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ABSTRACT

This paper presents a demonstration of a 278 V. GaN avalanche photodiode offering a photoresponsivity of 60 A/W and capable of operating
at high temperature with a high gain of 10°. The GaN n-i-p diode fabricated on a free-standing GaN substrate showed robust avalanche,
which has not been observed on any GaN avalanche photodiodes (APDs) grown on foreign substrates. Both electrical and optical characteri-
zation studies were conducted to validate the occurrence of avalanche in these devices. The device showed a positive temperature coefficient
of breakdown voltage, which follows the nature of avalanche breakdown. The positive coefficient was measured to be 3.85 x 104K (0.1V/
K) at a measurement temperature ranging from 300K to 525 K. The avalanche-induced electroluminescence is also reported here in GaN
APDs. The diode demonstrated superior performance by simultaneously offering a high photoresponsivity of 60 A/W, a high gain of 10° up
to 525K, and low dark current (1.5 x 10°° A/cmz), measured at 0.95 x BV following industry standards.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140005

High-gain ultraviolet (UV) detectors are significant for various
applications, such as medicine, defense, and optical communication. III-
Nitrides are attractive as UV detectors as avalanche photodiodes (APDs)
due to their appropriate bandgap energy, but more so for the bandgap
engineering flexibility in I1I-nitride materials.' ~ However, unlike in con-
ventional ITI-V, Si, and SiC didoes, where avalanche is a well-established
phenomenon, it was missing in GaN diodes until 2013.° Although UV
photodiodes have been reported,”  there was no demonstration of ava-
lanche capability in those GaN photodiodes.

GaN epitaxial layers are typically grown on foreign substrates,
such as sapphire, silicon carbide, and silicon. Due to the large lattice
mismatch between GaN and these foreign substrates, GaN epitaxial
layers exhibit high dislocation densities on the order of 10%~10° cm 2,
which inhibits the avalanche process, and therefore, most breakdowns
in these devices are catastrophic.

The homogeneous GaN films grown on free-standing GaN sub-
strates enable low dislocation densities on the order of 10°cm™?,
which is 3-4 orders lower than those of GaN on foreign substrates. In
GaN electronics, the use of low defect density GaN combined with an
appropriate electric field mitigation technique, such as ion implanted

edge termination,” bevel termination,” and ion-compensated moat
etch termination,” has demonstrated avalanche in pn junction diodes.

In this study, we designed an APD based on the GaN n-i-p
diode structure grown on a single crystalline, low defect density GaN
substrate. A robust avalanche capability was demonstrated with a bur-
ied p-GaN design, using an activation p-GaN technique and an ion-
implanted edge termination.” The APD exhibited an extremely low
dark current of 1.5x 107> A/cm’® and a high gain above 10°.
Moreover, the device performed remarkably well up to 525K, demon-
strating such high temperature performance.

The n-i-p diode used in this study is shown in Fig. 1(a). The epi-
taxial structure began with growing a 1-um-thick p+GaN layer ([Mg]:
4% 10" cm™) on top of the free standing GaN substrate. After the
UV Ozone and HF treatment, a 1-um-thick n-GaN drift layer and a
200-nm-thick n+GaN layer ([Si]: 5 x 10" cm ™) were grown on top
of the p+GaN by metal organic chemical vapor deposition
(MOCVD). By using the UV Ozone and HF treatment, the residual
impurities (Si, C, and O) at the regrowth interface could be removed
effectively’’'* and this was confirmed by C-V and SIMS analyses.
During the MOCVD growth, the Mg ions in the buried p+GaN were
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FIG. 1. (a) The schematic of the GaN avalanche photodiode (APD). Double-energy
Mg-ion implantation was used to compensate the plasma damage on device side-
walls. The active region of the diode has a radius of 100 um. (b) C-V analysis of
the photodiode. The black curve indicates the capacitance, and the blue curve indi-
cates 1/C% The net charge density can be calculated by n = m (©)
Net doping concentration in the drift region obtained by the C-V measurement. The
average net doping concentration was about 2 x 10" cm =2,

passivated by hydrogen. To activate the Mg ions in the buried
p+GaN, a 1.4-um-deep mesa was etched using Cl,/BCl; gases in reac-
tive ion etching (RIE), and then a rapid thermal annealing was per-
formed. The buried Mg ions were activated by diffusing out hydrogen
through sidewalls. The doping concentration of the n-GaN drift layer
was analyzed by the C-V measurement. The net doping density in the
n-GaN region was about 2 x 10'®cm >, Figures 1(b) and 1(c) show
the C-V characteristics and the net doping concentration.

The device edge termination was realized by a two-step Mg ion
implantation: 50keV (dose=3x 10"*cm ?) and 190keV (dose
=1x10"”cm ?). The estimated ion implanted depth was 170 nm.
The Mg ions can also compensate the plasma damage introduced by
the mesa etching, which eliminated the sidewall leakage. Ni/Au metal
stack was deposited for the anode electrode, and the Ti/Au metal stack
was deposited for the cathode electrode.

The temperature-dependent reverse I-V characteristics are
shown in Fig. 2(a). The breakdown voltage increased with the temper-
ature with a positive temperature coefficient [as shown in Fig. 2(b)].
The temperature-dependent breakdown voltage can be written as BV
(T) =BV3p0x (14+0AT), where o is the temperature coefficient. By
measuring the device in a temperature range of 300K to 525K, the
temperature coefficient was 3.85 x 10~ * K~ '. Figure 2(¢) compares
the temperature coefficients of avalanche breakdown voltage of differ-
ent materials, Si,'” GaAs,'* InP,"” InAlAs,"” and 4H-SiC.'® Although
these materials have a different crystal structure and bandgap, the tem-
perature coefficients of avalanche breakdown voltage are quite close.

A one-dimensional simulation program was developed to model
the impact ionization in GaN n-i-p diodes. The simulation was based
on our recently reported impact ionization coefficients [o, = 2.11 x 10°
exp(—3.689 x 10//E) ecm™' and o, =439 x 10%xp(—1.8 x 10"/E)
cmfl],17 which agrees with the Monte Carlo simulated results. From
simulation of the present photodiode structure, it is found that the ava-
lanche occurs when the junction electric field approached 3 MV/cm,
and the corresponding blocking voltage was 278 V, which matches very
well with the measured data. Figure 2(c) shows the comparison of the
multiplication factors obtained by the measurement and simulation.
From these results, it can be concluded that the device broke down by
the impact ionization and not by any other catastrophe like the local
electric field peaking above the critical value.
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FIG. 2. (a) The measured reverse characteristics of the photodiode at different tem-
peratures from 300 K (room temperature) to 525K (250 °C). (b) Blocking voltage as
a function of temperature. The blocking voltage increases with rising temperature in
a linear manner (0.1 V/K), which follows the feature of avalanche breakdown. (c)
Comparison of the simulated and measured current multiplication as a function of
junction electric field. The simulated multiplication factor was calculated based on
the recently reported impact ionization coefficients [0, =2.11 x 1OQexp(—3.689
x 107/E) cm ™" and o, = 4.39 x 10%xp(—1.8 x 107/E) cm~"]. (d) The dark current
as a function of the measured temperature. The definition of the breakdown voltage
was the voltage when the current reached 10 pA, and the dark current was mea-
sured at a voltage equaling 0.95 x BV. (e) Reported temperature coefficient of ava-
lanche breakdown of main semiconductors. '

Figure 2(d) shows the dark current (measured at the voltage that
equals 0.95xBV following commercial device measurement standards
as a function of measurement temperature). The temperature coeffi-
cient of the dark current was 1.006 times/K, which is much lower than
that of commercially available Si and InGaAs avalanche photodio-
des,"" the values of which are 1.1 times/K and 1.07 times/K, respec-
tively. This is a key advantage offered by the large bandgap energy of
GaN.

Electroluminescence is another visible and obvious outcome of
avalanche breakdown, especially for direct bandgap materials, and
reported in GaAs.”’ However, to date, observation of electrolumines-
cence has not been reported in the literature on GaN APDs." ©** !

In this study, electroluminescence was observed, further confirm-
ing the avalanche process in the GaN APDs. Figures 3(b) and 3(c)
show the optical microscope image of the device with electrolumines-
cence when the device was in a controlled avalanche breakdown with
different avalanche current levels. The electroluminescence has a peak
wavelength of 410 nm, which matches with the reported electrolumi-
nescence of the forward biased GaN LED with a Mg-related recombi-
nation center;”’ this can be explained as the diffusion of Mg from the
p+GaN layer into the top layers, creating recombination centers.
Figure 3(e) shows the schematic illustration of the carrier multiplica-
tion and recombination processes during the avalanche.

The photoresponsivity of the device is shown in Fig. 4(a). The
device has a peak responsivity for the wavelength ranging from
350nm to 370 nm, which corresponded to the energy bandgap of
GaN. The photoresponsivity reduced sharply for wavelengths exceed-
ing 370nm. The peak photoresponsivity was 0.24 A/W when the
device is not in the avalanche regime, corresponding to a quantum
efficiency (QE) of 80%. When a reverse bias was applied on the device,
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FIG. 3. (a) Cross-sectional schematic of the diode, where the light emission was
observed in the top n+GaN open space. (b) and (c) Microscope images of the
electroluminescence of the photodiode with different avalanche currents of 300 ©A
and 500 pA. (d) The spectrum of the electroluminescence. (e) Schematic illustration
of the carrier multiplication and recombination during the avalanche. The recombi-
nation of electrons and holes generates photons; therefore, electroluminescence
can be observed.

the photoresponsivity increased as the impact ionization occurred, as
shown in Fig. 4(b). Under a reverse bias of 280 V, a record high photo-
responsivity of 60 A/W was obtained.

FIG. 4. (a) Responsivity of the photodiode. The peak response wavelength was
from 350nm to 370 nm. The peak quantum efficiency (QE) was about 80%. (b)
Responsivity and QE as a function of reverse bias. A record high responsivity of
60 A/W was measured under a reverse bias of 280 V. (c) Reverse current mea-
sured in the dark environment and under ultraviolet light illumination (A = 350 nm).
The measurement temperatures were 300K (solid curves) and 525K (dashed
curves). (d) Optical gain of the device at 300 K and 525 K.

respectively. The measured gain of the diode was 10° at 300K and
remained constant up to 525 K, demonstrating its capability to operate
at high temperature.

Figure 4(c) shows the ultraviolet light-induced current (Iy) and
dark current (Ip,;) measured at temperatures of 300K and 525K,

Table T summarizes the reported key results on avalanche photo-
diodes in GaN and compares with commercial Si and InGaAs

TABLE I. Summary of the reported key results on avalanche photodiodes.

Temperature coefficient

Ipark Maximum Maximum Maximum of breakdown

BV (V) (A/em® @95% BV) responsivity (A/W) gain temperature (°C) voltage (V/°C)
This work 278 1.5%x 107° 60 10° 250 0.1
Hamamatsu Si APD"® 250 6x107° 55 1000 85 1.85
Hamamatsu InGaAs APD"’ 65 63x107° 0.8 30 85 0.1
GaN-on-GaN** 95 5x107* NA 1000 NA NA
GaN-on-Sapphire”’ 90 0.044 0.163 1.9 x 10* NA NA
GaN-on-Sapphire”* >120 127 x10°* 0.23 NA NA NA
GaN-on-GaN™’ 98 1x107* 0.61 >1000 NA NA
GaN-on-Sapphire”® 92 795 NA 300 NA 0.13
GaN-on-GaN*’ 92.3 2%x107* 0.15 1.4 x 10* NA NA
GaN-on-Sapphire”* NA NA 0.11 NA NA NA
GaN-on-SiC*’ 160 2x10°8 42 10° 201 NA
AlGaN-on-GaN™" 100 1x107* 0.8 8 x 10° NA NA
AlGaN-on-Sapphire”’ 90 1x1072 NA 2 x 10* NA NA
GaN-on-GaN""** 75 2% 1073 NA 2.8 x 107 NA NA
Si UV APD™ 10.8 25%x107° 0.1 2800 NA NA
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avalanche photodiodes, which shows that the GaN avalanche photodi-
ode presented in this study shows promising potential for commercial
UV detectors. Moreover, Table I lists the reported papers on GaN
APDs. Some of these studies,”””" although record high optical gains,
show no evidence of avalanche breakdown, typically verified with a
positive temperature coefficient. No electroluminescence has been
reported in these studies.

In summary, a GaN n-i-p avalanche photodiode with remark-
able performance metrics has been designed and fabricated on the
free-standing GaN substrate. The device offers an avalanche break-
down at a reverse bias of 278 V with the breakdown voltage increasing
with rising temperatures, a clear signature of avalanche. The dark cur-
rent was 1.5 X 107> A/cm? and no increase in leakage current was
observed until the avalanche breakdown occurred. Under the reverse
bias, electroluminescence was observed when impact ionization
occurred. The device showed a peak photoresponsivity at the wave-
length between 350 nm and 370 nm. When the avalanche occurred
(reverse bias =280 V), the photoresponsivity was 60 A/W, which is
the highest reported in GaN n-i-p photodiodes. A key feature of the
device is that it can be operated at a high temperature up to 525K
(250°C) with a gain of 10°. The reported gain of 10° and a dark cur-
rent as low as 1.5 x 107> A/cm” obtained from the fabricated GaN-
on-GaN APD confirm the demonstration of our design and device
development using the GaN substrate with appropriate field manage-
ment in the device.

The authors are thankful to Professor James Harris for III-As
APD related discussion that helped us evaluate the performance of
the reported devices. The authors would also thank Anand Vikas
Lalwani and Dr. Jaeyi Chun for measurement-related help. This
work was partly funded under the William George and Ida Mary
Hoover Faculty Fellowship at Stanford and the ARL (No. W911NF-
18-2-0017), and the responsivity was measured at Professor
Newaz’s lab at SFSU (No. NSF ECCS-1708907).
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