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ABSTRACT: Perovskite and semiconductor materials are always
the focus of research because of their excellent properties,
including pyroelectric, photovoltaic effects, and high light
absorption. On basis of this, the design of combining BaTiO3
(BTO) thin films with a GaN layer to form a heterojunction
structure with a pyro-phototronic effect has achieved an efficient
self-powered BTO/GaN ultraviolet photodetector (PD) with high
responsivity and a fast response speed. With cooling and
prepolarization treatments, the photocurrent peak and plateau
have been enhanced by up to 1348 and 1052%, and the response
time of the pyroelectric and common photoelectric current are improved from 0.35 to 0.16 s and from 3.27 to 2.35 s with a bias
applied, respectively. The self-powered BTO/GaN PD combined with a pyro-phototronic effect provides a new idea and
optimization for realizing ultrafast ultraviolet sensing at room temperature, making it a promising candidate in environmentally
friendly and economical ultraviolet optoelectronic devices.
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1. INTRODUCTION

As one of the most widely investigated perovskite materials,
BaTiO3 (BTO) has been commonly applied in various fields,
including electrocaloric refrigeration,1−3 energy storage,4−7

dielectric tuning,8,9 and various sensing.10−14 Because of the
multifarious physical characteristics owned by BTO, such as
ferroelectric,15,16 piezoelectric,17,18 thermoelectric,19,20 pyro-
electric,21,22 and photovoltaic properties,23−25 there has been
significant progress in the conversion from light, heat, and
pressure to an electrical signal. Furthermore, it is this kind of
mutual coupling of various characteristics that overcomes the
disadvantages caused by only single-source conversion in the
past. Thus, it is necessary to take advantage of this
multimechanism coupling to optimize related applications.
Among these applications, room-temperature photoelectric
detection has sparked an increasing interest for developing
low-power and self-powered nanodevices, which involves
multiple energy conversions above.26−28 Therefore, only
relying on the multimechanism coupling method can better
satisfy the growing demand for advanced optoelectronic
applications.
Because the BTO always undergoes a transition from the

cubic paraelectric phase to the tetragonal ferroelectric phase
with a temperature variation, revealing a prominent sponta-
neous polarization along its c-axis, the pyroelectric potentials
induced by temperature changes across the material can be
keenly detected because of the noncentral structure symmetric
crystal structures of P4mm BTO.29,30 Specifically, when the

sample is suddenly exposed to light illumination, there will be a
sharp rise in temperature, which will cause a deformation of
material due to thermal expansion and contraction, then
leading to a distribution of pyroelectric potential along the
crystal with polarized pyro-charges presenting at the upper and
lower interfaces because of the reinforced asymmetry of BTO.
In a sense, the pyro-phototronic effect is a form that can be
traced back to the piezoelectric effect. However, there are quite
a few applications of BTO in photoelectric detection reported
compared to other typical properties. In recent years, some
exciting progresses have been made in photoelectric
detector;10,11,31,32 however, the only fly in the ointment
could be the low responsivity compared to classical PDs.33,34

To further enhance the signal strength and sensitivity of the
BTO-based PD, a new approach is thus introduced to enhance
the charge−carrier transport process during the optoelectronic
processes by improving the light absorption and utilizing the
pyroelectric polarizations, which is always called the pyro-
phototronic effect and was commonly found in ZnO
piezoelectric systems in the past.35−37 However, the selection
of a BTO system will make the pyroelectric effect more
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optimized because of the spontaneous polarization within the
material.38,39

In this work, the light-self-induced pyroelectric and photo-
electric effects are used to modulate the optoelectronic
processes, thus enhancing the performances of ultraviolet
sensing. We chose to combine the BTO thin films
(approximately nanometer) rather than traditional BTO

ceramic sheets (approximately micrometer to millimeter)
with the third-generation semiconductor GaN, so that the
system can be driven by a larger self-polarized electric field (E
= U/d) inside the BTO thin films.40 In addition to the intrinsic
characteristics of GaN, including wide direct bandgap, high
breakdown voltage, large absorption coefficient, and high
carrier mobility, GaN is utilized to form a heterostructure with

Figure 1. Structure and characterization of the BTO/GaN thin-film PD. (a) Schematic illustration of the structure of the self-powered BTO/GaN
PD. (b) Photograph of the BTO/GaNPD. (c1) Thickness of the fabricated BTO/GaN PD observed by a cross-sectional SEM image. (c2) Energy-
dispersive spectrometer of the BTO/GaN thin film. (d) Raman spectrum of the perovskite (BTO) on the GaN layer. (e) Photoluminescence
spectrum of the BTO/GaN PD. (f) Absorption spectrum of the BTO/GaN PD under UV−vis irradiation.

Figure 2. Basic electrical properties of the BTO/GaN thin film. (a) P−E loops of the BTO/GaN thin film at selected voltages. (b) Piezoelectric
curve of the BTO/GaN thin film measured by an AFM. I−V characteristics of the self-powered BTO/GaN PDs under dark and 325 nm laser
illumination with a power density of 4.68 mW/cm2 (c) before polarization and (d) after polarization at 10 V for 10 min.
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BTO thin films as self-powered PDs.41−45 With cooling and
prepolarization treatments, the photocurrent peak and plateau
have been enhanced by up to 1348 and 1052%, and the
response times of the pyroelectric and the common photo-
electric current are improved from 0.35 to 0.16 s and from 3.27
to 2.35 s with a bias applied, respectively. The self-powered
BTO/GaN PD combined with the pyro-phototronic effect
provides a new idea and optimization for realizing ultrafast
ultraviolet-sensing at room temperature, making it a promising
candidate in environmentally friendly and economical ultra-
violet optoelectronic devices.

2. RESULTS AND DISCUSSIONS
2.1. Structure and Basic Electrical Properties. The

design of the self-powered BTO/GaN thin-film PD is
schematically demonstrated in Figure 1a, including a lower
GaN grown on sapphire as a substrate, BTO thin films and
electrode arrangements. Figure 1b shows a photograph of the
test unit of BTO/GaN PD, which consists of the sample and
wires leading from the upper and lower electrodes stuck with
silver paste, making it convenient for the later electrical testing.
Figure 1c1 and Figure S1a, b are the SEM images of the cross
section and the surface at high magnification, illustrating the

thickness of 285 nm and the general particle size diameter of
30−80 nm. The element mapping and amount of BTO thin
films along with the corresponding energy-dispersive spectros-
copy (EDS) diagrams are shown in Figure 1c2 and Figure S1c.
The microstructure of BTO/GaN is verified by taking the
Raman spectrum (Figure 1d) and XRD patterns (Figure S 1d);
the characteristic peaks of BTO and GaN are superimposed
and coexist rather than interfering with each other. According
to the photoluminescence (PL) spectra in Figure 1e, it can be
roughly estimated by the position of the obvious peaks that the
band gaps of GaN and BTO (P4mm) are 3.4 and 1.8 eV,46,47

respectively, which are exactly in line with the standard band
gap of conventional GaN and BTO corresponding to the
dominant P4mm space group. In addition, it can be found that
there exist some indistinct peaks at wavelengths of 470 and 520
nm in the Raman spectrum, which corresponds to the
orthorhombic phase Amm2 and trigonal phase R3m space
group (band gap ∼2.3−3.2 eV), providing the material with
spontaneous polarization.48 Additionally, the position of the
main characteristic peaks in the UV−vis spectrum (Figure 1f)
are consistent with those obtained by the PL spectrum, and
some of the heteropeaks are related to the structure of

Figure 3. Performance of the self-powered BTO/GaN thin-film PDs. (a) I−t characteristics of the self-powered BTO/GaN PDs under only 325
nm illuminations with different power densities from 0.78 to 46.87 mW/cm2 at natural conditions; the insets are the schematic diagram of the test
and the enlarged I−t curves under 4.68 mW/cm2. (b) I−t characteristics of BTO/GaN PDs under a “light + cooling” system; the inset is the
schematic diagram of the test. (c) I−t characteristics of the BTO/GaN PDs under a “light + cooling” system after prepolarization at 10 V for 10
min; the inset is the schematic diagram of the test. (d−f) Numerical extraction of Ipyro and Iphoto from a−c; the right side is the change in Iphoto/Ipyro
under corresponding condition. (g) Comparison of the I−t characteristics at different bias voltages with the maximum illumination power density
under natural conditions (no polarization and at room temperature (RT)) and under a cooling system (cooling), respectively.
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multiphase coexistence of BTO films because of the free
growth during the sol−gel fabrication.
Figure 2a presents P−E loops of the BTO/GaN thin films at

selected electric fields, behaving as obvious ferroelectrics that
possess both large residual polarizations (Pr) and strong
coercive fields (EC) along the direction from BTO to GaN,
which provides the basis for generating the pyroelectric signal.
However, it can be found that the P−E loops of this sample are
asymmetrical and wider compared with the typical ferroelectric
hysteresis loop, indicating the leakage current of this sample is
relatively large with an increasing applied electric field, which
makes it possible to detect the light-induced current. The
piezoelectric coefficient d33 of the BTO/GaN is shown as
Figure 2b, where the measured and fitted value of d33 is
220.224 pm/V according to the inverse piezoelectric effect,
which will provide strong support to the pyroelectric effect. I−
V characteristic curves of the sample under a 325 nm light
illumination before and after polarization at 10 V for 10 min
are plotted in Figures 2c and d. In comparison with the dark
current (blue curve), the 325 nm illumination current (red
curve) almost coincides with it, showing a slight ferroelectric
photovoltaic effect before polarization.49 However, with the
prepolarization applied at 10 V for 10 min, both curves show
obvious rectifying characteristics, and the Y-intercept of red
curve increases, indicating a more conspicuous ferroelectric
photovoltaic effect than that of the sample before polarization.
In other words, prepolarization can be understood as a process
of charging the device, thus providing a greater driving force
for the self-actuated photoelectric response of the BTO/GaN
thin-film PD.
2.2. General Performances of the Self-Powered BTO/

GaN Thin-Film PDs. The systematic research and summary
on current responses of the self-powered BTO/GaN thin-film
PD to ultraviolet illumination at room temperature (RT) are
plotted in Figure 3a, showing a continuous increase in both the
current peaks and current plateaus with increasing illumination
intensity from 0.78 to 46.87 mW/cm2. As the upper inset
illustrated in Figure 3a, the current response can be divided
into two stages under each power intensity. The first stage
consists of a sharp peak induced by pyroelectric (referred as
Ipyro: the value of an instantaneous response at the rising edge
is denoted as Ipyro) because of its faster response than ordinary
photocurrent, and the second stage mainly consists of a steady
current plateau (referred to as Iphoto: the value when the
current reaches stability is denoted as Iphoto). The extractions of
corresponding currents are plotted in Figure 3d as black and
red dots to present changes in output signals with varying
power intensity. It can be obviously found that both currents
Ipyro and Iphoto show a monotonous increasing trend as the
power intensity of the illumination rises, and the Ipyro is larger
than Iphoto at all illumination statements. However, the
contributions of Ipyro and Iphoto to the overall output response
vary in portion under different conditions. When the
illumination stays at a low power density, at which it is hard
to cause a remarkable instantaneous temperature rise within
the sample, the Iphoto as the main force of the signal output
accounts for a large proportion. With the enhancement of the
power density, an instantaneous increase in temperature within
the sample will occur as the laser beam opened, leading to a
fast responsive sharp peak of Ipyro to make it more important in
the signal output process. As the power density continues to
rise, the Ipyro and Iphoto all gradually reach the saturation state,
making almost the same contributions to the output signal,

which means the sharp peaks of Ipyro will be blurred again. To
further investigate the enhancement of the pyroelectric effect
on the performances of BTO/GaN thin-film PDs, we applied
different biases considering the coercive field derived from the
spontaneous polarization. The stable and repeatable current
responses to selected biases under different illumination
conditions are shown in Figure S2a. Generally, the intensity
of both pyroelectric and photoelectric signals increases with
the laser power density elevated at all biases, which is similar to
the response at zero bias under natural conditions. It can be
seen in Figure S2b that the signal strength obtained under
positive bias is stronger than that under negative bias, and the
value of Iphoto/Ipyro is smaller at the negative bias, which means
that the pyroelectric effect is more obvious under this
condition.
During the testing, different time intervals between each

measuring period were adopted in the measurement under
zero bias with a 7.81 mW/cm2 illumination power density as
shown in Figure S3a, every 5, 10, 15, and 20 s, respectively. It
can be observed that the intensity of the pyroelectric signal
decays greatly when the interval time is short; however, it can
be returned to the original strength without obvious
attenuation with the extension of interval time. The reason
for this is that the heat is not released completely in a short
period of time, resulting in heat accumulation, so that the
temperature change caused by the next laser irradiation is
small, leading to the reduction of the pyroelectric peak. To
dissipate the heat as quickly as possible to get rid of the heat
accumulation for further optimization, a cooling system was
introduced to the testing process, which can not only enhance
the pyroelectric potential difference at interfaces because of the
cold contraction but also extend carrier life to ensure the
stability of the enhanced current. The cooling system is shown
as Figure S3b, which can cause a reduction from room
temperature to about 10 °C (ΔT = −18 K) shown as Figure
S3c. On the basis of the testing condition as the inset in Figure
3b illustrated, the current peaks (Ipyro) and current plateaus
(Iphoto) signals can be respectively increased from 0.18 to 0.39
mA and from 0.17 to 0.36 mA after the PD was equipped with
the cooling system. Meanwhile, the shape of the peak also
changed; the cooling system will make the PD more sensitive
to the illumination at low power density. The pyroelectric
current peak can be clearly monitored from 0.78 to 4.68 mW/
cm2 and from 15.62 to 46.87 mW/cm2 but is indistinct under
7.81 mW/cm2, and there always exists a mutation in the Iphoto/
Ipyro diagram (shown as Figure 3e), indicating that there is a
threshold value of power density for the responsivity of the PD
to the pyroelectric effect and photoelectric effect. When the
power density is between the threshold value, the growth ratio
of Iphoto is greater than that of Ipyro and the intensity
photocurrent signal is greater than that of pyroelectric signal,
so it is difficult to be observe the pyroelectric current peak.
When the laser power density is outside this threshold, the
results are opposite. The principle of the current response at all
biases under the cooling system is similar to that at room
temperature, and the responsivity increases to a greater extent
with the bias enhanced as shown in Figure S4.
Because of the high responsivity and fast response rate of

Ipyro, which is expected to be further enhanced, a prepolariza-
tion supplied by a 10 V DC power for 10 min along with the
cooling system were applied (shown as the inset in Figure 3c)
before testing to better strengthen the coercive field within the
material. Both the current peak and the current plateau were
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dramatically improved from 0.18 to 0.67 mA and from 0.17 to
0.56 mA, respectively (shown as Figure 3f), after prepolariza-
tion under the cooling system. Moreover, even at low
temperature with low power density, both the pyroelectric
current peak and the common photocurrent plateau can be
detected more obviously than that under natural statements or
just single cooling conditions. Similarly, there are upper and
lower threshold boundaries for the laser power density during
the test as illustrate above.
The comparison of the I−t characteristics at different bias

voltages under natural conditions (no polarization and at room
temperature (RT)) and under a cooling system (cooling) is
shown in Figure 3g. It can be found that when a positive bias is
applied (in the same direction as the electric field generated by
spontaneous polarization within the material), the output
signal strength will increase with the increasing applied bias
under both conditions. Nevertheless, when an electric field is
applied in the opposite direction to that generated by
spontaneous polarization within the material, the resulting
electric field inside the material can be canceled or even
reversed. When the device is under a cooling system, the larger
polarized electric field induced by the cold shrinkage with the
material is not easily completely canceled by the reverse
applied electric field, but the larger the applied reverse electric

field is, the smaller the remaining electric field will be, so the
output signal strength will weaken with the enhancement of
the reverse field. However, when the device is under natural
conditions, the polarization field inside the material is relatively
small and can be easily canceled or even reversed. Therefore,
when the applied reverse electric field exceeds the cancellation
value, the signal will be enhanced again. The application of bias
can not only enhance the signal strength but also affect the
peak shape. Pyroelectric performances of devices operating
under different bias voltages (0, 0.1, 0.2, and 0.4 V) with a
15.62 mW/cm2 illumination power density at room temper-
ature are shown in Figure 4a−d. Although the intensity of the
signal has been enhanced with bias increasing, there also exist
differences of peak shapes at different biases, especially within
the threshold. I−t characteristic presented in Figure 4a−d
obviously indicates the gradual disappearance of the pyro-
electric-effect-induced sharp peak as the bias voltage increase,
which is not in line with the changing trend of the overall
signal demonstrated above. The reason is that the higher
applied bias voltage induced larger dark currents, which in turn
increased the background temperatures of the device, resulting
in a slighter difference in temperature caused by the low-
power-density laser irradiation and thus weakened the pyro-
potential in BTO/GaN thin film. Compared with the

Figure 4. Pyro-phototronic performance of the self-powered BTO/GaN thin-film PDs at different biases. (a−d) I−t curves of the BTO/GaN PDs
under 325 nm illuminations with 15.62 mW/cm2 at different biases of (a) 0.0, (b) 0.1, (c) 0.2, and (d) 0.4 V to represent the influence of bias on
Ipyro and Iphoto. The insets indicate the corresponding circuit diagrams with current heating effect and pyro-phototronic effect of BTO (the glow
around BTO/GaN). (e) Response time extraction of Ipyro and Iphoto under both 325 nm illuminations with 31.25 mW/cm2 and a cooling system at
different biases. Insets: magnified x-axis views of the instantaneous response.
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traditional BTO system response of photoelectric (∼100
s),10,11,21 the BTO/GaN pyro-phototronic response time could
be faster (∼5 s). The specific response time at different biases
with 31.25 mW/cm2 illumination power density under a
cooling system are plotted in Figure 4e. Both response times
τpyro and τphoto are improved from 0.35 to 0.16 s and from
about 3.27 to 2.35 s with the bias added, respectively,
indicating that the influence of the background temperature
caused by the dark current can be ignored because of the much
smaller heat accumulation compared with the temperature
change caused by laser irradiation at high power density. In a
word, the ordinary phototronic effect is the base going through
the whole testing process; the pyroelectric effect with higher
responsivity and faster response time could be an optimization,
whereas the treatments of interface coupling, cooling, and
prepolarization provide effective optimizing methods for BTO/
GaN thin-film PDs.

2.3. Working Mechanism of the Self-Powered BTO/
GaN Thin-Film PDs. The working mechanism for BTO/GaN
thin-film PDs could be explained by the pyro-phototronic
effect in Figure 5a, b and the energy band diagrams described
in Figure 5c−e. The enlarged plot of a a single output period
for 325 nm illumination extracted from Figure S2c can be
divided into four stages, labeled as I, II, III, and IV as shown in
Figure 5a, including a sharp rising edge (Ipyro + Iphoto), a stable
plateau (Iphoto), a falling edge (Ipyro), and another stable plateau
(Idark) as shown in Figure 5b (see the Supporting Information
for a detailed explanation of the pyro-phototronic effect). The
structure of the fabricated GaN/BTO thin-film detector can be
considered as a BTO layer trapped between Schottky barriers
at the left and the heterojunction at the right interfaces as
shown in Figure 5c. The formation process of this band
structure can be seen in Figure S5. Before polarization, there
exists an original coercive filed induced by spontaneous
polarization within BTO thin films shown in Figure 5c. A

Figure 5. Working mechanism of the self-powered BTO/GaN thin-film PDs. (a) Enlarged plot of a single output period for 325 nm illuminations,
divided into four stages, labeled as I, II, III, and IV. (b) Schematic demonstration of the working mechanism in pyro-phototronic processes,
corresponding to the four stages labeled in panel a. (c−e) Energy band diagrams for the BTO/GaN thin-film PDs: (c) natural conditions, (d) after
DC bias polarization, (e) after being equipped with a cooling system. (f) Comparison chart of recent achievements in related applications.
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ferroelectric polarization is then formed in the BTO thin films
after polarization. The positive polarized charges gathered in
the left Au/Cr/BTO interface, leading to a decrease in the
Schottky barrier. Simultaneously, the negative polarized
charges gathered in the right BTO/GaN interface, resulting
in an increasing energy barrier of the heterojunction. As
presented in Figure 5d, the 325 nm illumination-induced
electrons flow along BTO layer to the upper Au/Cr electrode
and holes flow along GaN layer until to the lower Au/Cr
electrode, and thus the output photocurrent signals could be
detected. However, the heat caused by light during the process
will weaken the pyro-phototronic effect. To get rid of this, the
cooling system was equipped instead of only introducing a
single prepolarization treatment. As the temperature decreases,
the volume of BTO films will be compressed and a
displacement will be generated along its c-axis, which will
enhance the asymmetry of the material and greatly improve the
internal polarization of the material (shown in Figure 5e).
There will be more polarized charges at interfaces and plenty
of negative polarized charges gathered at the BTO/GaN
heterojunction, elevating the energy barrier to provide a
stronger driving force for electron flow. However, plenty of
positive polarized charges gathered at the Au/Cr/BTO
Schottky junction, lowering the Schottky barrier to reduce
the obstruction for current flow. Because of the strong driving
force and weak obstruction, there will be higher current density
flowing through the external circuits, so that stronger
photoelectric signals will be detected. Moreover, compared
with works in recent years, the signal intensity of this work is
relatively the strongest with a short response time as shown in
Figure 5f.10,11,23,28,50

■ CONCLUSION

The self-powered BTO/GaN thin-film PDs fabricated by the
sol−gel method demonstrate a novel, high-efficiency ultra-
violet-sensing system due to the pyro-phototronic coupled
effects in comparison with the traditional approaches. The
structure of the BTO layer sandwiched between the Schottky
barrier formed with the gold electrode and the heterojunction
formed with GaN helps to greatly improve the responsivity of
the PD with a relatively short response time. With the
combination of 325 nm illumination, a cooling system, and
prepolarization treatments applied, the fabricated PD system
delivers an enhancement of photocurrent and photovoltaic
plateaus, which is boosted by up to 1348 and 1052% with
faster response times, respectively, as compared with that using
the photovoltaic effect alone. Besides, the light-induced self-
powered BTO/GaN thin-film PDs can detect the slight signal
with a low power intensity efficiently because of the low
background temperature derived from the dark current at zero
bias. In addition, the application of positive bias to the material
can greatly enhance the overall response signal strength, and
the application of negative bias to the material can make the
intensity of pyroelectric signal more obvious, so the using
methods of the PD can be flexibly switched according to
different application scenarios to expand its working scope.
The BTO/GaN thin-film PDs with pyro-phototronic coupled
effects provide a new designing idea for fast and responsive
PDs based on a semiconductor and a perovskite, making this
environmentally friendly and economical self-powered PD a
promising candidate in optoelectronic fields.
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