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Photodetectors are important photoelectric devices that realize sensing detection through photoelectric signal
transformation and have been widely used in flame sensing, conversion communication, environmental monitoring,
video imaging, night vision imaging, military tracking, medical detection, and other fields. Ultraviolet with a
wavelength less than 280 nm is defined as a deep ultraviolet band that will be absorbed by ozone in the
atmosphere before entering the earth. Almost no signal background exists in this band on the earth, which is also
called a solar-blind band. The application fields represented by ultraviolet short-range secure communication,
shipborne guidance, ozone layer monitoring, and water pollution treatment need the continuous development,
maturity, transformation, and application of deep ultraviolet (DUV) detection technology. Therefore, further research
and development of DUV detection technology have attracted the extensive attention of researchers in relevant

fields, whether in daily life or in the construction of modern national defense.

aluminum nitride photodetectors nanowires semiconductor deep ultraviolet

| 1. Introduction

Photodetectors can generally be divided into the following types: photoconductive detectors, photovoltaic
detectors, and phototransistors W2, These types of detectors are based on different operating principles and have
their own advantages. Basic photoconductive detectors are formed by using the photoconductive material as the
channel and placing the metal with Ohmic contact as the electrode at both ends of the channel. Additionally, there
is often a light gain mechanism, that is, a type of charge carrier that can cycle through the external circuit many
times before recombining the carrier with the opposite charge type, resulting in an increase in photocurrent and a
decrease in response speed . Photovoltaic detectors mainly include MSM type, Schottky barrier type, and p-n (p-
i-n) junction type Bl. MSM detectors are made up of double “back-to-back” semiconductor Schottky barriers by
using an interdigitated electrode with planar linearity on top of an active light collection region. When under DC
bias, one of the Schottky barriers will be forward biased and the other reverse biased, so the dark current is quite
small. Due to the low capacitance per unit area and limited transit time, MSM photodiodes also have an intrinsic
rapid response ability. Schottky detectors consist of a semitransparent Schottky contact and an Ohmic contact and
have many advantages, such as high responsivity, high quantum efficiency, low dark current, short response time,
and possible zero-bias operations. The p-n (p-i-n) junction type shares some similarities with Schottky photodiodes

in that both devices exploit the photovoltaic effect. When forward bias is applied in the p-n junction, the dark current
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is far greater than the photocurrent, and the detector is unable to work due to unilateral conductivity characteristics.
Under reverse bias, the dark current is suppressed, and moreover, the carrier transit time and diode capacitance
are reduced, which is beneficial to the improvement of sensitivity B!, Phototransistors are special photoconductive
detectors that separate the photoconductive material of the detector from the grid with a thin dielectric layer. The
applied grid voltage can adjust the carrier density through the field effect and can make the dark current of the

device in the “off” state 8. The schematic structure of these devices is illustrated in Figure 1.
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Figure 1. Schematic structure of the different types of wide-bandgap semiconductor UV detectors: (a)
Photoconductor; (b) MSM type; (c) Schottky barrier type; (d) p-n junction type; (e) p-i-n junction type; (f)
Phototransistor.

The first synthesis of aluminum nitride (AIN) by reaction of nitrogen and molten aluminum can be traced back to
1862 (8 which did not receive much attention at that time. Since the 1960s, researchers have been committed to
the growth of AIN single crystals BI20 As important 11I-V semiconductors, AIN exhibits high thermal conductivity
(K~3.19 Wem~1K™1), high melting point (>2300 °C), and large direct bandgap (6.28 eV) 111,

| 2. AIN Nanostructures

Nanomaterials with a large surface-to-volume ratio and higher sensitivity have attracted attention in the
photosensitive device application field. In recent years, UV photodetectors based on AIN nanostructures, especially
nanowires, have been paid much attention, including photoconductors 2231141 \MSM photodetectors 1311261 and
Schottky photodiodes 17,

Liu et al. successfully prepared ultralong AIN nanowire (UAN) arrays using the CVD method 22, Individual ultralong
AIN nanowires showed significant photoconductive effects under different excited lights, which was attributed to the
dominant molecular sensitization effects, as shown in Figure 2a. It was found that they had a much faster

response speed of 1 ms, a higher photocurrent response of 2.7 x 108, and a more reproductive working
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performance in the air environment (Figure 2b,c). Teker fabricated a single-AIN nanowire DUV photodetector via
high-quality AIN nanowires fabricated by the dielectrophoretic assembly method 14. The DUV photodetector
showed a high photocurrent response to the 254 nm UV light under a low operating voltage (<3 V), with rise and

decay time constants of 7.7 s and 11.5 s, respectively.
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Figure 2. (a) lllustration of the photosensitive mechanisms of single UANs. (b) |-V curves of a single UAN at an
irradiance of 0.6 yW/cmZ2. (c). Time response of a photocurrent at different light intensities under 325 nm light (121,
(d) SEM images of AIN micro/nanowires. (e) Schematic description of the photodetector. (f) Photoresponse

spectrum under different wavelengths. Inset: dark current as function of voltage 22!,

From the research results of Zheng et al., high-quality AIN micro/nanowires were grown by a two-step physical
vapor transport method, the SEM images of which are shown in Figure 2d 3. Figure 2e depicts the schematic
diagram of a vacuum ultraviolet (VUV) detector fabricated by these micro/nanowires. From the response spectrum
in Figure 2f, an ultrashort cutoff wavelength of 193 nm was found in this VUV photodetector. In addition, the fast
photoresponse speed (<0.1 s) and recovery time (<0.2 s) were obtained. Ali et al. fabricated a flexible UV
photodetector based on AIN nanowire networks via a low-cost non-lithographic fabrication scheme 18, The
detector exhibited a good photocurrent response at 2 V bias, a very fast photoresponse rise time of 0.27 s, and a
decay time of 0.41 s to UV light.

Yusuf et al. reported a highly responsive, flexible AIN single-nanowire ultraviolet photodetector 4. Through a
scalable and highly cost-efficient hot-contact method, detection arrays of very small-size devices capable of
operating at 0 V and 30 V were achieved. The responsivity, excellent EQE, and detectivity of the detector were
1197.5 mA/W, 584%, and 2.32 x 1012 Jones under 254 nm UV light exposure at 30 V bias.

| 3. AIN Thin Films
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With the development of semiconductor technology, many methods for growing AIN crystals have been developed,
mainly including physical vapor transport (PVT) L81920] chemical vapor deposition (CVD) [2122]23] molecular
beam epitaxy (MBE) 24 pulsed laser deposition (PLD) 23126 and magnetron sputtering 2428 The common

substrate materials used for epitaxial growth of AIN crystals mainly include Si, SiC 29, sapphire, etc.

At present, the research based on AIN film detectors is mainly focused on the MSM type [221[20131][32][33](34] For
instance, Chen et al. deposited AIN thin films directly on c-plane sapphire substrates 22, According to the
evaluation of atomic force microscope, the films showed a smooth surface with a root mean square (RMS)
roughness as small as 0.7 nm, and the spectral response of MSM photodetectors constructed with AIN/sapphire
revealed peak responsivity at 200 nm and a UV/visible rejection ratio about 102. Using the hydride vapor phase
epitaxial (HVPE) technique, Murtaza et al. successfully deposited 200 nm thick AIN films onto an n-type silicon
wafer B9 Electrical and electro-optic characterization was conducted on different circuit configurations of
AlN/silicon under various biases and temperatures, and it was found that reverse-biased silicon coupled with the

interdigitated AIN scheme can provide the maximum response rate in photovoltaic and photoconductive modes.

Conventional MSM UV detectors have the shortcomings of a long carrier path, a finite electrical field, and difficult-
to-adjust structural parameters. Li et al. demonstrated a 3D-MSM structural AIN-based DUV detector [23],
Compared with conventional MSM devices, 3D-MSM devices exhibited higher responsiveness and response
speed. The enhanced performance was to be attributed to the intensified electrical field from the 3D metal
electrode configuration and the inhibition of the carrier vertical transport, which unambiguously increased the
carrier collection efficiency and migration speed. After that, the same group investigated the effect of asymmetric
electrode materials (Figure 3a—c) on MSM device performance 2l and the Ni-Al device had better responsivity.

Without applied voltage, a photoelectric response current increased from a dark current of 2.6 pA to 10 nA after UV

illumination.
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Figure 3. (a) Sketch of the asymmetric MSM device. Time-dependent photoresponse under 8 V bias for UV on and
off (b), and responsivity (c) for different electrodes with Ni-Ni, Al-Al, and Ni-Al 2. (d) Process of obtaining a self-
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assembled monolayer on an AIN epitaxial film. (e) Variation of dark current. (f) Photo-to-dark current ratio (PDCR)

with voltage before and after surface modification (241,

AIN was plagued with a large density of electronic surface states about 102 to 104 eV~ cm=2°, which modified
the current transport mechanisms and led to a large leakage current in the device (2. Kaushik et al. used
ZnTPP(OH) for passivation of the electronic surface states of AIN, forming a self-assembled monolayer, as shown
in Figure 3d 4. The surface modification of AIN effectively reduced the dark current of the photodetector without
deteriorating the photocurrent. Based on the surface-modified AIN photodetector, the ratio of photocurrent to dark
current was enhanced from 930 to 7835 at -2 V, and the responsivity doubled from 0.3 to 0.6 mA/W at 5 V (Figure
3e,f).

| 4. AIN Heterostructures

AIN has been combined with a AlGaN film for DUV photodiode application B€. DUV photodetectors based on
AIN/AIGaN heterostructures grown on sapphire by MOCVD offered good performance at a wavelength of 240 nm.
A simple-structure n-AlGaN/AIN phototransistor with a self-depleted full channel was reported, which was
implemented by utilizing the strong polarization-induced electric field as a virtual photogate B4, The complete
depletion of the n-AlysGagsN channel layer and the high optical gain of 1.3 x 10° resulted in a very low dark
current of 1.7 pA and a high photo-to-dark current ratio of 108 (Figure 4a,b). In addition, an ultrahigh responsivity of
1.6 x 10° A/W and an ultrafast response speed of 537.5 ps were obtained (Figure 4c). AIN can combine with
Ga,0; as a lateral heterojunction in order to perform solar-blind photodetection 8. Under zero-bias conditions, the
dark current, UV light switching ratio, linear dynamic region, photoresponsivity, specific detectivity, and rise and
decay time were 1.45 x 10713 A, 2.14 x 104 86.74 dB, 95.95 pA W, 598 x 101 Jones, and 90/116 ms,
respectively. The heterojunction with a staggered type-1l band alignment was established successfully, which could
be self-powered because of the built-in electric field formation. High-quality AIN films via the MOCVD technique
were prepared by Li et al. 22 as shown in Figure 4d. A p-graphene/i-AIN/n-GaN photovoltaic far ultraviolet (FUV)
detector was constructed, and Figure 4e shows the |-V characteristics of the device under 185 nm light and dark
conditions, which indicates that there was an open-circuit voltage of ~1.15 V and an ultrahigh switching ratio at
different voltages. The high responsivity of 25 mA/W and the sharp cutoff edge at 206 nm of the device are shown
in Figure 4f.
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Figure 4. Dark and illuminated |-V curves of the n-Aly sGag 5N/AIN photodetectors with different channel layer: (a)
70 nm and (b) 100 nm. (c) Spectral responses at different bias voltages of the FCSD phototransistor B7. (d)
Brightfield cross-sectional TEM images of AIN/GaN heterojunctions. (e) |-V characteristic of the devices under dark
conditions and 185 nm light of 30.6 pW/cm?2. (f) Spectral responsivity (R,) curves of PDs illuminated by different-
wavelength light. Inset: Ry—A curve in logarithmic coordinates 29,

To conclude, AIN has obtained good response results in the DUV shortwave region due to the ultrawide bandgap.
However, the responsivity of detectors based on AIN thin films is generally low, at the level of mA W1, The
responsivity of AIN micro/nanowires is higher than films due to their small body—surface ratio. AIN materials usually
form heterojunctions photodetectors with AlGaN and GaN. These devices have excellent performance in dark
current, on/off ratio, responsivity, and response speed, and have great development potential. Table 1 summarizes
the performance parameters of AIN-based DUV photodetectors.

Table 1. Summary of performance parameters of DUV photodetectors based on AIN.
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