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Abstract

Theoretical analysis and two-dimensional simulation of InGaAs/InAlAs avalanche photodiodes (APDs) and single-
photon APDs (SPADs) are reported. The electric-field distribution and tunneling effect of InGaAs/InAlAs APDs and
SPADs are studied. When the InGaAs/InAlAs SPADs are operated under the Geiger mode, the electric field increases linearly
in the absorption layer and deviate down from its linear relations in the multiplication layer. Considering the
tunneling threshold electric field in multiplication layer, the thickness of the multiplication layer should be larger than
300 nm. Moreover, SPADs can work under a large bias voltage to avoid tunneling in absorption layer with high doping
concentrations in the charge layer.
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Background
In0.53Ga0.47As/In0.52Al0.48As (hereafter referred to as
InGaAs/InAlAs) and InGaAs/InP avalanche photodiodes
(APDs) are the most significant photodetectors for short-
wave infrared detection. In recent years, research on
quantum key distribution has quickly progressed, and now
InGaAs/InAlAs and InGaAs/InP APDs can realize the
single-photon counting and timing as single-photon APDs
(SPADs) [1]. Compared with other single-photon detectors
in the SWIR wavelength range, such as photomultiplier
tubes, InGaAs single-photon avalanche diodes have the dis-
tinctive advantages of high performance, high reliability,
low bias, small size, good time resolution, and ease of oper-
ation [2, 3]. Thus, InGaAs/InAlAs and InGaAs/InP APDs
are attracting the considerable attentions [4, 5]. Compared
with APDs operating in linear mode, APDs operated in
Geiger mode as SPADs are applied with a reverse bias that
exceeds the breakdown voltage [6]. SPADs achieve a high
gain in the multiplication layer, and a single photon can
trigger a macroscopic current pulse, which provides the
ability to accurately sense the arrival at the detector of a
single photon [7]. Thus, SPADs can detect the single pho-
ton at a wavelength of 1550 nm [8]. Meanwhile, the absorp-
tion wavelength can be controlled by the materials of
absorption layer [9].

Compared with InAlAs-based SPADs, theoretical and
simulation studies of InP-based SPADs are more compre-
hensive [2, 10–12]. However, InAlAs-based APDs are in-
creasingly being used in place of InP-based APDs as they
can improve performance both in APDs and SPADs [13].
The ionization coefficient ratio of electron (α) to hole (β)
in InAlAs is larger than that in InP, thereby resulting in a
low excess noise factor and high gain-bandwidth product
in InAlAs-based APDs [14]. The larger band gap of InA-
lAs can improve the breakdown characteristics and de-
crease the dark count rate (DCR) in SPADs [15]. InAlAs-
based APDs have high-electron mobility, leads to faster
response times than that of InP-based APDs [16]. More-
over, ionization coefficient ratio of InAlAs APDs is less
sensitive to temperature changes of InP-based APDs [17].
Consequently, InGaAs/InAlAs APDs can achieve high
performance in terms of breakdown characteristics,
DCRs, excess noise, gain-bandwidth, response time,
and temperature characteristics.
Studies on InGaAs/InAlAs APDs have mainly focused

on increasing the single-photon detection efficiency
(SPDE) and decreasing the DCR in SPADs. Karve et al.
demonstrated the first InGaAs/InAlAs SAPDs, which has a
SPDE of 16% at 130 K [18]. Nakata et al. improved the
temperature performance of SPADs, which achieves a
SPDE of 10% at 213 K [19]. Zhao et al. designed a self-
quenching and self-recovering InGaAs /InAlAs SPAD with
a SPDE of 11.5% at 160 K; concurrently, a DCR of 3.3 M
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Hz has been observed [20]. Meng et al. designed a mesa
structure InGaAs/InAlAs SPAD, which achieves a SPDE
of 21% at 260 K [21]. Then, they applied a thick absorp-
tion and multiplication layer in a similar structure, which
improves the SPDE to 26% at 210 K and decreases the
DCR to 1 × 108 Hz [22]. However, in these studies, the
DCRs of InGaAs/InAlAs SPADs are too high compared
with InGaAs/InP SPADs (in recent InP SPADs, DCRs are
typical < 104 Hz) [23]. The high DCRs in InGaAs/InAlAs
SPADs are attributed to tunneling currents, which is
caused by the high field at the over bias voltage [21, 22,
24]. Thus, decreasing tunneling-related mechanisms is
significant for InGaAs/InAlAs SPADs, and these mecha-
nisms are related to the electric-field distribution in
SAPDs. From literatures [1. 9], the tunneling threshold
electric field is 2.0 × 105 V/cm in the absorption layer
(InGaAs) and 6.8 × 105 V/cm in the multiplication layer
(InAlAs). Thus, a suitable electric-field distribution is sig-
nificant for InAlAs SPADs, which is determined by the
charge-layer and multiplication-layer thickness. Consid-
ering the charge layer of InAlAs APDs, Kleinow et al.
studied the influence of doping concentration in this
layer and found that doping concentration is more im-
portant for the performance of InGaAs/InAlAs APDs
[25, 26]. Chen et al. studied the influence of the charge
and multiplication layers on punch-through and break-
down voltages by theoretical analysis and simulation
[27]. These studies have focused on the performance of
InAlAs APDs under the linear model. However, the
performance of InAlAs SPADs has not yet been fully
understood under the Geiger mode.
In this paper, theoretical analysis and simulation are

used to study the tunneling effect and electric-field dis-
tribution in InGaAs/InAlAs SPADs. With the consider-
ation of tunneling threshold electric field under the
Geiger mode, the design criteria of SPADs are optimized
to avoid the tunneling effect.

Methods
Numerical simulations are performed for the front-illu-
minated SAGCM InGaAs/InAlAs APDs by using
TCAD [28]. The physical models used for simulation are
presented as follows. The Selberherr impact ionization
model simulates the avalanche multiplication in InAlAs.
Electric-field distribution and diffusion current are
described by the drift-diffusion model, which includes the
Poisson and carrier continuity equations. Band-to-band
and trap-assisted tunneling models are used for the tun-
neling current. Other basic models, including the Fermi–
Dirac carrier statistics, Auger recombination, carrier-con-
centration dependence, Shockley–Read–Hall recombin-
ation, low field mobility, velocity saturation, impact
ionization, and ray-tracing method are used in the simula-
tion. The schematic cross-section of the front-illuminated

APD epitaxial structure for the simulation is shown in
Fig. 1.
From bottom to top, the layers are sequentially

named as substrate, contact layer, cladding layer, multi-
plication layer, charge layer, grading layer, absorption
layer, grading layer, cladding layer, and contact layer.
The photogenerated carriers induced in the absorption
layer drifts to the multiplication layer, where it triggers
avalanche breakdown. The electric field in the absorp-
tion is adjusted using the charge layer control and
maintain a high field only in the multiplication layer.
Between the charge and absorption layers, an InAlGaAs
grading layer avoids the electron pile-up at the
InGaAs-InAlAs heterojunction. The device structure in
our simulation is similar to the experimental structure
in ref. [21].
The electric-field distribution in SAGCM APD can be

solved with the Poisson equation, PN depletion-layer
model, and boundary condition equation [29]. The Pois-
son equation is given as

dξ
dx

¼ ρ
ε
¼ q � N

ε
: ð1Þ

The boundary condition equation is given as

Vbiasþ Vbi ¼ −
Z w

0
ξ x;wð Þdx: ð2Þ

In these equations, ρ is equal to the dopant ion q × N
in the depletion-layer, ε is the dielectric constant of the

Fig. 1 Schematic cross-section of the front-illuminated SAGCM APDs.
Presents the schematic cross-section of the top-illuminated SAGCM
InGaAs/InAlAs APD. It includes structure, materials, doping, and
thickness. From bottom to top, the layers are sequentially named
as substrate, contact layer, cladding layer, multiplication layer, charge
layer, grading layer, absorption layer, grading layer, cladding layer, and
contact layer
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material, Vbias is the bias voltage on the APDs, Vbi is the
built-in potential, and w is the depletion-layer thickness.
The mathematical relationship between electric-field dis-
tribution and bias voltage when the boundary of the de-
pletion layer reaches the contact layer in the device can
be derived using Eqs. (1) and (2).
The tunneling currents are composed of band-to-band

and trap-assisted tunneling. Band-to-band tunneling
current depends on the field in the material and be-
comes a dominant component of dark current at high
fields [24, 30]. The generation rate of band-to-band tun-
nel is given as [31].

Gbtb ¼ 2m�

Eg

� �1=2 q2E

2πð Þ3ℏ exp
−π

4qℏE
2m� � E3

g

� �1�
2

 !

ð3Þ

In the above equation, Eg is the energy band gap of
InGaAs (0.75 eV) or InAlAs (1.46 eV), m* (equal to
0.04 me in InGaAs and 0.07 me in InAlAs) is the ef-
fective reduced mass, and E is the maximum electric
field. Gbtb depends on the electric field E and energy
band gap Eg, wtunnel is assumed to be the effective
thickness for the tunneling process, and A is assumed
to be the area of the device. Thus, the tunneling
current of the band-to-band tunnel is given as [13].

I tunnel=A ¼ Gbtb � q � wtunnel ð4Þ

The calculated results of Itunnel /A (wtunnel = 1 μm)
are presented in Fig. 2. Itunnel becomes significant at
2.0 × 105 V/cm of InGaAs and 6.9 × 105 V/cm of InA-
lAs, respectively. We find that these calculated values
correspond well with the tunneling threshold electric
field (2.0 × 105 V/cm, InGaAs) and (6.8 × 105 V/cm,
InAlAs) in references. The tunneling current can suf-
ficiently influence the performance of SPADs at a
high field. Thus, the field should be adjusted to lower
than the tunneling threshold value both in the
InGaAs and InAlAs of SPADs. Table 1 shows the pa-
rameters used in the simulation.

Results and Discussion
In this section, the theoretical analysis and conclusions
were studied by simulation. First, the electric-field distri-
bution under Geiger mode was studied in section A.
Then, with the consideration of tunneling threshold
electric field under the Geiger mode, the design criteria
of SPADs are optimized to avoid the tunneling effect in
section B. The typical device structure in the reference
[22] was used to test the simulation model. In this simu-
lation, we used the same simulation engine as the refer-
ence [28] and the Current-voltage curve along with gain
vs voltage curve were given by Fig. 3. It can be found

Fig. 2 Relationship between Itunnel/A and electric field in InGaAs and InAlAs. Presents the calculated results of Itunnel/A. Itunnel becomes significant
at 2.0 × 105 V/cm of InGaAs and 6.9 × 105 V/cm of InAlAs, respectively
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that gain gradually increase after the punch-through
voltage and sudden increase at breakdown voltage.

Electric-Field Distribution Under the Geiger Mode
We found that the device performance is greatly influenced
by the electric field distribution. To maintain the high gain
and small dark current, the proper control of the electrical
field in the multiplication and absorption layers is import-
ant. From the ref. [32], a suitable field distribution in
InGaAs/InAlAs APD should comply with those rules. The
guarantee Vpt (punch-through voltage) < Vbr (breakdown
voltage) and Vbr-Vpt should have a safety margin for
processing variations in temperature fluctuations and oper-
ation range. At breakdown voltage, the multiplication gain
goes toward infinity and the current sudden increase [32].
When the dark or photo current reached 50 μA, the corre-
sponding voltage is called breakdown voltage Vbr. In the
absorption layer, the electric field should be larger than 50–
100 kV/cm to ensure enough velocity for the photo-in-
duced carriers. Concurrently, the electric field must be less
than 180 kV/cm to avoid the tunneling effect in the

absorption layer. Electric field distribution greatly influences
the device performance. The choice of electric field in the
absorption layer has a balancing of the trade-off between
small transit time, dark current, and high responsivity for
the practical requirement.
Figures 4 and 5 present the simulated field-voltage

characteristics in the multiplication and absorption
layers under the Geiger mode, respectively. APDs oper-
ated in Geiger mode as SPADs are applied with a re-
verse bias that exceeds the breakdown voltage 1~6 V in
the simulation. The thickness of the charge layer
(Wcharge) is 50 nm, and the thicknesses of the multipli-
cation layer (Wmultiplication) are 100, 200, and 300 nm,
respectively.
When the InGaAs/InAlAs SPADs are operated under

the linear model (APDs), the electric field in the ab-
sorption layer and multiplication layer increases linearly
with increased bias voltage. However, as bias voltage
exceeds the breakdown voltage under the Geiger mode,
the electric field in the absorption layer increases
linearly as before, whereas the increase in the avalanche
electrical field in the multiplication layer becomes slow.
Compared with InGaAs/InAlAs APDs operating in
linear mode, the InGaAs/InAlAs SPADs achieve a high
gain in the multiplication layer with the higher
avalanche field, and a single photon can trigger a
macroscopic current pulse. Concurrently, the field of
absorption under the Geiger mode is larger than that
under the linear model. Tunneling current becomes the
dominant component of the dark current in the high
field and a single photon can trigger a macroscopic
current pulse with the avalanche gain, which is much
larger than the linear mode.

Table 1 Material parameters used in the simulation of InGaAs/
InAlAs SAGCM APDs [33]

Parameter Units Electron Hole

Energy band gap (InGaAs) eV 0.75

Energy band gap (InAlAs) eV 1.46

Impact coefficient a (InAlAs) cm−1 2.1*106 2.4*106

Impact coefficient b (InAlAs) V/cm 1.62*106 1.86*106

Effective threshold energy (InAlAs) eV 3.2 3.5

SRH lifetime (InAlAs) s 1*10−6 1*10−6

Fig. 3 Current-voltage curve along with gain vs voltage of InGaAs/InAlAs APD. Presents the i-v curve along with gain vs voltage curve for some
typical device structure as figure
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Design Consideration of SPADs
We know SAPDs work in a saturated mode. To main-
tain the high gain and small dark current, the electrical
field control in the multiplication and absorption layers
is important. If the field in absorption is less than the
tunneling threshold field, it can maintain a high ava-
lanche electrical field in the multiplication layer and

avoid a tunneling current. Consequently, the concentra-
tion and the thickness of each layers should properly de-
sign for SPADs.
Figure 2 shows that the SPADs have a probability of

large tunneling effect because of the high field in the
multiplication and absorption layers, which exceed the
tunneling threshold electric field. Thus, the electric

Fig. 4 Simulation results electric field in multiplication under the Geiger mode. The values of Wmultiplication is 100 nm (black square), 200 nm (black
triangle), 300 nm (black circle). Figure 3 presents the simulated field-voltage characteristics in the multiplication layers under the Geiger mode.
The thickness of the charge layer is 50 nm, and the thicknesses of the multiplication layer are 100, 200, and 300 nm, respectively

Fig. 5 Simulation results electric field in absorption under the Geiger mode. The values of Wmultiplication is 100 nm (black square), 200 nm (black
triangle), 300 nm (black circle). Figure 4 presents the simulated field-voltage characteristics in the absorption layers under the Geiger mode. The
thickness of the charge layer is 50 nm, and the thicknesses of the multiplication layer are 100, 200, and 300 nm, respectively.
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fields should be adjusted to lower than the tunneling
threshold value both in InGaAs absorption and InAlAs
multiplication. The theoretical analysis shows that the
avalanche electrical field of multiplication is decreased
by the products of Ncharge and wcharge [28]. Thus,
charge layer can control the field in absorption; how-
ever, the avalanche electrical field of the multiplication
layer is determined by wmultiplication. Figure 6 presents

the simulated field-voltage characteristics for different
multiplication thicknesses (100–500 nm) when the de-
vice undergoes avalanche breakdown. The background
doping in the multiplication layer and absorption layer
is 2 × 1015 cm−3, which is the intrinsic concentration of
molecular beam epitaxy (MBE). The simulation results
show that the avalanche electric field in the multiplica-
tion layer decreases with increased thickness of the

Fig. 6 Electrical field in the multiplication layer with different Wmultiplication. Figure 5 presents the simulated field-voltage characteristics for different
multiplication thicknesses (100–500 nm) when the device undergoes avalanche breakdown

Fig. 7 Field in the absorption layer with different Ncharge. The values of Ncharge is 4.5*10
17 cm− 3 (black square), 6.8*1017 cm−3 (black triangle).

Figure 6 presents the electric-field distribution of absorption for different doping concentrations in the charge layer (Wcharge = 50 nm)
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multiplication layer. Thus, a thick multiplication layer
can avoid the probability of tunneling effect through a
low avalanche electrical field in multiplication.
To avoid the avalanche electrical field in multiplication

exceeding the tunneling threshold value under the
Geiger mode, the thickness of multiplication should be
> 300 nm, which has an avalanche electrical field lower
than 6 × 105 V/cm and even exceeds the breakdown volt-
age in Fig. 4. Thus, a thick multiplication layer can avoid
the tunneling effect in SPADs that under the Geiger
mode. It is the reason that low DCR in SPADs with a
thick multiplication.
As mentioned in section A, the electric field in the ab-

sorption layer increases linearly under the Geiger mode.
The increase in bias voltage significantly influences the
electric field in the absorption layer, which induces the
field to have a large probability exceeding 2.0 × 105 V/cm.
Figure 7 presents the simulated electric-field distribution
for different doping concentrations in the charge layer
(wcharge = 50 nm). We find that higher doping concentra-
tions have a low electric field in absorption layer and even
exceeds the breakdown voltage of 5 V under the Geiger
mode; however, at lower doping concentrations, the tun-
neling threshold electric field is quickly achieved. Conse-
quently, the smaller doping concentrations in the charge
layer cause earlier tunneling-effects initiation. To acquire
sufficient operating bias voltage under the Geiger mode,
the Ncharge of SPADs is larger than the Ncharge of APDs.
Compared with the lower Ncharge of SPADs, the higher
Ncharge of SPADs can work under a large bias voltage to
avoid the tunneling effect and achieve high gain in the
multiplication layer.

Conclusions
We study the electric-field distribution and tunneling
effect of InGaAs/InAlAs APDs and SPADs by theoret-
ical analysis and simulation. When the InGaAs/InAlAs
SPADs are operated under the Geiger mode, the elec-
tric field in the absorption layer increases linearly and
deviates down from its linear relations. Considering
the tunneling threshold electric field in multiplication
layer, the thickness of the multiplication layer should
be larger than 300 nm. Moreover, SPADs can work
under a large bias voltage to avoid tunneling in ab-
sorption layer with high doping concentrations in the
charge layer.
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