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To enhance the avalanche ionization, we designed a new separate absorption and multiplication AlGaN solar-
blind avalanche photodiode (APD) by using a high/low-Al-content AlGaN heterostructure as the multiplication re-
gion instead of the conventional AIGaN homogeneous layer. The calculated results show that the designed APD with
Al 3Gag 7N/Alg 45Gag 55N heterostructure multiplication region exhibits a 60% higher gain than the conventional APD
and a smaller avalanche breakdown voltage due to the use of the low-Al-content Aly3Gag 7N which has about a six times
higher hole ionization coefficient than the high-Al-content Al 45Gag ssN. Meanwhile, the designed APD still remains
a good solar-blind characteristic by introducing a quarter-wave AlGaN/AIN distributed Bragg reflectors structure at the

bottom of the device.
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1. Introduction

Solid-state avalanche photodiodes (APDs) based on III-
nitrides have attracted increasing interest due to their excellent
advantages such as lower operation voltages, lower power con-
sumption, smaller sizes, high optical gain, high sensitivity, and
no need for cooling.!'"?l AIGaN APDs with Al composition
more than 40% are capable of detecting very weak ultravio-
let (UV) signals in the solar-blind range (A < 290 nm) under
strong background radiation without expensive and efficiency-
limiting optical filters. Such APDs could be a viable alter-
native to current bulky and fragile photomultiplier tubes and
be widely used in many fields including missile warning and
tracking, flame monitoring, ultraviolet astronomy, and bioa-
gent detection. %)

Great strides have been made in the realization of visible-
blind GaN based APDs!*! and even single photon detection
capabilities have been demonstrated under the Geiger mode
operation.'” However, only a few works on AlGaN solar-
blind APDs have so far been reported and the multiplication
gains of AlGaN solar-blind APDs reported in the literature are
much lower than those of GaN APDs.[!!=13] It is well-known
that the causes resulted in severe degradation in performances
of AlGaN solar-blind APDs and are associated with high dis-
location density and low p-type doping efficiency of high-Al-
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content AlGaN alloys.!'%!”] Another important factor is that
the impact ionization coefficient decreases quickly with in-
creasing Al content in the AlGaN alloys.!8!

In this paper, we use a high/low-Al-content AlGaN het-
erostructure to replace the conventional high-Al-content Al-
GaN homogeneous layer as the multiplication region based
on a back-illuminated separate absorption and multiplication
(SAM) APD in order to achieve a higher multiplication gain.
The effects of the Al composition of the low-Al-content Al-
GaN on the gain and breakdown voltage are investigated by
the simulation of the APD devices. A quarter-wave distributed
Bragg reflector (DBR) structure is also introduced simulta-
neously to keep the solar-blind characteristic of the designed
APD.

2. Structure and parameters

The schematic structure of the AlGaN solar-blind APD
with an enhanced impact ionization region is shown in Fig. 1.
The designed structure consists of an 800-nm-thick n-type
Algs5GagsN layer, a 180-nm-thick i-Alp45GagssN absorp-
tion layer, a 60-nm-thick n-type Algy45GagssN layer, an
Alg3Gag 7N (40 nm)/Alg 45Gag 55N (140 nm) heterostructure
multiplication region, and a 180-nm-thick p-type Alp3Gag 7N
layer. It is worth noting that there exists a big potential bar-
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rier formed in the conduction band at the heterostructure in-
terface of the two AlGaN multiplication layers as shown in
Fig. 2, which can effectively suppress the electron-initiated
multiplication and would be of great benefit to reduce the APD
noise. However, it can be predicted that the low-Al-content
Alp3Gag 7N layer may result in the loss of the solar-blind char-
acteristic of the designed APD under high reverse bias volt-
ages, so we introduce a quarter-wave DBR structure between
the n-type Al 5Gag sN layer and the AIN template to make the
APD remain a good solar-blind property. The structure of the
conventional AlIGaN SAM-APDs used here as a reference is
similar to the designed APD except for the p-type layer, mul-
tiplication region, and the DBR structure. The 180-nm-thick
p-type Alg45Gag 55N layer and 180-nm-thick i-Alg 45Gag 55N
multiplication layer are used in the conventional APD struc-
ture. For both APD structures, the hole-doping concentration
for the p-type layeris 1x10'® cm~3, while the electron-doping
concentrations are 1x10'® cm™3 and 2x10'"® cm™3 for the
n-Aly 45Gag ssN and n-Aly 5Gag 5N layers, respectively. The
residual carrier concentration for the unintentionally doped
layers is 1x10'6 cm™3. The steady 2D numerical simulations
are performed for the back-illuminated AlGaN SAM-APD us-
ing Silvaco Atlas software. The calculated physical model
and the parameters are the same as those used in our previ-
ous work 1! except for the ionization coefficients which are
extracted from Ref. [18].

P-Aly 3Gag 7N

i-Alp.3Gag 7N (multiplication layer)

i—A10'45Ga0'55N (multiplication layer)
n-Alg.45Gag 55N
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Fig. 1. (color online) Schematic structure of the designed APD.
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Fig. 2. (color online) The energy band diagrams of the designed and the
conventional APDs under zero bias.

3. Numerical results and discussion

Figure 3 shows the current-voltage (/-V) characteris-
tics under reverse bias in darkness and under illumination at
280 nm, and also the multiplication gains for the designed and
the conventional APDs. The device size is 625 um? and the
power density of the incident light is 8x107> W-cm™2. As
observed, the dark current for the two APDs increases ex-
ponentially when the reverse bias exceeds 50 V, whilst the
light current does not significantly increase until the ioniza-
tion event starts at about 60 V. The avalanche gain is taken as
the difference between the primary multiplied current and the
multiplied dark current normalized by the difference between
the primary unmultiplied current and the unmultiplied dark
current.['!l The unmultiplied current is evaluated from the av-
erage value of the currents under the bias voltages between
0 and 60 V. It is indicated in Fig. 3 that the avalanche break-
down voltage shows a reduction from 113.48 V for the conven-
tional structure to 111.05 V for the designed structure, whereas
the multiplication gain increases obviously from 7.13x 10* to
1.14x 10’ correspondingly, showing an increase of about 60%.
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Fig. 3. (color online) /-V characteristics and multiplication gains for
the conventional and the designed APDs.

To explain the discrepancies on the breakdown voltage
and multiplication gain between the designed and the con-
ventional structures, we simulate their electric field distribu-
tions at the voltage point with maximum multiplication gain
as shown in Fig. 4. We can find that the electric field strength
increases slightly at the high-Al-content Alg45Gag 55N layer
and decreases significantly at the low-Al-content Alg3Gag 7N
layer for the designed APD structure compared to that of
the conventional structure. The required avalanche electric
field decreases significantly at the low-Al-content Aly3Gag 7N
layer as expected thanks to the reduced band gap, which is
beneficial to obtain a higher gain. Further, the hole impact
ionization coefficient increases remarkably with decreasing Al
composition in the AlGaN alloys according to Ref. [18], about
six times higher using the low-Al-content Aly 3Gag 7N instead
of the high-Al-content Aly45GagssN layer. So the designed
APD structure can obtain a remarkably higher gain than the
conventional APD structure.
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Fig. 4. (color online) The electric field distributions of the conventional
and the designed APDs at the voltage point with maximum multiplica-
tion gain.

We calculate the multiplication gain and the avalanche
breakdown voltage of the designed structure with different
low-Al-content AIGaN layers, as shown in Fig. 5. In addition,
the Al composition of the p-type AlGaN layer is kept consis-
tent with the low-Al-content AlGaN layer. When the Al com-
position of the low-Al-content AlGaN layer decreases, thanks
to the higher hole impact ionization coefficient, the designed
APD exhibits an increasing multiplication gain and a decreas-
ing avalanche breakdown voltage. It means that we can obtain
a higher multiplication gain and a lower avalanche breakdown
voltage by using a lower Al-content AlIGaN layer. However,
the use of the low-Al-content AlGaN layer in the multiplica-
tion region can result in the loss of the solar-blind character-
istic of the APDs. In order to retain the solar-blind character-
istic of the designed APDs, we introduce a quarter-wave dis-
tributed Bragg reflector (DBR) structure between the n-type
Alp5Gag 5N layer and the AIN template. The DBR materi-
als chosen here are Al,Ga;_,N/AIN bilayer thin films, which
have been investigated extensively.?%2!] The Al composition
x in Al,Ga;_4N/AIN DBR should be larger than 0.4 at least
in order to guarantee the transmission of light in the solar-
blind range. According to the Al,Ga;_,N/AIN DBR prop-
erties and the request of solar blind, we design a 27.5 pairs
Alp 5Gag sN/AIN periodic structure with a central wavelength
of 300 nm. The thicknesses of the AIN and Aly 5Gag sN lay-
ers are 34.25 nm and 30.85 nm decided by the formula da;n =
l/4nA1N and dAlGaN = A/4nAlGaN~ Here nAlN(: 2190) and
naican (= 2.431) are the refractive coefficients of AIN and
Alp5Gag sN, which are extracted from Ref. [22]. Figure 6
shows the calculated reflectivity spectrum of the DBR struc-
ture by the transfer matrix method. It can be seen that the DBR
maintains a high reflectance of 95%-99.9% in the wavelength
range of 290-310 nm, where the long wavelength side of the
high reflectance region just corresponds to the band gap en-
ergy of the Alp3Gag 7N alloy. Therefore, taking into account
the gain and solar-blind characteristic, the Al composition of
30% in the low-Al-content AlGaN layer will be a compromis-
ing choice, which can obtain a high gain and keep a good solar-
blind characteristic simultaneously.
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Fig. 5. (color online) The calculated multiplication gain and the
avalanche breakdown voltage of the designed structure with different
low-Al-content AlGaN layers.
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Fig. 6. (color online) Reflectivity spectrum of the DBR structure.
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Fig. 7. (color online) Spectral responsivities of the designed APDs

with Alg3Gag 7N /Alp 45Gag ssN heterostructure multiplication region
in both cases with and without the DBR structure at 0 V and —70 V.

Figure 7 shows the spectral responsivities of the designed
APDs with Aly3Gag 7N /Al 45Gag 55N heterostructure mul-
tiplication region under back illumination in both cases with
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and without the DBR structure. As shown in Fig. 7(a), the
designed APDs with and without the DBR structure both
present a sharp cutoff at 280 nm at zero bias, and the pho-
tocurrent response from the low-Al-content Aly 3Gag 7N layer
is not observed in the case even without the DBR structure,
indicating that the barrier formed in the conduction band at
the Al 3Gag7N/Alj 45Gag 55N heterostructure interface effec-
tively suppresses photocurrent generated in the low-Al-content
Alp3Gag 7N layer. When the reverse bias reaches 70 V where
the ionization event has started, the spectral responsivity of the
designed APD with the DBR structure, as shown in Fig. 7(b),
presents a sharp cutoff at 290 nm, which remains the solar-
blind characteristic. However, for the APD without the DBR
structure, the cutoff wavelength of the spectral responsivity
shifts to 308 nm as expected, corresponding to the absorption
edge of Alp3Gag 7N.

4. Conclusion

In summary, an enhanced avalanche ionization region was
designed based on a separate absorption and multiplication Al-
GaN solar-blind APD structure. The designed APD with an
Alg3Gag 7N/Aly.45Gag 55N heterostructure as the multiplica-
tion region instead of the conventional AlGaN homogeneous
layer exhibits about a 60% higher multiplication gain and a
lower avalanche breakdown voltage in comparison to the con-
ventional APD. Meanwhile, the designed APD can still retain
a good solar-blind characteristic by introducing a proper DBR
structure at the bottom of the device.
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