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High performance of CHsNHsPbCl; perovskite
single crystal photodetector with a large active area
using asymmetrical Schottky interdigital contactst
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Due to the limited electrode structure types of current CHsNHzPbCls perovskite single crystal
photodetectors, these devices either have good performance but small active area or have large active
area but poor performance, which greatly limits their applications. To realize a high performance of
a CHzNH3PbClz perovskite single crystal photodetector with a large active area, a CHzNHzPbCls single
crystal photodetector with asymmetrical Schottky interdigital contacts originating from planar interdigital
Au-Ag electrodes was fabricated in this work. The device not only had a large active area (around 8
mm?) but also showed excellent photoelectric performance due to its built-in electric field. The
responsivity of the device can reach 5.8 mA Wtat0Vand 024 AW at 30V reverse voltage. The
response time of the device can reach 317 us (rise)/6.82 ms (decay) at 0 V and 100 ps (rise)/2 ms (decay)
at 30 V reverse voltage. The above results demonstrate that this study will provide an effective method
for realizing high performance of a CHsNHzPbCls perovskite single crystal photodetector with a large

rsc.li/rsc-advances active area.

Introduction

Organic-inorganic hybrid perovskites have been considered to be
promising for future optoelectronic applications due to many of
their excellent properties including easy preparation, low trap-state
density, high carrier mobility, large light absorption coefficient,
long carrier diffusion length, and tunable direct bandgap. Signif-
icant progress has been achieved in organic-inorganic hybrid
perovskite based ultraviolet (UV) photodetectors.’ For example,
Thi My Huyen Nguyen et al. reported that a photodetector based
on (FAPbL;), ,(MAPDBr;), perovskite presented excellent perfor-
mance with a fast response speed (t;ise = 82 ms, ry = 64 ms) and
a high detectivity of 7.21 x 10'° Jones at zero bias under 254 nm
UV illumination, along with superior mechanical flexibility at
various bending angles." Lian Ji et al. reported that a self-driven
visible-blind UV photodetector based on CsPbCl; perovskite film
showed outstanding properties with a high responsivity of 118 mA
W, a high detectivity of 6.62 x 10 Jones, and a fast rise/fall
response time of 120/820 ns.” Dali Shao et al reported that
Cs,Snls/ZnO structured UV-vis dual-band photodetector exhibited
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good performance of a high detectivity in UV (1.39 x 10" jones),
a fast response speed on the order of milliseconds.® Thi My Huyen
Nguyen et al. reported that a self-powered deep UV photodetector
based on (FAPbI;), o,(MAPbBTr3), 03 perovskite film showed a high
responsivity of 52.68 mA W ', a good detectivity of 4.65 x 10"
Jones, and an outstanding on/off photocurrent ratio of more than
10°> under 254 nm UV illumination without an external bias.*
Sheng Wang et al. reported that an UV photodetector based on
BA,PbBr, (BA = CH;CH,CH,CH,NH;") single crystal film exhibi-
ted a detectivity of ~10' Jones and a fast rise/decay response time
of 9.7/8.8 ms.> Among the organic-inorganic hybrid perovskites,
CH;NH;PbCl; perovskite single crystal is regarded as an attractive
candidate for UV detection due to its large direct bandgap of
~2.85 eV.*™ At present, some progress has been made in the
research of CH3;NH;PbCl; single crystal photodetectors.*** For
example, Hye Ri Jung et al. reported that an Ag/TiO,/MAPbCl,/
TiO,/Ag structured photodetector presented a responsivity of 0.004
AW and a detectivity of 1.05 x 10'° Jones at 430 nm under 2 V
bias voltage.® Jingda Zhao et al reported that a n—-n+ photo-
diodes based on CH;NH;PbCl; single crystal exhibited a respon-
sivity of 404.7 mA W', and a detectivity of 4.87 x 10" Jones at
20V.? Giacomo Maculan et al. reported that Pt/CH;NH;PbCl; single
crystal/Ti/Au vertical structured visible-blind UV-photodetector was
fabricated.™ The active area of the device was about 4 mm?®. At
15V, the responsivity of the device was about 46.9 mA W~ under
illumination with 365 nm UV light. For the response speed of the
device, the rise time was 24 ms and the decay time was 62 ms.
Zhishuai Yuan et al. reported that the Pt/CH;NH;PbCl; single

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation process diagram of the Au/CHsNHzPbCls single crystal/Ag structured photodetector.

crystal/Pt metal-semiconductor-metal (MSM) structured photode-
tector was fabricated.! The active area of the device was 0.01 mm®.
At 3V, the device showed ultra-high responsivity of 7.97A W™, and
the rise time of 1.27 ms and fall time of 1.84 ms under the illu-
mination light of 350 nm. Zhen Cheng et al. reported that the Au/
CH;NH;PbCl; single crystal/Au MSM structured photodetector was
fabricated.’® The active area of the device was 0.09 mm”. The device
showed the peak responsivity of 3.73 A W~ ! in the wavelength of
415 nm at 30 V and an ultrafast response speed with a rise time of
130 ns at 15 V under 365 nm pulsed laser. Yan Chen et al. reported
that the tetragonal phase CH;NH;PbCl; single crystal photode-
tector with the interdigital Au electrodes was fabricated.” The
active area of the device was 0.2 mm®. The responsivity of the
device can reach 27.7 pA W ! at 3 V under 395 nm. The rise time
and decay time of the device were 30 ms and 0.3 s, respectively.

Although some achievements have been made in the
research of CH;NH;PbCl; single crystal photodetectors, due to
the limited electrode structure types of current CH;NH3;PbCl;
perovskite single crystal photodetectors, these devices either
have good performance but small active area or have large active
area but poor performance, which greatly limits their applica-
tions. The planar asymmetrical Schottky interdigital structure is
an ideal electrode structure of photodetector, which can not
only ensure the large active area, but also realize the high
sensitivity and fast response due to its built-in electric field.** ¢
However, to our knowledge, there are no reports on the CH;-
NH,PbCl; perovskite single crystal photodetectors with asym-
metrical Schottky interdigital electrodes. In this work, to realize
the high performance of CH;NH;PbCl; perovskite single crystal
photodetector with a large active area, a CH3;NH3PbCl; single
crystal photodetector with asymmetrical Schottky interdigital
contacts originated from planar interdigital Au-Ag electrodes
was fabricated in this work. The device not only had a large
active area (around 8 mm?) but also showed excellent photo-
electric performance.

Experimental

The CH3NH;PbCl; single crystals were prepared by the inverse
temperature crystallization method, which has been reported in
detail elsewhere.”® An equimolar mixture of CH;NH;Cl and
PbCl, was dissolved in DMSO-DMF (1 : 1 by volume) at room

© 2022 The Author(s). Published by the Royal Society of Chemistry

temperature to get a homogenous solution. The solution was
filtered using a PTFE filter with 0.45 mm pore size. The filtrate
was placed in a crystallizing dish and then was kept in an oil
bath heated from 45 °C to 60 °C at the rate of 0.3 °C h™".
CH;3;NH;PbCl; single crystals with sizes of ~1 cm were attained.
The Au and Ag electrodes of the photodetector based on CH;-
NH;PbCl; single crystal were fabricated via thermal evaporation
through shadow masks. Fig. 1 shows the preparation process
diagram of the Au/CH3;NH;PbCl; single crystal/Ag structured
photodetector. Firstly, Au electrodes are evaporated on the
surface of the single crystal through a comb-shaped shadow
mask. Au electrodes have five fingers with the length of 4.45 mm
and width of 50 um, and the spacing of Au electrodes is 450 um.
Then, Ag electrodes are fabricated on the surface of the single
crystal by the same method as Au electrodes. The parameters of
Ag electrodes are the same as those of Au electrodes. Thus,
planar interdigital Au-Ag electrodes are formed on the surface
of the single crystal. The spacing of the Au-Ag interelectrode is
about 200 pm. The active area of the device is around 8 mm?,
which is one of the largest active area for reported CH3;NH;-
PbCl; single crystal photodetectors.®™

The crystal structure of the CH;NH;PbCl; single crystal and
its powder was characterized by X-ray diffraction (XRD) (Rigaku-
D-Max Ra system, with Cu Ka radiation operated at 12 kW). The
surface morphology of the CH3;NH;PbCl; single crystal was
characterized by SU8220 scanning electron microscope (SEM).
The absorption spectra of the CH;NH;PbCl; single crystal were
determined by UV-3101PC spectrophotometer. The current-
voltage (I-V) curves of the photodetector were obtained from
a computerized Keithley 2400 SourceMeter. The response
spectra and photocurrent-time (I-t) curves of the device were
measured by a lock-in amplifier, where the light source is a Xe
lamp (150 W) with a monochromator and a chopper with
a frequency of 500 Hz. The response time of the device was
recorded by an oscilloscope under the excitation of a 355 nm
pulsed laser.

Results and discussion

To study the crystal structures of CH;NH;PbCl; single crystal
and its powder, X-ray diffraction (XRD) characterization is
carried out, which is shown in Fig. 2(a). Pure single phase of
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(a) X-ray diffraction patterns of CHzsNHzPbCls single crystal and its powder. (b) Rietveld refinement of the powder XRD data. (c) SEM of the

single crystal. Inset: photograph of the CHsNHzPbCls single crystal. (d) Absorption spectrum of CHzNH3zPbCls single crystal.

cubic MAPDbCI; perovskite can be noted from the XRD pattern of
CH;NH;PbCl; powder obtained by grinding single crystal.
Lattice constant is obtained by Rietveld refinement of the
powder XRD data, which is shown in Fig. 2(b). The lattice
constant is 0.5689 nm. Because the single crystal has the char-
acteristic of preferential growth of crystal planes, only three
sharp peaks corresponding to (100), (200), and (400) crystal
planes can be found in the single crystal XRD pattern, which
shows that the single crystal is preferably oriented in the (100)
direction. The inset of Fig. 2(c) shows the photograph of the
single crystal with a cuboid shape and the dimension of 10 mm
x 9 mm x 4 mm. The SEM of the single crystal is shown in
Fig. 2(c). It can be noted that its surface is very flat and uniform.
The absorption spectrum of the single crystal is displayed in
Fig. 2(d). It can be seen that the single crystal exhibits the
intense absorption in the 300-435 nm wavelength region, and
has a sharp absorption edge located at 435 nm. Based on this,
the bandgap of the single crystal is calculated as 2.85 eV, which
is suitable for UV detection.

Fig. 3(a) shows the current-voltage (I-V) curve of the Au/
CH;NH;PbCl; single crystal/Ag structured photodetector
measured in the dark under forward and reverse bias. Note that
the reverse bias of the device refers to the Au electrode as the
anode and the Ag electrode as the cathode, and the forward bias
of the device refers to the Au electrode as the cathode and the Ag
electrode as the anode. Obviously, the device shows the asym-
metrical -V behavior under forward and reverse bias, which is
caused by the Au-Ag electrodes of the device. The I-V curve of
the CH3;NH3;PbCl; single crystal photodetector with

23580 | RSC Adv, 2022, 12, 23578-23583

symmetrical Au electrodes in dark is shown in the Fig. S1.1 It
can be noted that the device shows the symmetrical I-V
behavior under forward and reverse bias, which is caused by the
symmetrical Au electrodes of the device. Energy band diagram
for the device with Au-Ag electrodes is shown in Fig. 3(b). The
valence band maxima (VBM) of CH3;NH;PbCl; single crystal is
reported to be —5.82 eV.'° Based on its bandgap of 2.85 eV in our
case, its conduction band minimum (CBM) can be calculated to
be —2.97 eV. Schottky contacts are formed at the interface
between the CH3;NH;PbCl; single crystal and the metal elec-
trodes. Schottky barrier heights are primarily determined by the
work function of metals and the electron affinity of the CH;-
NH;PbCl; single crystal. A high Schottky barrier is formed at the
interface of Ag (the work function of —4.26 eV)"” and the single
crystal, and a low Schottky barrier is formed at the interface of
Au (the work function of —5.1 eV)" and the single crystal. So the
asymmetrical Schottky interdigital contacts are generated by
Au-Ag electrodes of the device, which leads to the asymmetrical
I-V behavior of the device under forward and reverse bias. A
built-in electric field from Au to Ag is formed in the device,
which allows the device to collect photogenerated carriers
without any external bias. Responsivity (R) of the photodetectors
is calculated by the following expression:*

R— Light — Lgark (1)

Prign

The photoresponse spectrum of the device at 0 V is shown in
the inset of Fig. 3(c). It can be noted that the device shows the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Current-voltage (/-V) curve of the device measured in dark under forward and reverse bias, with the inset showing a schematic

diagram of the device structure. (b) Energy band diagram for the device. (c) Photoresponse spectra of the devices with Au—Ag electrodes at 30 V
reverse bias and with symmetrical Au electrodes at 30 V. Inset: the photoresponse spectra of the above two structured devices at 0 V. (d) External
quantum efficiency of the device at 30 V. Inset: detectivity of the device at 30 V. Short-term stability of the device at 0 V (e) and 30 V reverse bias

(f).

maximum responsivity of 5.8 mA W' at 410 nm at 0 V. As
a comparison, the spectral response of the CH;NH;PbCl; single
crystal photodetector with symmetrical Au electrodes is also
measured. The parameters of the symmetrical interdigital Au
electrodes are same as those of the asymmetrical interdigital
Au-Ag electrodes. There is almost no response for the device
with symmetrical Au electrodes at 0 V. The results demonstrate
that the built-in electric field is the key to realize self-powered
photodetector. The photoresponse spectrum of the photode-
tector with Au-Ag electrodes at 30 V reverse bias is shown in
Fig. 3(c). The device exhibits the broad photoresponse in the
300-420 nm wavelength region, and the cutoff wavelength of
the photoresponse locates at around 420 nm, which indicates
that the device is very suitable for UV detection. The respon-
sivity of the device can reach 0.24 A W' at 415 nm, which is 7
times that of the device with symmetrical Au electrodes under
the same bias. The above results indicates that the built-in
electric field can improve the sensitivity of photodetector. The
external quantum efficiency (EQE) of the photodetector can be
determined by the following formula:*>*®

R x he
o (2)

EQE =

© 2022 The Author(s). Published by the Royal Society of Chemistry

where R represents the responsivity of the photodetector, Av
represents the photon energy, e represents elementary charge of
electron, and A represents the wavelength of the incident light.
At 30 V reverse bias, the EQE of the photodetector can reach
73% at 415 nm, which is shown in Fig. 3(d). The detectivity (D*)
of the photodetector can be calculated by the following

expression:***°

R
E

D=, G
where g represents the elemental charge, and J4 represents the
dark current density. At 30 V reverse bias, the D* of the photo-
detector can reach 1.1 x10"! Jones at 415 nm, which is shown in
the inset of Fig. 3(d). Fig. 3(e) and (f) show the short-term
stability of the device at OV and 30 V reverse bias, respectively.
It can be noted that the device exhibits good repetition of
photocurrent under the illumination of 350 nm, 380 nm, and
415 nm light on/off conditions respectively, which indicates the
good short-term stability of the device.

Response speed is an important parameter of photodetector,
which can be characterized by the transient photocurrent
response. Fig. 4(a) and 4(b) show the transient photocurrent
response of the device with the light source of a 355 nm pulsed

RSC Adv, 2022, 12, 23578-23583 | 23581
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Fig. 4 Transient photocurrent response of the device with the light source of a 355 nm pulsed laser at 0 V (a) and 30 V reverse bias (b).

Table 1 Comparison of the critical parameters of the device with the reported CHzNHzPbCls single crystal photodetectors

Response time (rise Active area

Photodetector structure R(AW™) EQE (%) D* (Jones) time/decay time)  (mm?) Ref.
Pt/CH3;NH,;PbCl; single crystal/Ti/Au 0.05 (365 nm) NA 1.2 x 10" (365 nm) 24 ms/62 ms 4 10
vertical structure

Pt/CH3NH;PbCl; single crystal/Pt MSM  7.97 (350 nm) NA NA 1.27 ms/1.84 ms 0.01 11
structure

Au/CH;NH;PbCl; single crystal/Au MSM  3.73 (415 nm) 1115 (415 nm) 9.97 x 10'" (415 nm) 130 ns/368 us 0.09 12
structure

Au/CH;NH;PbCl; single crystal/Au 2.77 x 107° (395 nm) NA NA 30 ms/0.3 s 0.2 13

planar interdigital structure

Au/CH;NH;PbCl; single crystal/Ag planar 0.24 (415 nm) 73 (415nm) 1.1 x10" (415 nm) 100 ps/2 ms 8 This work

interdigital structure

laser at 0 V and 30 V reverse bias, respectively. The rise and
decay time is defined as the time for the photocurrent to change
from 10% to 90% of its maximum value, and vice versa. The rise/
decay times of the device at 0 V and 30 V reverse bias are 317 ps/
6.82 ms and 100 ps/2 ms, respectively.

To evaluate the performance of the device, we compared the
critical parameters of the device with the reported CH;NH;-
PbCl; single crystal photodetectors, as shown in Table 1. The R,
EQE, D*, response time, and active area of the device in this
work are obviously better than those of ref. 10 and 13. The R,
EQE, D*, and response time of the device in this work are lower
than those of ref. 11 and 12. However, the area of the device in
this work is larger than that of ref. 11 and 12. So high perfor-
mance of CH;NH;PbCl; perovskite single crystal photodetector
with a large active area has been realized in our case.

To assess the long term stability of CH;NH;PbCl; single
crystal photodetector, the performance of the Au/CH;NH;PbCl;
single crystal/Ag structured photodetector has been tested after
6 months storage in a small round sample box under ambient
conditions, which is shown in the Fig. S2.1 From the Fig. S2a,t it
can be noted that the responsivity of CH3;NH;PbCl; single
crystal photodetector decreases significantly compared with
that of the device six months ago. As can be seen from the
Fig. S2b and S2c,{ although the performance of the device has
decreased, the device can still work stably.

23582 | RSC Adv, 2022, 12, 23578-23583

Conclusions

In this work, a CH3;NH;PbCl; single crystal photodetector with
asymmetrical Schottky interdigital contacts originated from
planar interdigital Au-Ag electrodes was fabricated. The device
not only had a large active area (around 8 mm?) but also showed
excellent photoelectric performance due to its built-in electric
field. The responsivity of the device can reach 5.8 mMAW 'at0V
and 0.24 AW " at 30 V reverse voltage. The response time of the
device can reach 317 ps (rise)/6.82 ms (decay) at 0 V and 100 ps
(rise)/2 ms (decay) at 30 V. The above results indicate that high
performance of CH;NH;PbCl; perovskite single crystal photo-
detector with a large active area has been realized in this work.
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