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This article proposes a new, to the best of our knowledge, sep-
arate absorption and multiplication (SAM) APD based on
GaN/3-Ga,0; heterojunction with high gains. The proposed
APD achieved a high gain of 1.93 x 10*. We further optimized
the electric field distribution by simulating different dop-
ing concentrations and thicknesses of the transition region,
resulting in the higher avalanche gain of the device. Further-
more, we designed a GaN/3-Ga,0; heterojunction instead
of the single Ga,0; homogeneous layer as the multiplication
region. Owing to the higher hole ionization coefficient, the
device offers up to a 120% improvement in avalanche gain
reach to 4.24 x 10*. We subsequently clearly elaborated on
the working principle and gain mechanism of GaN/3-Ga,0;
SAM APD. The proposed structure is anticipated to provide
significant guidance for ultraweak ultraviolet light detection.
© 2023 Optica Publishing Group
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A wide-bandgap semiconductor Ga,0; has arrived at the fore-
front of the field of ultraviolet light detection due to their
inherent solar-blind characteristics, high critical electric field,
high chemical, thermal stability, etc. Among the numerous iso-
mers of Ga,0;, 3-Ga,0;, which is the most stable phase, has
been widely studied in the past decade. Various structures and
designs of 3-Ga,O; photodetectors (PD) have been developed
due to its proper bandgap (~4.9 eV), including photoconductive
PDs, Schottky barrier PDs, and avalanche PDs (APDs) [1-3].
APDs, with ultrahigh internal gain, have the potential to become
amajor research focus in the future [4,5]. The research and devel-
opment of Ga,0;-based APDs are still in the early stages. The
first report of Ga,Os-based APD appeared in 2015 [6]. And now,
Ga,0; APD has achieved great performance improvements [3].

In APDs, we need p—n junctions to build high electric fields
to meet the requirements of impact ionization [7]. Unfortu-
nately, as an intrinsic n-type semiconductor, Ga,0; is difficult to
achieve efficient p-type conductivity. In contrast, controllable n-
type doping has been demonstrated using group IV elements as
dopants, including Si, Ge, and Sn [8—10]. One approach to over-
come the challenge of p-type conductivity in Ga,O; is to utilize
p-GaN to form a p—n junction. Furthermore, GaN shows small
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lattice mismatches with 3-Ga,0; (4.6% of (-201) 3-Ga,0;
[11],2.6% of (100) 3-Ga,O; [12]). More recently, high-quality
GaN has been successfully grown on Ga,O; via molecular beam
epitaxy (MBE) [13] and metal-organic chemical vapor deposi-
tion (MOCVD) [14-16] and has been shown to have superior
performance in field effect transistors, ultraviolet luminescence,
and detection [16—18]. Moreover, a heterojunction structure can
provide the necessary high electric field for impact ionization in
APDs [19]. Compared to traditional p—i—n structures, the sepa-
rate absorption and multiplication (SAM) structure can achieve
higher gains and faster response times. The back-illuminated
SAM structure facilitates holes to transport to the multiplica-
tion region and suppresses the impact ionization of electrons,
resulting in a higher gain and superior noise characteristics.
Additionally, it allows for a more flexible design of the polar-
ization electric field. Those have been demonstrated through the
development of SAM APDs based on AlGaN [20]. However,
currently, there are no reports available on SAM APDs based on
Ga,05, and more studies are needed to explore the potential of
Ga,0; for SAM APDs and its performance in terms of gain or
avalanche multiplication.

In this Letter, we employed Silvaco TCAD to investigate
the gain characteristics of GaN/Ga,O; back-illuminated SAM
APDs. Meanwhile, we analyzed the effects of the doping con-
centration and thickness of the carrier transition region on APD
properties. Furthermore, we improved the device structure by
employing the GaN/Ga,0O; heterojunction as a multiplication
region instead of a single Ga,0; layer due to the higher hole
ionization coeflicient of GaN. At last, we figure out the working
principle and gain mechanism of GaN/[3-Ga,0; SAM APD.

The designed GaN/Ga,O; SAM APD structure is shown in
Fig. 1(a), a 100nm p-GaN layer with a doping concentration
of 1x10"¥cm™ is employed as the top ohmic contact layer.
The unintentionally doped (1 x 10'® cm™) absorption region and
multiplication region both have a thickness of 200 nm. Due to
the limited hole diffusion length of Ga,O; (usually ~100nm)
[8], the thickness of the n-type transition region is restricted
to below 100nm. So, a 60nm n-Ga,0; layer with a doping
concentration of 1x 10" ¢cm™ is employed as the carrier tran-
sition region to facilitate the transport of carriers. Figure 1(b)
exhibits the electric field distribution of the proposed APD at
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Fig. 1. (a) Structure diagram of GaN/Ga,O; heterojunction

p—i-n—i-n APD. (b) Calculated electric field distributions of the
proposed APD at different reverse biases.

various biases. Due to the presence of a thin n-Ga,O; layer, the
absorption region maintains a low electric field. When a suit-
able reverse bias and photo are applied to the device, the photo
will be absorbed in the absorption region to generate photo-
generated electron—hole pairs. Under the effect of the electric
field, the photogenerated holes and electrons will transport to
opposite directions, resulting in only holes being involved in the
impact ionization process. This pure hole injection of multipli-
cation region in the SAM structure can effectively reduce the
device noise and carrier recombination probability and improve
the gain. In the simulation, we applied Poisson’s equation and
carrier continuity equation in the numerical procedures. The
nonlinear algebraic system equations were solved by the New-
ton iteration method until self-consistent. Physical models can
be classified into the following four types: mobility model
(concentration-dependent and parallel electric field-dependent
model), recombination model (Shockley—Read—Hall, Auger, and
optical recombination model), carrier generation model (impact
ionization and band-to-band tunneling model), and carrier statis-
tical model (Fermi-Dirac statistical model). The ionization coef-
ficients of Ga,0O; (a,=2.16x10°cm™", b,=1.77x 10" V/cm,
a,=5.75%x10%m™, b,=1.77 x 107 V/cm) and GaN (a, =2.9 x
10%cm™, b,=2.37%x10"V/em, a,=1.3x10°cm™, b,=1.3%
10" V/cm) are extracted from Ref. [21,22]. The optical index
coefficient of Ga,O; was extracted from Ref. [23].

The simulated -V and gain curves of the proposed
GaN/Ga,0; SAM APD are calculated under darkness and illu-
mination of 256 nm UV light with a power of 8 X 10~ W/cm?,
as shown in Fig. 2. The APD exhibits a broadband spectral
response, as shown in the inset of Fig. 2. Two absorption peaks
(~256 and 365nm) are observed in spectral response corre-
sponding to the cutoff wavelengths of Ga,0; and GaN. The
multiplication gain is calculated with the difference between the
primary multiplied photocurrent and the multiplied dark cur-
rent, which is normalized by the difference between the primary
unmultiplied photocurrent and the unmultiplied dark current
[24]. As the following formula shows

Iphoto - Idark

I,

M = (1)
where /o0 and Iy, are the multiplied photocurrent and dark cur-
rent, respectively. /, is the unmultiplied mean current difference
(0-50V reverse bias). Since the low diffusion and genera-
tion—recombination current of wide-bandgap materials exceeds
the calculated limits and the wider bandgap of Ga,O; [25], the
dark current exhibits great fluctuant when the reverse bias is less
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Fig. 2. I-V curves and multiplication gain of proposed APD. The
inset shows the spectral responsivity of the APD.

than 50 V. When bias reaches 50 V, photocurrent and dark cur-
rent increase exponentially with bias, meaning that the impact
ionization process occurs. Both currents increase sharply when
the reverse bias reaches 78.5V, which means that the device
experiences an avalanche breakdown. The gain increases sharply
after avalanche breakdown, showing a hard Geiger mode break-
down. At last, the proposed APD achieved a max avalanche gain
of 1.93 x 10*. Furthermore, we also calculated the avalanche
gain under 365nm UV light, and only a max gain of 2.0 x 10?
was achieved. The photogenerated carriers generated at the GaN
layer would not be accelerated by the electric field in the transit
region due to Ga,Oj; can‘t absorb the light of 365 nm, resulting in
less energy of carriers during the avalanche multiplication pro-
cess compared to the light of 256 nm and eventually achieving
a smaller avalanche gain.

The introduction of the carrier transition region converts the
conventional p—i—n structure into a SAM structure. Therefore,
the proper design of the transition region has a significant impact
on the performance of the device. To optimize the gain charac-
teristics of the device, we conducted a study on the influence of
different doping concentrations and thicknesses of the transition
region, as shown in Fig. 3. The electric field intensity in the
multiplication region increases concomitantly with the increase
in doping concentrations or the increase in the thicknesses of
the transition region (Figs. 3(a) and 3(c)), which induces the
decrease of Vg of APD, as shown in the red line of Figs. 3(b) and
3(d). Meanwhile, the excessively high doping of the transition
region will decrease the electric field intensity in the absorp-
tion region and cause a high impurity scattering rate resulting
in a decrease of carrier mobility. The excessively high thick-
ness of the transition region will exacerbate the recombination,
hindering the carriers transporting to the multiplication region.
On the contrary, the excessively low doping and thickness of
the transition region will cause the device to degenerate into a
p—i—n structure, thus losing the ability to regulate electric fields.
Subsequently, the variation trend of gain indicates the optimal
thickness is around 70 nm and the optimal doping concentration
is around 2 X 10'8cm™, as shown in Figs. 3(b) and 3(d). When
the transition region satisfies the optimal doping and thickness,
a gain of 2.21 x 10* can be achieved.

Inspired by the higher hole ionization coefficient of GaN,
we have replaced the single Ga,O; multiplication region
with a GaN/Ga,O; heterojunction and designed an ionization-
enhanced APD (IE-APD). For ease of distinction, we refer to
the structure with a single Ga,O; multiplication region as the
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Fig. 3. (a) Electric field intensity versus doping concentrations of
transition region at 40 V reverse bias. (b) Vgg and maximum gain
versus doping concentration of transition region. (c) Electric field
intensity versus thickness of transition region at 40 V reverse bias.
(d) Vpr and maximum gain versus thickness of transition region.
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Fig. 5. Diagram of carrier concentration distribution of IE-APD
at (a) 0V and (b) —60 V. (c) Simulated band energy of IE-APD at
0V. The inset exhibits the energy band diagram in the avalanche
state. (d) Electric field intensity of [E-APD at various reverse biases.
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Fig. 4. (a) Structure diagram of GaN/Ga,O; heterojunction
ionization-enhanced p—i—n—i—n APD. (b) I-V curves and multiplica-
tion gain of ionization-enhanced (solid line) structure and standard
(dashed line) structure.

standard APD (Std-APD). The IE structure is shown in Fig. 4(a).
The IE-APD has a lower breakdown voltage compared to the
standard APD since GaN requires a lower avalanche electric
field compared with Ga,Os, as shown in Fig. 4(b). The IE-APD
achieves a max gain of 4.24 x 10*, which is 120% higher than
the Std-APD. Similar to Std-APD, a smaller gain of 8.7 x 10°
was achieved under the light of 365 nm. Furthermore, we also
calculated various thicknesses of GaN in multiplication regions
(80, 120, and 160 nm). We found that as the thickness of GaN
increases, the gain increases while the Vg decreases. When
the multiplication region only has GaN, the max gain can be
up to ~10°, and Vg is only ~45V. This is easy to under-
stand because GaN has a higher electric field in the breakdown
state.

To further elucidate the gain mechanism of the GaN/Ga,0;
SAM-APD, we also calculated the diagram of carrier concen-
tration distribution and band structure of IE-APD under zero
bias and avalanche breakdown state (—60 V), as shown in Fig. 5.
From Fig. 5(a), we can observe that after the insert of the transit
region, only the multiplication region depletes, while the whole
intrinsic layer, which should have been fully depleted, does not.
This phenomenon suggests that the introduction of the transition

region helps to separate the absorption region from the multi-
plication region. This separation is beneficial for the device’s
performance, as it allows for better carrier multiplication in the
multiplication region. A distinct electric field was observed in
the absorption region at —40V and extending to the bottom
n-layer, meaning that the bottom n-layer has become a part
of the depletion region (Fig. 5(d)). Meanwhile, the absorption
region starts to absorb photons and generates photogenerated
electron—hole pairs, which is manifested as an increase in pho-
tocurrent in Fig. 4(b). Figure 5(c) shows the energy band diagram
of IE-APD, where the black and red arrow is the direction of
electron and hole transport, respectively. Photogenerated holes
can easily enter GaN from Ga,0; thanks to the larger valence
band offset. As can be seen in the inset, in the avalanche state,
the energy band is flattened, and carriers can be transported
smoothly. Figure 5(b) shows a severe accumulation of electrons
located at the heterojunction interface, which would be the result
of the polarization charge generated at the interface of GaN and
Ga,0;. The hole concentration rises sharply in the i-GaN multi-
plication region and electron concentration in the multiplication
region remains stable, meaning that only holes are involved in
the avalanche multiplication process and the process only occurs
in the multiplication region.

To illuminate the noise characteristics of IE-APD, we cal-
culate the spectral densities of voltage fluctuations of APD at
avalanche breakdown voltage. During the simulations, the total
noise can be divided into four parts: generation—-recombination
(G-R) noise, electron diffusion (E-diff) noise, hole diffusion
(H-diff) noise, and impact ionization (II) noise. From Fig. 6(a),
device noise mainly originates from E-diff noise, which is an
inevitable result of a large accumulation of electrons at the het-
erojunction interface (Fig. 5(b)). Figure 6(b) exhibits the various
local noise source distributions in IE-APD at 1 MHz. We can
find that the II noise is mainly concentrated in the multiplication
region and e-diff noise is only significantly distributed at the
interface of heterojunctions.

In summary, we designed a new GaN/Ga,O; APD based
on a separate absorption and multiplication structure. The pro-
posed APD achieved a steep avalanche breakdown and a high



5654 Vol. 48, No. 21/1 November 2023/ Optics Letters

107 5 ——LNsu Hl

= —— LNS E-di

5, (ViHz)

102

w E
Frequency (Hz)
10»17

Total noise
10?2 f —— G-R noise
I noise
102" f — E-diff noise
—— H-diff noise

S4 (V4Hz)
Local noise sourse

p i i n i n

10k 100k 1M 10M 100M 1G 10G 100G 1T ~ 0.0 0.1 0.2 03 04 05 06 0.7 0.8
Frequency (Hz) Depth (um)

(a) (b)

Fig. 6. (a) Spectral densities of voltage fluctuations for [E-APD at
avalanche breakdown voltage. (b) Distribution of local noise sources
in IE-APD.

gain. Through continuous simulation, the optimal concentra-
tion and thickness of the transmit layer have been achieved.
Furthermore, we proposed an ionization-enhanced structure to
further improve avalanche gain, achieving a remarkable gain
improvement of 120%, reaching 4.24 x 10*. The calculated car-
rier concentration distribution and spectral densities of voltage
fluctuations effectively validate the pure hole injection in the
multiplication region and the suppression of electron-initiated
multiplication. Our results indicate the exceptional potential of
GaN/Ga,0; APD in the field of single-photon detection in the
future.
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