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1 | INTRODUCTION

Long-wavelength infrared (LWIR) detection has been
considered as one of the crucial technologies that
advances the development of both military and
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Abstract

Weak response in long-wavelength infrared (LWIR) detection has long
been a perennial concern, significantly limiting the reliability of appli-
cations. Avalanche photodetectors (APDs) offer excellent responsivity but
are plagued by high dark current during the multiplication process. Here,
we propose a high-performance type-II superlattices (T2SLs) LWIR APD
to address these issues. The low Auger recombination rate of the InAs/
InAsSb T2SLs absorption layer is exploited to reduce the dark current
initially. AlAsSb with a low k value is employed as the multiplication
layer to suppress device noise while maintaining sufficient gain. To
facilitate carrier transport, the conduction band discontinuity is opti-
mized by inserting an InAs/AlSb T2SLs stepped grading layer between the
absorption and multiplication layers. As a result, the device exhibits
excellent photoresponse at 8.4 pm at 100 K and maintains a low dark
current density of 5.48 x 1072 A/cm?. Specifically, it achieves a maximum
gain of 366, a responsivity of 650 A/W, and a quantum efficiency of
26.28% under breakdown voltage. This design offers a promising solution
for the advancement of LWIR detection.

KEYWORDS
AlAsSb, avalanche photodetector, InAs/InAsSb type-II superlattice

civilian applications, including biomedical engineer-
ing, optical ranging, astronomical observation, etc.'™
Many of these applications require the operation of
infrared systems in low photon flux conditions.”
However, the high dark current and intrinsic noise
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limit the overall performance of the state-of-the-art
LWIR detectors, making it challenging to accurately
detect low-intensity infrared signals.®® Avalanche
photodetectors (APDs) feature high gain, making
them one of the promising candidates for low light
detection.'® HgCdTe APDs possess outstanding re-
sponses with low excess noise and high gain.
Recently, researchers have found that a larger spin-
orbit splitting energy can effectively prevent holes
from scattering to the separation band, thereby
reducing excess noise in the APD.'' But they are
limited by poor compositional uniformity and high
fabrication cost, particularly in the LWIR region.'™**
Therefore, opportunities exist to optimize device
structure or explore alternative materials to achieve
high-performance LWIR APDs.

Thanks to the emerging type-II superlattices
(T2SLs) with low Auger recombination rates and
excellent material uniformity, high-performance
T2SL LWIR photodetectors have been widely re-
ported."”'® Particularly, compared with InAs/GaSb
T2SLs, InAs/InAsSb T2SLs offer prolonged carrier
lifetimes with the elimination of Ga-related defect
states and simplified heterointerface.'® Meanwhile,
only the switch of the Sb valve needs to be controlled
using molecular beam epitaxy, which benefits large-
scale production with good epitaxial interfacial
quality.”® Noteworthy, due to the low conduction
band, the defect state band is located above the
conduction band, thus increasing the tolerance to
defects and thereby extending the carrier lifetime.”'
These features help reduce the dark current of the
APD, thereby improving device response and oper-
ating temperature. In addition, to optimize the noise
characteristics of APDs and increase the device gain,
the multiplication layer (ML) often employs materials
with a wide bandgap and low k value (where k = a/p,
a and g are the ionization coefficients of electrons
and holes, respectively).zz‘25 Lower k values corre-
spond to reduced excess noise in the device, thus
further enhancing performance.”® AlAsSb, with its
exceptionally low k value, has garnered attention for
this purpose, making it an ideal material for the ML of
APD.?"%% Recently, III-V T2SL-based MWIR APDs
have been demonstrated,® yet developing LWIR T2SL
APDs remains challenging.

In this study, a long-wavelength infrared APD
featuring an InAs/InAsSb T2SLs absorption layer
(AL) is proposed. To address the conduction band
discontinuity between InAs/InAsSb T2SLs and
AlAsSb, an InAs/AlSb T2SLs stepped grading layer is
designed to facilitate carrier transport. As a result,
through simulation, we achieved a high-performance
LWIR T2SL APD with a peak wavelength of 8.4 pm.
At 100 K, the device exhibits a maximum gain of 366
with a corresponding responsivity of 650 A/W and a
quantum efficiency (QE) of 26.28%.

2 | RESULTS AND DISCUSSION
2.1 | Design of T2SL and device
structures

Determining the composition and thickness of InAs/
InAsSb T2SLs is crucial, with adjustments made to
achieve stress balance. In the context of LWIR
detection, a thicker single period of InAs/InAsSb
T2SLs is necessary to attain the same cutoff wave-
length as InAs/GaSb T2SLs. However, thicker single
period result in reduced absorption coefficients and
increased effective mass of holes in the growth di-
rection within T2SLs. Ting et al.*> discovered experi-
mentally that increasing the Sb component enables
achieving a longer cutoff wavelength without signifi-
cantly increasing the single period thickness. How-
ever, an excessively high Sb component risks
Sb element segregation.*** Consequently, InAs/
InAsg5Sbg s T2SLs, with an Sb component of 0.5, are
chosen as the AL for the APD.

InAs/InAsSb T2SLs are predominantly grown on
GaSb substrates, necessitating consideration of
GaSb's role in strain management. In essence,
achieving strain balance involves comparing the
average lattice constant of one period of the super-
lattice with that of the substrate.®® Typically, the
tensile strain in InAs is compensated by the
compressive strain introduced by InAsSb, resulting in
a thicker InAs layer compared to InAsSb. Therefore,
the thickness of each layer in InAs/InAsSb T2SLs can
be calculated using the following formula:

finAssh = <aGaSbaInAs> . <P>% 0.090 <P> (1)
Ainsb — AinAs Xsb Xsb

where 1,45 and fipassp represent the thickness of InAs
and InAsSb materials in one period, respectively. P
represents the total thickness of a single period of the
superlattice, xs, represents the composition of Sb, and
a represents the lattice constant of each material.**
The ratio of single atomic layers between InAs and
InAs( 5Sby 5 in one period is determined as approxi-
mately 4:1. With this ratio, InAs/InAsqsSbgs T2SLs
achieves strain balance, mitigating the significant
dislocations or defects during epitaxial growth. The
key material parameters of InAs/InAs, 5Sbg 5 T2SLs are
listed in Table 1.>**° Figure 1A,B show the band
structure and absorption coefficient of 32 monolayers
InAs/InAsy 5Sby 5, respectively. The effective bandgap
of 25.6 monolayers InAs/6.4 monolayers InAsg sSbg s
T2SLs is calculated as 132 meV at 150 K, correspond-
ing to a 50% cut-off wavelength of 9.4 pm, and it rea-
ches a peak absorption of about 2200 cm™' around
8.4 pm.

The schematic of the InAs/InAsy,sSbys long-
wavelength infrared APD structure is illustrated in
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TABLE 1 Material parameters used in InAs/InAsSb T2SLs modeling.>>*°
Parameters Symbol (unit) InAs InSb GaSb
Bandgap a (meV/K) 0.276 0.32 0.417
Eg(T) = Ey(T = 0 K)—2L
<(T) o ) T+5 5K 93 170 140
Ee (T=0K) (eV) 0.417 0.25 0.812
Minority carrier lifetime 7 (ns) 325 300 100
Luttinger parameters 71 20.0 34.8 13.4
72 8.5 15.5 4.7
73 9.2 16.5 6
Imaginary refractive index k 0.001 0.0082 0.01
Elastic constant Cy; (GPa) 832.9 684.7 884.2
C,, (GPa) 452.6 373.5 402.6
Cus (GPa) 395.9 311.1 432.2
Spin-orbit energy Ap (eV) 0.39 0.82 0.76
Kane potential E, (eV) 21.5 24.08 24.76
Effective mass (0 K) % 0.023 0.0138 0.038
(A) (B) :
— InAS, 5Sby 5 T=150 K 25x10
02}
=\ £ 2.0x10°
o S g 5
’?; 00T — E; —E& -g 1.5x10°
(5 o
& o2l § 1.0x10°
InAs 3
]
£ 50¢102
04l — C=F,
-0.01 0.00 001 0.02 0.03 00 5 6

Position (um)

FIGURE 1

7 8 9 10 1 12
Wavelength (um)

(A) Energy band structure of InAs/InAsg 5Sbg s T2SLs with a single period of 32 monolayers. He red line represents the

conduction band, the blue line represents the valence band, the black line represents the conduction band (C1) microstrip, the pink line
represents the heavy hole (HH1) microstrip, and the green line represents the light hole (LH1) microstrip. (B) Absorption spectrum of

32 monolayers InAs/InAsg 5Sbg s T2SLs.

Figure 2A. The structure from bottom to top is as
follows: a GaSb substrate, a 50 nm thick GaSb buffer
layer that enhances lattice matching and reduces
interface defect density, a 100 nm thick n-type heavily
doped (1 x 10'™ cm™) GaSb bottom contact layer,
and subsequently, a 400 nm thick unintentionally
doped AlAsg ¢9Sbgg1 ML to leverage its low k value
and broad bandgap, thus effectively minimizing de-
vice noise. Then a 50 nm thick AlAsSb charge layer
with a doping concentration of 1 x 10'® cm™ was
designed to adjust the electric field between the AL
and ML, a 64 nm thick InAs/AISb T2SLs was designed
to facilitate carrier transport. Next, a 1100 nm thick p-
type doped InAs (77.5 A)/InAs, 5Sbg 5 (20 A) T2SLs AL
of 3 x 10" cm™ was designed. Finally, a 100 nm thick

InAs/InAsy5Sbgs (p-type, 5 x 10'® cm™) T2SLs top
contact layer was designed to form ohmic contact.
The stepped grading layer is a 14-level structure with
InAs/AISb T2SLs as: 80/10, 60/24, 40/24, 30/24, 24/24,
18/24, 15/24, 12/24, 10/24, 8/24, 6/24, 4/24, 3/24 and
2/30, in a unit of A. When reverse biased, a strong
electric field is formed in the ML of the device to
achieve impact ionization. Moreover, the ML not only
aids in carrier transport but also, through doping,
helps confine the electric field within the AL.*® This
ensures that while the electric field in the AL fosters
carrier transport, it does not induce tunneling,*"**
which can be seen from the device electric field
schematic diagram shown in Figure 2B. Figure 3
shows the band structure of the device when the
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FIGURE 2
APD, avalanche photodetector.
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FIGURE 3 The simulation result of the energy band structure
of the APD at the interface of the absorption layer/stepped
grading layer/charge layer/multiplication layer at thermal
equilibrium and —15 V external bias. APD, avalanche
photodetector.

reverse bias is 0 V and —15 V, respectively. The
simulation shows that at —15 V, the average electric
fields in the AL and ML are approximately 5 kV/cm
and 300 kV/cm, respectively.

2.2 | The photoresponse of the APD

Figure 4A shows the temperature-dependent dark
current characteristics of InAs/InAsSb LWIR APD.
The dark current density (Jg) increases rapidly with

(A) The diagram of InAs/InAsSb long-wavelength infrared APD. (B) The diagram of the electric field of each layer in APD.

(B)

Top Contact Layer

Absorption Layer

Graded Bandgap Layer \

Charge Layer

Multiplication Layer

Electric Field

the elevated operating temperature. Below —5 V bias
voltage, at lower temperatures, the J; remains rela-
tively constant as thermal excitation of carriers is
minimal, impeded by the significant conduction
band difference. As temperature increases, carrier
thermal excitation intensifies, allowing a small frac-
tion of hot carriers to surmount the barrier and
contribute to the current. With the voltage surpassing
-5V, the electric field extends beyond the ML to the
stepped grading layer, flattening the energy band and
facilitating carrier transport, thereby amplifying the
dark current. Upon reaching a voltage of approxi-
mately —15 V, carrier transport saturates, and the J4
plateaus. When the voltage further increases to about
—41.2 V, the electric field of the ML becomes large
enough to satisfy the carrier collision ionization
process and trigger avalanche, resulting in a rapid
increase in Jq.

At 100 K, the punch-through voltage (V,,¢) of this
APD is —15 V. Beyond this threshold, part of the
voltage falls on the AL, and at the breakdown
voltage (Vq) of —41.2 V, the device exhibits signi-
ficant gain. Notably, as depicted by the black arrow
in Figure 4A, the V4 of the APD increases with
rising operating temperatures. When a large voltage
is applied, the avalanche breakdown process usually
exhibits a positive temperature coefficient. In order
to overcome the increased carrier cooling caused by
phonon scattering, a higher applied voltage is
required to achieve breakdown.”® The J4 of the de-
vice is finally calculated at 100 K and 95% break-
down voltage to be 5.48 x 107> A/cm?. In the actual
growth and preparation process, surface leakage
current will be an important factor affecting the
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FIGURE 4 (A) Jq of APD as a function of voltage at different temperatures. (B) Arrhenius curves of the J; of the APD under voltages of

—13 V (before punch-through) and —40.5 V (before breakdown). The points are the simulation results and the lines are the fitting curves.

APD, avalanche photodetector.

APD performance. In the actual growth process,
surface leakage current will reduce the breakdown
voltage stability of the device, leading to premature
breakdown and unreliable gain control. To address
this issue, several mitigation strategies can be
adopted. Improving manufacturing accuracy***?
and adding passivation layers’® (such as SU8 or
Al20s"") after preparation will help reduce surface
states. In addition, optimizing device design such as
adding guard rings'* around the edges can effec-
tively locate and reduce surface leakage current.
Through the above measures, APDs can achieve
higher efficiency, lower noise and more consistent
operation, which is critical for the future develop-
ment of applications, such as optical communica-
tions, imaging, and LiDAR systems.

Figure 4B shows the corresponding Arrhenius
curves of the J4 of the APD at —13 V (before punch-
through) and —-40.5 V (before breakdown). By fitting
the temperature-dependent current data, the activa-
tion energy (E,) of the APD can be calculated by for-
mulas: Jy « T° exp (=E,/k,T) and Jo_g < T%/? exp
(—E./2k,T), where J g is the diffusion current density
and Jg_ris the generation-recombination (G-R) current
density.**>° When applying a bias of —13 V, E, is
calculated as 130.64 meV, which closely aligns with the
bandgap energy (132 meV) of 32 monolayers InAs/
InAsg 5Sbg 5 T2SLs, revealing the domination of diffu-
sion mechanism. Noteworthily, E, is determined as
71.12 meV under a bias of —40.5 V, which slightly ex-
ceeds half of its bandgap energy (66 meV), indicating
that the dark current is primarily dominated by the G-R
mechanism. The slightly larger E, could be attributed
to the mall gain and tunneling current at large bias

voltage. Through doping control, the depletion region
of the device is basically located in the ML, and the G-R
dark current of the APD device is suppressed due to the
wide bandgap. Since the components of the dark cur-
rent in APD, such as those arise from band-to-band
tunneling and trap-assisted tunneling, are more
complicated due to the large bias voltage,**°"* follow-
up work requires further analysis to provide design
guidance to practical device structure.

Figure 5A shows the current densities and multi-
plication gain of the APD as a function of bias voltage
under 8.4 pm radiation at 100 K. It can be observed that
the device's breakdown voltage increases significantly
under external radiation because a higher carrier
density requires a larger bias voltage to reach satura-
tion. Another key parameter of APD is the breakdown
temperature coefficient (Cyq), which defines the vari-
ation of V},q with temperature. The V},q of an APD tends
to rise with increasing temperature due to elevated
temperatures leading to heightened phonon scat-
tering, thereby reducing the ionization coefficient.*>3
When the operating temperature of an APD con-
structed from materials such as InP or Si fluctuates, the
device's gain undergoes significant variations, conse-
quently affecting the device's sensitivity. To determine
the Cyq of the APD, the device's gain is calculated
across various temperatures. Figure 5B illustrates the
gain curves of the device spanning temperatures from
100 to 150 K. The voltage when M = 10 is extracted as
the Vpq at the current temperature to calculate Cpgq.
According to the literature,** the final calculated Cy,q of
this device is 28.9 mV/K, which is about 450% lower
than the structure simulated by Wei-Lin Zhao et al.>*
and is comparable to the mid-wavelength T2SLs APD
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prepared by Ma et al.*! A small C,q means that the
performance of the device changes less at different
temperatures and the device has higher stability. When
the temperatures are 110, 120, 130, 140, and 150 K, the
gains are 320, 125, 60, 43, and 26, respectively.

Figure 6 shows the spectral response curves of the
device at breakdown voltage at different temperatures.
It can be seen that the 50% cutoff wavelength of the
device is 9.4 pm, which is consistent with the absorp-
tion coefficient shown in Figure 1B. Device response
decreases as operating temperature increases. At the
100 K and 8.4 pm radiation, the responsivity (R) is
calculated to be 650 A/W. The maximum gain of the
device at breakdown voltage is finally calculated to be
approximately 366. The substantial gain achieved is
not only a result of our well-designed device structure
but also due to the extremely low k value of the ML.
This low k value is attributed to the increased Sb
component, which causes the g to further decrease due
to the high phonon scattering rate and large hole
effective mass.?®

At this time, the voltage V at unit gain is defined as
the voltage value when the second partial differential
azlph/av of the photocurrent (I,y) to the voltage is
equal to 0.°° For a device with gain, the relationship
between R and QE is given by the formula:

Aq
R= e QE-M (2)
where & is the Planck constant, c is the speed of light,
q is the electron charge, 1 is the wavelength of the
incident photon, and M is the gain of the device.”®
Then we calculated that at 100 K and 8.4 pm radia-
tion, the QE is 26.28%.

(B)

400
= —=—100K
3%0 - —=—110K
. 120 K
300 |- ‘ 130 K
|
‘ —s— 140 K
S 620r k —a— 150 K
B |
= §_200 - \‘ \
s 3 \
=S S 150 + [ "
\
100 F -
. B, X
-42.5 -42.0 -41.5 -41.0 -40.5 -40.0
Voltage (V)

(A) The I-V curves and gain response of the APD at 100 K. (B) The gain curves at different temperatures. APD, avalanche

7x102
L — 100K -41.2V
5 414V
6x10 417V
421V
ng']O2 -42.3V
424V
S:;’4><1o2
=
]
5 3x102
Q.
2]
0]
¥ 2x102

1x10?

Wavelength (um)

FIGURE 6 Spectral responses R of the device at different
temperatures and breakdown voltages.

3 | CONCLUSION

An InAs/InAsSb long-wavelength infrared APD is
designed and its device performance is evaluated
through simulation. Utilizing a wide-bandgap
AlAsSb material with a low k value as the multipli-
cation layer, both tunneling current and G-R current
are effectively curtailed, resulting in a dark current
density of 5.48 x 1072 A/cm? at 100 K. The gain curves
of the device at different temperatures are calculated.
At 100 K, the maximum gain of the device reached
366 by using the proposed structure design. Corre-
spondingly, the responsivity reaches 650 A/W, with a
QE of 26.28%. In addition, the breakdown
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temperature coefficient of this APD is calculated to be
28.9 mV/K indicating favorable temperature stability.
By leveraging the unique properties of T2SLs and
optimizing the device architecture, this design pro-
vides an approach for efficient LWIR detection and
potentially high-performance LWIR APDs.

4 | METHODS

Simulations are performed using Crosslight's APSYS
software. The band structure is calculated using the
zincblende 8 x 8 k-p model, in which the envelope
function approximation form is adopted. The entire
Brillouin zone is assessed. The carrier drift diffusion
model was used to calculate the complex carrier dy-
namics inside the detector, and the impact ionization
theory was used as the calculation basis for the APD
avalanche gain to ultimately obtain the optoelec-
tronic performance of the device.
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