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ABSTRACT: Recent investigations indicate that the performance of
organic—inorganic perovskite optoelectronic devices can be improved by
combining the perovskites and the inorganic materials. However, very few
studies have focused on the investigation of perovskites/inorganic
semiconductor hybrid UV photodetectors and their detailed perform-
ance-enhancement mechanism is still not very clear. In this work, a
CH;NH;PbCl;/ZnO UV photodetector has been first demonstrated and
investigated. Both the photoresponsivity and response speed of the hybrid
device are higher than those of pure CH;NH;PbCl; and ZnO devices.
The photoluminescence and transient absorption spectra indicate that the
photoinduced electron transfer between CH;NH;PbCl; and ZnO should
be responsible for the performance enhancement of the hybrid device. In
addition, the high crystal quality of CH;NH;PbCl; on ZnO film is another
important reason for the excellent UV detection performance. Our
findings in this work provide new insights into the intrinsic photophysics
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essential for perovskite optoelectronic devices.
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1. INTRODUCTION

Hybrid organic—inorganic perovskites (MAPbX;, MA =
CH,;NH;, X = Cl, Br, or I) have been regarded as one of
the most promising candidates for the next-generation
optoelectronic devices due to their attractive optical and
electrical properties, such as high carrier mobility, long carrier
diffusion length, and high light absorption rate.'™* In the past
tew years, the photodetectors based on hybrid organic—
inorganic perovskites have made remarkable progress. Differ-
ent material structures, such as bulk single crystals,3’5 thin
films,°™® and nanostructures,””'" have been fabricated to
demonstrate organic—inorganic perovskites photodetectors. By
varying the halide anions (X), the device detection range can
be easily tuned from UV to visible range.'” Notably, the
external quantum efficiency (EQE) of organic—inorganic
perovskites photodetectors can reach as high as 10°-10°,
which is conducive to the practical applications.'”~"> However,
there is a huge difference in performance among different
organic—inorganic perovskites photodetectors, which are
extremely sensitive to the preparation conditions.'®'” More-
over, the photodetectors based on organic—inorganic perov-
skites always suffer from the rapid deterioration of performance
in ambient air due to the unstable nature of the materials."®
Recently, to solve the above-mentioned problems, combining
the organic—inorganic perovskites and the inorganic materials
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(e.g, ZnO, TiO,, graphene and WSe,) together seems like a
reliable and effective way for optoelectronic devices."”™>" For
example, by introducing ZnO nanostructures, the detection
range of the CH;NH;Pbl; photodetectors was greatly
extended (from 380 nm UV to 760 nm visible light) with
improved responsivity.”** High photoresponsivity and EQE
values for hybrid photodetectors consisting of MoS, integrated
with CH;NH,PbI; can be also clearly achieved.”* More
interestingly, the hybrid devices usually show excellent
stability.””*° Despite all the above significant progresses, the
detailed mechanism of the performance enhancement of these
hybrid photodetectors is still not very clear.

Recently, UV photodetectors have drawn much attention for
their civil and military applications.”” " As is well known, the
energy band gaps of MAPbCl; and ZnO are 3.11 and 3.37 eV,
respectively, which make them ideal for UV detection.”' ~** In
this work, we demonstrated a MAPbCl;/ZnO hybrid structure
and investigated the effect of ZnO on the UV detection
performance of MAPbCI;. The ZnO film was synthesized on c-
face sapphire by molecular beam epitaxy (MBE) system and
then the perovskite layer was deposited onto the ZnO by a

Received: July 13, 2018
Accepted: September 12, 2018
Published: September 12, 2018

DOI: 10.1021/acsami.8b11722
ACS Appl. Mater. Interfaces 2018, 10, 34744—34750


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.8b11722
http://dx.doi.org/10.1021/acsami.8b11722
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b11722&iName=master.img-000.jpg&w=194&h=134

ACS Applied Materials & Interfaces

Research Article

() MAPBCL/Zn0O s
2
2
2 g
i 5
: 7 _—
Els s 2
= (=)
=]E 2 S =)
e - = o
" e o
- -
£ 2
2 -9
| il :
\ ~
15 20 25 30 35 40 45
20 (degree)
(f) ]arscr,

Intensity

MAPBCL, (20 0)

MAPbCI, (2 10)
MAPbCL, (21 1)

0 45

15 20 25 30 35 4
20 (degree)

Figure 1. (a) Top-view, (b) cross-sectional SEM images, and (c) XRD pattern of MAPbCl;/ZnO film. (d) Top-view, (e) cross-sectional SEM

images, and (f) XRD pattern of MAPbCI; film.

solution-processing technique. The morphologies, structures,
and optical and photoresponse properties of MAPbCl;/ZnO
were characterized in detail. The results indicate that the
MAPDLCl;/ZnO UV photodetector exhibits a higher respon-
sivity and a quicker response speed than pure ZnO and
perovskite devices. High crystal quality and low defect density
of CH;NH;PbCl; on ZnO film is another important reason for
the excellent UV detection performance. Moreover, by
analyzing the photoluminescence (PL) spectra, the transient
absorption (TA) spectra, and the photoresponse spectra, it can
be concluded that the carriers’ separation and transfer between
MAPDLCl; and ZnO should play an important role in the
performance enhancement of MAPbCl;/ZnO UV photo-
detector. Our investigations provide a promising route to
design high-performance photodetectors by controlling the
interfaces between perovskite films and semiconductors.

2. EXPERIMENTAL SECTION

2.1. Preparation of ZnO Film. High-quality ZnO film was
deposited on c-face sapphire substrate by MBE. 6 N-purity zinc
source in thermal Knudsen cell and S N-purity O, activated in a radio
frequency (RF) plasma source were employed. Before the growth of
ZnO, the substrates were treated by O, plasma at 700 °C for 30 min
to remove some surface impurities. Then, ZnO film was grown with
the substrate temperature at 650 °C and the pressure of 3 X 107> Pa
for 4 h. The temperature of zinc source was kept at 210 °C and the
RF source power was fixed at 300 W.

2.2. Preparation of MAPbCl;/ZnO Hybrid Structure. Equal
mole MACI (98%, Aladdin) and PbCl, (>99.0%, Shanghai No. 4
Reagent & H.V. Chemical Limited Company) were dissolved in
dimethyl sulfoxide solution. The concentration of MACI and PbCl, is
0.5 mol/L. Then, the solution was stirred until precursor materials
were completely dissolved at room temperature. After that, MAPbCI,
precursor solution was spin-coated on the ZnO film with a rotation
rate of 5000 rpm for 20 s. Then, a drop of toluene was spin-coated on
the film immediately at the rotation rate of 1000 rpm for 3 s.

Subsequently, the sample was put on the hotplate with the
temperature of 100 °C for 10 min.

2.3. Characterization and Measurements of the Materials
and Devices. The surface morphology and cross-section of the
samples were characterized by scanning electron microscope (SEM)
(HITACHI S-4800). The surface roughness of ZnO film was
estimated by atomic force microscopy (AFM; Bruker, MultiMode-
8). The crystal structure was characterized by X-ray diffraction (XRD)
(Rigaku) with Cu Ka as the radiation source (4 = 0.154 nm). The
transmission and absorption spectra were recorded using a UV-
3101PC scanning spectrophotometer. Current—voltage (I-V) curves
and time-dependent photocurrent (I—t) curves were measured by
semiconductor parameter analyzer (Keithely 2200). The response
spectra of the fabricated devices were measured by a 200 W UV-
enhanced Xe lamp with a monochromator. The PL measurement was
performed at room temperature using He—Cd laser line of 325 nm as
an excitation source. The TA spectra were recorded by a pump-probe
spectroscopy setup with a Ti:sapphire laser (Spectra-Physics, Spitfire
ACE, 800 nm, 4.5 mJ/pulse, full width at half maximum 35 fs, 1 kHz).
Pump pulses at 325 nm were generated by an optical parameter
amplifier. The white-light probe was generated by the fundamental
laser output focused on a CaF, window. The angle between
polarizations of pump and probe was changed by a 1/2 wave plate
(Thorlabs, AHWPOSM-340). The pump pulses were chopped by a
synchronized chopper (Newport, model 3502) to 25 Hz. After
passing through the sample, the probe beam was focused onto a fiber-
coupled spectrometer (Ocean Optics, QE PRO). The group velocity
dispersion of the whole experimental system was compensated by a
chirp program. All the experiments were performed at room
temperature.

3. RESULTS AND DISCUSSION

The surface of ZnO film is flat with a root-mean-square
roughness of about 5.96 nm (see Figure Sla). And the
crystalline size of ZnO film is estimated to be about 82.2 nm by
XRD using Scherrer’s equation (see Figure S1b). The top-view
and cross-sectional SEM images of MAPbCl;/ZnO film are
shown in Figure la and b, respectively. The surface of
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Figure 2. a) Transmission spectra of MAPbCl;/ZnO and pure ZnO films. (b) PL spectra of MAPbCl;/ZnO film, ZnO film, and MAPbC, film.
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Figure 3. TA spectra of (a) ZnO film, (b) MAPbCI, film, and (c) MAPbCl;/ZnO film. AA is the change in absorption.

MAPDBCI, film on ZnO is also flat and uniform. The cross-
sectional SEM image indicates that the thicknesses of ZnO and
MAPbBClI; are about 350 and 100 nm, respectively. Figure Ic
shows the XRD result of the MAPbCl,/ZnO film on the c-face
sapphire substrate. Except the diffraction peaks of the c-

34746

sapphire substrate (0006) at 41.81° and wurtzite ZnO(0002)
at 34.58° all other diffraction peaks can be indexed to cubic
MAPDBCl;. The diffraction peaks located at 26 = 15.71, 31.60,
and 48.12° can be assigned to the (100), (200), and (300)
planes of a cubic perovskite structure, respectively.”> To make
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a comparison, a MAPbCl, film was prepared directly on the c-
sapphire substrate. Figure 1d—f show the top-view and cross-
sectional SEM images, as well as the XRD pattern of the
MAPDBCI; film on sapphire, respectively. It could be seen that
the surface of MAPbCI, film on sapphire has a rougher surface
and more grain boundaries compared with that on ZnO. And
the thickness of MAPbCI; film is also about 100 nm (see
Figure le). In Figure 1f, the X-ray diffraction peaks of
MAPDBCI, film on sapphire at 20 = 15.71, 22.16, 31.60, 35.34,
38.82, and 48.12° could be attributed to the (100), (110),
(200), (210), (221), and (300) planes of the cubic perovskite
structure.” And the weak peak intensity implies the relatively
poor crystallinity of MAPbCI; film on sapphire.

Figure 2a shows the absorption spectra of the MAPbCl;/
ZnO and the pure ZnO films on c-sapphire substrate. Different
from that of the pure ZnO, the absorption spectrum of
MAPDCl;/ZnO exhibits an obvious absorption band at around
400 nm, which should come from the near band edge (NBE)
absorption of MAPbCl;. Figure 2b presents the PL spectra of
MAPbCl;/ZnO, ZnO, and MAPbCI; films. For pure ZnO, a
strong narrow PL peak at around 377 nm can be clearly
observed, which corresponds to the NBE emission of ZnO.
Moreover, nearly no visible emission can be found. After
covering with MAPbCl;, the PL peak intensity of NBE UV
emission was enhanced obviously. In addition, a small emission
shoulder at its longer wavelength side for MAPbCl;/ZnO
should come from the NBE emission of MAPbCl,.

To further investigate the carrier dynamics of MAPbCl;/
ZnO film, TA spectra measurements were performed at room
temperature. Figure 3 shows the TA spectra of ZnO,
MAPbDLCl;, and MAPbCl;/ZnO films recorded at 0—1 and
1—1314 ps after 325 nm excitation. Several features should be
noted: (1) negative features at around 365—380 nm (see
Figure 3a,c) and 400 nm (see Figure 3b,c) can be assigned to
ground-state bleaching (GSB) of the band edge transition of
ZnO and MAPbCL,, respectively. (2) For ZnO and MAPbCl;/
ZnO films, a positive feature at around 380 nm appears before
1 ps (see Figure 3a,c), which should be induced by excitonic
optical Stark effect.”**” (3) For MAPbCI, film, two positive
features at around 407 and 390 nm appear in the whole delay
time (see Figure 3b), which can be attributed to the band gap
renormalization and photoinduced reflection or absorption,
respectively.”®

Figure 4 shows a comparison of the kinetic traces and their
fits extracted from the GSB features of MAPbCl,/Zn0O, ZnO,
and MAPDCI; films. In Figure 4a, the fitted curve of the
kinetics for MAPbCl; showed two time constants of 0.4 ps
(86%) and 22.9 ps (14%). The fast component for this sample
is attributed to charge carrier trapping at perovskite grain
boundaries. Although the exact origin of the slow component
is not definitive, it is most likely from the electron—hole
recombination at the band edge. From the fit of the kinetics for
MAPbHCL,/ZnO, two slower time constants of 0.5 ps (41%)
and 83.9 ps (59%) are obtained compared to MAPbCl,. From
the XRD and SEM results, it is clear that MAPbCl, fabricated
on ZnO exhibits a higher crystal quality and fewer grain
boundaries than Al,O;. Therefore, the improvement in the
crystal quality and the reduction of grain boundaries should be
responsible for the longer recombination time constant for
MAPBLCl,/ZnO. Of note, in MAPbCl;/ZnO structure, the
contribution to the TA signal of electrons injection into ZnO
must be considered, which can be further supported by a
slower rise in GSB around 370—380 nm for MAPbCl;/ZnO
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Figure 4. (a) Normalized MAPbCl; GSB kinetics and their fits of
MAPbHCL,/ZnO film and MAPbCI, film. (b) Normalized ZnO GSB
kinetics and their fits of MAPbCl;/ZnO film and ZnO film.

than that for pure ZnO, as shown in Figure 4b.°”*’ The
injection of electrons into ZnO at the interface could also
explain the enhancement of PL intensity at 377 nm for
MAPbCL;/ZnO (see Figure 2b). It should be mentioned here
that a third component over 1.4 ns exists in all kinetic decay
traces in Figure 4. And this long-lifetime component may be
associated with electron—hole recombination, which will not
be discussed in this work.*'~*

To investigate the light detection performance of MAPbCl,/
ZnO, the vertical structural UV photodetector has been
fabricated. Figure Sa illustrates the schematic structure of the
device. Both the ring-shaped bottom electrode (3.5 mm inner
diameter and 5 mm outer diameter) on ZnO and the round
top electrode (1.4 mm diameter) on MAPbCl; were made of
Au with a thickness of 30 nm. Figure Sb shows the I-V curves
of the photodetectors based on MAPbCl;/ZnO, MAPbCl;,
and ZnO measured in the dark and under 365 nm light
irradiation with a light density of 100 £W/cm®. As extracted
from Figure Sb, after introducing the ZnO layer, the dark
current of MAPbCI; photodetector increased by about 4
orders of magnitude, whereas the photocurrent increased by
more than 6 orders of magnitude. In addition, the light ON/
OFF ratio at 10 V of MAPbCl;/ZnO photodetector was
calculated to be about 2.1 X 10% Figure Sc shows the
responsivity curves of MAPbCl;, MAPbCl;/ZnO, and ZnO
devices. It could be seen that the —3 dB cutoff wavelength is
around 378 nm for both MAPbCl;/ZnO and ZnO devices
with a peak responsivity at ~366 nm. Interestingly, by
introducing MAPbCI;, the peak responsivity was improved
obviously and could reach ~1.47 A/W at 1 V bias with an
external quantum efliciency of ~500%. It is well known that
the crystal quality and the surface morphology play an
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Figure S. (a) Schematic structure of the MAPbCL/ZnO UV
photodetector. (b) I-V curves of MAPbCl;/ZnO, ZnO, and
MAPDBC, devices. (c) Response spectra of MAPbCl,/ZnO, ZnO,
and MAPDCl; devices measured at the bias of 1 V, 1 V and 50 V,
respectively. The inset figure is the amplified response curve of
MAPbDCI, device.

important role in device performance.14 Therefore, the
excellent photoresponse performance of MAPbCl;/ZnO
should be associated with the higher crystal quality and the
less grain boundaries of MAPbCl; on ZnO. Moreover, when
the MAPbCl;/ZnO device was irradiated by UV light, both
perovskite and ZnO could generate photogenerated carriers,
resulting in a photocurrent enhancement compared with the
pure MAPDbCI; and ZnO devices. Additionally, the process of
light detection strongly depends on the carrier separation and
collection. Therefore, the photoresponse enhancement could
be also attributed to the efficient separation and transfer of
carries at the MAPbCl;/ZnO interface, which would reduce
the recombination of photoexcited electron—hole pairs. In
addition, MAPbCl; device exhibits a relatively weak response
in the ultraviolet region due to the poor crystal quality and
large defect density of MAPbCl; on sapphire.

Response time is also an important parameter of UV
photodetectors. To investigate the temporal response of the

devices, the I—t curves were measured under 365 nm light
irradiation at 10 V as shown in Figure 6a. Obviously, 10—90%
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Figure 6. (a) Normalized I—t curves at a bias of 10 V of MAPbCl,/
ZnO, ZnO, and MAPbCI, devices. (b) Enlarged views of the decay
edges of the devices.

rise time of MAPbCl;/ZnO photodetector is around 7.8 s,
which is comparable to that of ZnO device (~7.6 s), but a little
longer than that of MAPbCI; device (~0.2 s). Interestingly,
compared with the pure ZnO and MAPDCI; devices,
MAPDBCl;/ZnO hybrid photodetector shows a shorter 90—
10% decay time of ~1.2 s (see Figure 6b). As is well known,
perovskites with the low trap density usually have a high carrier
mobility and a long carrier-diffusion length.** Thus, the quick
decay speed of the MAPbCl;/ZnO hybrid device should be
associated with the high crystal quality of MAPbCl; on ZnO.
In addition, the quick carriers transfer at the MAPbCl;/ZnO
interface can also be responsible for this phenomenon. As for
the relatively slow rise time, it may be determined by the
generation and recombination process of photogenerated
carriers in the ZnO layer.

The stability of MAPbCl;/ZnO has been also investigated.
Figure 7 shows the normalized responsivity of MAPbCl;/ZnO
device and MAPbCI; device as a function of storage time. Both
devices were stored in the same air ambient with the average
temperature of 27 °C and the humidity of 40%. In Figure 7, it
could be seen that the responsivity of MAPbCl; device would
decrease to 50% of its original value after 3 days. In contrast,
the responsivity of MAPbCl;/ZnO remained nearly constant
for more than 10 days. According to the previous reports,
fewer defects in hybrid organic—inorganic perovskites would
make them more resistant to moisture in ambient air.*
Therefore, the stability improvement in this work should be
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MAPDCI; device as a function of storage time.

associated with the higher crystal quality, flatter surface, and
less grain boundaries of the MAPbCI; film on ZnO.

4. CONCLUSIONS

In summary, we have first demonstrated an UV photodetector
based on the MAPbCl;/ZnO heterostructure. By combining
MAPDBCI; and ZnO together, the hybrid photodetector exhibits
a significantly enhanced responsivity and response speed
compared to pure MAPbLCl; and ZnO devices. The
responsivity at 365 nm and the 90—10% decay time of
MAPbCl;/ZnO hybrid UV photodetector are 1.47 A/W and
~1.2 s, respectively. In addition, MAPbCl;/ZnO device also
shows a better stability compared with MAPbCl; device. The
significantly improved performance of MAPbCl;/ZnO photo-
detector is mainly attributed to the higher crystal quality of
MAPDBCl; on ZnO and the efficient carries’ separation and
transfer at the MAPbLCl;/ZnO interface. The TA and PL
results further indicate the process of injection of electrons into
ZnO in the MAPbCl;/ZnO heterostructure. Our findings
provide insights into the inner properties of perovskite films
and the related device performance, which also provide an
efficient approach for the fabrication of highly efficient and
stable perovskite photodetectors.
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