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nosheets synthesized using a high
pressure solvothermal method and the enhanced
photoresponse performance of CH3NH3PbI3–TiO2

composite films†
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Qilong Wangb and Deliang Cui*a

In perovskite–TiO2 composite optoelectronic devices, a large grain size, a high percentage of {001} facets,

TiO2 nanocrystals with high crystallinity, and good interconnectivity between both TiO2 and perovskite

particles are crucial for the excellent performance of a hybrid photodetector. In this work, a high

pressure hydrothermal method was developed to synthesize highly crystalline ultrathin (2–3 nm) TiO2

nanosheets bound with a high percentage of {001} facets. When these TiO2 nanosheets were utilized in

the fabrication of perovskite–TiO2 composite photodetectors, a strikingly increased responsivity and

detectivity were achieved. Furthermore, when the films were subjected to high pressure thermal

treatment, both the particle size and the uniformity of the composite films greatly increased, resulting in

a better performance of the hybrid photodetectors.
The power conversion efficiencies (PCEs) of organic–inorganic
perovskite solar cells (PSCs) have rapidly reached a remarkable
22.1%,1 while it was only 3.8% (ref. 2) less than a decade ago.
The small effective mass and high mobility of the carriers, a low
exciton binding energy and an extremely long exciton diffusion
length were found to be responsible for the unprecedented
performance of the PSCs.3–9 Therefore, organic–inorganic
perovskites can be widely utilized in the elds of gas sensors,10

photodetectors11–15 and lithium ion batteries16 etc. The perov-
skite CH3NH3PbI3 is an ideal active material for photovoltaic
devices, as its band gap (�1.5 eV) matches well with the energy
of visible and near-IR light. So, the weakly bound excitons with
lifetimes as long as �300 ns are another advantage for their
application in photodetectors.17,18

TiO2, one of the most commonly used charge separation
layer materials in solar cells, has been investigated intensively
using both experimental and theoretical methods, including
the tailoring of the facets,19 impurity doping,20 surface state
simulations,21,22 photovoltaic and photocatalytic applica-
tions,22–24 and so on. In fact, the {001} facets of anatase TiO2 are
believed to behave better than the {101} facets in both
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photovoltaic and photocatalytic applications22,25 because of
their higher chemical reactivity. When combined with the
perovskite, the bound {001} facets of anatase TiO2 nanocrystals
exhibited much better performance in PSCs26 and photodetec-
tors.27 Therefore, the successful synthesis of anatase TiO2 con-
taining a high percentage of {001} facets (ref. 28) has attracted
much attention. Generally, the introduction of F� is believed to
be the most effective strategy to control the growth of the {001}
facets of anatase TiO2 nanocrystals.29–34 However, excessive F�

can severely etch the {001} facets of TiO2 nanoakes and create
some defects. Even now, it is still a great challenge to grow
ultrathin TiO2 nanosheets with high crystallinity. It is known
that high crystallinity and a low defect density are of great
importance in both facilitating the transportation and reducing
the recombination centers of photo-generated carriers at the
interfaces among different kinds of materials. Therefore, it is
essential to develop a modied strategy to grow highly crystal-
line ultrathin TiO2 nanosheets with a high percentage of {001}
facets combining the effect of F�.

Our former work has shown that a high pressure can greatly
increase the crystallinity and effectively control the growth of
the nanocrystals in a solvothermal system.35 Herein, the ultra-
thin TiO2 nanosheets were rstly synthesized using a high
pressure solvothermal method. They present high crystallinity
and a high percentage of {001} facets. When they were
composited with perovskites, the perovskite–TiO2 nano-
composite lms exhibited a strikingly improved responsivity as
photodetectors. Furthermore, aer the lm was treated using
a thermal-press method, both the particle size and the
RSC Adv., 2017, 7, 20845–20850 | 20845
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uniformity of the lm were greatly increased, resulting in the
further improvement of their photoresponse performance.

In a typical synthetic process, a certain amount of HF was
added to the TBOT (tetrabutyl titanate) solution with stirring for
over 30 min. Aer that, the solution was sealed in a hot-press
autoclave (Fig. S1†) and heated to 200 �C at a rate of 5 �C
min�1. Aer the reaction was maintained for 24 h at a pressure
of 200 MPa, ultrathin TiO2 nanosheets formed. The details of
the synthetic procedures are described in the ESI† (Experi-
mental section). The product was rst analyzed using powder X-
ray diffraction (XRD). All of the diffraction peaks (Fig. 1a) match
with anatase TiO2 (JCPDS no. 12-2172) without any crystalline
impurities. As depicted in Fig. 1b and S2,† the as-obtained TiO2

crystals show a uniform rectangular shape and are 50–100 nm
in lateral dimension. The high transparency of the TiO2 nano-
sheets with respect to the electron beam indicates the ultrathin
characteristic of the sample. A typical cross-sectional view
shows a thickness of 2–3 nm for the TiO2 nanosheets (Fig. 1c),
which is much thinner than those synthesized using traditional
solvothermal methods (Fig. 1d). The suppressed growth of the
{001} facets can be deduced from the enhanced adsorption of
F� on the (001) plane at high pressure. Molecular dynamics
simulation results indicated that more F� could be strongly
absorbed on the {001} facets at high pressure than at a lower
pressure (Fig. 1e), which could obviously suppress the further
growth of the nanosheets along the [001] direction at high
Fig. 1 (a) XRD pattern of the ultrathin anatase TiO2 nanosheets
synthesized via a high pressure solvothermal method. (b and c) TEM
and side-view HRTEM images of the ultrathin TiO2 nanosheets. (d) A
TEM image of the TiO2 nanosheets synthesized via a conventional
solvothermal method. (e) The relative concentration of F� as a func-
tion of the distance from the anatase (001) plane. (f) A top-viewHRTEM
image of the ultrathin TiO2 nanosheets.

20846 | RSC Adv., 2017, 7, 20845–20850
pressure. Then, ultrathin TiO2 highly crystalline nanosheets
were obtained. The lattice fringes in the magnied HRTEM
images are ascribed to the (001) and (101) planes (the inset in
Fig. 1c). The top-view HRTEM image of the TiO2 nanosheets
shows the single-crystal character of the nanosheets without
any obvious defects. The lattice with a spacing of �0.35 nm can
be indexed to the {101} set of planes (Fig. 1f). To illustrate the
effect of F� on the control of the thickness and defect density,
we conducted a series of F� concentration dependent experi-
ments. It was found that thinner nanosheets were obtained
when increasing the F� concentration from 8 wt% (HF-2) to 15
wt% (HF-4) (Fig. S2–S4†). However, when it was continually
increased to 27 wt% (HF-8), the obtained TiO2 nanosheets were
obviously etched and a large amount of dot defects appeared on
the {001} facets (Fig. S5†). So, the synergetic effect of F� and
high pressure induces the formation of highly crystalline
ultrathin TiO2 nanosheets.

Aer the synthesis of highly crystalline and ultrathin anatase
TiO2 nanosheets, they were composited with CH3NH3PbI3 to
make a photodetector lm device. As mentioned above, rstly,
high crystallinity and a low defect density of anatase TiO2

nanosheets can effectively suppress the recombination of the
electrons and holes. Secondly, ultrathin TiO2 nanosheets with
a high percentage of {001} facets can more effectively achieve
photo-generated carrier transfer on the interfaces.36–41 There-
fore, the synthesized TiO2 nanosheets are expected to be
a promising candidate for enhancing the photoresponse prop-
erty of CH3NH3PbI3 lms. In addition, the interface contact of
TiO2 and CH3NH3PbI3 also plays a crucial role in improving the
behavior of the device.42–46 It is known that the carriers in the
device can easily recombine at the defects and the crystal
boundaries that can act as the trapping medium in semi-
conductors, which is harmful for the device’s performance and
should be avoided.47–49 Mohite et al. have successfully fabricated
perovskite solar cells with millimeter-scale grains that showed
a hysteresis-free photovoltaic response.50 This was attributed to
reduced bulk defects and improved charge carrier mobility in
the large-grain devices. In addition, Yang et al. believed that the
carrier recombination in the absorber could be suppressed by
carefully controlling the formation of the perovskite layer with
large-area grains and low defect density,51 facilitating carrier
injection into the carrier transport layers. So, preparing
a detector with a low defect density, few crystal boundaries and
large grains will be desirable.

Herein, a novel high pressure thermal treatment method was
developed to intensify the interface contact between the TiO2

nanosheets and the CH3NH3PbI3 particles. The details of the
procedures are described in the ESI.† As shown in Fig. 2a, the
pristine perovskite lm mainly consisted of small-sized, non-
uniform and irregular particles. The high density grain
boundaries, combined with the rough surface of the lm, easily
resulted in weak photo-generated carrier transfer in the lm.
When the CH3NH3PbI3–TiO2 lms were prepared using a typical
spin-coating process, the composite lms still presented
a similar morphology to the pristine perovskite lm (Fig. 2b). In
comparison, when the typical lm-forming process was fol-
lowed by a thermal-press treatment, the composite lm became
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of perovskite–TiO2 composite films. (a) A pure
perovskite film. (b) Before and (c) after the high pressure thermal
treatment of perovskite-8 wt% TiO2 (HF-4) films. (d) A schematic
illustration of the high pressure thermal treatment on the film.
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closely packed and was constructed of much larger grains that
were tens of microns in size (Fig. 2c and d), which facilitates the
transport of the photo-generated carriers in the composite lm.
The thickness of the composite lm aer the high pressure
thermal treatment was 1–2 mm (Fig. S6†). Additionally, the high
pressure could smooth the lm and undoubtedly promote the
interfacial contact between CH3NH3PbI3 and the TiO2 nano-
sheets. Therefore, an enhanced photoresponse performance
can be anticipated for the lm. To further illustrate the supe-
riority of the highly crystalline ultrathin nanosheets, TiO2

nanoakes with different thicknesses and defect densities were
also composited with CH3NH3PbI3 for comparison.

Because of the excellent optoelectronic characteristics of
TiO2 nanosheets and CH3NH3PbI3,52–56 the composite lm was
expected to exhibit a strong response towards light illumina-
tion. The photoresponse properties of the composite lms were
investigated in air at room temperature. Fig. 3a presents
a schematic diagram of the photodetector fabricated on an
Al2O3 substrate. The dynamic response curves of the lm
devices under 532 nm laser irradiation with a power intensity of
20 mW cm�2 are presented in Fig. 3b. The responsivity (R), the
ratio of the photocurrent to the incident light intensity, indi-
cates how efficiently the detector responds to an optical signal.
R is dened as follows:

R ¼ Iph

Plight

(1)

where Iph represents the photocurrent in the laser illumination
and Plight is the incident light intensity. Another important
parameter for the photodetector is the detectivity (D*) which is
given by:

D* ¼ Iph
�
Plight

ð2eIdÞ1=2
(2)

where e is the elementary charge and Id is the dark current,
which is dominated by the shot noise. Evidently, the dark
current should be suppressed as much as possible to
This journal is © The Royal Society of Chemistry 2017
distinguish it from weak optical signals. In order to obtain
a small value for Id, a semiconductor lm should have a low trap
density (demanding the high crystallinity of the components
and better boundary contact), low thermal emission rates and
good lm quality.

In our case, the calculated responsivity is 0.25 mA W�1 for
the pure perovskite and 1.5 mA W�1 for the best performing
sample (HF-4) which is about 6 times higher than that of the
pure one. The reason for the increase in the responsivity is
derived from the well-aligned band structure of the device
(Fig. 3c) which allows for rapid charge-carrier separation at the
interface, preventing photo-excited electrons in TiO2 from
recombining with holes. Interestingly, the other two samples,
namely sample (HF-2) and sample (HF-8), showed a lower
responsivity than even the pure perovskite. The reason is still
not very clear. The calculated specic detectivity for the sample
(HF-4) is 2.5 � 1010 Jones (Jones ¼ cm Hz1/2 W�1) with an
incident laser wavelength of 532 nm. In addition to the above
mentioned two important parameters, the linear relationship of
the photocurrent with the incident power of the laser is also very
crucial to the device’s performance. Taking sample (HF-4) as the
representative sample, its response to a series of laser power
intensities is presented in Fig. 3d and S7,† which clearly indi-
cates a nearly linear relationship between the photocurrent and
laser power with the R-square value of 0.98907 (Fig. 3e).

On the other hand, the TiO2 nanosheets, that were synthe-
sized using a conventional solvothermal method and are
denoted as “conventional TiO2 nanocrystals” (Fig. S4†), were
also applied in the fabrication of perovskite–TiO2 composite
lm photodetectors (Fig. S8†), in order to compare the photo-
response performances of them with that of the sample (HF-4).
The calculated responsivity for the device that was prepared
with the conventional TiO2 nanocrystals is only 0.375 mA W�1

(Fig. 4a), which is a little higher than that of the pure perovskite
TiO2 nanocrystals. The photocurrent of the former is almost
three times higher than that of the latter. Furthermore, when
the sample (HF-4) was treated using a high pressure annealing
method, it exhibited a more advanced photo-detecting perfor-
mance with a calculated responsivity of 2.4 mA W�1 (Fig. 4a).
The high pressure thermally treated device also showed great
linearity between the incident laser power and the photocurrent
(Fig. 4b).

As one of the most popular carrier transport materials in
perovskite solar cells, anatase TiO2 nanostructures have been
intensively investigated in order to achieve an optimized
performance. In order to fully understand the interaction
between CH3NH3PbI3 and the TiO2 nanosheets in the
composite lm, and the response mechanism, we conducted
molecular dynamics simulations with an NVT ensemble. A
detailed description of the computational process can be found
in the ESI.† The radial distribution functions of the two-
coordinated oxygen atoms (O2c) in TiO2 and the hydrogen
atoms on the alkyl- (CH–O2c) and amino- (NH–O2c) groups are
presented in Fig. 5a. A strong peak at 1.87 Å can be observed for
the NH/O2c RDF, while the rst peak for the CH/O2c RDF
appears at 2.08 Å, indicating that the interaction of NH/O2c is
obviously stronger than that of CH/O2c. In comparison, the
RSC Adv., 2017, 7, 20845–20850 | 20847
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Fig. 3 (a) Schematic illustration of the test device. (b) The dynamic photoresponse of the devices fabricated from pure perovskites and
perovskite–TiO2 composite films. The wavelength and power of the excitation laser are 532 nm and 20 mW, respectively. (c) The band structure
of the perovskite and the anatase TiO2. (d) The dynamic photoresponse of the perovskite-8 wt% TiO2 (HF-4) film to a 532 nm laser with different
power intensities. (e) The corresponding relationship between the laser power and photocurrent for the perovskite-8 wt% TiO2 (HF-4) film.
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RDF of I/O2c exhibits the rst strong peak at 3.01 Å (Fig. 5b),
which is much larger than that of CH/O2c and NH/O2c,
revealing a strikingly weaker interaction between the iodine
Fig. 4 (a) Comparison of the photoresponse performances of
perovskite–TiO2 composite films fabricated from TiO2 nanocrystals
synthesized using high pressure and conventional solvothermal
routes. (b) The dynamic photoresponse of the perovskite-8 wt% TiO2

(HF-4) film treated using a high pressure annealing process to 532 nm
laser light with different power intensities.

20848 | RSC Adv., 2017, 7, 20845–20850
atom and O2c. Similarly, the interactions between the iodine
atom and O3c (a three-coordinated oxygen atom in TiO2) and
Ti5c (a ve-coordinated Ti atom in TiO2) are even weaker. These
results reveal that the dominant interfacial interactions in the
TiO2–perovskite composite exist between the hydrogen atom on
Fig. 5 Radial distribution functions (RDFs) of NH/O2c and CH/O2c

(a), and I/O2c, I/O3c and I/Ti5c (b).

This journal is © The Royal Society of Chemistry 2017
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the amino-group and the unsaturated oxygen atom in anatase
TiO2. In addition, because there are more unsaturated O2c

atoms on the {001} facets of anatase TiO2, stronger interactions
exist between the perovskite and the bound {001} facets of the
TiO2 nanocrystals, which are inevitably more favorable for the
transportation of the photo-generated charge carriers between
them.

In conclusion, we rst developed a high pressure sol-
vothermal method for the synthesis of highly crystalline ultra-
thin (2–3 nm) TiO2 nanosheets bound with a high percentage of
{001} facets. The high pressure plays a key role in conning the
growth of the nanosheets along the [001] direction, combined
with the effect of F�. The CH3NH3PbI3–TiO2 composite lms
were prepared as hybrid photodetectors. Aer high pressure
thermal treatment of the lms, there was obvious growth of the
grains, improving their interfacial contact and inter-
connectivity. As a result, the lms presented obviously
enhanced responsivity and detectivity, derived from the strik-
ingly improved efficiencies of the photo-generated exciton
dissociation and the carrier transportation. Therefore, it is
reasonable to believe that the high pressure thermal treatment
strategy can be expected to improve the performance of perov-
skite photovoltaic devices in the future.
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