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Abstract: InAs/AlSb is a material system that can be used as a low-noise avalanche detector and
operates in the short-wave infrared band. The interface parameters determine the wave function
overlap (WFO). Maximizing the WFO of InAs/ AlSb superlattices improves the quantum efficiency
(QE) of infrared avalanche photodetectors (APDs). However, this remains a huge challenge. Here, the
8-band k-p perturbation method based on Bloch wave envelope function approximation was used to
calculate the energy level structure of InAs/AlSb superlattices. The results indicate that the WFO is
enhanced with increasing InSb interface thickness or when the InSb (or AlAs) interface is far from the
intersection of InAs and AlISb. As the AlAs interface thickness increases, the WFO enhances and then
reduces. The maximum increase in WFO is 15.7%, 93%, and 156.8%, respectively, with three different
models. Based on the stress equilibrium condition, we consider the interface engineering scheme
proposed for enhancing WFO with an increase of 16%, 114%, and 159.5%, respectively. Moreover,
the absorption wavelength shift is less than £0.1 um. Therefore, the interface layer thickness and
position can be designed to enhance the WFO without sacrificing other properties, thereby improving
the QE of the device. It provides a new idea for the material epitaxy of APDs.

Keywords: InAs/AlSb superlattice; 8-band k-p method; APDs; WFO; interface engineering

1. Introduction

APDs in the short-wavelength infrared (SWIR) band (1~3 um) are often used to
detect weak signals reflected by distant objects because APDs have the advantage of a gain
mechanism and high sensitivity. It is widely used in laser radar, gas sensing, astronomy, and
3D mapping. However, SWIR APDs still face the challenge of a high gain and low noise.

The mature materials of SWIR APDs include Si, HgCdTe (MCT), InGaAs, and All-
nAsSb quaternary alloys. Bérard studied the principle of noise generated with Si avalanche
photodiode structures. The excess noise factor of the front illuminated N-type and P-type
structures is strongly dependent on wavelength, while the back illuminated structure is
beneficial for reducing excess noise [1]. However, the absorption cutoff wavelength of
Si APD is limited to 1 pm, which makes the detection range narrow. MCT can achieve
near-constant exponential gain and low excess noise [2] by varying the Cd component to
cover the short-wave range. It has the disadvantages of difficult epitaxy, complex back-end
technology, and being expensive and toxic. The APD based on InGaAs material shows
high performance in the wavelength range of 0.9~1.6 um, and the use of InGaAsP to make
the separate absorption, grading, charge, and multiplication (SAGCM) structure greatly
reduces the device’s dark current and excessive noise factor [3]. When the cut-off wave-
length exceeds 1.7 pm, the performance of APD rapidly decreases due to mismatch-induced
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defects. The antimonide-based AlInAsSb can flexibly adjust the heterostructural bandgap,
matching the substrate lattice of InP [4], InAs [5], and GaSb [6]. Varying the aluminum
content tuned the wavelength from 5 pum (0% aluminum) to 1.05 um (72% aluminum). The
Ohio State University reported in 2021 that Aly 79InAsSb APD grown on an InP substrate
has a k value of 0.018, a dark current density of 82 pA/ cm?, and a gain of 15 at room
temperature [7]. The Microelectronics Research Center at the University of Texas reported a
SAGCM APD based on the bulk material AlInAsSb, with a detection wavelength extended
to 2 um [8]. The device has a gain of 100 at room temperature and is exhibited very low
over noise, with a k factor of approximately 0.01. In 2022, the unit also reported the SACM
APD structure with an optical cutoff wavelength of 3 um, which achieved low-light signal
detection near mid-wave infrared at an operating temperature of 240 K [9]. Further, in
2023, the laboratory adopted a four-element alloy with an Al group of 0.05 as the detection
material, with an external quantum efficiency of 24% (0.58 A/W) at 100 K and 3 pum [10].
The AlInAsSb compounds have great potential as candidate materials in the field of infrared
APDs [11].

The InAs/AlSb superlattices of AlSb, InAs, and other binary compounds are succes-
sively epitaxial with molecular beam epitaxy (MBE) via the migration-enhanced method so
that the AllnAsSb quaternary alloy can epitaxially contain high-quality materials in the
miscible gap. InAs/AlSb superlattices can significantly reduce generation recombination
(GR) dark current and band-to-band tunneling [12]. InAs/AlSb can design APDs with a
wide wavelength range by adjusting the proportion of Al components. In addition, due
to the slight valence band offset of different Al components [13], the SAGCM-typed APD
has the advantages of low dark current, high gain, and extremely low noise [14]. The QE
of SAGCM devices needs to be further enhanced to improve the conversion efficiency
of APDs. At present, it mainly includes two methods: One is to increase the thickness
of the material, but this would lead to high noise. The second is to enhance the WFO
of the material. However, the electron-hole overlap of the InAs/AlSb superlattice exists
only at the interface, and the electron-hole WFO of the superlattice is weak and quantum
inefficient [15]. Therefore, the amount of electron-hole WFO in the InAs/AlSb superlattice
urgently needs to be enhanced.

In previous studies, there were numerous ways to enhance QE by strengthening
the electron-hole WFO of superlattices. For example, the GaSb layer is introduced into
InAs/AlSb to form an “InAs/GaSb/AlSb/GaSb” M structure superlattice, and the electron-
hole WEFQO is enhanced [16]. But hampered by the reduced electron mobility and additional
interfaces, their QE is decreased. Wu et al. promoted As-Sb exchange at the interface
by changing the growth temperature of InAs/AlSb superlattices, which formed a special
band structure that can drive electrons and holes to the interface between InAs and AlSb,
thereby improving the WFO of InAs/AlISb superlattices [17]. To obtain the optimal WFO,
by applying a certain external voltage to the detector, the QE can be increased from
34% to 51% [18]. However, the working wavelength drift is affected by the existence of
the Stark effect. Furthermore, there is a lattice mismatch between InAs and AlSb, and
the performance of InAs/AlSb superlattices is affected by the critical thickness of strain
equilibrium. Therefore, the WFO enhancement of superlattice without changing operating
conditions and sacrificing growth quality remains a huge challenge. There have been
relevant experiments proving that the introduction of AlAs [17] or InSb [19] interface layers
in InAs/ AlSb type-II superlattices enhances the electron-hole WFO.

Further, we introduced the InSb and AlAs interface layers in InAs/AlSb to address
the above challenge. First, we study the relationship between the position of the interfacial
layer in the electron-hole well and the WFO. Then, the interface engineering is established
to balance the InAs/ AlSb superlattice stress. Subsequently, the theoretical maximum value
of WFO was sought by designing the layer thickness relationship between InSb and AlAs
interfaces. Finally, the optimization results show that the WFO has been enhanced by at
least 14%, and the wavelength drift range is as low as about 0.1 um.
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2. Theoretical Model

The k-p Hamiltonian is obtained using the Schrodinger equation of an electron. The
Bloch wave function i, (r) = eTu,, (r) is substituted into the Schrodinger equation and
rewritten as the following equation:

Hunk(r) =En (k)unk(r) 1)

where H is the Kane Hamiltonian and u,(r) is a periodic function. Here, we use 8-band
coupled Hamiltonians, including the potential energy matrix, motion energy matrix, spin—
orbit interaction matrix, and strain matrix, which are used to solve the conduction band, as
well as the heavy hole band, light hole band, and spin—orbit splitting band. Each band has
dual-spin degeneracy. The 8 x 8 Luttinger—-Kohn (LK) Hamiltonian consists of the basic
functions corresponding to the 8-band, which can be decoupled into a diagonal matrix:

HY 0
Hys = { ot m J @)
X

The original effective mass m. parameter in the 8-band model mainly describes the
characteristic energy dispersion curve, and the electronic effective mass is corrected accord-
ing to the experimental values as follows:

my _ mp Ep(Eg 4 2A50/3)
mlL o me E¢(Eg + Aso)

®)

where E,, is the optical matrix parameter, Eg is the material bandgap, and As, is spin-orbit
splitting energy. Due to the coupling between the conduction band and valence band, the
Luttinger parameter ’ylL, ’y%, 'yé also needs to be modified:

EP
2% (3Eg + Aso)
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The initial parameters and corrected parameters are included in Table 1. It is shown in
Ref. [20] that the corrected parameters are within the error range.

Table 1. Some material parameters for the 8-band k-p method.

Parameter Symbol InAs AlSb InSb AlAs

e 19.4 415 324 3.76

Luttinger parameters fyé 8.545 1.28 13.3 1.23

vy 9.17 1.75 15.15 1.42

7 6.3 1.76 16.78 0.737

Corrected Luttinger parameters 72 1.99 0.085 5.61 0.125
73 2.62 0.55 7.46 0.315

We use the Periodic Boundary Condition (PBC) method to solve the 8-band model.
The periodic thickness of the superlattice is set to be L. Here, z represents the growth
direction of the superlattice, and the wave function satisfies the periodic condition:

F ke, z+ L) = £ (ke 2) 5)

where k; is the transverse wave number, and it describes the direction of the band structure
in the transverse plane. The wave function is periodically repeated without any phase
change. Then, the finite difference method is used to numerically solve Equation (1). The
bottom of the InAs conduction band is the zero-energy reference, and then the eigenvalues
and eigenvectors are obtained.
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We calculated the absorption wavelength of superlattice materials according to the
following principles. In the hole wave function, the integral of the electron well region is
smaller than that of the hole well region. The electron wave function is the opposite. The
integration region does not include the interface layer. Therefore, the conduction band level
Ep and heavy hole level Ep are determined by the following constraints [21]:

ke z)dz < [ £ (ke z)dz
(6)
ke £S5 (ki 2)dz > [F0 D (e, 2)dz

where L, is the length of the electron well and Ly, is the length of the hole well. According
to A = 1.24/(Ey — Epy), the absorption wavelength is further obtained.

In the InAs/AlSb superlattice structure, InAs is the electron well and AlSb is the hole
well, so the electrons and holes are separated in space, and their WFO is weak. The rela-
tionship between quantum efficiency and absorption coefficient is 7 = (1 — r)(1 — e~%k).
The QE increases with the increase in absorption coefficient ,,. r is the reflectivity of the
material surface, and Iy is the thickness of the detector absorption zone. However, the
absorption coefficient is proportional to the WFO.

Therefore, the WFO should be enhanced to increase the material absorption coefficient
and indirectly improve the detector’s QE. The calculation method [22] for the absorption
coefficient a, of InAs/AlSb materials is as follows:

ay = hwWy, /u(c/n)

@)
W = 2 (%) ‘<I/Jl|€ p|1pf>’ (Ef — Ej — hw)

where u is the average energy density of the light field and c/# is the propagation speed of
light in the crystal. A is the light field intensity, ¢ is the unit vector of the light polarization
direction, p is the momentum operator, and Eyand E; are the energy levels of the initial state
and the final state, respectively. W, is the number of transitions caused by light at frequency
w per unit time and volume, and Wy, « [ §; X {sdz and ¢;, ¢ represent the wave functions
of the initial and final states, respectively. Finally, the size of the electron-hole WFO is
obtained by normalizing the ¥; and ¥ ¢ functions.

3. Results and Discussion
3.1. InAs/AISb Superlattice

The WFO and absorption wavelengths of (M, N)-monolayer (ML) InAs/AlSb super-
lattices are calculated according to the above theoretical model. The relationship between
the size of WFO and the superlattice layer thickness M x N is shown in Figure la. Among
them, the WFO is proportional to k/(M x N), and the coefficient k is between 3 and 18.
The simulation results are similar to those of InAs/GaSb superlattices. That is, when
M x N is large enough, the intensity of the phototransition oscillator is proportional to
1/(M x N) [15]. Additionally, the electron-hole WFO of the superlattice is almost located
at the interface. Furthermore, when the number of interfaces in the period is constant, the
WEFO would be larger with a smaller period thickness [23].

To study the relationship between the thickness of the InAs or AISb layer and energy
level. In the specific experiment, M and N increased sequentially from 0.5 MLs to 15 MLs,
with each step of 0.5 ML (here, it is only necessary to ensure that 0.5 MLs is greater than the
step value (0.01 nm) of the k-p algorithm). It can be seen from Figure 1b,c that the thickness
of the InAs layer is unchanged. With the increase in AlSb, the conduction band gradually
becomes stable after a rapid increase, and the valence band gradually becomes stable after
a slow increase. On the other hand, the thickness of the AlSb layer is constant. With the
increase in InAs, the conduction band decreases rapidly and then gradually becomes stable,
and the valence band basically becomes stable. Therefore, the electron energy level affects
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and dominates the absorption wavelength. When the thickness of the InAs or AISb layer
changes, the electron energy level will change greatly, and the hole energy level shift will
not exceed 0.1 eV [24].
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Figure 1. (a) InAs and AISb were linearly combined at intervals of 0.5 MLs for thicknesses ranging
from 0.5 MLs to 15 MLs. The ordinate is expressed as the relationship between the size of the WFO
and the inverse proportional coefficient k. The abscissa is the product of InAs and AlISb thickness.
(b) When the thickness of InAs is 7 MLs, the relationship between the energy level of the superlattice
and the thickness of the AlSb layer. (c) When the thickness of AISb is 7 MLs, the relationship between
the energy level of the superlattice and the thickness of the InAs layer. (d) When the absorption
wavelength is 1 um, 1.5 pm, and 2 um, the ratio of InAs and AlSb layer thickness is related to
the WFO.

Further, we also study the variation trend of the InAs/ AlSb superlattice WFO under
different layer thickness ratios of InAs/AlSb. These 1 um and 1.5 um are used as traditional
low-loss windows for optical fiber communication. In addition, with the recent advance
of detection and ranging systems in highly populated urban areas, eye safety has become
a growing concern. The 2 pym window is ideal for LIDAR systems as it is considered
eye-safe and effective in long-range detection [25]. For A =1 pm, A = 1.5 pm, and A =2 pm,
Figure 1d shows the WFO at different absorption wavelengths. The figure shows that
the WFO increases with the increase in M/N. In order to achieve longer wavelength
detection, the establishment of equivalent WFO requires a larger M/N value. Therefore,
the absorption coefficient is enhanced by increasing the thickness of InAs and decreasing
the thickness of AlSb. Moreover, the absorption wavelength of InAs/AlSb superlattices
remains basically unchanged.

Both InAs or AlSb materials and GaSb substrates are stressed, so it is necessary to
introduce an interfacial layer to balance the stress of the superlattice. The limitation of
shutter control accuracy for molecular beam epitaxy needs to be considered. The WFO
and absorption wavelength of InAs/AlISb superlattices in 7/2 MLs, 5/5 MLs, and 2/7 MLs
are discussed in this paper. The above three examples are set as models A, B, and C,
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respectively. The WFO sizes were 0.81, 0.43, and 0.37, and the absorption wavelengths were
1.89 um, 1.45 um, and 0.99 um, respectively.

InSb is usually introduced to regulate the tensile strain of the superlattice, and AlAs
is usually introduced to regulate the compressive strain of the superlattice. In order to
understand the influence of two interface layers’ thickness and position on the superlattice’s
WEFO and absorption wavelength. The following are specific simulations for three scenarios,
including one or two interface layers of InSb (Sections 3.2.1 and 3.2.2), one or two interface
layers of AlAs (Sections 3.3.1 and 3.3.2), and simultaneously introducing InSb and AlAs
interface layers to adjust the stress balance.

3.2. The Relationship between InSb Interface Layer and WFO
3.2.1. One Interface Layer of InSb

InSb is usually introduced to balance the stress between the InAs/AlSb superlattice
and the substrate material with its larger lattice constant, and it shares group III elements
In with InAs. Therefore, it is necessary to study the relationship between InSb material
and the superlattice WFO, including the layer thickness of InSb and its position within
the superlattice. We were considering inserting an InSb interface. The InAs-on-AlISb (IOA)
interface should be set as the starting point, then steps along the epitaxial growth direction
at intervals of 0.1 MLs of InAs can be taken. It ends at the AlSb-on-InAs (AQOI) interface.
Figure 2a shows on the left that the InSb is set to state 0 when it is in the middle of the InAs,
and the InSb is set to state 1 when it is in the AOI (or IOA) interface. On this basis, the InSb
thickness was increased from 0.1 MLs to 3 MLs at 0.1 MLs intervals. Table 2 summarizes the
conditions of the three models for achieving maximum WFO. In addition, the simulation
results also show that the WFO size is constant when the InSb interface layers have an
equal distance to the middle of the InAs material.

(a) MBE growth direction >
One-InSb Two-InSb
1 0 1 1 i i1
——= - - = —=>
AIOA AOIA AIOA AOIA
AISb Il InAs InSb
®A1=A29B1=B2eCl*C2
(d)

1 © - 2

£
0.9 218

S S
08 1.6
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0.2 0.4 0.6 0.8 1 . . X . . . X .
InSb Position/MLs InSb Position/MLs InSb Position/MLs

Figure 2. (a) The position of the InSb interface layer in the InAs layer. (b) Models Al, Bl, and
C1 introduce an InSb interface. (c¢) Models A2, B2, and C2 introduce two InSb interfaces. (d) The
wavelength shift of the superlattice after inserting one or two InSb interfaces into the InAs layer.

The InSb insertion layer thicknesses of models A, B, and C were set at 0.6 MLs, 1.1 MLs,
and 1.7 MLs, respectively. We studied the relationship between the location of InSb and
WEO. Figure 2b shows the relationship between the position of InSb and WFO. The meaning
of the horizontal coordinate is as follows: half of the InAs layer thickness is set as the unit
length, the middle position is the state 0, and the AOI or IOA interface is the state 1. Models
Al, B1, and C1 were introduced with an InSb interface. When the position of InSb moves
towards the AOI (or IOA) interface, the electron-hole WFO tends to decrease. Specifically,
the InAs within the InAs/AlSb superlattice form electron wells. Therefore, a small hole
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potential well is formed after the InSb interface is introduced, which makes the superlattice
structure have an extra electron hole WFO. At the AOI or IOA interface of the InAs/AISb
superlattice, electrons and holes are tightly arranged alternately, but the electron-hole WFO
is weakest at the 0 state, and the number of electrons in the InAs layer is greater than the
number of holes. In order to maximize WFO, a certain InSb interface layer can be inserted
at the 0 state to increase the probability of hole occupation.

Table 2. The insertion position and layer thickness parameters of InSb when maximizing the WFO of

models A, B, and C.
Model Position InSb Thick Position-i InSb Thick
A 0 0.6 MLs 0.17 0.3 MLs
B 0 1.1 MLs 0.12 0.55 MLs
C 0 1.7 MLs 0.10 0.85 MLs

3.2.2. Two Interface Layers of InSb

We have investigated the relationship between the introduction of two InSb interfaces
in the InAs layer and the superlattice WFO. Model A takes the 0 state as the initial point
and then inserts 0.3 MLs of InSb along the IOA interface and AOI interface directions,
respectively. Figure 2a shows on the right the insertion examples of two InSb interface
layers. The InSb of 0.55 MLs and 0.85 MLs were inserted into models B and C according
to the simulation mode of model A, respectively. The relationship between the position
of InSb and WFO is shown in Figure 3¢, and here, the horizontal coordinate has the same
meaning as (b). Models A2, B2, and C2 were introduced with two InSb interfaces. In
Figure 3c, models A, B, and C have a WFO maximum between states 0 and 1 (positions i
are 0.17,0.12, and 0.1, respectively). We suspected that the optimal insertion position may
be related to the layer thickness of InAs or InSb. Two InSb layers are more advantageous
than one InSb layer because a small hole potential well is added so that the electron-hole
WEFO can be further enhanced. The WFO simulation results show that without considering
strain balance conditions, the WFO of models A, B, and C can be increased from 0.81, 0.43,
and 0.37 to 0.93, 0.85, and 0.97 after inserting two InSb layers.

(a) MBE growth direction >
One-AlAs Two-AlAs

AOI A 10A AOI A 10A

——=| —= - —— ——>

0 1 1 i i 1
AlSb Il InAs AlAs

‘®Al=A2®B1=B2eCl=*C2
17 ) ' 1 () A"s (d) ' _ Ji
0.8 E16
. 0.8 =4
; ~ =
x 86 % EMAW
= = 0.6 =
0.4 B z 1.2
0.4 = 1
0.2
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
AlAs Position/MLs AlAs Position/MLs AlAs Position/MLs

Figure 3. (a) The position of the AlAs interface layer in the AISb layer. (b) Models Al, B1, and
C1 introduce an AlAs interface. (c¢) Models A2, B2, and C2 introduce two AlAs interfaces. (d) The
wavelength shift of the superlattice after inserting one or two InSb interfaces into the InAs layer.
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Considering the introduction of interface layers, the structure of the superlattice has
changed. Therefore, it is necessary to study the relationship between the InSb interface
layer and the absorption wavelength. Figure 2d shows the wavelength drifts of models A,
B, and C while being inserted into one or two InSb interfaces. The horizontal coordinate is
the same as (b). The simulation results show that the wavelength shift of the superlattice
is related to the position of InSb interfaces at a fixed InSb layer thickness. When one
or two InSb layers are introduced into the superlattice, the shift range of the absorption
wavelength is about +0.3 um. In addition, the wavelength change of InSb near state 0
is smaller than that of state 1. Therefore, the InSb at state 0 enhances the electron-hole
WFO, and the absorption wavelength does not change significantly. In other words, the
introduction of the InSb interface layer hardly affects the absorption wavelength of the
superlattice and increases the WFO.

3.3. The Relationship between AlAs Interface Layer and WFO
3.3.1. One Interface Layer of AlAs

AlAs is usually introduced to balance the stress between the InAs/AlSb superlattice
and the substrate material with its smaller lattice constant and share group III elements Al
with AlISb. Similarly, the relationship between the superlattice’s WFO and AlAs material
(the layer thickness of AlAs and its position within the superlattice) is analyzed. The
specific simulation process is similar to InSb in Section 3.2.1. Table 3 shows that models
A, B, and C can obtain a larger WFO after introducing a certain AlAs thickness at state 0.
Then, by fixing the AlAs layer thickness, as shown on the left side of Figure 3a, one AlAs
interface within the AlISb layer is inserted.

Table 3. The insertion position and layer thickness of AlAs when maximizing the WFO of models A,
B, and C.

Model Position AlAs Thick Position-i AlAs Thick
A 0 1 MLs 0.3 0.5 MLs
B 0 2.6 MLs 0.28 1.3 MLs
C 0 2.5MLs 0.26 1.25 MLs

Figure 3b shows the relationship between the positions of AlAs and WFO. The meaning
of the horizontal coordinate is as follows: half of the AISb layer thickness is set as the unit
length, the middle position is the state 0, and the AOI or IOA interface is the state 1. It is
shown in Figure 3b that the electron-hole WFO tends to decrease as AlAs moves towards the
AOI (or IOA) interface when the AlSb is within the InAs/ AlSb superlattice form hole well.
Therefore, a small electron potential well is formed after the InSb interface is introduced,
which makes the superlattice structure have an extra electron-hole WFO. At the AOI or IOA
interface of the InAs/AlISb superlattice, electrons and holes are tightly arranged alternately.
However, the electron-hole WFO is weakest at the 0 state, and the holes in the AISb layer
are much larger than the electrons. In order to maximize WFO, a certain AlAs interface
layer can be inserted in the 0 state to increase the probability of electron occupation.

3.3.2. Two Interface Layer of AlAs

Two AlAs interfaces are inserted into the AISb layer for simulation analysis. The
relationship between the position of AlAs and WFO is shown in Figure 3¢, and here
the horizontal coordinate has the same meaning as (b). In Figure 3c, the thicknesses of
models A, B, and C inserted into AlAs are 0.5 MLs, 1.3 MLs, and 1.25 MLs, respectively.
The simulation result is similar to the case when the InSb interface (in Section 3.2.2) is
introduced; there is a WFO maximum value, but the specific position i is different, which is
0.3, 0.28, and 0.26, respectively. The WFO simulation results show that without considering
strain balance conditions, the WFO of models A, B, and C can be increased from 0.81, 0.43,
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and 0.37 to 0.94, 0.81, and 0.61 after inserting two AlAs layers. Therefore, the electron-hole
WEFO is further enhanced.

Figure 3d shows the wavelength shifts of models A, B, and C while being inserted into
one or two AlAs interfaces. The horizontal coordinate is the same as (b). The simulation
results show that at a fixed AlAs layer thickness, the wavelength shift of the superlattice is
related to the position of AlAs interfaces. When one or two AlAs interfaces are introduced
into the superlattice, the absorption wavelength is blue-shifted by approximately 0.3 pm.
In addition, the wavelength shift of the AlAs interface at state 0 is greater than that at state
1. This phenomenon of the AlAs interface is opposite to the simulation results of the InSb
interface in Section 3.2.2. Although AlAs enhances the electron-hole WFO at state 0, the
absorption wavelength is blue-shifted, which is still within the allowed range.

3.4. The Relationship between Stress-Balance-Based Interface Engineering and the Size of
Electron-Hole WFO

Based on the above simulation results, it can be seen that introducing two interfaces
with the same thickness can significantly enhance WFO. However, the defect can be easily
generated, which may lead to low QE in superlattices with multiple interfaces realized with
MBE. In addition, when an interface layer of certain thickness is introduced, WFO at state 0
enhances more significantly, yet WFO near state 1 is weakened. Therefore, at state 0, the
relationship between the thickness of an interface layer and the size of WFO is considered.
Figure 4a,b show the layer thickness variations of the InSb and AlAs interfaces, respectively.
The results show that WFO enhances rapidly with the increase in AlAs thickness and then
stabilizes. Furthermore, the WFO variation is not obvious when the AlAs interface is too
thick, which means that an ultra-thick AlAs interface layer cannot effectively enhance
absorption. Therefore, it is recorded in Table 3 of Section 3.3.1 that the required AlAs layer
thicknesses of models A, B, and C are 1 MLs, 2.6 MLs and 2.5 MLs, respectively, and then the
WEFO of each model reaches the maximum value. However, when the thickness of the InSb
interface layer continuously increases, the WFO will decrease after it increases to a certain
extent. This phenomenon leads to lower tolerance during experimental demonstrations,
and the WFO may be reduced. Therefore, in order to enhance electron-hole WFO in actual
epitaxy, it is more suitable to introduce the AlAs layer than the InSb layer [19]. It is recorded
in Table 2 of Section 3.2.1 that the required InSb layer thicknesses of models A, B, and C are
0.6 MLs, 1.1 MLs, and 1.7 MLs, respectively, and then the WFO of each model reaches the
maximum value.

(b)

0.9 f

-l

0.7

=

0.5

oAeBe(C 03 *+A*BeC

1 2 3 ~0 1 2 3
InSb/MLs AlAs/MLs

Figure 4. (a) The relationship between the WFO size of models A, B, and C and the InSb layer
thickness at state 0. (b) The relationship between the WFO size of models A, B, and C and the AlAs
layer thickness at state 0.
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Based on the actual epitaxy, there are lattice mismatches among InAs, AlSb, and
GaSb substrates. Although the interface layer enhances the electron-hole WFO of the
InAs/AlSb superlattice, there is a sharp increase in the stress of the InAs/AlSb superlattice
with the increase in interface layer thickness. Therefore, it is necessary to introduce the
InSb and AlAs interface layers to balance the stress. According to the lattice constants of
binary compounds, the matching conditions of models A, B, and C and the GaSb lattice
are analyzed, respectively. Here, each model introduces x InSb and y AlAs, where the
coefficients x and y need to meet the following conditions:

y = 0.8967x — 0.0771m + 0.1028n (8)

where m and n are the atomic layer thicknesses of InAs and AlISb, respectively, in the model.
Therefore, if the interfacial layer thickness x of InSb is fixed, the unique corresponding AlAs
interfacial layer thickness y(y = Kx + b) can be calculated. The relationship of coefficients
K and b between x and y in models A, B, and C is shown in Table 4.

Table 4. Stress balance parameters and interface atomic layer thickness of optimal WFO under
different models.

Model K b InSb/MLs AlAs/MLs
A —0.3341 0.7 0.3
B 0.8967 0.1285 0.7 0.8
C 0.5654 1.5 1.9

The variation of WFO size is studied by increasing InSb layer thickness under stress
balance conditions. Figure 5a—c shows the WFO maxima of models A, B, and C, respectively.
With the increase in the InSb interface, WFO shows a trend of first increasing and then de-
creasing. For these three models, WFO enhances them overall. Model A introduces 0.7 ML
of InSb and 0.3 ML of AlAs, respectively, and the WFO size increases from 0.81 to 0.94, with
a wavelength blue-shift of 0.07 um. Similarly, the thickness of the InSb and AlAs layers is
introduced according to Table 3. The WFO of model B is enhanced from 0.43 to 0.92, and
the wavelength red-shift is 0.12 um. The WFO of model C is enhanced from 0.37 to 0.96,
and the wavelength red-shift is 0.12 um. According to the simulation results, the WFO of
each model can reach more than 0.9, and the wavelength shift is about 0.1 um. Therefore,
InSb and AlAs are chosen for the interface engineering, which can significantly enhance
the WFO without affecting the absorption wavelength.

2.4 1 ) 1.7 1 © 1.2
S 09 65 09 sy =
—> 2 2;5 ~ —> = s LT
ERAT I 152 %08 =
o= =2 <«— 2
) T B S B 1 2
S 4507 2

1.8 06 1.3 0.6 0.9

2 0 0.5 1 15 2 0 0.5 1 1.5 2
InSb/MLs InSb/MLs

Figure 5. In models A, B, and C, AlAs follows the InSb interface, which ensures stress balance.
(a) The relationship between the thickness of the InSb layer and the WFO, as well as the absorption
wavelength of Model A. (b) The relationship between the thickness of the InSb layer and the WFO, as
well as the absorption wavelength of Model B. (c) The relationship between the thickness of the InSb
layer and the WFO, as well as the absorption wavelength of Model C.
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Table 5 shows that WFO is enhanced to different degrees after superlattice materials
are inserted into the interface layer, which is finally reflected in the enhancement of photo-
luminescence (PL), absorption coefficient, QE, and other optical properties. Similarly, there
may be predictable optical property (QE) enhancement after the insertion of InSb or AlAs
into the InAs/AlSb superlattice materials.

Table 5. Relationship between interface layer and optical performance.

Materials/MLs Data Interface Layer Thick/A WFO QE Improve
8InAs/7.5AISb [17] Experiment AlAs 3.44 Enhance - PL improved 50%
35InAs/10AISb [19] Experiment InAsSb 1.51 Enhance - Optical performance

17InAs/15InAsSb [26]  Simulation InAsSb 6.03 Enhance 652% - absorption coefficient
improved 683%
InAs/GaSb [27] Experiment InSb ~3 Enhance 23% to 50% QE improved 117%
This paper . . o .
5InAs/5AISb Simulation AlAs, InSb 2.26,2.27 Enhance 114% - Optical performance

4. Conclusions

In summary, this article discusses the effects of InSb and AlAs interface layers on
different InAs/AlSb superlattice models, including parameters with WFO and absorption
wavelength. When two InSb interfaces are introduced, the WFO size of models A, B, and C
is increased by 14.8%, 97.7%, and 162.2%, and the wavelength red-shift is 0.19 pum, 0.27 pum,
and 0.28 um, respectively. When two AlAs interfaces are introduced, the WFO size of
models A, B, and C is increased by 16.2%, 87.8%, and 65.4%, respectively. The absorption
wavelength has a blue-shift of about 0.3 pm. Considering the actual epitaxy difficulty
of multiple interfaces, we designed interface engineering by introducing InSb and AlAs
interface layers within the InAs/AlSb superlattice. By adjusting the thickness of the InSb
and AlAs interfaces, the maximum WFO of models A, B, and C can be increased by 16%,
114%, and 159.5%. There is a maximum value of WFO in the simulation based on interface
engineering, and the size of WFO meets the trend of first increasing and then decreasing.
This phenomenon is related to the introduction of InSb interface layers, so the WFO size
of the InAs/AlSb superlattice depends on the thickness of the InSb interface layer. In
addition, the absorption wavelength fluctuates around 0.1 pm, and the introduction of
interface engineering hardly affects the detection wavelength of the detector. In the next
step, we will grow InAs/AlSb superlattices with high absorption coefficients through
molecular beam epitaxy devices and then make avalanche photodetectors to verify optical
and electrical properties.
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