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ABSTRACT: Photodetectors capable of detecting two or more bands simultaneously with a
single system have attracted extensive attentions because of their critical applications in image

sensing, communication and so on. Here, we demonstrate a self-powered ultra-broadband



photodetector monolithically integrated on a 0.72Pb(Mgi3Nb23)03-0.28PbTi03 (PMN-28PT)
single crystal. By combining the optothermal and pyroelectric effect, the multifunctional PMN-
28PT single crystal can response to a wide wavelength range from UV to terahertz (THz). At
room temperature, the photodetector could generate a pyroelectric current under the intermittent
illumination of incident light in absence of external bias. A systematic study of the
photoresponse was investigated. The pyroelectric current shows an almost linear relationship to
illumination intensity. Benefit from the excellent pyroelectric property of PMN-28PT single
crystal and the optimized device architecture, the device exhibited a dramatic improvement in
operation frequency up to 3 kHz without any obvious degradation in sensitivity. Such a self-
powered photodetector with ultra-broadband response may open a window for the novel

application of ferroelectric materials in optoelectronics.

B INTRODUCTION

Photodetectors that convert light into an electrical signal are of paramount significance in a wide
range of applications, such as environmental monitoring, imaging techniques, and optical
communications.'” In the past few years, the capability to detect light over a broad spectral
range with a single system has drawn much attention in detectors, especially for those
applications where high integration is required, such as space technology.®® The commonly used
strategy is searching suitable semiconductors with broadband absorption. Several recent attempts
have been made in both organic and inorganic active materials.””!> However, the goal of ultra-
broadband response from UV to THz is very difficult to be achieved in a single material with a
simple structure. Furthermore, an external electric field was usually applied as the driving force

to separate the photogenerated e-h pairs in all the above mentioned photodetectors. The external



power sources not only consumed energy but also largely increased the system size and cost.'*
Hence, making the photodetectors operate independently, sustainably and wirelessly is one of the

most critical issues to further expand their scope of applications.!?

Self-powered photodetecting based on the pyroelectric effect is an essential solution to
overcome these problems, which has attracted a great deal of interest. Unlike the semiconductors
which can only respond to incident photons with energy higher than their band gap, pyroelectric
photodetectors based on the temperature induced spontaneous polarization change exhibited
wavelength independent response.!%!® However, traditional pyroelectric photodetectors suffered
from weak photoresponse and relatively low response speed.'”?* To improve the device
performance, pyroelectric materials with high figures of merits (FOMs) are urgent needed. The
(1-x)Pb(Mg1/3Nb23)O3-xPbTiO3 (PMN-xPT) single crystal grown by the modified Bridgman
technique has been reported to be a promising candidate. [111]-oriented rhombohedral PMN-PT
single crystals exhibit excellent pyroelectric FOM, better than the traditional pyroelectric
materials such as triglycine sulfate (TGS) and LiTa0Os.?!?* Easy machining, chemical inert and
uncooled operation further increase the competitive advantage of PMN-PT single crystals in
practical applications.>*2% As for response speed, optimizing device structure to improve the heat
transfer should be an effective approach to realize fast response. To the best of our knowledge,
there has no related report on PMN-PT single crystals regarding their application in ultra-

broadband photodetector until now.

In this work, we demonstrate the first self-powered ultra-broadband photodetector
monolithically integrated on a ferroelectric 0.72Pb(Mg1/3Nb23)03-0.28PbTiO; (PMN-28PT)
single crystal. The light of different wavelengths were detected with the same material due to the

pyroelectric current accompanied by temperature oscillation. Thanks to the unique material



property and proper structure design, the device shows a fast operation frequency more than 3
kHz without any obvious degradation in sensitivity. The incident light in a wide wavelength
range from UV to terahertz can be detected with zero bias. Hence, the ultra-broadband
photodetector could operate independently and sustainably. Our results highlight a promising

route for the novel application of ferroelectric materials in optoelectronics.

B EXPERIMENTAL SECTION

The [111]-oriented PMN-28PT specimen (5 x 5 x 0.5 mm?®) was cut from a single crystal grown
by the modified Bridgman method.?” The specimen was thinned to 100 pm thick using a
mechanical method and followed by finely polishing. Au electrode was deposited onto the
bottom surface of the polished sample by ion beam sputtering. While the transparent electrode
was obtained by drop-casting silver nanowires (Ag NWs, Nanjing XFNANO Materials Tech
Co., Ltd) on the top surface. Before drop-casting, the Ag NWs ink was firstly diluted in ethanol
and sonicated for 15 min. Then, the sample was poled for 30 min under an applied electric field

of 2 kV/mm in the designed direction at room temperature.

SEM image of Ag NWs electrode was taken on the field-emission scanning electron
microscopy (FESEM, JEOL JSM-6335F). The transmittance of Ag NWs electrode and the
absorption spectrum of PMN-28PT single crystal plate were recorded by a Lambda 950 UV-Vis-
NIR spectrophotometer (PerkinElmer). The lattice structure of [111]-oriented PMN-28PT single
crystal was characterized through X-ray diffraction (XRD, Bruker D8-Advance) using Cu Ka
radiation. The P-E loop and temperature dependent polarization of PMN-28PT single crystal
were measured with a TF2000 Analyzer (aixACCT Systems). The domain structures were
observed by a polarized light microscope (XJZ-6) along the [111] direction. A precision

source/measure unit (Agilent B2911A) was used to assess the performance of the photodetector



under the illumination of UV (375 nm wavelength) to IR (10.6 um wavelength) light with
different wavelengths. The THz irradiation was generated by a 2.52 THz gas laser (FIRL 100,

Edinburgh Instruments Ltd.).

B RESULTS AND DISCUSSION

Figure 1(a) shows a schematic of the produced ultra-broadband photodetector with a simple
parallel-plate capacitor structure. The [111]-oriented PMN-28PT ferroelectric single crystal was
the core part of the device. (Some details about this material can be found in Figure SI,
Supporting Information.) The composition of this crystal was located in the rhombohedral phase
so that an almost single domain configuration could be obtained after poling along [111]
direction. It was sandwiched between the bottom Au electrode and the top Ag NWs electrode.
Considering the effective absorbance of incident light by PMN-28PT, at least one of the
electrodes has to be transparent. Here, Ag NWs electrode was applied due to the perfect
combination of transparency and electrical conductivity. Figure 1(b) shows a photograph of the
Ag NWs electrode coated on a quartz substrate, in which the logo on the card behind the quartz
substrate is clearly visible. Figure 1(c) plots the spectral transmittance of the as-prepared Ag
NWs electrode. It exhibits a high transmittance over a broad wavelength ranging from 200 to
2300 nm which covers the region from UV to IR. As revealed by the inset SEM image, the
random distribution of Ag NWs can form a conductive networks with the sheet resistance of ~30

Q/a. Such a good conductivity is conducive to the collection of charge carriers.
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Figure 1. (a) A schematic diagram of the ultra-broadband photodetector. (b) A photograph of the
quartz substrate coated with Ag NWs. (c) Optical transmittance from UV to near IR region of the
as-prepared Ag NWs electrode. Inset is the SEM image of the Ag NWs electrode.

PMN-PT single crystals are known especially due to their excellent piezoelectric property
which makes them extremely useful in the applications of electromechanical conversion such as
ultrasonic transducers and hydrophones.?’"* At the same time, the multifunctional PMN-PT
single crystal can also handle photodetecting. But the detecting is based on another physical
principle, namely, pyroelectric effect. Considering the anisotropy of pyroelectric coefficient (p)
in single crystals, the [111]-oriented specimen was selected in our design for the maximization of
p component perpendicular to the electrodes. Figure 2(a) shows the XRD pattern of the polished
PMN-28PT specimen. The only sharp diffraction peak assigned to (111) plane implies the
precise orientation. The temperature dependence of polarization (Ps) from 20 to 180 °C was

recorded in Figure 2(b), thus the pyroelectric coefficient can be calculated by,



p=dP |dT 0

A high p value of 7.5 x 10 C/m?-K was found at room temperature, suggesting the potential of
pyroelectric detecting. Such a high pyroelectric coefficient can also be regarded as the result of
domain engineering. Since the direction of spontaneous polarization in rhombohedral PMN-
28PT crystal is along [111] direction, the “1R” domain configuration can be obtained after
poling along [111] direction. As shown in the inset in Figure 2(b), the external electric field
during poling destroyed the symmetry of eight equivalent direction to form a single domain
configuration, which is a preference of pyroelectric property. Polarizing light microscopy (PLM)
observation of domain structure and extinction angle can give an intuitive evidence to confirm
this “1R” domain configuration. As shown in Figure 2(c), the domain structure in visual region
shows the extinction of all angles between 0 to 90°. The absence of birefringence indicates that
the optical axis (i.e. the direction of spontaneous polarization) in each part of the specimen is

along the thickness direction.
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Figure 2. (a) The XRD pattern of the as-prepared [111]-oriented PMN-28PT single crystal. (b)
The polarization and pyroelectric coefficient as a function of temperature for the [111]-oriented
PMN-28PT single crystal. Inset is a schematic illustration of “1R” domain configuration of
[111]-poled rhombohedral crystal. (c) Domain structures of a [111]c platelet observed by PLM
after poling. The scale bar is 200 pum.
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Figure 3. (a) The pyroelectric current measured from the poled [111]-oriented PMN-28PT single
crystal under an intermittent illumination of 1064 nm IR light. (b) The schematic illustration of
the temperature oscillation caused pyroelectric current.

Next, we characterized the photoresponse switching behavior to study the working principle of
the device. Figure 3(a) shows the pyroelectric current generated by the photodetector under the
intermittent illumination of 1064 nm IR light. At the initial state (room temperature Ti), the
arrangement of dipoles after poling caused the bound charges on the surface of PMN-28PT
single crystal. These bound charges were shielded by an equal amount of free charges. Thus,
there was no output current at a fixed temperature, as shown in Figure 3(b). When the device was

exposed to IR light, the PMN-28PT crystal was heated to a higher temperature. The bound



charge is reduced since the level of polarization decreases on heating. In order to maintain the
static balance, excess free charges discharged across the external load. This process resulted in a
negative current signal under the short circuit condition. The magnitude of the current gradually
decreased to zero when a new thermal equilibrium state at the temperature of T» (high than Ty)
was achieved. Similarly, shading the device from IR illumination caused a cooling effect under
natural convection, hence a positive current signal was observed. The pyroelectric current (1)

in both cases is given by,

[ =pAdT/dt @)

pyro
Here, A is the surface area of the sample and d7/dt is the first derivative of temperature with
respect to time. Figure 4(a) plots the relationship between pyroelectric current and the
illumination intensity. The corresponding responsivity (R) was also calculated as the ratio of
pyroelectric current divided by the IR intensity. The value of the pyroelectric current almost
linearly increased with the IR intensity, because the higher IR intensity caused a relatively larger
dT/dt under the same chopping frequency. The responsivity also shows a positive correlation
with the intensity, the highest responsivity was 88.5 nA/W at an intensity of 3.5 W/cm?. The
relationship between the output voltage signals and illumination intensity can be found in Figure

S2, Supporting Information.
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Figure 4. (a) The measured pyroelectric current and the current responsivity of the photodetector
under the on-off switching of 1064 nm IR with different illumination intensities. (b)The
schematic measurement system for fast IR detecting with tunable chopping frequency. (c)
Pyroelectric current as a function of chopping frequency for 1064 nm IR with an intensity of 3.5

W/cm?. (d) The pyroelectric response of the self-powered photodetector when chopped at 2 and
3 kHz.

For motion detection and dynamic imaging, the frequency response of the IR detector is also a
very important property. Unfortunately, traditional pyroelectric detectors generally have a poor
frequency response around 100 Hz due to their operation principles.>® Firstly, the incident IR
radiation is absorbed by the top electrode and converts into heat. Then the heat needs to conduct
to the pyroelectric layer and changes its temperature. Finally, the temperature oscillation
stimulates the polarization variation for detection. The relaxation time of the spontaneous

polarization in crystals is as short as 1072 s,3! hence the poor frequency response is mainly
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caused by the delay between radiation absorption and temperature oscillation. Replacing the
fully covered electrode with a partially covered electrode has been proved an effective solution
to improve the thermal diffusion.*? In this work, a fast frequency response has been achieved by
a clever exploiting of the Ag NWs transparent electrode. Distinct from the traditional way, the
entire PMN-28PT crystal was heated by directly absorbing the IR radiation rather than heat
conduction from the top electrode. The implementation of Ag NWs not only solved the delay of
thermal diffusion but also avoided the heat losses during heat conduction. Figure 4(b) shows the
measurement system for fast IR detecting. The pulsed incident light was generated by
modulating the 1064 nm laser with a mechanical chopper. Figure 4(c) plots the pyroelectric
current measured at zero bias voltage under different chopping frequency. There has no
significant decrease in order of magnitude even chopped at 3 kHz. The detailed output signals at
2 and 3 kHz can be found in Figure 4(d). Such a dramatic improvement in operation frequency
would break the limit of pyroelectric detector in high-speed response applications such as motion
detection and dynamic imaging.

In addition to the improvement of operation frequency, the photodetector also exhibits the
advantage of ultra-broadband sensitivity. Figure 5(a) plots the spectral response of the self-
powered photodetector measured in a wide wavelength range from 375 nm to 118.8 um. In all
the case, pyroelectric current signals were generated by combining with the optothermal
conversion. The lattice vibration of PMN-28PT crystal can be intensified after absorbing the
incident photons. Unlike the optoelectronic conversion in semiconductors, the optothermal
conversion shows no selectivity in wavelengths. Theoretically, there is no wavelength limit for
our device. Figure 5(b) presents the photoswitching curves of the photodetector during repetitive

illumination of four representative wavelengths. Although the incident intensity of each light is
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kept around 100 mW, the pyroelectric current at short wavelengths are much higher. We believe
that the enhanced optothermal energy conversion at short wavelengths benefits from the
excitation of surface plasmons in the top Ag NWs electrode. As reported in the previous
works, >3- light-matter interactions can be enhanced by introducing plasmonic nanostructures
based on noble metals. Here, the excellent plasmonic properties of Ag NWs at short wavelengths
might lead to a stronger light absorption and further intensify the lattice vibration of PMN-28PT

crystal. It should be mentioned, ferroelectric photovoltaic effect’’*

may also exist in our device.
But we have proved that it was not the main mechanism of photoresponse. The details are

provided in Figure S3, Supporting Information.
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Figure 5. (a) The spectral response of the self-powered photodetector measured in a wide
wavelength range from 375 nm to 118.8 um, the intensity of each light is about 100 mW. (b) The
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typical photoswitching behavior under illuminations with wavelengths of 375 nm (UV), 532 nm
(Vis), 808 nm (IR) and 118.8 um (THz).

B CONCLUSION

In summary, we have demonstrated a self-powered photodetector monolithically integrated on a
PMN-28PT single crystal which has an ultra-broadband response for the first time. The working
principle is based on the combination of optothermal effect and pyroelectric effect in PMN-28PT
single crystal. The photodetector can exhibit a responsivity of ~90 nA/W at 1064 nm without any
external power supply. Meanwhile, the device also shows a fast pyroelectric response by
implementation of Ag NWs as a top electrode. A dramatic improvement in operation frequency
up to 3 kHz without any obvious degradation in sensitivity was achieved. The device based on a
PMN-28PT single crystal exhibits definite photoresponse to the light from UV to THz region. At
short wavelengths, the pyroelectric signals can be further enhanced possibly by the excitation of
surface plasmons in Ag NWs electrode. Such an ultra-broadband photodetector demonstrates a
great potential for the application of ferroelectric materials in optoelectronics.
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