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In this work, a GaN p-i-n diode based on Mg ion implantation for visible-blind UV detection is demonstrated.
With an optimized implantation and annealing process, a p-GaN layer and corresponding GaN p-i-n photodiode
are achieved via Mg implantation. As revealed in the UV detection characterizations, these diodes exhibit a
sharp wavelength cutoff at 365 nm, high UV/visible rejection ratio of 1.2 × 104, and high photoresponsivity of
0.35 A/W, and are proved to be comparable with commercially available GaN p-n photodiodes. Additionally, a
localized states-related gain mechanism is systematically investigated, and a relevant physics model of electric-
field-assisted photocarrier hopping is proposed. The demonstrated Mg ion-implantation-based approach is be-
lieved to be an applicable and CMOS-process-compatible technology for GaN-based p-i-n photodiodes. © 2019
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1. INTRODUCTION

Ultraviolet (UV) photodetectors (PDs) have drawn extensive at-
tention owing to their important civilian and military applica-
tions, including chemical/biological sensing, flame warning,
missile plume detection, and solar astronomy [1–7]. Advantageous
optical and electrical properties of GaN, together with a room-
temperature (RT) bandgap of 3.41 eV (365 nm) make it highly
promising for visible-blindUVdetections [1–4]. TheGaNp-i-n
diode is one of the most fundamental UV PD structures, with
advantages including high speed, sharp UV/visible cutoff ratio,
low dark current, and capability of operating in photovoltaic
mode [1–3]. In most of the prior GaN p-i-n photodiodes,
the p-GaN region was fabricated with an in situ process in a
metal organic chemical vapor deposition (MOCVD) system
[1–4]. Comparatively, ion implantation is another potential
approach for p-GaN layer doping, possessing advantages in
compatibility with complementary metal oxide semiconductor
(CMOS) technology, higher uniformity, and higher yield.
Therefore, an ion-implantation-based GaN p-i-n diode could
become fairly competitive for future mass production if it could
be realized for UV detection. However, serious implantation-
induced damage and low activation rate make it quite challeng-
ing to realize p-type doping via ion implantation inGaN [8–11].
Resultantly, theUVdetection performance of ion-implantation-
based GaN p-i-n diodes remains unexplored. Therefore,

effective protection of the GaN lattice is required during
high-energy ion implantation and high-temperature (HT)
post-annealing processes. Also, systematical optimization on
annealing temperature, ambience, time, etc., is necessary for
better activation of the dopants.

In this work, a new processing strategy for Mg ion implan-
tation is proposed, adopting a thin AlN layer as the protecting
layer for the ion implantation process, and using SiO2 to pre-
vent GaN decomposing during the HT annealing treatment.
With additionally optimized annealing conditions, inversion
of p-type GaN was realized within the Mg implanted region.
UV PDs based on the Mg ion-implanted GaN p-i-n diode were
then fabricated, demonstrating its favorable capability of
visible-blind UV detection. As compared to a commercially
available GaN p-n diode, the fabricated diode in this work
based on Mg ion-implantation exhibited similar UV detection
performance, including a sharp wavelength cutoff, high UV/
visible rejection, and high detection linearity. A slight internal
gain mechanism was observed, indicating the existence of
localized states in the Mg-implanted GaN. Then systematical
investigations based on measurements at various temperatures,
reverse biases, and optical powers were conducted. It was con-
cluded that localized states influence the photoresponse proper-
ties of the fabricated p-i-n photodiode with a field-assisted
photocarrier hopping process.
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2. EXPERIMENT

The GaN epi-structure used in this work was originally grown
on sapphire substrates with MOCVD, consisting of a 1 μm
undoped buffer layer, a 2 μm Si-doped n-contact layer
(n ∼ 5 × 1018 cm−3), and a 4 μm undoped GaN drift layer, as
shown in Fig. 1(a). A 20-nm AlN capping layer was grown
by atomic layer deposition (ALD) prior to the Mg implantation
to protect the GaN top surface from amorphization and rough-
ing. TheMg ion implantation was then performed at room tem-
perature with two energy steps, 30 keV and 60 keVwith doses of
1.5 × 1014 cm−2 and 2 × 1014 cm−2, respectively. The AlN layer
was then removed with TMAH solution to avoid crystallization
at high temperatures. Subsequently, post-annealing for acceptor
activation was performed in N2 with a 200-nm SiO2 coating
layer to suppress decomposition of GaN at high annealing
temperatures. And as optimized in a series of annealing experi-
ments, a temperature of 1230°C and time of 30 min were
ultimately selected as the post-activation conditions.

After that, the GaN p-i-n photodiodes were fabricated with
standard photolithography, inductively coupled plasma (ICP)
etching, and electron beam evaporation. Cl2∕BCl3-based ICP
etching was used to define individual mesa diodes and to open
the contact window for the n-GaN layer prior to the ohmic
contact deposition. The n-GaN ohmic contact layer composed
of Ti/Al/Ni/Au (200/600/300/700 Å, 1 Å = 0.1 nm) surround-
ing the mesa area was then deposited and annealed at 850°C for
30 s with a rapid thermal annealing system in N2. Afterwards,
the top ohmic contact to the p-GaN layer with the Ni/Au (100/
100 Å) layer was deposited and annealed at 500°C for 5 min in
air. The inset in Fig. 2(a) shows the cross-sectional schematic of
the fabricated PD with an active area with a diameter
of 150 μm.

3. RESULTS AND DISCUSSION

A. Material Analysis on Mg Ion-Implanted GaN
Based on the secondary ion mass spectroscopy (SIMS)
measurement, Fig. 1(b) illustrates the Mg distribution profile
after the AlN-capped implantation and SiO2-protected HT
annealing. Mg concentration averaged at ∼4 × 1018 cm−3

within a depth range of ∼300 nm could be obtained (blue
curve). As compared to the concentration distribution before

annealing (black curve), a strong accumulation of Mg near
the GaN surface could be observed. This should be attributed
to the out-diffusion of Mg in the HT annealing process, similar
to previous Mg implantation reports [12,13]. The crystalline
quality of Mg-implanted GaN after activation annealing was
also analyzed by high-resolution X-ray diffraction (XRD) mea-
surements. As displayed in Fig. 1(c), the full-widths at half-
maximum (FWHMs) for the GaN (0002) and (1012) XRD
curves (red) are 238 and 291 arcsec, respectively. These values
remain similar to those of the as-grown GaN (black), indicating
the effectiveness of HT annealing on eliminating implantation-
induced damage and extra strain. This is consistent with the
surface morphology results as shown in the inset in Fig. 1(c),
where the surface roughness of 0.175 nm over a 1 μm × 1 μm
area is revealed with an atomic force microscope (AFM) system.
Therefore, preferable recovery should have been achieved for
the GaN material with the adoption of an AlN and SiO2 pro-
tection layer, as well as the post-annealing treatment.

B. p-GaN Layer Recognition
Activation of the implanted Mg ion needs to be specifically
verified before the demonstration of Mg ion-implantation-
based GaN p-i-n photodiodes. Based on the implanted and
post-treated GaN layer, a quasi-vertical diode was fabricated
with the cross-sectional schematic illustrated in the inset in
Fig. 2(a). Typical rectification behavior of the diode was ob-
served in current-voltage (I-V) measurements, as shown in
Figs. 2(a) and 2(b). An on-to-off ratio over ∼106 at �5 V
was achieved, with a turn-on voltage of ∼3 V extracted from
the linear plots presented in Fig. 2(b), which could be expected
from the bandgap of GaN [14,15].

The electroluminescence (EL) spectrum of the diode was
also studied, with results displayed in Fig. 2(c). At a forward
pumping current of ∼95 mA, a peak emission at the energy
of 3.26 eV was obtained. This should be a result of band-
to-band radiative recombination occurring at the i-layer, with
electrons and holes injected from n-GaN and p-GaN regions,
respectively. More importantly, the EL pattern of the fabricated
diode indicates that the radiative recombination occurs in
the whole GaN diode area (solid circle), instead of being
limited to the metal electrode periphery (dashed circle). On
the basis of the above I-V measurements and EL mapping

Fig. 1. (a) Schematic diagram of Mg ion implantation in GaN. (b) SIMS results of Mg distribution in the GaN layer before and after annealing.
(c) 2θ-ω XRD scan on (0002) and (1012) planes of as-grown GaN and Mg-implanted GaN with the post-annealing process; the inset shows the
AFM morphology of GaN with Mg implantation and the post-annealing process.

Research Article Vol. 7, No. 8 / August 2019 / Photonics Research B49



experiments, inversion of p-type GaN in the implanted region
was validated.

C. UV Detection Characterization
In the UV detection characterizations, the RT dark current and
photocurrent curves of the GaN p-i-n diode are given in
Fig. 3(a), where the optical power density of the 365-nm
UV front illumination is 2.5 mW∕cm2. The p-i-n diode exhib-
its an ultra-low dark current of ∼0.8 nA∕cm2 at zero bias, with
a photocurrent (I photo) of ∼0.67 mA∕cm2, exhibiting the pho-
tovoltaic mode operation capability. Figure 3(b) presents the
photoresponse measurement results at zero bias (blue curve)
for the GaN PD. It shows a peak responsivity of 350 mA/W
at 360 nm, corresponding to an external quantum efficiency
(EQE) of 120%. The responsivity spectrum also features a
sharp cutoff at 365 nm, conforming to the optical bandgap
energy of GaN. The UV/visible rejection ratio reaches a
high value of 1.2 × 104, as defined with the 360-nm responsiv-
ity divided by that measured at 450 nm. A similar cutoff

wavelength and peak position for the responsivity spectrum
could be observed for a commercially available GaN p-n photo-
diode [16], as displayed in Fig. 3(b) with the red curve. A peak
responsivity of 172 mA/W and EQE of 59% could be
extracted, consistent with previously reported MOCVD grown
GaN p-n-diode-based UV detectors [3,4]. Therefore, the UV
PD based on the Mg ion-implanted p-i-n diode exhibits similar
wavelength selectivity and photoresponsivity as compared to
the commercial GaN p-n photodiodes.

On the other hand, the higher EQE exceeding 100% of the
Mg-implanted PD suggests towards the presence of an internal
gain mechanism. This can be attributed to the trapping effects
of photo-generated carriers in localized defect-related states,
which then modulate the electrical conduction of the semicon-
ductor layer with carriers injected from both electrodes to
maintain charge neutrality, leading to an enhanced responsivity
value [4,17]. The existence of trap-like states has been verified
with the slight increase of the dark current after photocurrent

Fig. 2. (a) Current-voltage (I-V) characteristics of the fabricated quasi-vertical GaN p-i-n diode with a Mg implanted p-type layer; the inset
illustrates the cross-sectional schematic of the diode. (b) I-V results in linear plots. (c) Electroluminescence (EL) spectrum of the Mg ion-implanted
GaN p-i-n diode; the inset displays the EL emission pattern.

Fig. 3. (a) Photo- and dark current measurements for the Mg ion-implanted quasi-vertical GaN p-i-n photodiode. (b) Spectral response character-
istics at zero bias of the UV photodetector based on theMg ion-implanted p-i-n diode (blue) and a commercially available GaN p-n photodiode (red).
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measurement, as shown with the red arrow in Fig. 3(a). That is,
subsequent to the photocurrent measurements, the trapped
photo-generated carriers could contribute to the leakage
current under dark in the following measurements.

D. Device Physics Analysis for the Mg-Implantation-
Based GaN p-i-n Photodiode
To gain insight into the localized defect-related trap states in
the Mg-implanted GaN vertical p-i-n diode, temperature-
dependent reverse I-V characteristics were measured in the
range from 290 K to 390 K. As shown in Fig. 4(a), apparent
dependence of current on both the reverse bias (V r) and tem-
perature could be observed.

To identify the underlying leakage mechanism, the correla-
tion between leakage current J and electric field E was explored.
The average electric field at a given Vr was estimated by
E � �Vbi � Vr�∕d , where d is the drift layer thickness
(∼4 μm) and Vbi is the built-in junction voltage (∼1 V) [18].
A linear relationship between ln� J� and E was found in a low
bias range (<7 V), and is valid at various measuring tempera-
tures, as shown in Fig. 4(b). This reveals the hopping-related
carrier transport mechanism under low reverse bias conditions,
consistent with the conclusions of previous related research
[18–20]. Thus, current-field dependence could be described
by [18–20]

J � J0 exp

�
C

qEr
2kT

�
T 0

T

�
1∕4

�
, (1)

α � d ln�J�
dE

∝ C
qr
2kT

�
T 0

T

�
1∕4

, (2)

where k is the Boltzmann constant, T is the temperature, T 0 is a
characteristic temperature parameter, J0 is the zero-field current,
q is the electron charge, C is a constant of unity, r is the average
hopping distance between two trap states, and α is the slope of
ln�J� versus E . Using Eq. (1) to fit the experimental data of J-E,
as shown in Fig. 4(b), α could be obtained. Figure 4(c)
illustrates the linear fitting of α versus 1∕T 5∕4, based on which
the corresponding slope ofT 1∕4

0 Cqr∕2k could be extracted to be
∼0.11 cm · K5∕4∕V. Assuming a localization radius r � 10 Å
and C � 0.4, T 0 could be extracted to be 5.3 × 1010 K. The
localized states density supporting the hopping conduction
could then be estimated by N ≈ 18∕�kT 0r3� [20,21], with a
value of 3.9 × 1015 cm−3 · eV−1, even lower than the previously
reported sapphire-based GaN, which has not experienced the
implantation and HT annealing process [18]. The similar
dominant leakage mechanism and localized trap-state density
indicate that the optimized post-annealing treatment could
effectively repair the ion-implantation-related lattice damage
and evidently recover the material quality. This agrees well with
the comparable UV photodetection performances between
these Mg-implantation-based GaN p-i-n photodiodes and
commercially available GaN p-n PDs grown by MOCVD.

The energy obtained by a hopping carrier within a hopping
distance (r) would increase with the enhanced electric field (E ).
Therefore, with increasing reverse bias, carriers could get
enough energy to escape from the localized states when the ob-
tained energy extends the energy gap (ξa) between localized
states and the band barrier. Then, the Poole–Frenkel (PF) emis-
sion would be stimulated. Figure 4(d) displays the linear fitting
of ln�J� versus the square root of the electric field with

Fig. 4. (a) Temperature-dependent leakage measurement. (b) Hopping conducting-based linear fitting between ln�J� versus E . (c) Linear fitting
between α and 1∕T 5∕4. (d) Poole–Frenkel emission-based linear fitting between ln�J� and E1∕2.
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reverse bias over 20 V. A typical PF conduction relationship is
given as [22,23]

J � J0 exp

�
βPFE1∕2

kT

�
, (3)

βPF �
�

q3

πεε0

�
1∕2

, (4)

where βPF is the PF constant, ε0 is the vacuum permittivity,
and ε is the dielectric permittivity of GaN (∼5.35). Near-
ideal linear PF conduction fitting was observed for various
T values. The PF constant was then calculated to be
∼3.04 × 10−4 cm1∕2·eV∕V1∕2, in good consistency with the
theoretically predicted value of 3.28 × 10−4 cm1∕2·eV∕V1∕2.
The dominance of PF emission at high reverse bias was then
verified, further confirming the existence of localized states.

The identification of hopping conduction as well as the
PF emission process also indicates that the photo-generated
carriers trapped in the localized states could spatially hop or
transit between these states, enhancing the charge non-neutrality
and thus increasing the photoresponsivity. This process would
be intensified with higher electric field intensity. This has been
verified by the results of responsivity versus V r , as shown in
Fig. 5(a). Responsivity increases near exponentially with V r
and exhibits a sharp increase near V r � 3 V, where leakage
starts to exhibit clear linear fittings with hopping conduction,
in good consistency with results presented in Fig. 4(b), where
E ∼ 1 × 104 V∕cm.Meanwhile, the linearity between photocur-
rent and incident optical power density has excluded the domi-
nance of an undesired persistent photoconductivity mechanism
in the fabricated UV PDs, as presented in Fig. 5(b) [4,17].

E. Transient Response Characteristics
The transient photoresponse characteristics have been evalu-
ated at the reverse bias of 5 V, employing a 325 nm constant-
wave (CW) laser with optical power density of 2.3 mW∕cm2,
and a frequency-programmable chopper. The photocurrent
waveform in six repeated cycles with a chopping frequency
of 140 Hz is presented in Fig. 6(a). The photocurrent was
observed to be consistent and repeatable in the continuous

measurements. 10% to 90% of the maximum value was used
for the extraction of response time [24–27], as shown in
Figs. 6(b) and 6(c). The rise time (τr ) and decay time (τd ) are
estimated to be 75 μs and 110 μs, respectively.

Based on the junction capacitance and forward series
resistance of the p-i-n diode, the RC time constant (τRC) is esti-
mated to be ∼1 ns, and therefore should not be the main factor
influencing the photoresponse time. Thus, it is believed that the
photoresponse time obtained here should be determined mainly
by the injection and depletion process of the trapped carriers in
localized states. As displayed in Fig. 6(d), the near exponential
decay of the photocurrent further excludes the dominance
of the persistent photoconductivity effect [4,17].

In consideration of both the photoresponsivity’s dependence
on the reverse bias and the transient response characteristics, a
physics model of electric-field-assisted photocarrier hopping is

Fig. 5. (a) Reverse-bias-dependent responsivity measurement at an optical power density of 2.5 mW∕cm2 at 365 nm. (b) Dependence of photo-
current on the optical power density. (c) Schematic diagram of the electric-field-assisted photocarrier hopping.

Fig. 6. Time response characteristics of the Mg ion-implantation-
based GaN p-i-n diode. (a) Response waveform in six repeated circles.
Photocurrent (b) rise and (c) decay edge within one response pulse.
(d) Decay waveform in exponential scale.
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proposed: the photocarriers first get trapped in the localized
states, introducing non-neutrality in the GaN drift region,
causing EQE extending 100%; these captured carriers then
hop or transit spatially in the localized states with the assistance
of an applied electric field, further enhancing the photorespon-
sivity, as clarified in Fig. 5(c). Therefore, for the Mg-implan-
tation-based GaN p-i-n UV photodiode demonstrated in this
work, suppression of localized trap states in GaN and low-bias
operation mode would be favorable in alleviating the influences
of a parasitic internal gain mechanism.

4. SUMMARY

A GaN p-i-n diode for UV photodetection based on the Mg
ion-implanted p-GaN layer was demonstrated in this work.
During the implantation and activation of the Mg ion, an
AlN and SiO2 protective layer was proved to be efficient for
reducing lattice damage in high-energy implantation and the
HT annealing process, respectively. Resultantly, a p-type GaN
layer and corresponding quasi-vertical GaN p-i-n diode with
excellent rectification performance was achieved. Subsequent
photoresponse characterizations revealed its good overall
visible-blind UV detection performances, including sharp spec-
trum cutoff at 365 nm with a UV/visible rejection ratio over
104, photoresponse time at a level of ∼110 μs, and high detec-
tion linearity. Meanwhile, an internal gain mechanism was
observed and proved to be related to the localized states within
the drift layer. Resultantly, a physics model with field-assisted
hopping of photo-generated carriers was proposed. It is believed
that this study will promote the understanding of UV PD
device physics in Mg ion-implantation-based GaN p-i-n
diodes and provide a new CMOS compatible strategy for
high-performance GaN p-i-n UV photodiode fabrication
toward practical applications.

Funding. National Key R&D Program of China
(2017YFB0403000); National Natural Science Foundation of
China (NSFC) (61774081, 91850112); Natural Science
Foundation of Jiangsu Province (BK20161401); Fundamental
Research Funds for the Central Universities (021014380085,
021014380093, 021014380098); Priority Academic Program
Development of Jiangsu Higher Education Institutions; Science
and Technology Project of State Grid Corporation of China
(SGSDDK00KJJS1600071).

Disclosures. The authors declare that there are no con-
flicts of interest related to this paper.

†These authors contributed equally to this work.

REFERENCES
1. E. Muñoz, “(Al,In,Ga) N-based photodetectors. Some materials

issues,” Phys. Status Solidi B 244, 2859–2877 (2007).
2. E. Munoz, E. Monroy, J. L. Pau, F. Calle, F. Omnes, and P. Gibart,

“III nitrides and UV detection,” J. Phys. Condens. Matter 13, 7115–
7137 (2001).

3. G. Wang, H. Lu, D. Chen, F. Ren, R. Zhang, and Y. Zheng, “High
quantum efficiency GaN-based p-i-n ultraviolet photodetectors pre-
pared on patterned sapphire substrates,” IEEE Photon. Technol.
Lett. 25, 652–654 (2013).

4. E. Monroy, E. Munoz, F. J. Sánchez, F. Calle, E. Calleja, B.
Beaumont, P. Gibart, J. A. Munoz, and F. Cusso, “High-performance
GaN p-n junction photodetectors for solar ultraviolet applications,”
Semicond. Sci. Technol. 13, 1042–1046 (1998).

5. F. Xie, H. Lu, D. Chen, F. Ren, R. Zhang, and Y. Zheng, “Bias-
selective dual-operation-mode ultraviolet Schottky-barrier photode-
tectors fabricated on high-resistivity homoepitaxial GaN,” IEEE
Photon. Technol. Lett. 24, 2203–2205 (2012).

6. Y. Q. Bie, Z. M. Liao, H. Z. Zhang, G. R. Li, Y. Ye, Y. B. Zhou, J. Xu,
Z. X. Qin, L. Dai, and D. P. Yu, “Self-powered, ultrafast, visible-blind
UV detection and optical logical operation based on ZnO/GaN nano-
scale p-n junctions,” Adv. Mater. 23, 649–653 (2011).

7. S. M. Hatch, J. Briscoe, and S. Dunn, “A self-powered ZnO-nanorod/
CuSCN UV photodetector exhibiting rapid response,” Adv. Mater. 25,
867–871 (2013).

8. T. Niwa, T. Fujii, and T. Oka, “High carrier activation of Mg ion-
implanted GaN by conventional rapid thermal annealing,” Appl.
Phys. Express 10, 091002 (2017).

9. T. Narita, T. Kachi, K. Kataoka, and T. Uesugi, “P-type doping of GaN
by magnesium ion implantation,” Appl. Phys. Express 10, 016501
(2016).

10. B. N. Feigelson, T. J. Anderson, M. Abraham, J. A. Freitas, J. K. Hite,
C. R. Eddy, and F. J. Kub, “Multicycle rapid thermal annealing tech-
nique and its application for the electrical activation of Mg implanted in
GaN,” J. Cryst. Growth 350, 21–26 (2012).

11. D. G. Lee, A. Nishikawa, Y. Terai, and Y. Fujiwara, “Eu luminescence
center created by Mg codoping in Eu-doped GaN,” Appl. Phys. Lett.
100, 171904 (2012).

12. T. Hashizume, “Effects of Mg accumulation on chemical and elec-
tronic properties of Mg-doped p-type GaN surface,” J. Appl. Phys.
94, 431–436 (2003).

13. N. E. Posthuma, S. You, H. Liang, N. Ronchi, X. Kang, D. Wellekens,
Y. N. Saripalli, and S. Decoutere, “Impact of Mg out-diffusion and
activation on the p-GaN gate HEMT device performance,” in 28th
International Symposium on Power Semiconductor Devices and
ICs (ISPSD) (IEEE, 2016), pp. 95–98.

14. I. C. Kizilyalli, A. P. Edwards, H. Nie, D. Disney, and D. Bour, “High
voltage vertical GaN p-n diodes with avalanche capability,” IEEE
Trans. Electron Devices 60, 3067–3070 (2013).

15. I. C. Kizilyalli, A. P. Edwards, H. Nie, D. Bour, T. Prunty, and D.
Disney, “3.7 kV vertical GaN PN diodes,” IEEE Electron Device
Lett. 35, 247–249 (2014).

16. GaNo Opto, GaNo Opto GT-ABC-L Datasheet, http://www.gano-uv
.com/admin1234/kindeditor/attached/file/20181101/20181101102423
702370.pdf.

17. E. Munoz, E. Monroy, J. A. Garrido, I. Izpura, F. J. Sánchez,
M. A. Sánchez-Garcıa, E. Calleja, B. Beaumont, and P. Gibart,
“Photoconductor gain mechanisms in GaN ultraviolet detectors,”
Appl. Phys. Lett. 71, 870–872 (1997).

18. D. V. Kuksenkov, H. Temkin, A. Osinsky, R. Gaska, and M. A.
Khan, “Origin of conductivity and low-frequency noise in reverse-
biased GaN p-n junction,” Appl. Phys. Lett. 72, 1365–1367
(1998).

19. Y. Zhang, H. Y. Wong, M. Sun, S. Joglekar, L. Yu, N. A. Braga, R. V.
Mickevicius, and T. Palacios, “Design space and origin of off-state
leakage in GaN vertical power diodes,” in IEEE International Electron
Devices Meeting (IEDM) (IEEE, 2015), pp. 1–35.

20. A. Lewis, “Evidence for the Mott model of hopping conduction in the
anneal stable state of amorphous silicon,” Phys. Rev. Lett. 29, 1555–
1558 (1972).

21. R. M. Hill, “Hopping conduction in amorphous solids,” Philos. Mag. 24,
1307–1325 (1971).

22. O. Mitrofanov and M. Manfra, “Poole-Frenkel electron emission from
the traps in AlGaN/GaN transistors,” J. Appl. Phys. 95, 6414–6419
(2004).

23. J. Kim, J. Y. Kim, Y. Tak, J. Kim, H. G. Hong, M. Yang, S. Chae,
J. Park, Y. Park, and U. I. Chung, “Investigation of reverse leakage
characteristics of InGaN/GaN light-emitting diodes on silicon,” IEEE
Electron Device Lett. 33, 1741–1743 (2012).

24. Y. Shen, X. Yan, Z. Bai, X. Zheng, Y. Sun, Y. Liu, P. Lin, X. Chen, and
Y. Zhang, “A self-powered ultraviolet photodetector based on

Research Article Vol. 7, No. 8 / August 2019 / Photonics Research B53

https://doi.org/10.1002/pssb.200675618
https://doi.org/10.1088/0953-8984/13/32/316
https://doi.org/10.1088/0953-8984/13/32/316
https://doi.org/10.1109/LPT.2013.2248056
https://doi.org/10.1109/LPT.2013.2248056
https://doi.org/10.1088/0268-1242/13/9/013
https://doi.org/10.1109/LPT.2012.2222022
https://doi.org/10.1109/LPT.2012.2222022
https://doi.org/10.1002/adma.201003156
https://doi.org/10.1002/adma.201204488
https://doi.org/10.1002/adma.201204488
https://doi.org/10.7567/APEX.10.091002
https://doi.org/10.7567/APEX.10.091002
https://doi.org/10.7567/APEX.10.016501
https://doi.org/10.7567/APEX.10.016501
https://doi.org/10.1016/j.jcrysgro.2011.12.016
https://doi.org/10.1063/1.4704920
https://doi.org/10.1063/1.4704920
https://doi.org/10.1063/1.1580195
https://doi.org/10.1063/1.1580195
https://doi.org/10.1109/TED.2013.2266664
https://doi.org/10.1109/TED.2013.2266664
https://doi.org/10.1109/LED.2013.2294175
https://doi.org/10.1109/LED.2013.2294175
http://www.gano-uv.com/admin1234/kindeditor/attached/file/20181101/20181101102423702370.pdf
http://www.gano-uv.com/admin1234/kindeditor/attached/file/20181101/20181101102423702370.pdf
http://www.gano-uv.com/admin1234/kindeditor/attached/file/20181101/20181101102423702370.pdf
http://www.gano-uv.com/admin1234/kindeditor/attached/file/20181101/20181101102423702370.pdf
http://www.gano-uv.com/admin1234/kindeditor/attached/file/20181101/20181101102423702370.pdf
https://doi.org/10.1063/1.119673
https://doi.org/10.1063/1.121056
https://doi.org/10.1063/1.121056
https://doi.org/10.1103/PhysRevLett.29.1555
https://doi.org/10.1103/PhysRevLett.29.1555
https://doi.org/10.1080/14786437108217414
https://doi.org/10.1080/14786437108217414
https://doi.org/10.1063/1.1719264
https://doi.org/10.1063/1.1719264
https://doi.org/10.1109/LED.2012.2221153
https://doi.org/10.1109/LED.2012.2221153


solution-processed p-NiO/n-ZnO nanorod array heterojunction,” RSC
Adv. 5, 5976–5981 (2015).

25. H. Y. Chen, K. W. Liu, X. Chen, Z. Z. Zhang, M. M. Fan, M. M. Jiang,
X. H. Xie, H. F. Zhao, and D. Z. Shen, “Realization of a self-powered
ZnO MSM UV photodetector with high responsivity using an asym-
metric pair of Au electrodes,” J. Mater. Chem. C 2, 9689–9694 (2014).

26. O. Game, U. Singh, T. Kumari, A. Banpurkar, and S. Ogale, “ZnO (N)–
Spiro-MeOTAD hybrid photodiode: an efficient self-powered fast-
response UV (visible) photosensor,” Nanoscale 6, 503–513 (2014).

27. Z. Q. Bai and Z. W. Liu, “A broadband photodetector based on
rhodamine B-sensitized ZnO nanowires film,” Sci. Rep. 7, 11384
(2017).

B54 Vol. 7, No. 8 / August 2019 / Photonics Research Research Article

https://doi.org/10.1039/C4RA12535E
https://doi.org/10.1039/C4RA12535E
https://doi.org/10.1039/C4TC01839G
https://doi.org/10.1039/C3NR04727J
https://doi.org/10.1038/s41598-017-11154-8
https://doi.org/10.1038/s41598-017-11154-8

	XML ID funding

