embedded PSCs degrade slower than the standard
planar PSCs. JSC and FF of the embedded PSCs are obviously
better than those of the standard planar PSCs. Hence, the
average PCE of the embedded PSC exhibits excellent long-term
stability, which approaches 80% of the initial average PCE over
28 days. In comparison, the average PCE of the standard planar
1412 | J. Mater. Chem. A, 2017, 5, 1406–1414
PSC is degraded almost 40% for the same period. These results
reveal that the TiO2 embedded structure can signicantly
enhance the long-term stability of PSCs. The excellent long-term
stability of the perovskite lms and devices with the TiO2

embedded structure is beneted from the embedded TiO2

nanoparticles. Previous studies reveal that the PSCs with large
perovskite grains and a compact perovskite lm possess better
device stability,26,27 because large grains and the compact lm
can minimize the negative impact of oxygen and moisture. In
the presence of TiO2 nanoparticles, the perovskite lms are
compact and yield a large grain size (as revealed by the SEM
images in Fig. S1 in the ESI†), which are benecial for the device
stability. Meanwhile, it is also reported that the PSCs with a TiO2

mesoporous scaffold present better stability than the planar
PSCs, because the lm formation and the coverage of PSCs with
the TiO2 mesoporous structure can be well controlled by the
scaffold layer.28,29 Here, the embedded TiO2 plays a similar role
as the TiO2 scaffold, which can also improve the lm perfor-
mance and coverage, leading to the formation of the compact
perovskite lm, and hence, leading to better device stability.
This journal is © The Royal Society of Chemistry 2017
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Combining the above benets, the embedded perovskite lms
and PSCs show improved device stability than the standard
planar PSCs.
Conclusions

A smart hybrid structure of TiO2 embedded perovskite was
proposed to take advantage of TiO2 nanoparticles in perovskite
lms. The PSCs based on such a hybrid structure as the active
layer, dened as the embedded PSCs, possess a different
architecture from the reported mesoporous or planar PSCs. The
embedded PSCs exhibit excellent photovoltaic performance and
long-term stability compared to the standard planar PSCs,
owing to the enhanced electron extraction and the enlarged
grain size of the perovskite promoted by the TiO2 nanoparticles.
This novel TiO2 embedded structure provides an optional
structure to construct perovskite solar cells and opens up a new
path for enhancing the photovoltaic performance and long-
term stability of PSCs through a facile way.
Experimental section
Materials

All the materials were purchased from commercial sources and
used as received. CH3NH3I was purchased from Xi'an Polymer
Light Technology Corp. (purity: 99.5%), PbI2 was purchased
from Alfa Aesar (purity: 99.999%) and TiO2 was purchased from
Aladdin. N,N-Dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) were purchased from Acros Oganics (Extra dry).
Fabrication of TiO2/CH3NH3PbI3 lms and PSCs

TiO2/CH3NH3PbI3 lms were fabricated using a modied
sequential deposition process.14 For forming TiO2 embedded
CH3NH3PbI3 lms, TiO2/PbI2 was rst loaded by spin-coating
onto a compact TiO2 layer from 1 M PbI2/DMSO solutions
containing various amounts of TiO2 nanoparticles (particle
size: 25–30 nm; rutile nanoparticle, as shown in Fig. S8†), and
then dipped into a solution of CH3NH3I in ultra-dry iso-
propanol for 5 min, and the TiO2/CH3NH3PbI3 lms formed
followed by annealing at 150 �C. For obtaining the mixed
precursor solution of TiO2 and PbI2, TiO2 nanoparticles
(particle size: 25–30 nm) were added into the PbI2/DMSO
solution, which is 0–0.1 wt% in the TiO2/PbI2 blend. The TiO2/
PbI2/DMSO precursor solution was stirred for 5 h to make sure
that the TiO2 nanoparticles were dispersed uniformly in the
solution. The CH3NH3I/IPA solution with the concentration of
40 mg ml�1 was stirred intensely to obtain the well dissolved
solution. All of the procedures were carried out in a glovebox
lled with high purity N2. For fabricating PSCs, the compact
TiO2 layer was deposited on the FTO substrate by TiCl4
treatment as illustrated in our previous work,30 and then the
TiO2/CH3NH3PbI3 lms containing various amounts of TiO2

(0–0.1 wt%) were fabricated by a sequential method, and the
HTM layer was deposited sequentially. Aer that, the Au elec-
trode was sputtered.
This journal is © The Royal Society of Chemistry 2017
Characterization

Current–voltage curves were measured using a source meter
(Keithley 2400) under AM 1.5G irradiation with a power density
of 100 mW cm�2 from a solar simulator (XES-301S+EL-100). The
morphologies of the as-prepared CH3NH3PbI3 with and without
TiO2 nanoparticles were characterized by scanning electron
microscopy (SEM) (FEI SIRION 200). The chemical composi-
tions and structures of the lms were analyzed by X-ray
diffraction (XRD) (Bruker D8 Advance X-ray diffractometer,
Cu-Ka radiation l ¼ 0.15406 nm).
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