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1. Introduction

Avalanche photodiodes (APDs) are widely used in optical com-
munication systems. Compared with conventional photodiodes
(PDs), APDs have a unique internal gain, which can achieve
higher detection sensitivity!' ). Linearity is a very important
performance of APDs for optical communication systems with
operating rate greater than 10 Gbit/s or using a high-order
modulation format, as well as an APD array'®™). For example,
APDs used in the passive optical network (PON) need to main-
tain excellent linearity at high input power to deal with burst
traffic in PONs!"%'!, Generally, compared with traditional
PIN-PDs or uni-traveling carrier (UTC)-PDs, the linearity of
APDs will deteriorate more seriously at higher optical input
power!"?'%l_ Tt is considered that two factors lead to the poor
linearity of APDs at high incident optical power. One reason
is the thermal problem of APDs under high power operation.
This is because APDs need to add a large reverse bias voltage
to generate an internal gain, which also makes the thermal prob-
lem during operation more serious than that of ordinary PDs.
Another reason is the space charge effect. The p-type field con-
trol layer is generally depleted at the working voltage. When
holes with positive charge accumulate in the p-type field control
layer, the negative charge in the p-type field control layer will be
offset. This will weaken the control effect of the p-type field con-
trol layer on the internal electric field distribution of the device.
The electric field intensity of the multiplication layer (M-layer)
will decrease, and the internal gain will also be reduced, resulting
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Linearity is a very important parameter to measure the performance of avalanche photodiodes (APDs) under high input
optical power. In this paper, the influence of the absorption layer on the linearity of APDs is carefully studied by using
bandgap engineering with the structure model of separated absorption, grading, charge, multiplication, charge, and transit
(SAGCMCT). The simulated results show that in the hybrid absorption layer device structure the 1dB compression point can
be improved from —9 dBm to —2.1dBm by increasing the proportion of the p-type absorption layer. In the device structure
with only one absorption layer, increasing the doping level of the absorption layer can also improve the 1 dB compression
point from —8.6 dBm to 1.43 dBm at a gain of 10. Therefore, the absorption layer is very critical for the linearity of APDs.

in the emergence of nonlinear effects. Nada et al. proposed an
APD using a thin depleted absorber in 2015!"”). The fabricated
APD showed improved linearity for input optical power over
—8 dBm. They proposed a novel APD structure in 2017, which
has an absorber on both sides of the M-layer'®). The fabricated
APD exhibited an improved 1 dB compression point corre-
sponding to an input power of —6.3 dBm at a gain of 10. The
advantage of this structure is that it can reduce the space charge
effect, but both electrons and holes are injected into the M-layer,
which will cause its noise to be greater than that of ordinary
APDs. Jiang et al. studied the effect of the grading layer and
charge layer on improving the linearity of APDs in 2019!%),
Through optimization, the 1 dB compression point of the device
can be increased from —10.44 dBm to —3.38 dBm. The band-
width of 6.7 GHz was obtained by this device.

To improve the linearity of APDs, it is necessary to solve the
problem of hole accumulation under high input optical power.
One of the effective ways to suppress the space charge effect is to
use bandgap engineering. By changing the structure of the epi-
taxial layer and the doping level of each layer, the holes transport
can be effectively accelerated, and the space charge effect can be
alleviated. At present, there are two methods to alleviate the
space charge effect by using bandgap engineering. Firstly, the
bandgap difference between the M-layer and the absorption
layer can be smoothed by adding a grading layer, which has been
carefully studied by researchers!"*!. Secondly, the energy band of
the absorption layer can be changed by changing the structure
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and doping level of the absorption layer to accelerate transpor-
tation of holes. The influence of the absorption layer on the lin-
earity of APDs has not been fully studied.

In this paper, the linearity of APDs is improved by using
bandgap engineering. The influence of the absorption layer
on APD linearity is carefully studied, and two separated absorp-
tion, grading, charge, multiplication, charge, and transit
(SAGCMCT)-APD models with different absorption layer
structures are established. The InAlAs M-layer thickness is
200 nm. In the hybrid absorber device structure, increasing
the proportion of the p-type absorption layer can increase the
1 dB compression point from —9dBm to —2.1dBm. In the
device structure with only one absorption layer, the 1 dB com-
pression point can be enhanced from —8.6 dBm to 1.43 dBm by
increasing the doping level of the absorption layer. Since increas-
ing the doping level of the absorption layer will worsen the
capacitance of the whole device, we adopted the SAGCMCT
structure'”). The addition of the transit layer can reduce the

capacitance of the device without affecting the transit
bandwidth.

2. Device Structure

The epitaxial layer structure of the top-illuminated InGaAs/
InAlAs SAGCMCT-APD is shown in Fig. 1. It consists of a
p-type contact layer, InGaAs absorption layer, InAlGaAs grad-
ing layer, p-type field control layer, 200 nm InAlAs M-layer,
n-type field control layer, and transit layer. The total thickness
of the whole absorber is 500 nm. The diameter of the active
region is 30 pm. The vertical central axis of the device is shown
in A-A’. The mesa structure with a carefully designed diameter is
used to limit the edge electric field of the M-layer. The p-type
field control layer and n-type field control layer are used to
adjust the electric field distribution of the whole device so that
the M-layer maintains a high electric field. Since the transit
velocity of holes is slower than that of electrons, adding a transit
layer behind the n-type field control layer does not affect the
transit bandwidth of the device, but it can increase the thickness
of the depletion region and reduce the capacitance of the device.

A large number of electrons generated by the absorption layer
will move to the M-layer and trigger an avalanche multiplica-
tion, causing the M-layer to produce more electron-hole pairs
under high input optical power. The electrons generated in
the M-layer will drift to the electrode and be collected, while
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Fig. 1. Layer structure of the InGaAs/InAIAs SAGCMCT-APD.
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a large number of holes can also be collected by moving through
the transit layer and absorption layer. Due to the slow movement
velocity of holes, they tend to accumulate and lead to a space
charge effect. Therefore, in order to alleviate the space charge
effect, the transportation of holes needs to be accelerated. The
effect of the absorbing layer on alleviating the space charge effect
is worthy of careful study.

To study the influence of the absorption layer on the linearity
of APDs, we designed two kinds of absorption layer structures.
One is a hybrid absorption layer structure, and the other has
only one absorption layer. The total thickness of the absorption
layer is 500 nm. Figures 2(a) and 2(b), respectively, show the
band diagrams of the APD with these two structures under high
input optical power. In the hybrid absorption layer structure,
holes drift in the intrinsic absorption layer and relax directly
in the p-type absorption layer. The effect of the p-type absorp-
tion layer thickness on the linearity of APDs can be explored. In
the device structure with only one absorption layer, with the
increase of the absorption layer doping level, the holes change
from drift motion to direct relaxation, and the electrons change
from drift motion to diffusion motion. The influence of the
absorption layer doping level on the linearity of APDs can be
explored.

grading layer
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Fig. 2. (a) Band diagram of the hybrid absorption layer APD under high input
optical power and (b) band diagram of the APD with only one absorption layer
under high input optical power.
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Table 1. Material Parameters in the Simulation.
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Parameters Unit InGaAs InAlGaAs InAlAs
Band-gap eV 0.75 0.99 144
Electron affinity eV 45 438 425
Permittivity C2/(N - m?) 139 125 122

SRH lifetime S 1% 1077 1x10-8 1x 1077
Selberherr's parameters 4,, 4, cm™ 7% 10°, 6.7 x 10° 6.2 %107, 1 106 6.2 %107, 1x 108
Selberherr's parameters B,, B, V/em 12 %108, 2 x 10 4% 108, 4 x 108 4% 108, 4 x 108
Selberherr's parameter 1 1 1 1
Band-to-band parameter A Vlem s 1% 101 1x 10 510
Band-to-band parameter B V/em Ix 10 1% 107 2x 10
Band-to-band parameter y 1 2 2 2

Results presented in this paper were obtained by the use of
Silvaco technology computer aided design (TCAD). The
Shockley-Read-Hall recombination model, Fermi-Dirac car-
rier statistics model, Auger recombination model, analytic con-
centration dependent mobility model, optical recombination
model, Selberherr’s impact ionization model, and band-to-band
tunneling model are used in this simulation™. The material
parameters of InGaAs, InAlGaAs, and InAlAs are listed in
Table 11!,

Due to the space charge effect, the control effect of the field
control layer on the electric field of APDs will be weakened
under high input optical power. Thus, the electric field of the
M-layer will be reduced, and the multiplication gain will also
be decreased. Figures 3(a) and 3(b) show the simulated electric
field distribution and the electron and hole concentration distri-
bution in the vertical direction of the APD when the input opti-
cal power is 0.001 mW and 4.5 mW, respectively. When the
input optical power is 4.5 mW, the electric field of the M-layer
decreases by about 70 kV/cm, and the electric field of the absorp-
tion layer increases. This is because the accumulation of holes
leads to the weakening of the control effect of the p-type field
control layer on the electric field. This is consistent with the
above analysis.

3. Simulation Results and Discussion

In this section, we established an SAGCMCT-APD model with a
hybrid absorption layer structure, and the total absorption layer
thickness is 500 nm. R is used to represent the ratio of the p-type
absorption layer thickness to the total absorption layer thick-
ness. Figure 4(a) shows the simulated vertical direction (A-A”)
electric field distribution of the device under different R values.
The electric field of the M-layer is very uniform, and the electric

field intensity is about 640 kV/cm. The electric field range of the
undoped absorption layer is between 88 kV/cm and 73 kV/cm,
while the electric field intensity of the p-type absorption layer is
about 0 kV/cm. Due to the different thickness of the undoped
absorption layer, the breakdown voltage (V) of the device is
slightly different, but the gain of the device under 0.9V, oper-
ation is the same at about 10. Figure 4(b) shows the energy band
schematic diagram of the absorption layer. Wy is used to re-
present the thickness of the non-depletion absorption layer,
and Wp is used to represent the thickness of the depletion
absorption layer.

Figure 4(c) shows the absorption layer band diagram of the
APD with a hybrid absorption layer structure at 0.9V, under
different R values. In the non-depleted absorption layer, the
holes will relax directly, and, in the depleted absorption layer,
the holes will drift. With the increase of non-depleted absorption
layer thickness, the energy band will gradually be flattened, and
the movement distance of holes will be shortened, which is ben-
eficial to the transmission of holes. Figure 4(d) shows the simu-
lated concentration distribution of the hole and electron in the
vertical direction (A-A’) at R=0.2 and R = 0.8 under the input
optical power of 0.5 mW. At same input optical power, the hole
concentration in the device at R=0.2 is larger than that at
R =0.8. This indicates that compared with R = 0.8, holes begin
to accumulate when R = 0.2.

Figure 5 shows the simulated input optical power dependence
of linearity compression at the gain of 10 under different R val-
ues. The 1 dB compression points of the device increase gradu-
ally with the increase of R. When the thickness of the p-type
absorption layer is 100 nm and 400 nm, the 1 dB compression
points of the device are —9dBm and —2.1 dBm, respectively.
Under high input optical power, holes will accumulate, resulting
in the space charge effect. The linearity of the device will be
reduced. The absorption layer is a long distance for holes to
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Fig. 3. Simulated vertical direction (A-A) (a) electric field distribution and
(b) electrons and holes concentration distributions at the input optical power
of 0.001 mW and 45 mW.

transit. Increasing the thickness of the p-type absorption layer is
equivalent to reducing the transmission distance of holes. The
linearity of the device will be greatly improved.

In this section, we established an SAGCMCT-APD model
with only one absorption layer, and the thickness of the absorp-
tion layer is 500 nm. We set the doping level of the absorption
layer to increase from 8 X 10'* to 8 X 10!7 cm™>. Figure 6(a)
shows the simulated vertical direction (A-A’) electric field dis-
tribution of the device under different absorption layer doping
levels. The electric field intensity of the M-layer is about
610 kV/cm. Figure 6(b) shows the absorption layer band dia-
gram under different absorption layer doping levels. With the
increase of the absorption layer doping level, the electric field
of the absorption layer decreases gradually, and the energy band
gradually becomes flat. The holes change from drift motion to
relaxation, which greatly reduces the transit time of holes in
the absorption layer. Figure 6(c) shows the simulated concentra-
tion distribution of the hole and electron in the vertical direction
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Fig. 4. (a) Simulated vertical direction (A-A) electric field distribution of the
device, (b) energy band schematic diagram of the absorption layer, (c) absorp-
tion layer band diagram at 0.9, under different R values, and (d) simulated
hole and electron concentration distribution in the vertical direction (A-A) at
R=10.2 and R = 0.8 under the input optical power of 0.5 mW.

022503-4



Chinese Optics Letters

T T
= R—0.8 @25V
04 —8= R=0.6 @26V
e R=0.4 @27V
== R=0.2 @28V

Compression (dB)

-9 dBm -2.1dBm |

T T T T T T
-30 -25 -20 -15 -10 -5 0
. . -6.5dBm -4.3 dBm
Optical input power (dBm)

Fig. 5. Simulated input optical power dependence of linearity compression at
the gain of 10 under different R values.

(A-A’) of the device at the input optical power of 1 mW under
different absorption layer doping levels. When the absorption
layer doping level is 8 X 10!®> cm™3, the hole concentration is sig-
nificantly higher than that when the absorption layer doping
level is 8 X 107 cm™ under the same input optical power.
When the incident light power is 1 mW, the device with the
absorption layer doping level of 8 x 10'> cm™ has serious hole
accumulation, which will produce a space charge effect and
greatly affect the linearity of the device.

Figure 7 shows the simulated optical input power dependence
of linearity compression at the gain of 10 under different absorp-
tion layer doping levels. With the increase of the doping level of
the absorption layer, the 1 dB compression point of the device
increases from —8.6dBm to 1.43 dBm. These results indicate
that the rapid transport of holes in the absorption layer plays
an important role in reducing the space charge effect and
improving the linearity of the device at high input optical power.

From Fig. 8(a), when the input optical power is 1.5 mW, the
photocurrent of the device increases with the increasing doping
levels of the absorption layer. The gain of the device can also be
improved. Figure 8(b) shows the simulation bandwidth of the
device at the gain of 10 under different absorption layer doping
levels. The 3 dB bandwidth of the device is about 8 GHz to
8.5 GHz. Compared with Ref. [15], the 1 dB compression point
is —3.38 dBm, and the bandwidth is 6.7 GHz. Our optimized
device obtains a bandwidth of 8 GHz and a 1 dB compression
point of 1.43 dBm. The final optimized structure parameters
of the SAGCMCT-APD are shown in Table 2.

4, Conclusions

In summary, the space charge effect can be alleviated, and the
linearity of APDs can be improved by using bandgap engineer-
ing. The absorption layer is also crucial for improving the linear-
ity of APDs because the holes need to be transmitted in a thicker
absorption layer. In the hybrid absorption layer structure,
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Fig. 6. Simulated vertical direction (A-A) (a) electric field distribution and
(b) absorption layer band diagram of the device under different absorption
layer doping levels; (c) simulated hole and electron concentration distribution
in the vertical direction (A-A) of the device at the gain of 10 under different
absorption layer doping levels.

increasing the ratio of the p-type absorption layer thickness
to the total absorption layer thickness can shorten the transit
time of holes and improve the linearity of APDs. In the single
absorption layer structure, increasing the doping level of the
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Table 2. Structure Parameters of the SAGCMCT-APD.

Layer Thickness (nm) Doping (cm™3)
P-InGaAs contact layer 50 110"
InGaAs absorption layer 500 8 x 10"
InAlGaAs grading layer 50 3% 107
P-InAlAs field control layer 70 3x 107
InAlAs M-layer 200 1x10%
N-InAlAs field control layer 70 3x 107
InP-transit layer 350 7101
N-InGaAs contact layer 50 1x 101

absorption layer can also make the holes shift from drift motion
to relaxation and improve the linearity of the device. In the APD
designed with only one absorption layer, the 1 dB compression
point can reach 1.43 dBm when the doping level is set to
8 X 10'7 cm™. The device achieves 8 GHz bandwidth at a gain
of 10. The improvement principle is similar to UTC-PD with
high linearity.
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