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Aluminum nitride (AlN) is a promising candidate for the manufacture of vacuum ultraviolet (VUV) pho-
todetectors. However, its poor electrical conductivity limits its applications. Herein, a high-performance
AlN nanowire (NW)-NiO quantum dot (QD) based VUV photodetector is constructed via a mixed-
dimensional strategy. The formation of isolated nanoscale p-n heterojunctions greatly increases the
concentration of photogenerated electrons, resulting in an ultrahigh photoconductive gain (9.96) in the
AlN NW-NiO QD material, which is about 27-fold higher than that of AlN NW (0.368). In addition, the
significant improvement in both photocurrent and response speed convincingly suggest the great potential
of AlN NW-NiO QD based VUV photodetectors. Furthermore, the properties of these photodetectors in an
irradiation environment are also evaluated here. It is found that AlN NW exhibits excellent anti-irradiation
characteristics towards both electron and proton irradiation, while the AlN NW-NiO QD material also
presents promising potential under low-dose electron irradiation. This study can be used as a guideline
to design and fabricate high-performance VUV photodetectors based on wide-band-gap semiconductors
coupled with other nanostructured systems.

DOI: 10.1103/PhysRevApplied.13.064036

I. INTRODUCTION

Ultraviolet (UV) photodetectors based on wide-band-
gap semiconductors (WBGSs), with Eg values generally
in the range of 3–6 eV, are arousing great interest in
many fields, such as missile warning systems [1], space
exploration [2], flame detection [3], secure communica-
tion [4], and biological or chemical analysis [5]. Various
types of WBGS, including diamond (5.5 eV) [6], Ga2O3
(4.2–4.9 eV) [7], SiC (3.44 eV) [8], GaN (3.42 eV) [9],
and ZnO (3.34 eV) [10–12], have been used to fab-
ricate photodetectors with outstanding performances in
the UV range. However, their narrow band gap (usually
<6 eV) results in poor selectivity in the vacuum ultra-
violet (VUV) range (λ < 200 nm), restricting the field of
application. To overcome this problem, aluminum nitride
(AlN), with a band gap of 6.2 eV, has attracted increas-
ing attention due to its high breakdown field strength,
high thermal conductivity (∼3.4 W cm−1 K−1) [13,14],
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and excellent radiation resistance [15,16]. These properties
make this compound an ideal candidate for the prepa-
ration of VUV photodetectors [17]. However, the intrin-
sic physical shortcoming of low carrier concentration in
AlN [18] restricts its photoconductive gain. Hence, the
development of AlN-based photodetectors with special
morphologies is expected to enhance their photoelectric
response. In contrast with bulk or film-based AlN pho-
todetectors, the nanostructured counterpart, especially the
one-dimensional AlN nanowire (NW) based detector will
exhibit an improved photoelectric response characteris-
tic. Since the NWs are associated with a high surface-
to-volume ratio [19–21], vectorial charge separation and
transfer [22–24], and a short lateral charge transport length
[2], these will significantly improve the transport proper-
ties of the carriers. For instance, Zheng et al. showed the
potential of AlN micro- or nanowire-based VUV photode-
tectors with a high quantum efficiency (QE) of 254% [25].
To overcome the intrinsic physical limitations of AlN,
band-gap engineering, including heterogeneous atom dop-
ing or p-n heterojunctions, is studied [26–28]. Tran et al.
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reported that the carrier concentration was increased by
about 7 times in Mg-doped AlN NW [29]. Recently, Li
et al. reported a Zn2SnO4/ZnO heterojunction photode-
tector, which showed 10 times higher photocurrent and
responsivity [30]. By taking advantage of both nanostruc-
tures and heterojunctions simultaneously, it is possible to
improve the gain further, which seems to be promising and
challenging. Generally, since the unintentionally doped
AlN is an n-type semiconductor, a p-type WBGS, such
as nickel oxide (NiO, Eg = 3.4–4 eV) [31,32], chromium
sesquioxide (Cr2O3, Eg = 3.2–3.4 eV) [33], or copper
oxide (Cu2O, Eg = 2.17–2.6 eV) [34], is thus required to
form the heterostructure. Among these p-type semicon-
ductors, NiO is selected in this study due to its high elec-
trical properties, as well as excellent thermal and chemical
stability [35].

Herein, the mixed-dimensional AlN NW-NiO quantum
dot (QD) heterostructure is constructed, which achieves
an excellent performance among all AlN-based VUV
photodetectors, including ultrahigh photoconductive gain
(9.96) and light-to-dark ratios (3.6 × 105). Further, the
potential of AlN-based devices toward irradiation environ-
ment are carefully evaluated, which demonstrates the great
stability of AlN-based VUV photodetectors, and displays
the great potential of AlN NW-NiO QD based VUV pho-
todetectors under low-dose electron irradiation. This study
widens the available knowledge of the design and fabrica-
tion of photodetectors, especially for VUV optoelectronic
applications based on WBGSs.

II. DISCUSSION

Single-crystal AlN NWs are prepared via the phys-
ical vapor transport (PVT) technique in a homemade
radiofrequency-heated furnace (see Fig. 6 and experimen-
tal details in Appendix A). The X-ray diffraction (XRD)
pattern (Fig. 7 in Appendix A) of the samples presents a
series of peaks that allow to be identified as wurtzite AlN
[2H phase crystal structure, “abab” stacking order, space
group P63mc, and crystal structure in the inset of Fig. 1(c)].
This result is in agreement with the standard ICDD-PDF-2
card no. 01-073-7288. In this spectrum, no impurity phases
or other secondary phases are detected. Furthermore, the
Rietveld refinement based on the FULLPROF program [36]
shows that the lattice parameters of the synthesized AlN
samples are a = 3.112 Å and c = 4.977 Å. Both are in
good agreement with the standard values of a = 3.111 Å
and c = 4.978 Å. A scanning electron microscopy (SEM)
image [Fig. 1(a)] of the sample with an enlarged view
[the inset in Fig. 1(a)] reveals that AlN NWs are typ-
ical NWs with a characteristic diameter and length of
100–250 nm and 30–100 µm, respectively. The Raman
characterization [Fig. 1(f)] of the samples further demon-
strates that the NWs consist of the AlN crystal structure,
with characteristic Raman modes located at 909.0, 889.1,
668.4, 656.3, 608.9, and 246.7 cm−1, corresponding to
the E1 (LO), A1 (LO), E1 (TO), E2 (high), A1 (TO), and
E2 (Low) modes, respectively [37,38]. The transmission
electron microscopy (TEM) image [Fig. 1(b)] and clear

(e) (f)

(b)

(c) (d)

FIG. 1. Material characteriza-
tion. (a) SEM image of the AlN
NWs. Inset shows an enlarged
view of the blue area. (b) TEM
image, (c) HRTEM image, and
(d) SAED pattern of the AlN
NWs. (e) HRTEM image of the
AlN NWs with NiO QDs. Insets
show the molecular structures of
AlN and NiO. (f) Raman spectra
of AlN NWs and AlN NW-NiO
QD material. Inset presents PL
spectra of the NiO QDs and AlN
NW-NiO QD material.
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lattice high-resolution TEM (HRTEM) image [Fig. 1(c)]
distinctly show that the obtained highly crystalline AlN
NWs are defect-free. The 0.234 nm interplanar distance
[Fig. 1(c)] measured corresponds to the hexagonal d101
values of AlN, which further confirms the formation of
AlN. The Debye-Scherrer diffraction dots, which are visi-
ble in the selected-area electron diffraction (SAED) pattern
[Fig. 1(d)] show the single-crystal nature of the AlN NWs.
To construct the p-n heterojunction photodetectors, p-type
NiO QDs [face-centered cubic, inset of Fig. 1(c)] are
deposited onto the AlN NWs via the pulsed laser deposi-
tion (PLD) method (see Fig. 8 and experimental details in
Appendix B). The TEM and HRTEM images (Fig. 9 and
inset in Appendix B) show the presence of well-dispersed
NiO QDs with sizes of 4–6 nm. Furthermore, the HRTEM
image of the heterojunction in Fig. 1(e) clearly shows that
the AlN NWs are tightly dotted with the NiO QDs for
the hydric dimension structure combining one-dimensional
NWs and zero-dimensional QDs. The presence of the
NiO QDs cannot be detected via Raman characterization
[Fig. 1(f)], probably due to their low content and poor crys-
tallinity compared with that of the AlN NWs. To further
verify the successful deposition of the NiO QDs, the pho-
toluminescence (PL) spectra [the inset in Fig. 1(f)] of AlN

NWs and the AlN NW-NiO QD material are recorded. It
can be seen that no obvious PL peaks for the AlN NWs,
ranging from 330 to 350 nm, are detected, but a broad peak
located at 341 nm in the spectrum of the AlN NW-NiO QD
material is observed. So, the PL peak located at 341 nm
should be attributed to NiO QDs (Eg = 3.63 eV), with an
average size of 5–7 nm [39]. The AlN NW-NiO QD based
photodetectors are fabricated via the photolithography pro-
cess schematically shown in Figs. 2(a)–2(f). In a typical
run, a large number of AlN NWs and NiO QDs are mixed
with a solution consisting of 99% alcohol and 1% deion-
ized water and then dispersed via an ultrasonic treatment
for 30 min. Successively, the solution is deposited onto
a silicon oxide (SiO2) substrate and the AlN NWs and
NiO QDs tightly adhere to the SiO2 wafer after volatiliza-
tion of the solution [Fig. 2(a)]. The photoresists are then
deposited onto the SiO2 wafer and covered with a metal
mask [Fig. 2(b)]. The sample is exposed to ultraviolet
illumination to dissolve the redundant photoresists. A 150-
nm-thick Au film is then deposited onto the SiO2 substrate
via electron-beam evaporation [Figs. 2(c) and 2(d)]. After
lifting off the rest of the photoresists [Fig. 2(e)], an effective
electrode consisting of the Au pattern on the SiO2 wafer is
obtained [Fig. 2(f)]. In this way, the ohmic contact in the

(a) (b) (c)

(d) (e)

(g)

(h)

(i)

(f)

FIG. 2. (a)–(f) Preparation of
the electrodes via photolithogra-
phy. (g) Optical image, (h) SEM
image, and (i) schematic diagram
of the photodetector device.
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AlN NW-NiO QD material used in these experiments can
be fabricated. The optical [Fig. 2(g)] and SEM [Fig. 2(h)]
images of the device show that the two Au electrodes, serv-
ing as the source and drain electrodes, respectively, are at a
spacing distance of 20 µm and connected via the AlN NW-
NiO QD material. Figure 2(i) shows the setup under UV
illumination. Similarly, the AlN NW based photodetectors
are also fabricated via the same process as that mentioned
above.

To evaluate the performance of a photodetector, two key
parameters, namely, the photoconductive gain (G) and the
spectral responsivity (Rλ) [40,41], should be considered;
these parameters are defined as follows:

G = hc
qλ

Rλ
∼= 1.24

λ
Rλ, (1)

Rλ = Iph/Popt. (2)

Here, h is Planck’s constant, c is the speed of light, q is
the elementary charge, λ is the wavelength of irradiated
light, I ph is the photocurrent (in A), and Popt is the inci-
dent light intensity [42,43]. When compared with the AlN
NW [Fig. 3(a)], the AlN NW-NiO QD material [Fig. 3(d)]
shows a significant enhancement in its photocurrent, which
increases from 8.47 to 216.39 nA upon illumination with
a VUV source of 193 nm. Moreover, a 27-fold increase
is achieved in the photoconductive gain, which measures
to be 0.368 in AlN NW and 9.96 in the AlN NW-NiO

QD material. The dramatic increase in the photocurrent
and photoconductive gain may be attributed to modifica-
tion of the NiO QDs, which form numbers of isolated
nanoscale p-n heterojunctions with the AlN NW. On the
contrary, the I dark of both the AlN NW-NiO QD mate-
rial and AlN NW have similar values, indicating that the
isolated nanoscale p-n heterojunctions have a limited influ-
ence on the internal transport characteristics of the AlN
NW. Besides, the light-to-dark current ratio (I light/I dark)
and the specific detectivity [D∗ = Rλ/(2eIdark/S)1/2] are
also critical parameters, which influence the photoelectric
response and the detectable signal threshold of the pho-
todetectors, respectively [44]. The I light/I dark values of the
photodetectors obtained without and with additional QDs
are 1.6 × 103 and 3.6 × 105, respectively, and the D* val-
ues are 1.84 × 105 and 5 × 106 Jones, respectively. Clearly,
both obtained photoconductive gain and I light/I dark of the
AlN NW-NiO QD material are superior to that of other
AlN-based photodetectors (Table I). Moreover, the pho-
tocurrent of the AlN NW increases monotonically with
increasing VDS from −40 to 40 V, with a 5 V step [the inset
of Fig. 3(a)]. Similar behavior can also be observed in the
AlN NW-NiO QD material [the inset of Fig. 3(d)] due to
their higher VDS, which significantly improves the separa-
tion efficiency of the electron-hole pairs triggered by the
illumination process. Herein, the optical response speed
of AlN NW [Fig. 3(b)] and the AlN NW-NiO QD mate-
rial [Fig. 3(e)], which refers to the time interval between

(a) (b) (c)

(d) (e) (f)

FIG. 3. Characterization of the performance of the photodetectors. I-V curves of (a) the AlN NW and (d) AlN NW-NiO QD material
with and without 193 nm UV illumination. Insets show the photocurrent for various VDS (in the −40 to 40 V range) with a step of 5 V.
Time-dependent response of (b) the AlN NW and (e) AlN NW-NiO QD photodetectors, when a bias voltage of 40 V is applied. Rise
time and decay time of (c) AlN NW and (f) AlN NW-NiO QD material as a function of the bias voltage.
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TABLE I. Comparison between the photoelectric response performances of the AlN-based photodetectors measured in this work and
in previous works.

Photodetector
Wavelength

(nm)
Responsivity

(A W−1)
Photoconductive

gain
I light/I dark

ratio
Rise
time

Decay
time

Detectivity
(Jones) Refs

AlN bulk 360 3.7 – – – – – [66]
AlN epilayer 200 0.078 – – – – – [67]
AlN film 202 0.08 – – – – – [68]
Gr/AlN
film/GaN

195 0.067 80 ns 0.4 ms [69]

Gr/AlN
film/ZnO

185 0.04 4 µs 1 ms [70]

Gr/AlN
film/Si

193 0.054 120 ns 2 ms [71]

AlN micro- or
nanowires

193 0.39 – – <0.1 s <0.2 s – [25]

AlN nanowire 193 0.0573 0.368 1.6 × 103 <10 ms <20 ms 1.84 × 105 This work
AlN NW-NiO
quantum dots

193 1.55 9.96 3.6 × 105 <30 ms <90 ms 5 × 106 This work

the rise (decay) in the 10%–90% (90%–10%) range of
the peak value, is measured by repeatedly switching on
and off the 193 nm laser. The rise and decay times for
AlN NW are <10 and <20 ms, respectively, while in the
AlN NW-NiO QD material they are <30 and <90 ms,
respectively. Clearly, the response speed of AlN NW is
faster than that of the AlN NW-NiO QD material. Gener-
ally, the response speed of the p-n junction photodetector
should be faster than that of the photoconductive pho-
todetector. However, the AlN NW-NiO QD material is

still of photoconductive type, instead of p-n junction type,
because isolated nanoscale AlN/NiO p-n junctions are
located on the surface of AlN, and thus, the main carrier
transport process occurs inside the AlN NW. Meanwhile,
both AlN NW and the AlN NW-NiO QD material show
comparable or rapider responses upon the fast switching
of optical signals, relative to that of other AlN-based pho-
toconductive photodetectors due to the high quality of
AlN NW, but slower than those of AlN-based p-n junc-
tion photodetectors (Table I). To further determine how

(a) (c) (d)

(e)
(b)

FIG. 4. VBM positions of (a) pristine AlN NW and (b) NiO QDs. (c) Energy-band diagram of the heterostructure at 193 nm, showing
the photogenerated carrier-transport mechanism under illumination. Electron and hole transport mechanisms of (d) AlN NW and (e)
AlN NW-NiO QD material under illumination.
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(a)

(c) (d) (e)

(f) (g) (h)

(b)

FIG. 5. (a) Photocurrent bar chart of AlN NW and AlN NW-NiO QD material at various temperatures from 300 to 393 K at 40 V. (b)
Time-dependent photoelectric response of AlN NW (top) and AlN NW-NiO QD (bottom) photodetectors at 393 K. I -V measurements
after (c) 170 keV electron irradiation and (d) 120 keV proton irradiation of AlN NW. (e) Response speed of AlN NW after irradiation
with various fluxes at 40 V. I -V measurements after (f) 170 keV electron irradiation and (g) 120 keV proton irradiation for AlN
NW-NiO QD material. (h) Response speed of AlN NW-NiO QD material after irradiation with various fluxes at 40 V.

VDS affects the response speed, a series of measurements
are performed in the VDS range of 1–40 V [Figs. 3(c) and
3(f), as well as Fig. 10 in Appendix D). The obtained
rise time and decay time under 1 V for AlN NW are
(195.1 ± 10.4) and (295.6 ± 15.4) ms, respectively, while
those for the AlN NW-NiO QD material are (180.1 ± 8.3)
and (310.9 ± 17.2) ms, respectively. With an increase in
VDS, a faster response speed is achieved for both AlN NW
and the AlN NW-NiO QD material. For AlN NW, the rise
time rapidly drops down to the range from 10 to 25 ms,
with a limited variation up to 40 V, while the decay time
exhibits a monotonously decrease from (295.6 ± 15.4) to
(20.4 ± 4.1) ms as a function of VDS. Similarly, in the
AlN NW-NiO QD material, the rise time displays a clear

decrease from (180.1 ± 8.3) ms to the range from 15 to
35 ms with an increase of VDS, while the decay time
descends initially and then increases, with a minimum
value of (60.2 ± 5.2) ms observed at 25 V, which is about
one-fifth of that at 1 V. Herein, the improved response
speed should be ascribed to the enhancement in carrier drift
speed at higher VDS.

To shed some light on the mechanism behind the
improved performance, the energy band of the hetero-
junction is investigated. To identify the position of the
energy level, the core levels (CLs) and the valence band
photoemission (VBM) of the samples are measured by
X-ray photoelectron spectroscopy (XPS, see Fig 11 and
corresponding discussion in Appendix D). Via a linear
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TABLE II. Specific parameters of response speed of AlN NW and AlN NW-NiO QD material at high temperature.

333 K 353 K 373 K 393 K

AlN NW Rτ (ms) 21.2 ± 4.3 20.3 ± 4.6 22.4 ± 4.5 15.3 ± 4.4
Dτ (ms) 24.3 ± 4.5 25.3 ± 4.4 35.1 ± 5.4 26.1 ± 4.7

AlN NW-NiO QDs Rτ (ms) 31.5 ± 5.4 29.3 ± 5.1 18.7 ± 4.8 18.6 ± 4.3
Dτ (ms) 121.3 ± 7.1 124.7 ± 7.8 205.7 ± 12 374.7 ± 20.4

least-squares fit of the leading edge [45] of the valence
band (VB) spectrum, the VBM locations of Al 2p and
Ni 2p are identified at 3.11 eV [Fig. 4(a)] and 0.56 eV
[Fig. 4(b)], respectively. Moreover, the valence band offset
(VBO) and the conduction band offset (CBO) of the AlN
NW-NiO QD material are calculated to be �EV = 2.55 eV
and �EC = 0.23 eV, respectively, as follows:

�EV = (ENi 2p − EV NiO)NiO − (EAl 2p − EV AlN)AlN

− �ECL, (3)

�EC = �EV + ENiO
g − EAlN

g . (4)

The energy-band diagram of the AlN NW-NiO QD
material is presented in Fig. 4(c) to elucidate the carrier
transport mechanism. When the NiO QDs are deposited
onto the AlN NW, many isolated nanoscale p-n junctions,
with a type II heterojunction band structure, are formed.
The diffusion of carriers generates the built-in electric
field, which results in a modification of the Fermi energy
at equilibrium [46]. When the AlN NW-NiO QD mate-
rial is irradiated with a 193 nm laser, a large number of
electron-hole pairs, which rapidly migrate toward oppo-
site directions, as driven by the built-in electric field, are
generated. In short, three processes occur when the device
is illuminated: 1) the photogenerated electrons in the NiO
QDs jump from the VB to the CB; 2) meanwhile, par-
tial electrons in the AlN NW absorb photons and jump to
the CB, generating holes in the VB; and 3) subsequently,
photogenerated electrons migrate from the CB of NiO to

(a) (b)

FIG. 6. (a) Photograph of PVT equipment. (b) Schematic dia-
gram of PVT system.

that of AlN, while partial holes migrate from the VB of
AlN to that of NiO, due to the built-in electric field. These
photogenerated electrons increase the electron concentra-
tion in AlN and the migration of photogenerated holes
from AlN to NiO further increases the hole concentra-
tion in NiO. Thus, unlike AlN NW [Fig. 4(d)], for the
AlN NW-NiO QD material, there is a hole-enrichment area
in the NiO QDs and electron-enrichment regions in the
AlN NW [Fig. 4(e)], which suppress the recombination of
electron-hole pairs, leading to a remarkable increase in the
photocurrent and a reduction of the response speed in the
AlN NW after the deposition of NiO QDs.

To further verify the potential of AlN-based VUV pho-
todetectors at high temperature, as expected, the photoelec-
tric response characteristics are evaluated in the range from
300 to 393 K. Clearly, as shown in Fig. 5(a), the photocur-
rent of AlN NW decreases initially with increasing temper-
ature from (8.47 ± 0.31) nA (300 K) to (8.44 ± 0.25) nA
(353 K) and then increases to (10.07 ± 0.25) nA (393 K).
Meanwhile, the photocurrent of the AlN NW-NiO QD
material gradually rises from (216.39 ± 5.50) nA (300 K)
to (269.75 ± 5.50) nA (393 K), suggesting excellent high-
temperature performance and an outstanding stability of
heterostructure-based photodetectors. In Figs. 12(a) and
12(b) (see in Appendix D), similar characteristics of the
photocurrent can still be observed independent of VDS [see
insets of Figs. 12(a) and 12(b) in Appendix D]. For AlN
NW and the AlN NW-NiO QD material, as the tempera-
ture increases, the scattered effects from lattice vibrations

FIG. 7. XRD pattern of as-prepared AlN NW and standard
card of AlN (PDF no. 01-073-7288).
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(a) (b) FIG. 8. (a) Photograph of PLD
equipment. (b) Schematic dia-
gram of PLD system.

for carriers are gradually intensified and, then, a reduced
mobility is achieved; meanwhile, the intrinsic excitation
to raise the concentration of electron-hole pairs is also
gradually enhanced. Take AlN NW, for instance, when the
temperature is close to 300 K, the scattering of the lattice
vibration is predominant and slightly decreases the pho-
tocurrent of AlN NW. At 373 K, the contribution from
intrinsic excitation exceeds the lattice vibration, result-
ing in a significant increase in photocurrent. However,
for the AlN NW-NiO QD material, intrinsic excitation
dominates throughout the temperature range. The response
speed at various temperatures is presented in Figs. 5(b)
and 12(c)–12(e) (see Appendix D); the mean parameters
of multiple measurements are listed in Table II. Distinctly,
both the rise and decay times for AlN NW and the rise
time for the AlN NW-NiO QD material are insensitive to
temperature, exhibiting excellent high-temperature adapt-
ability, although the decay time of the AlN NW-NiO QD
material increases significantly due to the lower recom-
bination rate of electron-hole pairs at high temperature
[47]. Notably, this is still a very fast response speed
among AlN-based photoconductive photodetectors (Table
I), revealing the promising performance of both AlN NW
and AlN NW-NiO QD based VUV photodetectors at high
temperature.

In addition, for a typical application in an irradia-
tion environment, the VUV photodetectors are required
to withstand a radiation atmosphere composed of galac-
tic cosmic rays [48,49] and solar cosmic rays [50], in
which the high-energy protons and electrons will disable
the photodetectors by introducing irradiation damage. In
this study, the performance of AlN NW [Figs. 5(c)–5(e)]
and the AlN NW-NiO QD material [Figs. 5(f)–5(h)], after
irradiation by 170 keV electrons and 120 keV protons,
with doses ranging from 1013 to 1015 cm−2, are measured.
Only a slightly decrease in photocurrent for AlN NW
after both electron [from (8.47 ± 0.31) to (6.06 ± 0.18) nA,
Fig. 5(c)] and proton irradiation [from (8.47 ± 0.31) to
(5.18 ± 0.12) nA, Fig. 5(d)] indicates the excellent radia-
tion resistance of AlN NW to the irradiation environment.

In general, the energy spectrum for protons in the low earth
orbit ranges from 100 keV to 400 MeV, while that for
electrons ranges from 40 keV to 7 MeV. Additionally, the
maximum flux is 105 cm−2 s−1 for proton irradiation and
5 × 106 cm−2 s−1 for electron irradiation [51]. Here, AlN
NW can endure the 120 keV protons with 1015 cm−2 and
170 keV electrons with 1015 cm−2. Hence, AlN NW is able
to consistently work beyond 35 days under proton irradia-
tion and at least 55 days under electron irradiation, without
any protection. The rise time for AlN NW [Fig. 5(e)] after
proton irradiation basically remains unchanged (around
22.5 ms) as a function of the dose, while, after electron
irradiation, the rise time decreases from (28 ± 5.5) ms
(1013 cm−2) to (15 ± 6) ms (1014 cm−2) and then increases
to (28.5 ± 7.5) ms (1015 cm−2). Similarly, after proton irra-
diation, the decay time shows no clear changes (around
22.5 ms) with an increase in irradiation dose and after elec-
tron irradiation, and thus, the characteristics of first lower-
ing and then raising the decay time can be clearly observed
[(35 ± 7.5) ms (1013 cm−2), (20 ± 7) ms (1014 cm−2),
and (27.5 ± 8.5) ms (1015 cm−2)]. The response speed of
AlN NW under different VDS has a similar trend after

FIG. 9. TEM and HRTEM images (inset) of NiO QDs for a
deposition of 10 min.
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(a) (b) (c)

(d)

(g) (h)

(e) (f)

FIG. 10. Time-dependent AlN NW (top) and AlN NW-NiO QD material (bottom) photodetectors under bias voltages of (a) 1 V, (b)
10 V, (c) 15 V, (d) 20 V, (e) 25 V, (f) 30 V, (g) 35 V, and (h) 40 V.

irradiation (Fig. 13 in Appendix D). In contrast, both elec-
tron and proton irradiation have an apparent impact on the
AlN NW-NiO QD material. As shown in Fig. 5(f), after
electron irradiation, the photocurrent rapidly decreases
from (216.39 ± 5.5) nA (pristine) to (115.52 ± 3.53) nA
(1013 cm−2), and then further reduces to (24.69 ± 0.75) nA
(1014 cm−2) and (14.54 ± 0.50) nA (1015 cm−2). After
proton irradiation [Fig. 5(g)], the photocurrent initially sig-
nificantly decreases from (216.39 ± 5.5) nA (pristine) to
(22.37 ± 0.65) nA (1013 cm−2) and then slowly reduces
to (17.73 ± 0.50) nA (1014 cm−2) and (15.26 ± 0.50) nA
(1015 cm−2). Additionally, as for electron irradiation, the
response speed of the AlN NW-NiO QD material generally
increases with the dose, while, as for proton irradiation,
the rise time shows no clear changes (around 25 ms), but

the decay time increases from (32.5 ± 7) ms (1013 cm−2)
to (56.7 ± 9.5) ms (1015 cm−2) as a function of the dose
[Fig. 5(h)]. The response speed of the AlN NW-NiO
QD material at different VDS after irradiation is shown
in Fig. 14 in Appendix D. Apparently, the performance
deterioration in the AlN NW-NiO QD material should be
ascribed to serious damage to the NiO QDs induced by
electron or proton irradiation. Herein, electron radiation
mainly causes the cumulative ionizing radiation effect that
builds up to trap charges in the oxide (NiO QDs) [52] and
increases the number of interface traps, which will reduce
the carrier concentration and accelerate the electron-hole
pairs recombination rate [53]. Thus, the photocurrent of
the AlN NW-NiO QD material gradually decreases with
an increase in electron irradiation dose. Compared with
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(a) (b)

(c) (d)

FIG. 11. XPS core-level spectra
of (a) Al 2p of pristine AlN NW,
(b) Ni 2p of NiO QDs, and (c) Al
2p and (d) Ni 2p of AlN NW with
NiO QDs.

electron irradiation, proton irradiation induces both the
ionizing radiation effect and displacement damage effect
[54–56], which will introduce more destructive effects into
the target, especially the latter one, causing lots of vacan-
cies and interstitials in the lattice [57,58]. The as-generated
defects easily form disordered clusters (regions), in which
a large quantity of charges are trapped, and thus, reduce
the photocurrent significantly [55,59,60]. So, the proton
irradiation process weakens the performance of the AlN
NW-NiO QD material, which approaches that of AlN NW,
even at a low dose, as expected. Hence, the AlN NW-NiO
QD material can endure 170 keV electron irradiation with
a dose of 1013 cm−2 and its estimated lifetime is only 14 h
under electron irradiation without any protection. By far,
these aforementioned experiments convincingly demon-
strate an AlN-based VUV photodetector with excellent
photoelectric properties and an outstanding enhancement
after NiO decoration. Further evaluation of the irradiation
environment proves the excellent resistance of AlN-based
VUV photodetectors towards both electron and proton
bombardment and reveals the promising potential of AlN
NW-NiO QD based VUV photodetectors under low-dose
electron irradiation. In the future, research to probe the
protective strategy for current NiO QDs, or searches for
another p-type semiconductor that could withstand high-
dose proton irradiation, are expected to further promote the
design and development of VUV-based devices, especially
in the special environment of space.

III. CONCLUSION

In summary, a mixed-dimensional strategy is utilized
to construct AlN NW-NiO QD based VUV photodetec-
tors via the PLD technique. The synergic action of the
heterostructure and built-in electric field increases the
photogenerated electron concentration in AlN NW and
the separation efficiency of the photoexcited electron-
hole pairs, which results in an excellent enhancement of
the carrier concentration. Furthermore, the AlN NW-NiO
QD material achieves a series of significant performance
improvements compared with that of other AlN-based
photodetectors, including an ultrahigh photoconductive
gain (9.96), high light-to-dark ratios (3.6 × 105), excel-
lent detectivity (5 × 106 Jones), and high response speeds
(Rt < 30 ms and Dt < 90 ms). In addition, irradiation
experiments show that the AlN NW-NiO QD material can
withstand a certain dose of electron irradiation, but is very
sensitive to proton irradiation due to the instability of NiO
QDs. By contrast, the AlN NW exhibit great potential
in an irradiation environment. This work also affords an
insight into the design and fabrication of WBGS-based
VUV optoelectronic devices for other special applications.
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FIG. 12. (a) Semilogarithmic I-V characteristics of AlN NW at high temperature, ranging from 300 to 393 K, under illumination of
193 nm. Inset shows an enlarged image of the I -V curves from 38–40 V to clearly illustrate the variation of photocurrent at different
high temperatures. (b) Semilogarithmic I-V characteristics of AlN NW-NiO QD material at high temperature, ranging from 300 to
393 K, under illumination of 193 nm. Inset shows an enlarged image of the I -V curves from 38 to 40 V to clearly illustrate the
variation of photocurrent at different high temperatures. (c)–(e) Time-dependent photoresponses of AlN NW (top) and AlN NW-NiO
QD (bottom) photodetectors over the range of 333–373 K.
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APPENDIX A: SYNTHESIS AND XRD
CHARACTERISTICS OF AlN NWs

The experimental details of preparing AlN NWs are pre-
sented as follows. A quantity of 25 g of high-purity AlN
powder (99.999%, Alfa-Aesar) is inserted into a tantalum
carbide (TaC) crucible. Successively, the TaC crucible is
centered in a graphite crucible. This installation is trans-
ferred into a homemade radiofrequency-heated furnace,
generating 12 kW (Fig. 6). Initially, the furnace is evac-
uated to a pressure lower than 3 × 10−3 Pa and, then,
high-purity N2 (99.9999%) is inserted into the chamber

until a pressure of about 1 × 105 Pa is reached. To elimi-
nate oxygen, this process is carried out at least three times.
Then, the N2 pressure is maintained at approximately
6.5–8 × 104 Pa. The temperature is raised from room tem-
perature to 1900–1950 °C at a rate of 22–26 °C/min and
kept at the target temperature for 30–45 min. After the
reaction occurs, a N2 (99.999%) flow of 500–700 stan-
dard cubic centimeter per minute (sccm) is injected into
the furnace to accelerate the cooling process. The sam-
ples are then collected from the surface of the TaC lid and
characterized.

Figure 7 shows the XRD pattern of the AlN NWs
with the standard ICDD-PDF-2 card no. 01-073-7288 for
comparison.

APPENDIX B: SYNTHESIS AND TEM
CHARACTERISTICS OF NiO QDs

The experimental details of decorating NiO QDs onto
AlN NW are presented as follows. First, 2 g of NiO powder
(99%, Alfa-Aesar) is compressed into an 11 mm diame-
ter round disk. NiO is sintered into a muffle furnace via
a solid-state reaction carried out at 873 K for 2 h. Subse-
quently, the NiO target is fixed at the target position in the
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(a) (b)

(c) (d)

FIG. 13. Response speed of
AlN NW under different VDS
after (a),(b) 170 keV electron
irradiation and (c),(d) 120 keV
proton irradiation.

chamber via PLD (Fig. 8). The AlN NW are inserted into
the chamber and attached to the substrate. The chamber is
then evacuated to reach a pressure of 10−3 Pa. The cham-
ber is filled with 15 Pa high-purity oxygen (99.9999%)
during the experimental process to maintain an oxygen-
rich atmosphere, which is needed to produce the p-type
NiO QDs. Successively, a KrF laser with a wavelength of
248 nm and a repetition rate of 1 Hz is pulsed through a
lens with a 30 cm focal length and focused onto the NiO
target. This process produced a large amount of plume,
which is deposited onto the AlN NW for 10 min. Finally,
the AlN NW-NiO QD material are annealed at 400 °C
to obtain fine crystalline NiO QDs. It is found that, if
we further increase the deposition time, the previously
deposited NiO QDs will merge with the surrounding QDs
to form a thin NiO film. Similar phenomena are observed
in the growth of other types of QDs by the PLD technique
[61,62].

Figure 9 and inset show the TEM and HRTEM images
of isolated NiO QDs, respectively, which are marked by
white dashed lines.

APPENDIX C: MATERIAL
CHARACTERIZATION, DEVICE FABRICATION,

AND MEASUREMENTS

The size and morphology of the samples are charac-
terized by using a scanning electron microscope (Thermo
Scientific Apreo C) and a transmission electron micro-
scope (JEM-1200EX) equipped with an energy-dispersive
X-ray analyzer. The crystal structure of the products is
analyzed by employing a confocal Raman spectroscopy

system (JY-HR800, with <0.9 cm−1 distinguishability and
10 µm spot diameter) and an X-ray photoelectron spec-
trometer (Thermo Escalab 250XI). The energy gap of NiO
is measured by recording a PL spectrum with a Hitachi
F-4500 fluorescence spectrophotometer.

The fabrication method of AlN NW-NiO QD -based
photodetectors via photolithography process is discussed
in detail herein and shown in Figs. 2(a)–2(e). The I-V char-
acteristic curves and the photoelectric response of the AlN
NW or AlN NW-NiO QD material are measured in air
at room temperature by using a CRYOX80 vacuum low-
temperature probe station (SWIN) with a Keithley 6517B
current test system. The response speed of the devices is
measured by employing a Keithley 2602B system source
meter. The illumination source, with a wavelength of
193 nm, is produced by an Excistar XS-type excimer laser
(Coherent) by exciting ArF gas. The high-temperature test
is realized by heating the platform of probe station. The
electron and proton irradiation is performed by using the
KH�K simulator of space electron (proton) radiation at
300 K. The sample is placed on a rotating state in a vac-
uum chamber of 10−4 Pa and bombarded by the irradiation
vertically. All of the results collected at high temperature
and electron-proton irradiation are obtained by averaging
more than three times.

APPENDIX D: SUPPLEMENTAL
CHARACTERISTICS DATA

The time-dependent results of AlN NW and AlN NW-
NiO QD material under different bias (from 1 to 10 V) are
shown in Fig. 10.
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(a) (b)

(c) (d)

FIG. 14. Response speed of
AlN NW-NiO QD material under
different VDS after (a),(b) 170 keV
electron irradiation and (c),(d)
120 keV proton irradiation.

Clearly, the Al 2p CL spectrum of AlN NW [Fig. 11(a)]
can be fitted by two peaks located at 73.8 and 75.0 eV,
which are attributed to the Al—N and Al—O bonds,
respectively [63]. The Al 2p CL spectrum of the AlN NW-
NiO QD material [Fig. 11(c)] presents these two same
transitions at 73.8 and 74.9 eV, respectively. Moreover, the
CL peak located at 72.1 eV corresponds to the Al—Ni
bond, while the other features, which are present in the
69.9–66.7 eV region, are attributed to the partial overlap of
the Ni 3p level with the Al 2p one [64]. In addition, the Ni
2p CL spectrum of the isolated NiO QDs [Fig. 11(b)] can
be resolved into four peaks, corresponding to the Ni—O
bond (855.5 and 873.2 eV) and its satellite peaks (879.6
and 861.1 eV) [65], and its binding energy is similar to the
AlN NW-NiO QD material [Fig. 11(d)].

Figure 12 presents the I -V characteristics and response
speeds of AlN NW and the AlN NW-NiO QD material at
various high temperatures ranging from 300 to 393 K.

Figures 13 and 14 show the response speeds of AlN
NW and the AlN NW-NiO QD material at different VDS,
respectively, which are irradiated by 170 keV electrons and
120 keV protons with various doses ranging from 1013 to
1015 cm−2.
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