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Abstract

This chapter focuses on characterization, modeling, and simulation about the type-
IT superlattices photodetector application. Despite dramatic improvements in type-II
superlattices in the past 15 years, challenges still exist in InAs/GaSb and InAs/GaInSb
superlattices: The diffusion current, Shockley-Read-Hall (SRH) recombination current,
tunneling current, and surface leakage current at elevated temperature. To establish a
set of modeling and simulation input parameters, in-depth materials and device charac-
terization at different conditions are carried out for initial materials and device models.
Based on input parameters, we will describe the development of analytical and numeri-
cal models of InAs/GaSb and InAs/GaInSb type-II superlattice-structured materials and
device systems. At the end of this chapter, the fitting of modeled and simulated data will
be performed to compare empirical data and modeling results at a set of temperature,
which will provide guidance to achieve the higher performance.

Keywords: photodetector, superlattices, type-II, infrared detectors, modeling

1. Introduction

In the last decade, the type-II superlattice has been proposed as a promising candidate for
the next generation of IR photodetectors in the long wavelength IR (LWIR) range. The InAs/
GaSb and InAs/GalnSb type-II superlattices are considered to be equivalent to HgCdTe with
superior cutoff wavelength beyond 15 um which offers better stability and leverage [1, 2].
Moreover, InAs/GaSb and InAs/GaInSb type-II superlattices provide numerous advanta-
geous optoelectronic properties such as high absorption coefficient, higher effective mass of
electrons and holes, slower Auger recombination rate with a proper design of the valence
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band structure, a lower dark current, and higher operating temperatures. These make InAs/
GaSb and InAs/GalnSb type-II superlattices comparable to established HgCdTe IR photode-
tectors with the high quantum efficiency [3-6].

The effective band gap of InAs/GaSb and InAs/GalnSb type-II superlattices can be engineered
with great flexibility to match mid to far infrared photon energies by selecting appropriate
thicknesses for the alternating InAs and GaSb (or GalnSb) layers during crystal growth [3].
Hence there are different performance levels which demonstrate the possibility of multiple
band detectors with short wave infrared (SWIR), mid-wave infrared (MWIR), and long wave
infrared (LWIR) detectors. In particular, MWIR InAs/GaSb superlattice photodiode applica-
tion to a focal plane array (FPAs) shows the successful operation at 77 K [7]. The electronic
band structure of InAs/GaSb and InAs/GalnSb superlattices enables a spatial separation of
holes and electrons localized into different quantum wells. Furthermore, the alternating InAs
and GaSb (or GalnSb) layers enable strain in InAs/GaSb and InAs/GalnSb type-II superlattice
systems which reduces the Auger recombination rate and therefore, improves the detectiv-
ity of the photodetectors [8]. Since the current detector technologies including InAs/GaSb
and InAs/GalnSb superlattices require significant cooling to be provided to the detectors, for
example, down to 4 K, this implementation makes the photodetector system complicated as
a whole which makes it impractical due to the high cost and, most of all, a major hurdle to
be overcome before market commercialization. At room temperature, detectors can be used
only in active mode with external source due to low sensitivity. Hence, the operation at higher
temperatures with high quantum efficiencies remains a major challenge for long wavelength
IR range detectors. The major sources that contribute to the dark current of InAs/GaSb and
InAs/GalnSb are diffusion current, Shockley-Read-Hall (SRH) recombination current, tunnel-
ing current, and surface leakage current.

The goal of this chapter is to develop sustainable analytical and numerical models of device
and materials which serve as a set of parameters for modeling and simulation. The estab-
lished parameters will identify the entitled parameters to achieve maximized device perfor-
mance. To optimize the performance of InAs/GaSb and InAs/GalnSb superlattices devices, the
optoelectronic characterization methods will be carried out to provide basic materials input
parameters and device key modeling parameters for the modeling and simulation. Based on
established theoretical and empirical models, the baseline device and materials will be set up
and provide the guidance for the new design concept to develop higher performance devices
at elevated operating temperature.

2. Modeling

One of the major advantages of type-II InAs/GaSb and InAs/GalnSb superlattice systems is
the ability to tailor the band gap by changing the thicknesses of InAs and GaSb (or GalnSb)
layers. Additionally, the superlattices system provides the ability to hetero-engineer the band
structure of the devices. As of now, a number of band gap engineered superlattices architec-
tures, such as W-structure, M-structure for heterostructures (pMp or nBn) and complemen-
tary barrier infrared detector have been proposed with the improved performance compared
to a homojunction design [9-12].
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Figure 1 shows the band structure of type-II InAs/GalnSb (also similar to InAs/GaSb) super-
lattices system grown by MBE on GaSb substrates [13]. The bottom of the conduction band
of InAs is below the top of the valence band of GaInSb in a periodic manner. In this periodi-
cally alternating InAs and GalnSb layers, this typical band alignment separates the electrons
and holes into these two different layers. The effects of coherent strain facilitate compressive
stress in GalnSb and tensile stress in InAs layers, which results in splitting the light (LH)
and heavy (HH) hole bands. Hence, the phenomena enhance the staggered band alignment.
Consequently, the energy gap of the superlattice is formed between the localized hole states
(E,;;,) in GaInSb and the electron states (E ) in InAs layers. The energy gap decreases mono-
tonically while increasing the concentration of Indium and this is primarily due to increased
strain (larger lattice constant of GaInSb).

The need to accurately predict type-II InAs/GalnSb photodetector performance through mod-
eling and simulations becomes important due to the expensive fabrication cost and complex-
ity of quantum sized materials and devices parameters, and lack of appropriate expertise
and skill sets. The traditional choice of theoretical study for electronic transport modeling

Ga,_In Sb Ga, In Sb
i InAs . InAs InAs e
C
E=E. B
HH =r
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P 0 e o P i
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Figure 1. The superlattices energy gap Eg is E. —-E,,,. Energy band structure, electron (E_,) and hole (E, ) states and
corresponding wave functions (W2) in a strained, InAs/GalnSb superlattices grown on GaSb substrate. Shaded parts
indicate the forbidden gaps in InAs and GalnSb. The peaks of electron and hole wave functions are situated in different
layers [13].
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and simulation is governed by two important factors which are the critical spatial dimen-
sion of the simulated object (nano-scale alternating film layers) and the physical mechanisms
of device operation such as SRH recombination, tunneling, thermionic emission, and tem-
perature effect. The commonly used computational modeling and simulation for transport
is described as below. Among these approaches, the drift-diffusion method obtained by
using the first moment of the Boltzmann transport equation is the wide-spread methodol-
ogy in commercially available technology computer aided design simulators (TCAD) such as
Synopsys Sentaurus and Silvaco ATLAS. Figure 2 shows the hierarchical overview of com-
monly used electronic transport solver for modeling and simulation for the TCAD. These
prove an accurate description of carrier transport for the optoelectronic devices. However, the
materials and device input parameters need to be precisely calibrated in order to predict the
device behavior accordingly.

Over the last decade, there have been similar efforts in a photodetector community such as
the k p method [15]. The k p method is used to investigate optical properties of quantum
wells, superlattices, heterostructures, and direct-bandgap semiconductors for calculating the
electronic structures [14]. The main advantages are to provide,

a. A reasonable compromise in time and model-complexity between simpler approaches
such as effective-mass Hamiltonian and tight-binding, ab-initio;

b. Model parameters such as band gap, effective mass, optical matrix elements can be in-
ferred from experiments;

c. An effective way to include strain and spin-orbit interactions;

d. Analytical description of band dispersions near high-symmetry points in Brillouin zone.

Quantum Approaches

"

Boltzmann Transport Monte Carlo Particle
Equation Based Approaches
Moments of BTE

(Hydrodynamic and
Energy Balance)

Drift-Diffusion
Approaches

Figure 2. Hierarchical overview of commonly used electronic transport solver for modeling and simulation such as
commercial technology computer aided design (TCAD) [14].
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For example, Grein et al. [15] described the analytical expression by using this k p method. As
a similar effort, Roslan et al. [16] investigated InAs photodiode by using the advanced version
of modeling and simulation with 2D Silvaco simulators. To accurately model and simulate, a
set of accurate input materials and device parameters should be acquired by optoelectronic
characterization such as lifetime, mobility, etc. through a multiple revision processes.

3. Fabrication and characterization methods

The initial step to establish the accurate models is to characterize a set of materials and device
input parameters of type-II InAs/GalnSb superlattices, which will be the basis of design param-
eters for fabricating the device. To achieve their design parameters, there have been a number
of approaches to growing InAs/InGaSb superlattices, focusing on the interface layer quality,
growth temperature optimization, III-V flux ratios, and substrate effect, etc. [17]. Concurrently,
there is a similar amount of efforts to improve GaSb wafers and polishing processes. Although
various research groups try to grow the type-II superlattices on Silicon and GaAs substrates,
GaSb substrates are able to provide less lattice mismatch related defects than other substrates.

The InAs/GalnSb superlattices samples are typically grown in a molecular beam epitaxy (MBE)
system (or MOCVD) equipped with elemental In and Ga solid metal sources and valved As
and Sb cracker sources providing As,and Sb, [13, 15, 18]. The solid metal sources for In and Ga
are SUMO cells designed to reduce spitting and the sources for As and Sb are valved cracker
source. The cracker temperature for As and Sb is typically between 800 and 900°C to achieve
As, and Sb, main fluxes over As, and Sb,. The reason for valved cracker design is to ensure the
control of As, and Sb, fluxes at the stage of superlattices growth without further tuning of the
cell temperature, which enables the sharp interfaces and the reduction of cross contamination
across the layers during switching source flux changes.

The other important processing parameter is the optimization of growth temperature. Based
on extensive researches so far, the typical growth temperature is typically between 390 and
430°C to focus on the effects of substrate temperature on superlattices. In this temperature
range, superlattices can be optimized to achieve better interface roughness, smoother inter-
faces at the higher temperature, and residual background carrier concentrations, and so on.
To improve further, there have been attempts to utilize short in-situ anneal at higher tempera-
ture such as 450°C under a high As flux, which can possibly reduce point defects.

Another important parameter that affects film growth is the film layer growth rate which is
very thin compared to other applications. Due to unique thin film growth of superlattices
such as a multiple of monolayers (ML), the growth rate is required to be slow to ensure a good
quality of the very thin film (<8 nm). Typical growth rates are less than 1 monolayer per sec-
ond for each layer. With slow growth rates, precision control of the SL period and individual
widths has been demonstrated. The samples are grown on n-type (100) GaSb substrates which
consisted of a GaSb buffer layer, multiple periods (for example, 40) of superlattices layers, and
a GaSb cap layer. The growth is performed with a reflective high-energy diffraction (RHEED)
system on a static GalnSb surface [13, 15, 18].
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High-resolution x-ray diffraction and atomic force microscopy can be used to confirm the struc-
tural quality, composition of the InAs/GalnSb superlattices layers, and the surface morphol-
ogy. More importantly, the optical properties can be characterized with photoluminescence,
absorption spectroscopy, electroluminescence, cathodoluminescence, temperature-depen-
dent I-V, C-V, and deep level transient spectroscopy. Having all the required characterization
of input parameters, the initial analytical/numerical modeling and simulation are carried out
with MATLAB (k-p in Section 4.1), TCAD (Section 4.2), and Ab-initio methods.

4. Design and modeling of superlattices

The optoelectronic properties of type-II InAs/GalnSb superlattices depend on the energy gap
determined by the bottom of the conduction band (CB) of InAs and the bottom of the valence
band (VB) of Ga,_In Sb, where CB maximum of InAs is lower than VB minimum of Ga,_In Sb.
Due to this typical band alignment, the band gap energy of superlattices is smaller than either
constituent material, which separates electron (InAs) and holes (Ga,_In Sb) into the different
layers. Moreover, the unique periodic film structure of superlattices allows the separation of
heavy and light hole bands by compressive stress (Ga,_In Sb) and tensile strain (InAs). This
staggered band structure of superlattices provides the smaller band gap and spatial separa-
tion of electron and hole, which requires spatial indirect transition across the band gap. To
achieve good optical transition with sound oscillator strength (hence, good absorption coef-
ficient), the wave functions of the first heavy hole state (E,,;,;) and the first electron states (E,)
are required to overlap each other. Consequently, the optical absorption of the superlattices is
determined by the overlap of the wave function between the localized hole states (E_, in Ga,_
In Sb) and electron states (E,,;,, in InAs). The overlap of the wave function is strongest in the
superlattices design structure due to the enhanced electron and hole wave function overlaps
by the repetition of each thin layer. As the thickness of each layer increases, the wave function
overlaps rapidly decreases.

In Figure 3, the critical thickness by the number of monolayers (ML) is calculated with respect
to the Indium composition (x) at 400°C, based on the mechanical equilibrium theory [21].
The composition dependent-strain due to the lattices mismatch is inserted on the top. The
critical layer thickness is the maximum strained Ga,_ In Sb thickness which is dislocation-free.
Consequently, the energy gap of superlattices can be modulated between 0 and 300 meV by
adjusting the layer width and the alloy composition. In Figure 4, the energy gap changes are
described as a function of the width of InAs monolayers with respect to Indium concentration
at fixed 8 monolayers of GaInSb on the left. Similarly, the variation of energy gap is plotted
against the width of GalnSb monolayers at different Indium concentration on the right.

Narrow energy band gap superlattices with good optical properties (in particular, infrared
absorption) require designing of thin film layers with the corresponding higher concentration
of Indium. This can facilitate the reduction of the layer widths and the energy band gap as
well, which enables the application beyond a wavelength of 15 um or very long-wave infrared
(VLWIR) detection [18]. The typical indium percentage in the GalnSb layer has not been less
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Figure 3. The calculated critical layer thickness in monolayers, ML (solid line) of Ga,_In Sb grown on GaSb at 400°C vs.
indium concentration, x in Ga,_ In Sb biaxial compression while InAs biaxial tension which lowers the conduction band
and raises the heavy hole band. The experimental data are inserted in the figure (square) [19, 20].
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Figure 4. Band gap energy modification in InAs/Ga,_In Sb superlattices against the fixed width of Ga,_ In Sb (left) and
InAs (right) monolayers. The film thickness of Ga, In Sb is fixed at 8 monolayers while varying the number of InAs
monolayers at different indium concentration, x = 0.35 and 0.40 (left). For 14 monolayers of InAs, the film thickness of
Ga,_In Sb changes with respect to indium x = 0.35-0.40 (right) [13].

than 30% to avoid the strain imbalance between these superlattices with high Indium con-
centration and GaSb lattice constant. The absorption coefficient spectra for various Indium
concentration in superlattices are demonstrated in Figure 5.

4.1. Theoretical modeling: k-p methods

Since there are a number of input parameters that can be modulated to achieve designed super-
lattices at any given cutoff wavelength, it is imperative to provide a theoretical description
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Figure 5. The calculated absorption coefficient spectra for various indium concentration in InAs/Ga,_In Sb superlattices
design. The three different superlattices are designed to achieve the same narrow band gap with InAs (8.13 nm)/GaSb
(2.66 nm), InAs (6.16 nm)/In, .Ga, ,.Sb (2.28 nm), and InAs (5.27 nm)/In,.Ga,.Sb (2.04 nm) [17].

0.15 0.25

by modeling chosen type-II superlattices system with the proper band gap energy, band
structure, absorption spectra, and carrier lifetimes. The widely accepted method of the energy
band description is the effective-mass approximation, which is also known as superlattice k-p
method. It is a popular method for calculating the electronic structure of superlattices because
of using a minimal set of parameters to describe and simulate heterostructure electronic prop-
erties independent of the number of atoms in the system [17]. The number of energy bands
in the k-p Hamiltonian expands from the simple 4-band model to the 14-band model, which
provides a continuation in the wave vector k of the energy bands near high-symmetry extre-
mum points in the Brillouin zone such as I, X, L points. The simple 4-band model provides
the accurate prediction of zone-center transition energies between the conduction and valence
band whereas the 14-band model successfully describes the electronic structure throughout
the Brillouin zone with the envelope function approximation, which discriminates crystal
periodicity from the heterostructure energy envelope [17]. The k-p method is an efficient
model to perform the simulation with material level properties up to the device-level proper-
ties without atomistic details.

The simulated energy band structure of 14 monolayers of InAs/8 monolayers of Ga, In,  Sb
in [001] direction is demonstrated in Figure 6. To be consistent with the reported data, a set
of material input parameters are taken from the Ref. 22 by using strain-dependent k-p model,
including energy gaps, valence band offsets, deformation potentials, lattices constants, and
elastic constants.

The superlattice is designed to target the energy gaps between 0 and 50 meV by considering
the target layer thickness and alloy compositions. The 14 monolayers of InAs and 8 mono-
layers of Ga  In ,Sb strained layer superlattice is simulated and compared to the fabricated
samples. The MBE grown samples are fed back to the superlattice modeling and design to
achieve the target goal of energy gap around 9 meV. The superlattice energy gap is 4 meV,
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Figure 6. 8-band k-p model, calculating [001] in-plane (left) and growth direction (right) dispersion relations for the
strained layer superlattice with 14 monolayers of InAs/8 monolayers of Ga, In ,Sb. The period of the superlattices, d is
6.73 nm and the valence band edge of GaInSb happens to be located at zero energy level [13].

which is equivalent to the energy difference between the minimum of the electron energy
state (E_,) and the maximum of the heavy hole energy (E,,,) at the zone center. As previ-
ously reported [8, 18], a large splitting between heavy hole and light hole energy states sup-
presses the hole-hole Auger recombination processes when compared to the energy gap
along the growth direction (E_, -E, ,, < Eg) and thus, greatly improves the minority carrier
lifetime, leading the improved device detectivity (D*) and operating temperature. Based on
minimizing the Auger recombination, Grein et al. [15] calculated a strain-balanced VLWIR
superlattice structure by using 14-band k-p method (a.k.a. superlattice k-p) to calculate states
throughout the zone [8, 15], which is a reformulation of superlattice 14 band k-p method
trying to explain Auger recombination and carrier lifetimes of type-II superlattice [15, 23].
In their calculation, a heterostructure restricted basis formalism is used by employing 14
bulk bands non-perturbative calculation [24], which successfully explained the optical prop-
erties, carrier recombination rates while incorporating interface bonding effects. The com-
puted superlattice structure of 4.70 nm InAs/2.15 nm Ga_,In ,.Sb demonstrated a radiative
lifetime of 140 ns whereas Auger-1 and Aguer-7 lifetimes were calculated to be more than
1 s, which could provide a theoretical limit of device detectivity of 6.0 x 10" Johns at 40 K
[18]. This long hole-hole Auger lifetime is caused by energy conservation forcing the most
probable carriers into regions of lower occupation probability further band edges. Figure 7
shows the simulated band structure of strained 4.70 nm InAs/2.15 nm Ga,.In ,.Sb superlat-
tices, indicating the greater strain splitting between the uppermost valence bands, which
increases the device detectivity in an order of magnitude. The positions of electrons (open
circle) and holes (closed circle) indicates lower occupation probabilities at zone center which
lowers the Auger recombination.
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Figure 7. 14-band k-p model, calculating band structure of [001] strained 4.70 nm InAs/2.15 nm Ga, .In ,.Sb superlattices
[001] in-plane (right) and growth direction (left). The positions of electrons (open circle) and holes (closed circle) is
superimposed to highlight the lower occupation probabilities and slower Auger recombination at zone center [15].

4.2. Modeling of devices: TCAD

As 8-band k-p envelope function approximation model is used to calculate the band struc-
ture, the advantage is the flexibility of the model that can introduce an arbitrary number
of layers per superlattice. After the analytical calculation, the resulting band structure can
provide input parameters for the electrical device model such as band edge energy and
effective masses. Furthermore, absorption coefficient spectra and tunneling coefficient can
be modeled and simulated [25, 26]. With type-II InAs/GaSb superlattices, the goal of this
section is to provide the TCAD simulation and computation of the electrical performance, in
particular, dark current and complete device band structure with various sets of parameters
such as composition, doping, and thickness of each layer. As reported in a recent report
[27], choosing different period compositions for a given wavelength demonstrates the strong
influence of the InAs/GaSb superlattice period thickness and composition on can boost the
photodetector performance and material properties [27]. With an asymmetric superlattice
period with thicker InAs layer than GaSb layer, the dark current can be reduced by a factor
4 compared to a symmetric superlattice period (equivalent thickness of both films), showing
the same cut-off wavelength at 5 um at 77 K.

4.2.1. Modeling of dark current simulation

The main contributor to the dark current at moderate reverse bias is the generation-recom-
bination at low temperature and diffusion current at high temperature. Furthermore, the
other main contributors are the trap-assisted tunneling (TAT) via traps and residual dopant,
the band-to-band tunneling currents (BTB), and Shockley-Read-Hall (SRH) Generation and
Recombination (GR).
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The diffusion of thermally generated minority carriers is expressed with a well-known drift-
diffusion equation.

]n,p = q(mp)H,, Exgq Dn,p Vn,p, (1)
where | is the current density, g is the charge, u is the mobility, E is the electric field, D is the
diffusion coefficient, and 7, p subscripts are to clarify electron and hole components.

SRH recombination rate with trap states (E,) and intrinsic energy level (E) is as below.

— 2
np —n;

E -E,
n+nexp| 7

R

()

SRH

T +T
14

S

where ni is the intrinsic carrier concentration, 7, & T,are the electron and hole life times, and
T, is the lattice temperature.

The generation-recombination density is the integration along the simulating direction of
thickness (W), y.

=1 f R, dy, and integrate upon film thickness, W 3)

Estimating tunneling current is not trivial but if we follow Hurkx [28], the trap-assisted tun-
neling (TAT) current can be modeled with an additional term, a field effect factor I in SRH
recombination equation in Eq. (2) [28]. If we modify the lifetime in SRH recombination, the
Hurkx model about the field effect enhancement of the trap-assisted current is finally deduced

with the net recombination rate (R, ,) as below.
pn—n?
Ry = — E-L . E,. (4)
1+r[n+nexp( )] 1+F[n+nexp( T>]
A E
r, = f' exp< “u-K u3/2> du (5)

where AE is the energy range where the tunneling of carriers happens and u is the integra-
tion term [29, 30]. Kn,p is defined as below.
4 \2m, AE},

K =5+—F"% 6
w3 gl ©

where m, is tunneling mass, E is the electric field, and & is Plank’s constant.

As you can see from the above equation, the field effect term considers the phonon-assisted
enhancement of the carrier emission from a trap, which is enhanced under accelerated field
circumstance. This model combined with GR and TAT current is a set of the simulation and
computing in the following sections.
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4.2.2. Input parameters for InAs/GaSb superlattices

The basic simulation structure is described in Figure 8. The simulated p-i-n device structure
of InAs/GaSb superlattices is comprised of p-type GaSb buffer layer (200 nm), p-type 7 mono-
layers (ML) InAs/4 ML GaSb (1 x 10" cm™), intrinsic 7 ML InAs/4 ML GaSb superlattices,
n-type 7 ML InAs/4 ML GaSb superlattices (5 x 107 cm™). The simulation is performed as a
bulk material where the electronic transport inside mini-bands is ignored. To keep the consis-
tency with the recent literature, modeling materials parameters for InAs and GaSb are listed
as reported earlier [29-33].

4.3. Modeling and simulation results

Firstly, the band energy diagram is simulated at 77 K with the band gap energy and doping con-
centration (Table 1). As in the recent report [28, 30-33], residual doping is added as mentioned
in the previous section. With reference to E, at 0 eV location, the band diagram is demonstrated
in Figure 9. The intrinsic doping level is experimentally determined as 2.8 x 10" cm™ [29].

(20 nm) Cap InAs, n* =5x10%7 cm-3

(200 nm) Buffer GaSb p* =1x10'8 cm

Figure 8. Simulated 7 monolayers (ML) InAs/4 ML GaSb superlattices p-i-n diode structure. Buffer is p-type GaSb,
1 x 10" em™ and cap is n-type InAs, 5 x 10" cm™ for the simulation [29].

Parameter Symbol Value Unit (or multiple of)
Electron effective mass m, 0.0254 m,

Hole effective mass m, 0.245 m,

Electron mobility K, 2.6e4 cm?/V-s

Hole mobility M 680 cm?/V-s

Electron affinity X 4.73 eV

Permittivity € 15.34 €,

Lifetime at 77 K T 100 ns

Table 1. Input parameters for InAs/GaSb TCAD simulation.
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The simulation of dark current curves is carried out at the various temperature from 77 to
237 K in Figure 10 [29]. On the left hand side (Figure 10a), the simulated dark current curves
are color-coded whereas empirical data are overlapped on the simulated curves with good
matches, in particular, at the lower temperature. On the right hand side (Figure 10b), the

T T T T
0.84=CB .
714SLp (1x10%cm™®)  InAsn’ (5x10" cm™)
0.4 - 4
= 7/4 SL n.i.d (n 2.8x10"°cm”) ]
2
B 00 -VBeyp—g s Efe~ =~ -
[}
=
w
-0.4 4 . 3
Gasb p' (1x10" cm™)
1 7/4 SLn' (5x10" cm’)
0.8+ ]
T=77K
T Y T v T i T
0.2 0.4 0.6 0.8

Position (um)

Figure 9. Energy band diagram calculated at 77 K with E, located at 0 eV. The intrinsic InAs/GaSb superlattices are
slightly n-type with 2.8 x 10 cm™ [29].
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Figure 10. Empirical (open circle) and simulated dark currents (solid line) at different temperatures (a) and Arrhenius
plot for the simulated data (solid line) at 50 mV reverse voltage, overlapped with empirical data (open circle) [29].
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Figure 11. Fitting lifetime curves with power-law of T"%* as a function temperature (star) [29].

Arrhenius plot of dark current at 50 mV reverse bias, considered to be a turn-on voltage
is illustrated which well agrees well empirical data. The fitting of Arrhenius plot consists
of the summation of diffusion component and generation-recombination plus trap-assisted
tunneling components in the modeling and simulation. Figure 11 shows the lifetime that is
calculated from the simulation as a function of temperature. As you can see in the plot, the
lifetime ranges from 50 nm to 100 ns from 77 to 230 K. The fitting of the lifetime is performed
with temperature power-law, T*> which is the signature of SRH generation-recombination as
mentioned by Connelly et al. [34].

5. Summary

In this chapter, we have discussed characterization, modeling, and simulation for the type-
IT superlattices photodetector application. By modeling with the k-p method, the super-
lattice band structure is modeled to serve as a set of input parameters for the following
TCAD modeling and simulation. The theoretical modeling about Auger lifetime provides
the insight about the dramatic reduction of Auger recombination. Furthermore, TCAD sim-
ulation and modeling are performed about the band the dark current. The dark current is
theoretically characterized under the field effect enhancement of the trap-assisted current
as well as SRH recombination and generation. The net recombination rate is finally deduced
following a Hurkx model to compute the dark current. Having a tremendous amount of
progress in the area of design, growth, and development over the past 15 years, has allowed
the modeling and simulation of the type-II superlattices, this will provide new opportuni-
ties and guidance to the development of the next generation superlattice photodetector
application.
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