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To suppress the electric field crowding at sidewall and improve the detection sensitivity of the AlGaN separate ab-
sorption and multiplication (SAM) avalanche photodiodes (APDs), we propose the new AlGaN APDs structure combining
a large-area mesa with a field plate (FP). The simulated results show that the proposed AlIGaN APDs exhibit a significant
increase in avalanche gain, about two orders of magnitude, compared to their counterparts without FP structure, which is
attributed to the suppression of electric field crowding at sidewall of multiplication layer and the reduction of the maximum
electric field at the p-type GaN sidewall in p—n depletion region. Meanwhile, the APDs can produce an obviously enhanced
photocurrent due to the increase in cross sectional area of multiplication region.
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1. Introduction

AlGaN ultraviolet (UV) avalanche photodiodes (APDs)
have attracted great attention and made tremendous progress
due to their small sizes, low breakdown voltages, and wide
energy bandgaps, which could make them a candidate in UV
detection field to replace the photomultiplier tubes (PMTs).
Up to date, the gain more than 10* for AIGaN UV APD has
been successfully obtained.!!! However, in order to replace the
PMTs (10°) used in the UV region, the performances of Al-
GaN APD should be further improved. Recently, our works
have been devoted to the research of hetero-structure sepa-
rate absorption and multiplication (SAM) AlGaN APDs to im-
prove the avalanche gain by inducing hole initial ionization
and polarization effect.[>3] Moreover, the edge termination
structures, such as field plate, ion-implantation isolation, and
bevel-mesa are often employed to improve the performances
of APDs by suppressing the electric field at the edge or im-
proving the uniformity of electric field distribution.*>! As is
well known, the bevel angle should be very small in order to
effectively suppress the early edge breakdown. Generally, the
bevel angle is no more than 10°.1%71 Nevertheless, small bevel
angle will reduce significantly the active area of APDs, which
can reduce the photo-generated current and weaken detection
sensitivity.

In order to minimize the loss of the active area and mean-
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while alleviate the electric field crowding, we propose two Al-
GaN APD termination structures. One is large-angle beveled
mesa and field plate (FP) structure, and the other is triple-mesa
and FP structure. It should be noted that the proposed termina-
tion structures can be realized through the current device pro-
cess which is often used in fabricating avalanche photodiodes
and field effect transistors.!®?! The performances of the two
SAM AlGaN APDs are carefully analyzed by Devedit and Al-
tas software in Silvaco. The results show that the breakdown
voltage and gain of the proposed APDs can be increased ob-
viously compared with those of their counterparts without FP
structure.

2. Structure, parameters and physical models

Figure 1(a) shows the schematic structure of the stan-
dard AlGaN SAM APD with bevel angle and FP termina-
tion structure. It consists of a 180-nm p-GaN layer (N, =
2 x 10" cm™3), a 200-nm Al GagoN multiplication layer
(Ng =1 x 10 cm™3), a 60-nm Aly;GagoN charge layer
(Ng=1x10'" cm™3), a 180-nm Al Gag 9N absorption layer
(Ng = 1 x 10'® cm™3), and an 800-nm n-Aly>GaggN layer
(Ng =2 x 10" cm™3) on the Al 3Gag7N/AIN/sapphire tem-
plate. Bevel angle ® is 60°. The FP is placed on the top of the
500-nm Si3Ny passivation layer and extends to a multiplica-
tion layer along the sidewall. Figure 1(b) shows the schematic
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structure of the standard AlIGaN SAM APD with triple-mesa
and FP termination structure. The bottom mesa size is set to
be 8.4 um to keep the same width of absorption layer as that
of the APD with bevelled mesa. The middle mesa and the top
mesa size are set to be 6.4 um and 5.2 pm respectively. The
thickness and doping concentration of each layer are the same
as those in Fig. 1(a). The thickness of SizNy is 180 nm. The
n-Aly2Gag gN layer widths for both APDs are set to be 12 pm.

In simulation, the Poisson equation and carrier continu-
ity equation are used. The carrier generation—recombination
model includes SRH, Auger, surface, and optical recombina-
tion. The four dark currents for generation—recombination,
drift—diffusion, trap-assistant tunneling, and band-to-band cur-
rent are all taken into account. The photocurrent calculation is
performed by two-dimensional (2D) ray trace and absorption
model. As is well known, the dislocations and damage in Al-
GaN or GaN bulk can be translated into the bulk trap. Here,
a single acceptor-type bulk trap density of 1 x 10'2 cm™3 with
capture cross section of trap of 1 x 10715 cm™2 is used. The
density of the surface trap is set to be 2 x 10'2 cm~2, and the
recombination velocity for electrons and holes is 1 x 107 cm/s.
The impact ionization coefficient of AlGaN is fitted from our
experiment values combined with those in Ref. [10]. The hole
ionization coefficient for Al 1GagoN in the present work is

7 . 1
~L7x10"/E " where E is the electric

given by a = 1.34 x 108¢
field, the absorption coefficient is calculated from the equa-
tion of @ = 4mk/A, in which k is the extinction coefficient.
The other models and parameters are similar to those in our

previous work. [11:12]
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Fig. 1. Schematic structure of (a) standard AlIGaN SAM APD with bevel an-
gle and FP termination, and (b) standard AlIGaN SAM APD with triple-mesa
and FP termination.

3. Results and discussion

The dark current, photocurrent, and gain characteristics
for the standard AIGaN APDs with FP and different bevel
angles are calculated as shown in Fig. 2(a). Moreover, to
better comprehend the influence of FP, the current—voltage (I—
V) characteristics and gains for those corresponding AlGaN
APDs without FP structure are presented in Fig. 2(c). The
illuminated light wavelength is 340 nm and power density is
5x 107> W/cm?. As shown in Fig. 2(c), for APDs without FP
structure, the breakdown voltage is 72.16 V and the avalanche
gain is 5.5 x 10* when the bevel angle is 10° and the break-
down voltage significantly drops from 72.16 V for bevel angle
10° to 59.835 V 56.625 V, 57.727 V for bevel angles 20°,
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Fig. 2. (a) I-V characteristics in dark and under illumination and gain for Al-
GaN SAM APD with different bevel angles and FP structure, (b) schematic
structure of A1GaN SAM APD without FP, and (c) I-V characteristics in dark
and under illumination as well as gain for AlIGaN SAM APD without FP.
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40°, and 60° respectively. The gain decreases significantly
to 7.71 x 10, 8.37 x 107, and 2.73 x 10% correspondingly.
Here, the avalanche gain is calculated as done in Refs. [13,14]
For three APDs with FP structure, the breakdown voltages are
all over 63 V. The gain increases slightly from 8.28 x 10* to
3.05 x 107 as bevel angle increases. However, the gain of the
APDs with FP structure is nearly two orders of magnitude
higher than that without FP structure. From Figs. 2(a) and
2(c), we can see that the APD with 60° bevel angle has the
highest photocurrent.

To analyze further the /-V characteristic and gain ob-
served in Fig. 2, we firstly simulate the 2D electric field dis-
tributions for four APDs without FP structure at reverse bias
30 V, and the results are shown in Figs. 3(a)-3(d). In calcu-
lation, we choose the right half of the APD to improve the
operation speed. It can be seen from Figs. 3(a)-3(d), showing
that as bevel angle increases, the area of high electric field
becomes larger in the multiplication layer. This can effec-
tively enhance the cross sectional area of multiplication region
and is in favour of the increase of photocurrent as observed in
Fig. 2(c). Moreover, the maximum electric field moves from
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the bulk to the sidewall with bevel angle increasing, which
may result in the electric field crowding and premature break-
down at the edge of APDs. To further analyze the electric field
in multiplication layer, we calculate the electric field distri-
bution along the x direction at y = 190 nm, y = 280 nm, and
y=7350 nm, located at the upper, middle and lower of the mul-
tiplication layer, respectively, as presented in Figs. 3(e)-3(g).
The y = 0 is defined as the position of upper surface of p-GaN.
Figures 3(f) and 3(g) show that the distribution of electric field
in bulk is very flat and is larger than at edge when y is 280 nm
and 350 nm, respectively. It means that the early edge break-
down does not occur in the middle and lower section of the
multiplication layer. The premature breakdown will mainly
occur in the upper section of the multiplication layer as shown
in Fig. 3(e). The maximum electric field is 1.68 x 10° V/cm,
1.72 x 10° V/cm, 1.91 x 10% V/em, and 1.92 x 10® V/em for
the APDs with bevel angle of 10°, 20°, 40°, and 60°, respec-
tively, when y is 190 nm. The maximum electric field arrives
at the sidewall as the bevel angle exceeds 40°. As a result, the
premature breakdown risk increases with bevel angle increas-
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Fig. 3. Simulated two-dimensional electric field distribution for APD with bevel angle of (a) 10°, (b) 20°, (c) 40°, and (d) 60°, and electric field distribution
along x direction in multiplication layer at (e) y = 190 nm, (f) y = 280 nm, (g) y = 350 nm with reverse bias 30 V.

As analyzed above, the premature breakdown tends to
happen at the upper section of the multiplication layer for Al-
GaN APD with larger bevel angle. So, we design the PF struc-
ture only extending to the upper section of the multiplication
layer as shown in Fig. 1(a). Next, we investigate the 2D elec-
tric field and electric field distribution along the x direction at
y =190 nm for the APD with 60° bevel angle and FP structure
at a reverse bias of 30 V. As shown in Figs. 4(a) and 4(b), we
find that the edge electric field significantly decreases for the
APD with FP structure. It means that the designed FP structure
can effectively suppress the electric field crowding at the edge

and reduce the premature breakdown risk. Moreover, a higher

electric field in an active region is allowed. Thus, a higher
gain for the APD with large bevel angle and FP structure can
be expected.

Another common method to suppress the edge electric
field in AlGaN APD is to adopt double-mesa structure or
triple-mesa structure. [-!319 In Fig. 1(b), we design a standard
AlGaN APD with triple-mesa and FP structure. To analyze the
influence of mesa size on performance of APD, we calculate
the I-V curves and gains for the AlIGaN APDs with FP and dif-
ferent sizes of the first mesa as illustrated in Fig. 5(a), where
the size of the second mesa and the third mesa keep constant.

In addition, to investigate the effect of FP, we also calculate
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the I-V characteristic curves and gains as shown in Fig. 5(b)
for the corresponding APD without FP structure (Fig. 5(c)) as
a comparison. For the APD without FP, the breakdown volt-
ages for sizes of the first-mesa 5.2 um, 4 um, and 1.6 um
are 64.174 V, 58.144 V, and 49.083 V, respectively, present-
ing a significantly declining trend with first-mesa size decreas-
ing, and the gains are 6.45 x 10°, 1.06 x 10%, and 2.53 x 10,
correspondingly. As for the APD with FP, the breakdown
voltages are 75.628 V, 75.665 V, and 83.904 V for first-mesa
sizes 5.2 um, 4 wm, and 1.6 um respectively. The gains are
1.9 x 10°, 1.67 x 10°, and 1.73 x 107, correspondingly, show-
ing one order of magnitude higher than those of their counter-
parts without FP structure.
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Fig. 4. (a) Two-dimensional electric field for AlIGaN APD with 60°
bevel angle and FP structure at reverse bias of 30 V, (b) electric field
distribution along x direction in multiplication layer for 60° bevelled
AlGaN APD with and without FP structure.

To illustrate the results in Fig. 5(b), the 2D electric field
distributions for three triple-mesa APDs without FP are com-
pared in Fig. 6 at the reverse bias of 30 V. The larger the first-
mesa size, the wider the active multiplication region becomes,
which results in a higher photocurrent as observed in Fig. 5(b).
The low breakdown voltage for the AlGaN APD with small
first-mesa size may be caused by the current crowding at the
p-type GaN sidewall in the p—n junction depletion region be-
cause the maximum electric field is located there.

Figure 7 displays 2D electric field distributions at reverse
bias of 30 V for the APD with FP structure and the first mesa

size of (a) 5.2 pm, (b) 4 um, and (c) 1.6 pm, respectively.
The ideal APD structure without the first mesa or FP is also
calculated in Fig. 7(d) as a comparison. In comparison with
the APD without FP structure in Fig. 6, the electric field in
the APD with FP extends to the sidewall from the bulk in the
multiplication region, which can effectively increase the ac-
tive area and improve the uniformity of electric field distribu-
tion. The strength is lower at the sidewall than in bulk, which
is also unlike the scenario in an ideal structure. In addition,
the FP can reduce the electric field strength at the sidewall of
the p-type depletion region. Therefore, the APDs with FP can
suppress electric field crowding at both sidewalls of upper p—
n junction and increase the electric field strength in the active

region, which is in favor of obtaining a higher gain.
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Fig. 5. [-V characteristic curves in dark and under illunination and gain
for AlIGaN APDs with different mesa sizes (a) with and (b) without FP. (c)
Schematic structure of AlIGaN APD with triple-mesa structure.
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Fig. 6. Two-dimensional electric field distribution at reverse bias of 30 V for APD with first-mesa size (a) 5.2 pm, (b) 4 um, and (c) 1.6 pm.
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Fig. 7. Two-dimensional electric field distribution at reverse bias of 30 V for the APD with FP and first-mesa size (a) 5.2 pm, (b) 4 pum, (c)

1.6 um, and (d) ideal structure.

4. Conclusions

In this work, the performances of the AlGaN SAM APDs
combining the large bevel angle or triple-mesa with FP struc-
ture are investigated numerically. The results show that the
APD with large bevel angle and FP structure can improve the
detection sensitivity due to its larger active area, and can also
significantly increase the gain compared with the correspond-
ing APD without FP by suppressing edge electric field crowd-
ing. Meanwhile, the triple-mesa AlIGaN APDs with FP struc-
ture have also a similar enhancement effect to the large-angle
bevelled APDs, which is attributed to a smaller electric field
strength at sidewall than in the bulk of multiplication layer.
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