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A GaO3/diamond separate absorption and multiplication avalanche photodiode (SAM-APD) with mesa structure has
been proposed and simulated. The simulation is based on an optimized Ga,O3/diamond heterostructure TCAD physical
model, which is revised by repeated comparison with the experimental data from the literature. Since both Ga,O3 and di-
amond are ultra-wide bandgap semiconductor materials, the Ga;O3/diamond SAM-APD shows good solar-blind detection
ability, and the corresponding cutoff wavelength is about 263 nm. The doping distribution and the electric field distribution
of the SAM-APD are discussed, and the simulation results show that the gain of the designed device can reach 5 x 10* and
the peak responsivity can reach a value as high as 78 A/W.

Keywords: Ga,03, diamond, separate absorption and multiplication avalanche photodiode (SAM-APD),

solar-blind detector
PACS: 85.60.—q, 85.30.—z, 85.30.De, 85.30.Mn

1. Introduction

Solar-blind photodetectors have attracted wide attention
in environmental monitoring, UV imaging, missile early warn-
ing and detection, UV communication, and biochemical warn-
ing due to the unique advantages of less sensitivity to sunlight
and low background noise.l!-?! Benefiting from an ultrawide
bandgap, diamond and Ga,Os3 are currently candidate materi-
als for solar-blind detectors. Due to specific doping require-
ments, most of the detectors based on diamond and Ga, O3 are
realized in metal-semiconductor—metal structures or Schottky
structures.>*! Some of them have achieved good results on
some device properties, such as high UV/visible rejection ratio
(~ 10%)31 and high responsivity (275.9 A/W).[®! Sometimes,
the use of a heterojunction is a way to avoid doping difficul-
ties, for both electronic and optoelectronic devices. Sittimart
et al.!") fabricated B-Ga,O3/diamond pn heterojunction diodes
via the direct-bonding technique, which show a rectifying ra-
tio of > 10® at =10 V and a leakage current of < 10~!2 A. In
2018, Chen et al.'! realized a self-powered B-Ga,O3/diamond
photodetector, which shows a cutoff wavelength of 270 nm
and a peak responsivity of 0.2 mA/W. In 2020, Kim et al.’!
made a f3-GayOs/diamond pn heterojunction solar-blind pho-
todiode, which shows a responsivity of 12 A/W and a rejection
ratio of 8500 (Rys4 nm/R365 nm)-

High responsivity for the photodiode can be achieved
by relying on avalanche gain which has been implemented
in avalanche photodiodes with reasonable structure design.
Currently, ultraviolet avalanche photodiodes (APDs) based on
SiC, GaN/AlGaN and GaN/SiC have been successfully fab-
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ricated and can reach a gain as high as 1 x 10° at room
temperature.!!'>-1?! However, since the bandgaps of SiC and
GaN are barely 3.23 eV and 3.4 eV at room temperature, re-
spectively, they have high responsivity in the 300 nm—365 nm
band, which is beyond solar-blind detection range (< 280 nm).
Hence, APDs with ultrawide-bandgap semiconductors are cur-
rently being investigated. !

In this article, based on the Silvaco TCAD simulation,
we propose a novel separate absorption and multiplication
avalanche photodiode (SAM-APD) with a Ga;O3/diamond
heterostructure which could work in the solar-blind spec-
tral band. For this simulation, the physical model for the
Gay03/diamond detector simulation is firstly established in
our work. To ensure the simulation reliability, the optimiza-
tion strategy of simulating the devices in the literature is em-
ployed to select the optimum numerical settings and parame-
ter files. Based on the optimized physical model, we simulate
the energy band structure and electric field distribution of the
Gay03/diamond APD. Also, /-V characteristics and spectral
response characteristics of the device under specific structural
parameters are simulated and predicted. The Ga,O3/diamond
SAM-APD exhibits great responsivity performance in the sim-
ulation, which proves its potential for further research and pos-
sible application.

2. Physical models

As diamond and Ga; O3 are both ultrawide-bandgap semi-
conductor materials, the physical parameters necessary for

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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simulation have not been completely included in the TCAD
software.!!3] Although the simulations for several devices us-
ing diamond or Ga;O3 have been reported, such as Schottky
diodes (SBDs) and field effect transistors (FETs),[!+18] as far
as we know, no such research on Ga;Os/diamond detectors
has emerged yet. In this work, the Fermi—Dirac distribution is
applied to count the carrier distribution in each region of the
device, and the drift—diffusion model combined with the Pois-
son equation and the current continuity equation is used to cal-
culate the current characteristics and electric field distribution
of the devices. Considering various physical effects, a TCAD
simulation model in good agreement with the actual experi-
mental results is finally obtained. Here is a brief description of
some important models.

2.1. Incomplete ionization model for impurities
High-quality p-type doping is actually not easy for dia-
mond, and high impurity activation energy has always been an
important troubling factor for diamond applications due to in-
complete ionization of diamond. In Silvaco TCAD, the incom-
plete ionization properties for p-type doping can be expressed

asH?]
E = Eno—aNy>, (1)
_ Na
Ny = A 2
A 1+g£lpa ( )

E
o= { Ny exp (—ﬁ) y Nao < NA crit 3)

Na, Na > NA crit,

where N, is the ionized acceptor concentration, N is the sub-
stitutional acceptor concentration, ga is the degeneracy factor
(= 4 usually), p is the free hole concentration in diamond,
N, is the density of states at the valance band edge, k is the
Boltzmann constant and 7 is the temperature. As shown in
Fig. 1, the activation energy in the B-doped diamond is fitted
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Fig. 1. Fitting results of the activation energy dependence on the acceptor
concentration to experimental data?*2%! for B-doped diamond. Model
results from Marechal et al.!*0] and Hathwar ez al.!?’! are also given for
comparison.

with the above formula. We finally obtained the fitted values
of Eng = 0.385 eV, a = 5.5 x 1078 eV-em™!, and the corre-
sponding results match with the experimental results well.

2.2. Impact ionization model

As is known to all, the carrier concentration in the deple-
tion region would increase sharply for impact ionization when
the electric field strength exceeds a certain level, and the de-
vice’s current would increase exponentially. The above phys-
ical phenomenon is generally referred to as avalanche break-
down and can be described using the impact ionization model.
In this work, the Van Overstraeten—de Man impact ionization
model was applied to the calculation,'3] which can be ex-
pressed as

G =nozvy + pogvp, 4)
b

Ot = Yapexp (—YEf“) , )
b

G = Yapexp (—E’) , ©)

where G is the generation rate of carriers, n (p) is the concen-
tration of electrons (holes), vy is the drift velocity for elec-
trons (holes), and ay, , is the ionization coefficient for electrons
(holes) which could be obtained from ay (ap), bn (bp) and 7.

2.3. Carrier mobility dependency model

Carrier mobility has a significant impact on device per-
formance. Due to the coexistence of various scattering mech-
anisms, the carrier mobility would change with doping con-
centration and electric field strength at room temperature. We
embed a corresponding model in the Silvaco Atlas using the
built-in C language interpreter to introduce this effect. For a
specific doping concentration and electric field strength, we
can calculate the corresponding carrier mobility with the fol-
lowing formulas: [>6!

Hmax — Hmin

(N
A ad
()

100 (Nimp) = Hmin +

1/Bsat
1

- (uhoEf)ﬁsa‘

Vsat

IJ'h(EvNimp) = Uno (Nimp) , (8)

where Uy and uy, are the hole mobility without electric field or
with electric field, Njmp is the doping concentration, Ef is the
electric field, vgy, is the saturation velocity for the hole, and «,
Hmaxs Mmin> Ny, Bsat are the fitting parameters.

2.4. Light absorption and photogeneration model

The photogeneration model is used to calculate the op-
tical properties of the device. The optical generation rate is
calculated based on

P
G =10, orexp(—ow), ©)
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where P is the ray intensity factor, 1o is the internal quan-
tum efficiency, hv is photon energy and « is the absorp-
tion coefficient. In order to simulate the response spectra of
the APD, the absorption coefficients at different wavelengths
need to be introduced. It can be considered as a wavelength-
dependent function and the following formula is generally

used for fitting: [?8]

E.n—E;
o (Epn) = o exp [pEz] , Epn < EY, (10)

P

En,—E
M . Epn > Ej,

o (Epn) = ot + 0 5

Y

where oy, &, E, E,, P are the fitting parameters. In this
simulation, Ga;O3 is used as the absorber layer as it is a di-
rect bandgap semiconductor and its theoretical absorption co-
efficient is much larger than that of diamond. In order to
make this article closer to the ideal conditions in the perfor-
mance prediction of the device, and provide more reference
value for the follow-up device preparation research, the ab-
sorption coefficients of GayO3 are chosen by consulting the
data of Ma,?°! which are obtained by first-principles calcula-
tions. And the absorption coefficients of diamond sources are
taken from the results of Collins.[**! The corresponding fitting
values are given in Table 2.

2.5. Tunneling model

The tunneling mechanism is a potential factor affecting
the dark current characteristics of an APD. In general, band-
to-band tunneling (BBT) and trap-assisted tunneling (TAT) are
the main physical models for APD simulation. The BBT tun-

neling generation rate is®!)

Gppt = DOE"exp (—2) , (12)

where E is the magnitude of the electric field, D is a statistical
factor, ¥ is a user-definable parameter and ¢, 3 are parameters
related to the bandgap E,. Due to the lack of reliable parame-
ters measured in the current experiments for device simulation,
the parameters of Ga;O3 and diamond used in the simulation
are extrapolated from the Si parameter, and the corresponding
values are given in Table 2.

The TAT model is also considered in the model, and its

tunneling generation rate can be expressed as!*?!

4\/2m* (B, — E)’
B 3ghE

g>m*EM?N;
= ——eX
87h (Ey — Ey)

Ryar , (13)
where E, is the bandgap of the semiconductor, m* is the ef-
fective mass, E is the magnitude of the local electric field,
N, is the trap density, E; is the trap energy, and M is the
matrix element associated with the trap potential. Bulk trap
states and interface trap states are considered in the simula-
tions. The concentrations (energy levels) of bulk trap states

in Ga;03 and diamond are 4.7 x 101 cm™3 (E, — 0.62 eV)
and 8 x 10'3 cm™3 (E, +0.31 eV), respectively. They re-
fer to the data of Zhang[*¥ and Nath.3*! Since no reliable
experimental interface state data have been found, the in-
terface trap density in GayOs/diamond heterojunction is as-
sumed to be 1 x 10'* cm™2, and the trap energy level is Ey
(Gap03) +2.45 eV (the band center of GayO3).

In addition to the above models, additional physi-
cal effects such as band narrowing,!*! Shockley—Read—Hall
recombination*®! and Auger recombination*”! are also con-
sidered in our simulation. Apart from the parameters calcu-
lated from the models described above or taken from the liter-
ature, the rest of the parameters adopt the default value in the
software.

3. Results and discussion

3.1. Characteristics of the
Ga,0s/diamond diode

diamond SBD and

To verify the rationality of the physical model and revise
the numerical parameters, we simulated the diamond SBD and
the GapOs/diamond pn heterojunction diode. Impact ioniza-
tion is one of the most important factors affecting the APD
simulation. Several pieces of research have been reported for
obtaining the fitting parameters of diamond, and Table 1 sum-
marizes the results proposed by different authors. To select the
proper values, a standard SBD reported in the literature!3! is
simulated using those parameters. As shown in Fig. 2, the dia-
mond impact ionization coefficients in different works show
great differences due to the distinctive measurement meth-
ods and calculation methods. For the same SBD structure,
the breakdown electric field strength obtained by most of the
impact ionization parameters is still relatively approximative,
ranging from 1.8 MV/cm to 2.7 MV/cm, and agreeing with the
experimental results of 3.1 MV/cm. Considering the closeness
to the experimental results, we finally adopted the parameters
proposed in Ref. [39].

10? . .
10t
100 L A
107'E O
s —&— Exp. results of Ref. [38] $‘
107" F= o= Modsl of Ret. [39]
3 [= 0= Model of Ref. [40]
Model of Ref. [41]

f— <~ Model of Ref. [42]
1075 k- #— Model of Ref. [43]

Current density (A/cm?)
=
2

o—o—o—oo—o—ooa@@wﬁi ¥
107 8¢ .

10—9 1 L
10* 10° 106 107

Electric field (V/cm)

Fig. 2. The diamond SBD reverse current—electric field characteris-
tics obtained by experiment!3®! vs. simulation with different ionization
coefficients. 39431

108504-3



Chin. Phys. B 32, 108504 (2023)

Table 1. Parameters of the impact ionization model proposed in the liter-
ature, ay, dp, by and by, are the parameters in formulas (5) and (6).

an (em™1) ap (em™) by (V-em™h) by (V-em™h) b4
Ref. [40] 1.89%10° 5.48x10° 1.72x 10’ 1.42x107 1
Ref. [39] - 4.00 x 10° - L.10x 107 1
Ref. [41] 1.94x10% 1.40x10% 7.75x10°  7.75x10° 1
Ref. [42] 4.62x10° 1.93x10° 7.95x10° 441x10® 1
Ref. [43] 1.40x10° 6.10x10* 240x107 1.40x107 1

Next, a B-Ga;O3/diamond heterojunction diode!”! is sim-
ulated.
type Ga»O3 and p-type diamond are 4 x 107 cm™3 and 1 x

In this structure, the doping concentrations of n-

10'® cm™3, respectively. The simulated forward /-V charac-
teristics are shown in Fig. 3(a). The SRH lifetime, the electron
affinity and the contact distribution resistance are reasonably
adjusted in the simulation, and a result close to the experi-
mental data is obtained. Both the simulation and experimen-
tal results exhibit similar turn-on voltage (~ 3.6 V), leakage
current (~ 10713 A) and turn-on current (~ 0.1 mA). How-
ever, the current of the actual device in the logarithmic scale
will increase when the load voltage exceeds 1.4 V, which does
not appear in the simulation. It may be related to the leak-
age current caused by the generation—-recombination process
and the tunneling process due to the existence of complicated
high trap states near the heterojunction interface in the actual

devices. [44:43

I The deviation perhaps stems from the simpli-
fied trap states we adopted in the model as the corresponding
experimental parameter reports are scarce.

The simulated results of Fig. 3(b) refer to the device of
Kim et al.,'° and the doping concentrations of n-type Ga, O3
and p-type diamond are 1 x 107 cm™3 and 1 x 10" cm~3, re-
spectively. In general, the theoretical intrinsic carrier concen-
tration for the wide-bandgap semiconductor should be lower
than 10729 ¢cm—3, but this would cause the inverse I-V charac-
teristic simulation to fail to converge. Therefore, in this sim-
ulation, we make an appropriate compromise in the minimum
intrinsic carrier concentration for both diamond and Ga;0Os.
In addition, the wavelength of incident light is 250 nm and the
corresponding extinction factor is calculated by k = Aot/ (4 7).
Although some deviations are still existing at low voltages,
which may be related to the deviation in some model param-
eters, the simulation results are generally in agreement with
the experimental result, indicating that the physical model and
material parameters used for the simulation are acceptable.

Figure 3(c) shows the spectral responsivity characteristics
consistent with the device structure of Suzuki et al.*®! Tt can
be seen that the responsivity of the Ga,O3; photodetector in
the simulation will drop rapidly around 250 nm, which corre-
sponds to the band gap of GaO3. The simulation results are
basically in agreement with the experiment, which proves the
rationality of the diamond material model and the parameters
we use. Some deviations still exist between the experimental
results and the simulation results, and this can be attributed to

the parameters of the absorption coefficient we adopted in the
simulation source being from theoretical absorption spectra
obtained by first-principles calculations, which could be dif-
ferent from the value in actual material due to the existence of
defects. As a theoretical simulation, we hope to avoid the in-
fluence of uncertain factors on our calculation results as much
as possible, so the absorption coefficient closer to the ideal
Ga03 is preferred in our simulation. Although deviation ex-
ists, it should be reasonable and would not affect the validity
of the device simulation.

0.30

10—4 (a) W

1075 0.25
— -6 o Exp. results of Ref. [7] o
f/ 10 ,ﬂgpd:ﬁ:* Simulation result 0.20 <E
~ 1077 . o Exp. results of Ref. [7] ’ ~
5 10-8 ) —— Simulation results 4 =
£ = 0.15 £
: 1079 5 / 8
o -10
= 10 - 0.10 ©
< 7 . =
£ 107n 5 ( 7 o :
E 10-12 J S 0.05 £

10-13 M

10714 0
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o
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< 1010 4693
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Fig. 3. Simulation results of (a) the forward /-V characteristics for the
Gay03/diamond diode fabricated by Sittimart ez al.I”! Both linear and
logarithmic coordinates are used in the Y-axis to show fit deviations at
high and low currents, respectively. (b) The reverse I-V characteristics
of the Ga,03/diamond photodiode fabricated by Kim ez al.!°! (c) The re-
sponse spectra of the Ga; O3 photodiode made by Suzuki et al.
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Table 2. Parameters adopted in TCAD simulation.

Parameter B-Ga, 03 [8.1447-491  Djamond[26-0-521
Bandgap (eV) (T = 300 K) 49 5.47
Relative permittivity 10 5.7
Electron affinity (eV) 4.0 0.5
Mobility r= 302 K 73 r=3 01(; K, 73
Nimp = 10"" cm Nimp = 10" cm
Uy (cm?. V1571 150 2016
pp (cm?-V=ls™1) 0.5 1030
Vg (cm-s™ 1) 2.3%x 107 1.1x 107
Vgp (cm-s ™) 2.3x 107 1.1x 107
Shockley—Read—Hall
recombination
Too (s71) 1.0x107° 2.0x 10710
Too (s71) 2.1x10710 2.0x 10710
Effective mass
Electron 0.28myg 0.55myg
Hole 0.41mq 0.91mq
Avalanche impact
ap (cm™) 7.06 x 10° 1.89 x 10°
by (V-em™) 2.10 x 107 1.72 % 107
ap (cm™1) 7.06 x 103 5.48 x 106
by (V-em™) 2.10 x 107 1.42 x 107
BBT
a(em 1. v2.572) 4.62x10'8 4.39x 10'8
B (V-em™1) 2.74 x 108 3.24 x 108
Optical absorption
o 500 100
o 2250 6
E; 4.6 5.7
E, 0.06 0.09
P 0.98 1.2

In brief, Table 2 summarizes the optimized material pa-
rameters obtained in the above repeating comparison. By sim-
ulating the diamond SBD and Ga;Os/diamond diode (pho-
todiode), several physical parameters have been corrected
and the reliability of the simulation and prediction for the
Gay03/diamond heterostructure APD could be greatly en-
hanced.

3.2. Simulation and prediction of the Ga;0Os:/diamond
APD

Figure 4 shows the designed structure of the
Gap0Os/diamond heterostructure APD, which refers to the
device dimensions of Refs. [11,53]. For 2D simulation,
the default length of the software in the third dimension
is 1 um. The device adopts the SAM structure, in which
the doping concentrations of the contact layer, absorption
layer, charge layer, multiplication layer and substrate layer are
1x108 em™3, 1x 10 em™3,4x 107 em™3, 1 x 10'% cm 3
and 3 x 10" cm 3, respectively.

Figure 5 shows the electric field distribution and the
band structure of the device. To eliminate the edge break-

down effect, we introduce the mesa structure. As shown in

Fig. 5(a), we can see that the maximum electric field in dia-
mond is located inside the multiplication layer with the value
of 3.82 MV/cm at 250 V, and the electric field concentration
problem on the edge of the multiplication layer is alleviated,
which avoids premature breakdown of the device. This struc-
ture could ensure that the APD can operate at higher voltages,
resulting in a greater gain.

i-Gay,0O5 absorption layer
/ n-Ga,O3 charge layer \ Y H.

Ohmic contact,

LS
Unit: pm
H, 0.2 H, 3.0
H, 0.4 Ly 12.0
H, 0.2 L, 10.0
H, 0.2 L, 20.0

Fig. 4. Schematic diagram of the Ga;Os/diamond heterostructure APD.
Ly: length of the mesa top; Ly,: length of the mesa bottom; Lg: length of
the diamond substrate; H,: thickness of the contact layer; H,: thickness
of the absorption layer; H.: thickness of the charge layer; Hp,: thickness
of the multiplication layer; H: thickness of the diamond substrate.

The internal gain is derived from the hole-dominated
avalanche ionization in the diamond multiplication layer. In
this APD, the holes mainly originate from the Ga;O3 absorp-
tion layer. When irradiated by suitable UV light, photogen-
erated electron-hole pairs will be generated in the GaO3 ab-
sorption layer, and then will be separated due to the biased
electric field, in which the holes will drift to the diamond
and trigger impact ionization in the high electric field. It is
necessary to control the electric field to ensure the safety of
Gay03 when the diamond is in breakdown. Thus, we intro-
duced a 0.2 um charge control layer between the Ga;O3 ab-
sorption layer and the diamond multiplication layer. As shown
in Fig. 5(b), the charge layer is gradually depleted with in-
creasing bias voltage, which finally reduces the electric field
strength by 1 MV/cm.

Besides, the rapid reduction of electric field strength can
be seen in the GayOs/diamond interface. This is due to the for-
mation of the heterojunction. In the simulation, the electron
affinities of Ga;O3 and diamond are 0.5 eV and 4 eV, respec-
tively, and the bandgaps of Ga,O3; and diamond are 4.9 eV
and 5.47 eV, respectively. As shown in Fig. 5(c), a staggered
heterostructure (type-1I) favorable for the drift of holes from
the gallium oxide absorber layer to the diamond multiplication
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layer will be formed at the interface between Ga; O3 and dia-
mond, and its conduction band offset (AE.) and valence band
offset (AE,) are 3.59 eV and 2.96 eV, respectively. Due to the

|
Sl
FEIme

tiny width of the junction, a small load voltage could cause a
huge reduction of electric field strength in this region, and this
effect would become more noticeable as the voltage increases.
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Fig. 5. (a) The electric field distribution of the device obtained in the simulation. The dashed line in the figure is a guide that shows the 1D-profile
path of the electric field and energy band. And the position coordinate is also illustrated. (b) The longitudinal electric field distribution along the
middle of the SAM-APD at different reverse biases, the dashed circle marks the sudden change in electric field strength near the heterojunction
interface. (c) Band energy along the middle of the SAM-APD at zero reverse bias.

Figure 6 shows the -V characteristics and avalanche gain
of the device. The punch-through voltage of the device is
about 100 V, where the charge layer will be completely de-
pleted and the holes generated under the illumination will drift
into the diamond and form the current (as shown in Fig. 5(b)).
As the loading voltage increases to 273 V, the abrupt cur-
rent rising occurs with a tiny increase of reverse bias, which
means that the device has avalanche breakdown. The dark
current density will reach ~ 10 A-cm~2, which is consistent
with the result obtained by the Ga;Os/diamond photodiode
for Kim et al.”! The avalanche gain can be calculated using
the multiplied light/dark current difference and the unmulti-
plied mean light/dark current difference.*! According to the
I-V curve obtained by simulation, the gain of the device can
be greater than 5 x 10* (where the corresponding voltage and
dark current density are 273 Vand 1.1 x 107> A-cm™2, respec-
tively), which means that the actual responsivity of the device
could be orders of magnitude higher than that of conventional

Ga;03/diamond heterojunction detectors.

It is worth noting that the avalanche voltage of the device
will decrease when the doping concentration of the diamond
substrate increases, as shown in Fig. 6. When the doping con-
centration of the diamond substrate rises to 102° ¢cm™3, the
breakdown voltage of the device is only 186 V. It is primar-
ily ascribed to the fact that the high free hole concentration
will reduce the width of the depletion of the diamond substrate
and thence more voltage will be applied to the multiplication
layer at the same bias voltage. The ionized impurity concen-
tration is dramatically dependent on the doping concentration
in p+ diamond. For instance, in our model, the free hole con-
centration of diamond at No = 10! em—3 is 5 x 10 ¢cm 3,
while the free hole concentration will be rapidly increased to
2% 10" cm™3 at No = 10?° cm~3. This physical effect means
the drop of breakdown voltage becomes particularly signifi-
cant. It is obvious that lower breakdown voltage is more ben-
eficial for the practical application of the APD, and thus a

108504-6



Chin. Phys. B 32, 108504 (2023)

higher doping concentration should be selected. However, the
metal—insulator transition for the p-type diamond at high dop-
ing concentrations also needs to be considered.’> As a mat-
ter of fact, when the doping concentration of diamond reaches
~ 10?° cm~3, the diamond substrate might work as a metal-
lic layer in the device, and the heterojunction diode would
lose its rectification function which has been demonstrated in
B-Ga,0s/diamond p*n heterojunction diodes.!”) Hence, we
suggest that the B-doping concentration of 3 x 10! cm™3 is
reasonable in our model, and the corresponding free hole con-
centration is 2 x 10'7 cm™3.

Figure 7 shows the response spectrum characteristics of
the APD at 273 V obtained in the simulation. Due to the in-
ternal gain, the corresponding responsivity can reach 78 A/W
(200 nm) in 273 V (while dark current density is about 1 x
107> A-cm~2 and breakdown has not yet occurred). The cut-
off wavelength of APD (defined as when the responsivity de-
creases to the peak point 1/e of the device) is 263 nm, indi-

cating that the device can work well in the solar-blind band.
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Fig. 6. The current and multiplication gain characteristics of the
GayO3/diamond SAM-APD (the red line is photocurrent, the black line is
dark current, and the blue line is gain curve). The inset shows the break-
down voltage with different diamond substrate doping concentrations.
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Fig. 7. The photo response spectrum of the Ga;Osz/diamond SAM-
APD near the breakdown voltage, in which the optical power density is
I mW-cm~2. The inset shows the response spectra under different biases
with logarithmic scale in the Y-axis.

4. Conclusion

In this paper, we build a calibrated physical model
for the simulation of a Ga;Os/diamond heterostructure. A
Gay03/diamond SAM-APD with specific doping distribution
was simulated based on the model. The device requires only
n-Ga; 03 and p-diamond, and the mesa structure is used to op-
timize the electric field distribution to avoid premature break-
down. The I-V characteristics, gain characteristics and spec-
tral response characteristics are given. Benefiting from the
gain brought by impacting ionization in the diamond multi-
plication layer, the responsivity can reach 78 A/W. The cutoff
wavelength of the device is 263 nm, indicating its suitability
for solar-blind detection.

Acknowledgments

Project supported by the National Key Research and De-
velopment Program of China (Grant No. 2022YFB3608602),
the Beijing Municipal Science and Technology Commission
(Grant No. Z181100004418009), and the National Natural
Science Foundation of China (Grant No. 61927806).

References

[1] Xie C, Lu X T, Tong X W, Zhang Z X, Liang F X, Liang L, Luo L B
and Wu Y C 2019 Adv. Funct. Mater. 29 1806006
[2] Kaur D and Kumar M 2021 Adv. Opt. Mater. 9 2002160
[3] Liao MY 2021 Functional Diamond 1 29
[4] XulJ, Zheng W and Huang F 2019 J. Mater. Chem. C 7 8753
[5] Liao MY and and Koide Y 2006 Appl. Phys. Lett. 89 113509
[6] Feng MY, Jin P, Meng X Q, Xu P F, Huo X D, Zhou G D, Qu P F, Wu
J and Wang Z G 2022 J. Phys. D: Appl. Phys. 55 404005
[7] Sittimart P, Ohmagari S, Matsumae T, Umezawa H and Yoshitake T
2021 AIP Adv. 11 105114
[8] ChenY C,LuYJ,LinCN, Tian Y Z, Gao CJ, Dong L and Shan C X
2018 J. Mater. Chem. C 6 5727
[9] Kim H, Tarelkin S, Polyakov A, Troschiev S, Nosukhin S, Kuznetsov
M and Kim J 2020 ECS J. Solid State Sci. Technol. 9 045004
[10] Cai Q,Luo W K, Yuan R Y, You HF, Li Q, Li M, Chen D J, Lu H,
Zhang R and Zheng Y D 2020 Opt. Express 28 6027
[11] Berechman R A, Skowronski M, Soloviev S and Sandvik P 2010 J.
Appl. Phys. 107 114504
[12] Zhou Q G, McIntosh D C, Lu Z W, Campbell J C, Sampath A V, Shen
H G and Wraback M 2011 Appl. Phys. Lett. 99 131110
[13] Silvaco 2018 Atlas User’s Manual (Santa Clara: Silvaco, Inc.) p. 247
[14] Li Z P, Wang Q, Feng C, Wang Q, Niu D, Jiang L J, Li W, Xiao H L
and Wang X L 2021 ECS J. Solid State Sci. Technol. 10 055005
[15] Wang B Y, Feng C, Jiang L. J, Xiao HL, Li W and Wang X L 2022 ECS
J. Solid State Sci. Technol. 11 055009
[16] Donato N, Antoniou M, Napoli E, Amaratunga G and Udrea F 2015
2015 International Semiconductor Conference October 12—14, Sinaia,
Romania, p. 223
[17] Rashid S J, Tajani A, Twitchen D J, Coulbeck L, Udrea F, Butler T, Ru-
pesinghe N L, Brezeanu M, Isberg J, Garraway A, Dixon M, Balmer R
S, Chamund D, Taylor P and Amaratunga G 2008 /EEE Trans. Electron
Devices 55 2744
[18] Lin W, Wang T T, Wang QL,Lv X Y,LiGZ,Li L A, Ao J P and Zou
G T 2022 Chin. Phys. B 31 108105
[19] XuPF, Jin P, Feng M Y, Qu P F, Huo X D, Wu J and Wang Z G 2022
Micro Nanostruct. 169 207368
[20] Tsukioka K and Okushi H 2006 Jpn. J. Appl. Phys. 45 8571
[21] Lagrange J P, Deneuville A and Gheeraert E 1999 Carbon 37 807
[22] Locher R, Wagner J, Fuchs F, Maier M, Gonon P and Koidl P 1995
Diamond Relat. Mater. 4 678

108504-7


http://dx.doi.org/10.1002/adfm.v29.9
http://dx.doi.org/10.1002/adom.v9.9
http://dx.doi.org/10.1080/26941112.2021.1877019
http://dx.doi.org/10.1039/C9TC02055A
http://dx.doi.org/10.1063/1.2349829
http://dx.doi.org/10.1088/1361-6463/ac83ce
http://dx.doi.org/10.1063/5.0062531
http://dx.doi.org/10.1039/C8TC01122B
http://dx.doi.org/10.1149/2162-8777/ab89b8
http://dx.doi.org/10.1364/OE.383693
http://dx.doi.org/10.1063/1.3432663
http://dx.doi.org/10.1063/1.3432663
http://dx.doi.org/10.1063/1.3636412
http://dx.doi.org/10.1149/2162-8777/abed98
http://dx.doi.org/10.1149/2162-8777/ac7000
http://dx.doi.org/10.1149/2162-8777/ac7000
http://dx.doi.org/10.1109/SMICND.2015.7355214
http://dx.doi.org/10.1109/SMICND.2015.7355214
http://dx.doi.org/10.1109/SMICND.2015.7355214
http://dx.doi.org/10.1109/TED.2008.2003225
http://dx.doi.org/10.1109/TED.2008.2003225
http://dx.doi.org/10.1088/1674-1056/ac7e37
http://dx.doi.org/10.1016/j.micrna.2022.207368
http://dx.doi.org/10.1016/j.micrna.2022.207368
http://dx.doi.org/10.1143/JJAP.45.8571
http://dx.doi.org/10.1016/S0008-6223(98)00275-9
http://dx.doi.org/10.1016/0925-9635(94)05297-2
http://dx.doi.org/10.1016/0925-9635(94)05297-2

Chin. Phys. B 32, 108504 (2023)

[23]
[24]

[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]
[35]

[36]
[37]

[38]
[39]

[40]

Visser E P 1992 J. Phys.: Condens. Matter 4 7365

Von windheim J A, Venkatesan V, MaltaD M and Das K 1993 J. Elec-
tron. Mater. 22 391

Volpe P N, Pernot J, Muret P and Omnes F 2009 Appl. Phys. Lett. 94
092102

Marechal A, Rouger N, Crebier J C, Pemot J, Koizumi S, Teraji T and
Gheeraert E 2013 The 1st IEEE Workshop on Wide Bandgap Power
Devices and Applications, May 16—18 Wuhan, China, pp. 151-154
Hathwar R, Dutta M, Koeck F A M, Nemanich R J, Chowdhury S and
Goodnick S M 2016 J. Appl. Phys. 119 225703

Wang X D, Hu W D, Pan M, Hou L W, Xie W, XuJ T, Li X Y, Chen X
S and Lu W 2014 J. Appl. Phys. 115013103

Ma X F, Zhang Y M, Dong L P and Jia R X 2017 Results Phys. 7 1582
Collins A T 1993 Phys. B 185 284

Hurkx G A M, Klaassen D B M and G. KM P 1992 IEEE Trans. Elec-
tron Devices 39 331

Chakrabarti P, Gawarikar A, Mehta V and Garg D 2006 J. Microwaves,
Optoelectron. Electromagn. Appl. 5 1

Zhang Z, Farzana E, Arehart A R and Ringel S A 2016 Appl. Phys.
Lett. 108 052105

Nath S and Wilson J I B 1996 Diamond and Related Materials 5 65
Klaassen D B M, Slotboom J W and and Degraaff H C 1992 Solid-State
Electron. 35 125

Shockley W and Read W T 1952 Phys. Rev. 87 835

Maréchal A, Rouger N, Crébier J C, Pernot J, Koizumi S, Teraji T and
Gheeraert E 2014 Diamond Relat. Mater. 43 34

Umezawa H, Tatsumi N, Shikata S, Ikeda K and Kumaresan R I 2009
IEEE Electron Device Lett. 30 960

Isberg J, Gabrysch M, Tajani A and Twitchen D J 2006 Adv. Sci. Tech-
nol. 48 73

Rashid S J, Tajani A, Coulbeck L, Brezeanu M, Garraway A, Butler T,
Rupesinghe N L, Twitchen D J, Amaratunga G A J, Udrea F, Taylor P,
Dixon M and Isberg J 2006 Diamond Relat. Mater. 15 317

[41]
[42]
[43]
[44]
[45]
[46]
[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

108504-8

Trew R J, Yan J B and Mock P M 1991 Proc. IEEE 79 598

Hiraiwa A and Kawarada H 2013 J. Appl. Phys. 114 034506

Chicot G, Eon D and Rouger N 2016 Diamond Relat. Mater. 69 68
Farag A A M, Yahia I S, Wojtowicz T and Karczewski G 2010 J. Phys.
D: Appl. Phys. 43 215102

Yacoubi M EI Evrard R, Nguyen N D and Schmeits M 2000 Semicond.
Sci. Technol. 15 341

Suzuki R, Nakagomi S and Kokubun Y 2011 Appl. Phys. Lett. 98
131114

Huang X, Liao F, Li L, Liang X, Liu Q, Zhang C Q and Hu X T 2020
ECS J. Solid State Sci. Technol. 9 045012

Irmscher K, Galazka Z, Pietsch M, Uecker R and Fornari R 2011 J.
Appl. Phys. 110 063720

Gao Y Y, Li A, Feng Q, Hu Z Z, Feng Z Q, Zhang K, Lu X L, Zhang
CF, Zhou H, Mu W X, JiaZ T, Zhang J C and Hao Y 2019 Nanoscale
Res. Lett. 14 8

Lambert N, Taylor A, Hubik P, Bulif J, More-Chevalier J, Karaca H,
Fleury C, Voves J, Sobéii Z, Pogany D and Mortet V 2020 Diamond
Relat. Mater. 109 108003

Ding H, Isoird K, Schneider H, Kone S and Civrac G 2010 Diamond
Relat. Mater. 19 500

FuY, XuY H, XuRM, Zhou J J and Kong Y C 2017 2017 [EEE Elec-
trical Design of Advanced Packaging and Systems SymposiumEDAPS,
December 13—15 Urbana, IL, USA, p. 1

Zhou D, Liu F, Lu H, Chen D J, Ren F F, Zhang R and Zheng Y D 2014
IEEE Photonics Technol. Lett. 26 1136

Cai Q, Dong K X, Xie Z L, Tang Y, Xue J J and Chen D J 2019 Mater.
Sci. Semicond. Process. 96 24

Klein T, Achatz P, Kacmarcik J, Marcenat C, Gustafsson F, Marcus J,
Bustarret E, Pernot J, Omnes F, Sernelius B E, Persson C, Ferreira da
Silva A and Cytermann C 2007 Phys. Rev. B75 165313


http://dx.doi.org/10.1088/0953-8984/4/36/011
http://dx.doi.org/10.1007/BF02661667
http://dx.doi.org/10.1007/BF02661667
http://dx.doi.org/10.1063/1.3086397
http://dx.doi.org/10.1063/1.3086397
http://dx.doi.org/10.1109/WiPDA.2013.6695584
http://dx.doi.org/10.1109/WiPDA.2013.6695584
http://dx.doi.org/10.1063/1.4953385
http://dx.doi.org/10.1063/1.4861148
http://dx.doi.org/10.1016/j.rinp.2017.04.023
http://dx.doi.org/10.1016/0921-4526(93)90250-A
http://dx.doi.org/10.1109/16.121690
http://dx.doi.org/10.1109/16.121690
http://dx.doi.org/10.1063/1.4941429
http://dx.doi.org/10.1063/1.4941429
http://dx.doi.org/10.1016/0925-9635(96)80007-0
http://dx.doi.org/10.1016/0038-1101(92)90051-D
http://dx.doi.org/10.1016/0038-1101(92)90051-D
http://dx.doi.org/10.1103/PhysRev.87.835
http://dx.doi.org/10.1016/j.diamond.2014.01.009
http://dx.doi.org/10.1109/LED.2009.2026439
http://dx.doi.org/10.1109/LED.2009.2026439
http://dx.doi.org/10.1016/j.diamond.2005.06.019
http://dx.doi.org/10.1109/5.90128
http://dx.doi.org/10.1063/1.4816312
http://dx.doi.org/10.1016/j.diamond.2016.07.006
http://dx.doi.org/10.1088/0022-3727/43/21/215102
http://dx.doi.org/10.1088/0022-3727/43/21/215102
http://dx.doi.org/10.1088/0268-1242/15/4/307
http://dx.doi.org/10.1088/0268-1242/15/4/307
http://dx.doi.org/10.1063/1.3574911
http://dx.doi.org/10.1063/1.3574911
http://dx.doi.org/10.1149/2162-8777/ab8b4a
http://dx.doi.org/10.1149/2162-8777/ab8b4a
http://dx.doi.org/10.1063/1.3642962
http://dx.doi.org/10.1063/1.3642962
http://dx.doi.org/10.1186/s11671-018-2849-y
http://dx.doi.org/10.1186/s11671-018-2849-y
http://dx.doi.org/10.1016/j.diamond.2020.108003
http://dx.doi.org/10.1016/j.diamond.2020.108003
http://dx.doi.org/10.1016/j.diamond.2009.12.014
http://dx.doi.org/10.1016/j.diamond.2009.12.014
http://dx.doi.org/10.1109/EDAPS.2017.8276947
http://dx.doi.org/10.1109/EDAPS.2017.8276947
http://dx.doi.org/10.1109/EDAPS.2017.8276947
http://dx.doi.org/10.1109/LPT.2014.2316793
http://dx.doi.org/10.1109/LPT.2014.2316793
http://dx.doi.org/10.1016/j.mssp.2019.02.019
http://dx.doi.org/10.1016/j.mssp.2019.02.019
http://dx.doi.org/10.1103/PhysRevB.75.165313

	1. Introduction
	2. Physical models
	2.1. Incomplete ionization model for impurities
	2.2. Impact ionization model
	2.3. Carrier mobility dependency model
	2.4. Light absorption and photogeneration model
	2.5. Tunneling model

	3. Results and discussion
	3.1. Characteristics of the diamond SBD and Ga2O3/diamond diode
	3.2. Simulation and prediction of the Ga2O3/diamond APD

	4. Conclusion
	References

