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Abstract

In the state-of-the-art infrared imaging technology, HgCdTe is the most prevalent ma-
terial used in high-performance infrared photodetectors. However, it has disadvantages
such as containing hazard heavy metals and costly fabrication process. To overcome such
disadvantages, the InAs/GaSb type II superlattice (T2SL) has caught wide attention re-
cently. In this study, a simulation framework was developed to investigate the properties of
InAs/GaSb T2SL for detecting light in the mid wavelength infrared region. The effect of
unipolar barrier structure was also evaluated, which could significantly improve the dark

current characteristics of the infrared photodetectors.

Firstly, k-p band calculation and drift-diffusion device simulator were implemented
in sequence to evaluate the dark current. Simulation results demonstrated that the leakage
current of the infrared photodiode depends on the T2SL thickness ratio even with the same
cut-off wavelength of 5 um. Especially, it has been shown that in the low reverse bias
conditions at 77 K the ‘InAs-rich’ T2SL detectors exhibit smaller dark current than the
‘GaSb-rich’ ones, which results from the difference in the intrinsic carrier density. More-
over, under the higher voltage and the higher doping level, the larger effective mass of
‘GaSb-rich’ T2SL can suppress the dark current induced by the tunneling-related current

leakage mechanisms.

Secondly, the properties of InAs/GaSb T2SL with various composition periods
were investigated based on the k-p band calculation. Considering the application of in-
frared photodetectors, the essential material parameters were evaluated from the electronic
band structure as a function of the width of InAs and GaSb layers. Under the dark con-
dition, the smaller effective mass in short period T2SL (especially with small GaSb layer
width) could result in the reduction of the Shockley-Read-Hall leakage current which is
proportional to the intrinsic carrier density. However, the increase of the dark current due
to the enhanced band-to-band tunneling is also concerned in high electric field conditions.
On the other hand, in terms of the quantum efficiency, the smaller effective mass results in

the smaller joint density of states, which compensates the contribution of the large optical
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matrix elements to the absorption coefficient in short period T2SL.

Thirdly, the performance of the barrier infrared photodetectors was investigated
using the simulation framework. Two different structures, i.e., p-barrier-n (pBn) and n-
barrier-n (nBn), were evaluated and compared to the conventional p-i-n photodiode without
the barrier layer. In this study, the barrier and active regions were designed with the same
binary material using InAs/GaSb T2SL, whose bandgap was engineered by changing the
composition ratio. The simulation results suggested that both pBn and nBn structures could
reduce the dark current, but the mechanisms for the current leakage are different, and hence
the different strategies are required to optimize the doping density in the barrier region.

In summary, the characteristics of the infrared photodetectors using InAs/GaSb
type II superlattices have been investigated by using the simulation framework developed
in this study. The physical mechanisms related to the dark current and the quantum ef-
ficiency were clarified, which could contribute to design the higher performance infrared

photodetectors.
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Chapter 1

Introduction

1.1 Infrared Photodetector Technologies

In recent years, infrared photodetectors (IRPDs) have become important devices in various
applications such as night vision, industrial defect imaging detection, medical imaging,
military missile tracking, astronomy, etc. The targeting wavelengths are not only in the
middle wavelength infrared (MWIR) range of 3—-5 um and/or the long wavelength infrared
(LWIR) region of 8-14 pm, but can also be optimized throughout the whole range of
the infrared spectrum, from the visible region to 30 um. In addition, operation at higher
temperatures, up to room temperature, is an important task [1-3].

Currently, two mature semiconductor technologies, based on HgCdTe and III-V
materials respectively, dominate the infrared technology and have been extensively studied
by many research groups [4,5]. Especially, HgCdTe is currently being widely used for
high-performance IRPDs in the industry because of its ability to grow high-quality layers
and heterostructures, which makes it possible to operate in a wider range of wavelengths
at higher temperatures [6].

Conversely, the development of type II InAs/GaSb superlattices (T2SL) stems from
two primary motivations: the challenges of fabricating high-operability HgCdTe focal
plane arrays (FPAs) at a reasonable cost and the theoretical predictions of the lower Auger
recombination in T2SL detectors compared to those in HgCdTe. The question of whether
T2SL can outperform the “bulk” HgCdTe detectors is one of the most important interests
for future IRPD technology, and has attracted extensive attention from the researchers [7].

The advantages of T2SL include the ability of bandgap tailoring while being lattice-
matched to GaSb substrate [8]. Moreover, T2SL has higher carrier effective masses than

bulk materials with similar bandgaps, leading to lower tunneling current and suppressed
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Chapter 1. Introduction

Auger recombination, which has been reported theoretically and experimentally [8, 9].
These promising properties enabled the development of high-performance IRPDs during
the middle of 1990’s [4, 10]. For example, the ability to independently tune the positions
of the conduction and valence band edges is useful to insert the barrier structure inside the
detector [11, 12]. The dark current characteristics of T2SL based LWIR detectors are now
approaching those of the state-of-the-art HgCdTe detectors [13—15].

Despite the numerous theoretically predicted advantages of T2SL compared to
HgCdTe, the superior performance of T2SL devices has not been realized yet. The dark-
current density demonstrated in T2SL detectors is still significantly higher than that of
HgCdTe detectors, especially in the MWIR range [16]. Thus, since the middle of the
2000’s, the interest in the T2SL technology has been mainly focused on the two key fac-
tors, i.e., the reduction of dark current and the increase of quantum efficiency (QE).

The roadmap for development of the T2SL infrared photodetectors is shown in
Fig. 1.1 [5]. Currently, the interest in the technology has grown significantly since the
early 2010’s with huge efforts being made to realize third-generation imaging devices that
can operate in multi-band high-performance and large-format FPAs. In addition to the
experimental achievements related to the fabrication, theoretical approaches have also been

developed intensively to explain and predict the experimental data [11,17, 18].

1.2 Theoretical Methodologies

1.2.1 Energy Band Calculation

Electronic band structure calculation plays an important role in the superlattice design
process [19]. Particularly in T2SL, the essential electronic and optical properties can be
revealed from the wave function and energy band structures, e.g., the charge transfer across
the interface of the layers determines the optical absorption property. The schematic di-
agram for the fundamental optical excitation processes in InAs/GaSb T2SL is shown in
Fig. 1.2. As can be seen in the figure, these processes are completely different from those
in binary composition materials. The T2SL bandgap is defined as the gap between the
bottom of the lowest conduction band electron mini-band and the top of the highest heavy
hole mini-band at the Brillouin zone center.

Theoretically, the T2SL bandgap can be varied continuously in a range from 0
to approximately 0.4 eV. In the growth direction, the electron effective mass is relatively
small compared to the hole effective mass. Both of these masses are adjustable by changing

the layer widths dinas and dgasp. Because of the narrow bandgap nature, together with the
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1.2. Theoretical Methodologies

2020 High-performance, large-format multiband FPA
Design of InAs/GaSb superlattice infrared barrier detectors [Delmas et al. , 2017]
640x512 LWIR pBpp FPA [Klipstein et al., 2016]
Triple-band T2SL based SW/MW/LW detector [Hoang et al., 2016]
[ Electrical modeling of T2SL to analyze experimental dark current [Delmas et al., 2014]
High performance LWIR InAs/InAsSb SL photodiode [Hoang et al., 2014]
Influence of the period thickness and composition on the electro-optical of T2SL [Taalat et al., 2013]
320x256 MW/LW two-colour FPAs [Razeghi et al., 2013]
Trapping detector [D' Souza et al., 2012]
Megapixel LWIR FPA [Haddadi et al., 2012]
2010 L Megapixel MWIR barrier detector FPA [Hill et al., 2009]
First nBn InAs/GaSb SL detector [Rodriguez et al., 2007]
| 288x384 MW/MW two-color FPA [Minzberg et al., 2006]
256x256 MWIR FPA [Cabanski et al., 2004]
2000

High performance InAs/GaSb SL photodiode [Fuchs et al., 1997]
First p-n juction InAs/GaSb SL photodiode [Yang and Bennett, 1994]

1990 | First growth of InAs/GaSb SL [Chow et al., 1990]
InAsSb/InSb SLS pin photodiode reaches 10pm [Kutz et al., 1988]
InAs/GaSb SLS proposed for IR applications [Smith and Mailhiot, 1987]

InAsSb/InAsSb SLS proposed for LWIR [G.C. Osbourn, 1983]

1980 T2SL concept introduced [Sai-Halasz et al., 1977]

- GaAs/GaAlAs superlattice concept [Tsu et al., 1975]

1970

Figure 1.1: Development progress of T2SL infrared photodetectors.
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Figure 1.2: Optical excitation processes in type II InAs/GaSb superlattice.

broken-gap of the valence band and the conduction band at the interface, treatment of many
bands is required for the band calculation of the T2SL system. Although ab initio methods
are an effective band calculation strategy for various new materials, very large superlattice
unit cells make it difficult to use this method [20,21]. Conversely, the Kronig-—Penney
model is remarkably simple, but unsuitable for calculating the complicated valance-band
edge in the T2SL system due to the splitting of the heavy-hole and light-hole bands [22].

Therefore, the envelope-function approximation (EFA) appears as a useful method
for the analysis of T2SL. The modified EFA based on the k-p band calculation model has
been implemented in many research groups and has obtained good agreement between the

experimental and calculated bandgap energies [23-25].

1.2.2 Device Simulation

Although several simulation methods are available to model and evaluate the infrared de-
tection devices, the device simulator based on the drift-diffusion model has been selected
by many research groups to analyze the T2SL system [18,26-28]. The device simulator
provides a robust numerical analysis platform with numerous choices for physical models

and input parameters, which is considered suitable for the simulation of T2SL photodiodes.

4



1.3. Performance Issues for IRPDs

1.3 Performance Issues for IRPDs

Despite the numerous advantages of T2SL due to reduced tunneling and surface leakage
current, as well as the suppressed Auger recombination, the replacement of bulk HgCdTe
material has not been realized. Especially in the MWIR region, the dark current density of
T2SL is higher than that of bulk HgCdTe photodiodes, because of the shorter carrier life-
time [29]. The long Shockley-Read-Hall (SRH) lifetime of HgCdTe enables this material to
operate even at room temperature. Although T2SL’s operating temperature is approaching
that for HgCdTe, it still requires additional cooling systems. Hence, HgCdTe is currently
the most prevalent material system used in high performance infrared detectors.

The p-i-n photodiode is a popular device structure used for the IRPDs. Figure 1.3
shows the cross-section view of the energy band diagram under reverse bias condition ex-

plaining the optical absorption characteristics. Normally, the absorber layer is surrounded

Ve

VR
C
S 0
£ hv/\/\r
a —_—
c
S \
5 Foe
8 | — z
0 1/«

Figure 1.3: Device structure of p-i-n photodiode plotted together with the energy band
diagram and the optical absorption characteristics under the reverse bias V.

by wide bandgap contact layers to suppress dark current generation and the tunneling cur-
rent under the reverse bias condition. In the p-i-n diode, there is always a trade-off between
response speed and quantum efficiency; in order to achieve higher response speeds, the de-
pletion layer width should be thinner, but to achieve higher quantum efficiency, the width
should be thicker. To improve the overall device performance, barrier detectors have be-
come an attractive architecture since the dark current can be reduced and thus considerably
higher operating temperatures can be expected, compared with a normal photodiode fabri-

cated with the same materials [30]. As shown in Fig. 1.4, the unipolar barrier structure is
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Figure 1.4: Band diagram for the barrier photodetectors: Electron and hole barrier struc-
tures for blocking carriers are shown.

designed so that one carrier type, either electrons or holes (minority or majority carries),
could flow unimpeded, while the other type carriers could not flow [12]. In this structure,
it is critical to know the limitations of the material characteristics to determine whether an
electron or hole barrier should be introduced. If a conduction band barrier is inserted into
an n-type material, it will block the majority carriers (electrons), while if the same barrier
is placed into a p-type material, it will block the minority carriers. Similarly, a hole barrier
acts always as a valence band barrier to block majority carriers in p-type structures and
minority carriers in n-type structures. For example, the optimization of the doping level in
the barrier region is expected to be effective for compensating the inherent shorter carrier
lifetime in T2SL, but the design strategy is not fully understood yet.

1.4 Motivation of This Work

In this work, I develop a simulation framework to investigate the properties of InAs/GaSb
T2SL structures for detecting the light in MWIR and LWIR region [9,31,32]. Then, with
the support from this tool, the ultimate theoretical device performance is discussed to give
the hints for designing and fabricating the T2SL based IRPDs.
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1.4. Motivation of This Work

So far, the device simulations have been demonstrated for p-i-n photodiodes with
InAs/GaSb T2SL layer, and the device characteristics were intensively investigated [11,
17,25]. However, the essential input material parameters were calculated as a weighted
average of InAs and GaSb bulk values, such as the electron affinity, the permittivity, the
effective mass, and the mobility. In this study, by using the developed framework as shown
in Fig. 1.5, the properties of T2SL were theoretically evaluated. The input material param-
eters are obtained from the k-p band calculation, and they are implemented in the device
simulation for p-i-n and unipolar photodiodes based on InAs/GaSb T2SL.

This thesis is organized as follows:

In Chapter 2, the dark current characteristics in the T2SL photodetectors are firstly
investigated. I demonstrate the device simulation of p-i-n photodiodes with InAs/GaSb
superlattice, in which some of input material parameters are obtained from the k-p band
calculation, and then using this tool, I discuss the essential factors determining the dark
current density depending on the superlattice period.

In Chapter 3, I systematically evaluate the various parameters as a function of the
thicknesses of InAs and GaSb layers, and the influence of superlattice composition not
only on the dark, but also on the optical performance such as the absorption coefficient and
the quantum efficiency.

In Chapter 4, this framework which has implemented for p-i-n photodetector is im-
proved to design and evaluate the new structure MWIR detectors. By adding the barrier, the
dark current characteristics in InAs/GaSb type II superlattice barrier infrared photodetector
can be effectively reduced compared to the p-i-n photodiode without barrier.

Finally, in Chapter 5, major conclusions of this study have been summarized. Re-
sults which discussed in chapter two through four are present in a very compact form. I

also discuss the potential future work to improve the device performance.
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Figure 1.5: Simulation framework to evaluate the performance of the T2SL photodetector,
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Chapter 2

Simulation of Dark Current in Type 11
InAs/GaSb Superlattice Photodetector

2.1 Introduction

It has been experimentally reported that the ‘InAs-rich’ T2SL device exhibits a lower dark
current density than the ‘GaSb-rich’ one even with the similar bandgap energy [1, 2].
Although the origin of this observation has not been fully understood yet, it has been
suggested that not only the extrinsic factors such as the doping density and the defect
density, but also the different intrinsic carrier concentrations would affect the the leak-
age current [1]. So far, device simulations have been demonstrated for p-i-n photodi-
odes with InAs/GaSb T2SL layer, and the dark current properties were intensively in-
vestigated [3-5,7]. However, the essential input material parameters were calculated as a
weighted average of InAs and GaSb bulk values, like the electron affinity, the permittivity,
the effective mass, and the mobility [1,2].

In this chapter, I develop a simulation framework to estimate the characteristics of
the T2SL-based photodiodes. The device simulation is demonstrated for p-i-n photodiodes
with InAs/GaSb T2SL, in which some of input material parameters are obtained from the
k-p band calculation. By using this tool, the essential factors determining the dark current

density depending on the T2SL period is discussed.
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Chapter 2. Simulation of Dark Current in Type Il InAs/GaSb Superlattice Photodetector

2.2 Simulation Models and Methods

2.2.1 Dark Current Mechanisms

There are many possible sources of dark current in T2SL photodiodes induced by defects
or native material properties. As the dark current will increase the noise in the detector and
it is important to understand the dark current mechanism [8]. The surface leakage current
depends on the etching process parameters, post-etch cleaning, and surface passivation.
Auger process is a multi-carrier generation mechanism depending on the fundamental ma-
terial properties not related to the defects. Basic properties of the type II InAs/GaSb su-
perlattices reduce the Auger process, which could be explained by splitting of the highest
heavy hole and lowest hole bands [9].

In my simulation of the dark current, I do not take into account the effect of sur-
face leakage current and Auger recombination process, because the previous works [9,10].
suggested the minor impacts of these effects. However, the Shockley-Read-Hall (SRH)
generation, trap-assistant tunneling (TAT), and band-to-band (BTB) tunneling mechanisms
as shown in Fig. 2.1 are included in my model to evaluate the dark current density. Con-
ventionally, the performance of photodiodes were usually limited by the SRH dark current
through the mid-gap trap states in the depletion region, and the TAT mechanism enhances
the dark current under high electric field. Moreover, the BTB tunneling occurs when the
bias becomes large enough so that the conduction band of one side is lower than the valance
band of the other side as shown in Fig. 2.1 (b).

2.2.2 k-p Band Calculation

In this section, I calculated the electronic band structure of InAs/GaSb T2SL with the k-p
method, which is one of the most widely used methods to characterize the electronic states
in T2SL structures [11-13]. Similar to the previous works, I also consider the InAs/GaSb
T2SL growing along the [0 0 1] direction and the period of the T2SL as d = das + dGasb»
where the width of InAs and GaSb are dipas and dgasp, respectively.

In the InAs/GaSb T2SL systems, construction of heterostructures permits two types
of interfaces, i.e., InSb- and GaAs-like, which significantly affect the electronic and optical
properties. Therefore, to analyze the experimental data, the microscopic interface asym-
metry (MIA) effect has been introduced in the the k-p band calculation [14, 15]. Then, the

total Hamiltonian is expressed as

My = (k)i + ()i (2.1
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2.2. Simulation Models and Methods

(b)

Figure 2.1: Generation processes contributing to the dark current. (a) SRH current occurs
most efficiency through mid-gap trap states in the depletion region, and TAT mechanism
enhances the carrier generation under high electric field. (b) BTB tunneling occurs under

high reverse bias condition when the valence electrons can directly tunnel to the conduction
band.
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Chapter 2. Simulation of Dark Current in Type Il InAs/GaSb Superlattice Photodetector

where (% );» is the eight-band Kane Hamiltonian [16], and the indicates i and /' run from
1 to 8. The second term is the Hamiltonian to take account of the MIA effect, which is
modeled with the delta function as [16]

(1)ir = Ouwao ) [H;(InSb)d(z — jd — dgasy) — H;(GaAs)d(z — jd)] , (2.2)
J

where z is the position along the T2SL growth direction, H;(InSb) and H,(GaAs) are the
fitting parameters for the strength of the potential at InSb-like and GaAs-like interfaces, ag
is the lattice constant of GaSb, and ©;; is given by

0 0 0 0 0 0 0 0
0 O 0 0 0 0 —i/V/3 —iy/2/3
0 0 0 0 0 —i/v/3 0 0
0 0 0 0 0 iy/2/3 0 0
O = / 23)
0 0 0 0 0 0 0 0
0 0 i/vV/3 —iy/2/3 0 0 0 0
0 i/vV/3 0 0 0 0 0 0
0 i\/2/3 0 0 0 0 0 0
To obtain £ — k relation, I solved the envelope-function equation:
8
z %ﬂF}/(I‘) = EE(I‘) s (24)
=1
with the envelope function:
F(r) = ®(G)fa(r) 2.5)
G
Folr) = B Jikix ik ik +G)2 (2.6)

N 5
where V is the volume of the T2SL, —11/d <k, <m/d,G=2ml/d (l=—-L,—L+1,...,L—
1,L), and L = 15 was used in this study. Then, the secular equation of a [8 x (2L+ 1)] x
[8 x (2L+ 1)] matrix:

(M) e = /fé(r)%ﬂii/fG/(l’)dr (2.7)

was solved to obtain E and ®;(G).

Figure 2.2 shows the calculated electronic band structures for T2SL with differ-
ent layer widths of InAs (dmas) and GaSb (dgasp). The bottom of the InAs conduction

band is taken as the reference of zero energy. The thickness ratios R = diyas/dGasp are
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Figure 2.2: Electronic band structures of T2SLs calculated using the k-p method.
InAs/GaSb layer widths (dimas/dgasp) are (a) 3.3 nm/5.7 nm, (b) 3.0 nm/3.0 nm, and (c) 2.1
nm/1.2 nm. The symbols ', L, X, and M represent the positions of wave vector (ky, ky, k. ):
r=(0,0,0),L=(2m/d,0,0),X=(0,0,1/d),and M = (211/d, 0, 11/d). The energy origin
is set at the energy of the bottom of the InAs conduction band.

(a) 3.3 nm/5.7 nm (= 0.58), (b) 3.0 nm/3.0 nm (= 1), and (¢) 2.1 nm/1.2 nm (= 1.75),
which correspond to the T2SL periods of 11 MLs/19 MLs, 10 MLs/10 MLs, and 7 MLs/4
MLs, respectively. These are close to the experimental conditions reported by Taalat et al
. [1], in which they compared ‘GaSb-rich’ (R ~ 0.5), ‘symmetric’ (R = 1), and ‘InAs-rich’
(R ~ 2) samples with measured period thicknesses (d = das + dgasp) of 9.15 nm, 6.07
nm, and 3.29 nm, respectively. The photoluminescence (PL) measurement suggested that
the PL spectra of the three structures at 77 K show a maximum intensity at ~ 5 yum [1],
which corresponds to the bandgap energy E, of ~ 0.25 eV. In this study, to reproduce this
observation, I have adjusted the interface potential parameter H,(InSb), while the other

parameters used in the k-p calculation were the same as those given in Ref. [14].

In practice, the interfaces often turn out to be mixed and interdiffused, depending
on growth conditions and degree of growth control [17], and the interface potential en-
ergies were treated as fitting parameters [14]. In this study, to fit the experimental data
of Ref. [1], T employed H;(InSb) = 0.58 eV, which is of the same magnitude as previous
works [17]. Then, the bandgap energies of approximately 0.25 eV were obtained for all
the three structures as shown in Fig. 2.2. Figure 2.3 shows the bandgap energy versus d
plotted as a parameter of R with some experimental data [1,3]. The T2SL with various R
including the three T2SL structures shown in Fig. 2.2 are compared, and it is indicated that
the bandgap is decreased with increasing R at a given d [1,6]. In addition, the calculated
results show the bell-shaped curves with peaks around d =2 — 3 nm [18]. According to the
experiment of Taalat et al. [1], I chose to compare the three T2SL structures with E, ~ 0.25

eV in the following simulations.
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Figure 2.3: Bandgap energy of T2SLs plotted as a function of the period thickness d for
different R. The symbols are the experimental data of Taalat et al. [1] (square) and Haugan
et al. [3] (circle).

2.2.3 Extraction of Parameters for Device Simulation

In this study, I have used a two-dimensional device simulator ATLAS [19] based on the
drift-diffusion model to investigate the dark current characteristics in p-i-n diode shown in
Fig. 2.4. A 1 ym thick non-intentionally doped (n.i.d) InAs/GaSb T2SL layer is used as
active zone to absorb incident photons. In order to model the T2SL region, I have assumed
that the transport properties in T2SL could be approximated as a bulk material with a 3D
behavior as approached in Ref. [2].

Although in Ref. [2] the input material parameters for the device simulation were
calculated as a weighted average of InAs and GaSb bulk values, some of the essential
parameters used in this work were determined based on the k-p band calculation. Then,
I aimed to discuss the impact of the band structure on the dark current characteristics for
T2SLs with various thickness ratios.

Figure 2.5 shows the density of states (DOS) of T2SLs calculated from the band
structures shown in Fig. 2.2. Using these data, the electron concentration n and hole con-

centration p were calculated from
n = [ plEENE, (2.8)
E,
p = [ pEa-rE)dE, 29)
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Figure 2.4: Cross-sectional view of the p-i-n photodiode structure simulated in this study.
Active region is non-intentionally doped (n.i.d).

10 :
—R=0.58
A~ —R=
“8 —R=1.75
=
S
_ 6
>
— 4
n
@)
a2
0 i ‘—A
0 0.5 1
Energy (eV)

Figure 2.5: Calculated density of states of T2SLs plotted as a function of energy E.
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where p.(E) and p,(E) are the DOS in the conduction and valence band, E, and E, are the

energies at the bottom of the conduction and the top of the valence band, respectively,

1

1 +exp[(E —Ef)/kBT] (2.10)

f(E)

is the Fermi distribution function, Ey is the Fermi level, kg is the Boltzmann constant,
and T is the temperature. Figure 2.6 shows the calculated electron concentration and hole
concentration plotted as a function of Ey, which was used to extract the effective DOS of
the conduction band (N,) and the valence band (N, ) by fitting the calculated results in the

non-degenerate region to the following equations [20]:

n = Ncexp<Ef_EC) @2.11)
kT ’

p = Nvexp<Ev_Ef>. (2.12)
kT

Then, the density of states effective mass was calculated from:

10%° 1020

108 p N 108

10'° \/ 10"

Carrier Concentration (cm™)

10°
01 015 02 025 03 035

01 015 02 025 03 03 01 015 02 025 03 035
Fermi Energy (eV)

Figure 2.6: Calculated n and p plotted as a function of Er (dots). Solid lines show the
fitted results to Egs. (2.11) and (2.12).

2102 [N\ 23
M= (T/) . (2.13)

The electron and hole effective masses in the T2SL growth direction, m; . and m_ ;, were
also calculated from the curvature of the E-k;, relationship at the bottom of the conduction

band and the top of the valence band, respectively:

hZ

Snsmm—— 2.14
Mz e/h dZEc/v/dkzz ( )
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Table 2.1: Physical parameters of T2SLs with various R calculated from the results of
k-p band calculation. The values in the parentheses are the calculation results without
considering the MIA effect.

Parameter R=0.58 R=10 R=1.75
Bandgap, E, (eV) 0.254 (0.26) 0.251(0.29) 0.244 (0.4)
Electron affinity (eV) 4.64 4.66 4.74
Electron effective mass, m; . (xmy) 0.049 (0.054) 0.032(0.033) 0.028 (0.029)
Hole effective mass, m j, (xmy) 1.5 (67) 0.49 (13) 0.17 (0.90)

Effective DOS in conduction band, N, (cm~3) 1.6 x10!7 1.0 x 107 1.5 x10'®
Effective DOS in valence band, N, (cm™?) 1.5 x10'8 1.0 x10'8 1.5 x10"

Table 2.2: Physical parameters of T2SLs with various R calculated from the weighted
average of InAs and GaSb bulk values.

Parameter R=0.58 R=10 R=1.75
Permittivity (x &) 15.5 15.42 15.34
Electron mobility (cm?/Vs) 1.4 x10* 1.85 x10* 2.6x10*
Hole mobility (cm?/Vs) 1,075 930 680

In the numerical calculation, I have used the following equation:

d*E.;,  E.;,(0,0,20k) —2E,1,(0,0,Ak) + E,.1,(0,0,0)
dk? Ak? ’

(2.15)

where Ak was set to be small enough to obtain the convergence.

In addition to the effective masses, the k-p band calculation gives the information
about the band alignment with respect to the bulk GaSb and InAs, which was also included
into the device simulator through the electron affinity parameter in the T2SL region. Ta-
ble 2.1 summarizes the parameters used in my simulation. For comparison, the band gap
energies and effective masses calculated without the MIA effect are also shown, indicating
that the MIA effect reduces m; j as well as E, [14]. The other parameters such as the per-
mittivity and the mobility were determined from the weighted average of InAs and GaSb

bulk values [2], which are summarized in Table 2.2.

2.2.4 Device Simulation Models

To calculate J —V characteristics, the device simulation taking account of the Fermi-Dirac

statistics were performed. The thermionic field emission boundary condition was applied
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at the heterojunctions with the Richardson constant [21]

. 47qu%mT7€/h

= (2.16)

where mr , /;, is the electron/hole effective mass perpendicular the T2SL growth direction,
that is calculated for thermionic and band-to-band tunneling (BTB) model as [19]

MT e/h = \/Mxe/nMye/h 5 (2.17)

and from the equation of the density-of-state effective mass [22]

Mae/h = (mx,e/hmy,e/hmz,e/h)l/3 ) (2.18)

with my . my ./, and m, ,;, being the effective masses along the principle axes of the

electronic band energy, mr ., can be derived as

3/2
. md,e/h 219
mT7e/h - 12 ( . )

mz,e/h

For the dark current simulation, the models for recombination processes are important.
Auger recombination process is not included in this study, because it has been suggested
theoretically and experimentally that this process is suppressed in T2SLs [9, 10,23]. On
the other hand, in this study, the effect of the generation-recombination (G-R) process
induced by the trap states was taken into account through the Shockley-Read-Hall (SRH)

recombination rate [19]

2
P : (2.20)

Etrap —Etrap

T, [n—I—nie BT ] 41, [p—I—nie k8T }

Rsry =

where n; is the intrinsic carrier concentration, T, and T, are the electron and hole lifetimes,
and Eyp is the difference between the trap energy level and the intrinsic Fermi level E;.

The trap-assisted tunneling current (TAT) is generated when electrons tunnel through the
bandgap via trap states in a strong electric field. The effect of phonon-assisted tunnel-

ing on the emission of electrons and holes from a trap is added through the field effect

20



2.2. Simulation Models and Methods

enhancement term [, and Eq. (2.20) is modified to

2
n—n;
RTAT - Etrapp l —Etrap ’ (221)
ll”rp (n—I—nie "BT) + 1J:”rn (P-l—nie kgT )
where I/, is given by [24]
AE,;, (1 AE,,
r :—”/ — Py K, ) du . 2.22
n/p ksT Jo eXp( kgT u n/pY u ( )

In this expression, u is the integration variable, AE, ,, is the energy range where tunneling

/p
can occur for electrons/holes, and K, /p is defined as [24]

/ 3
4 2mtunnelAE
"/ (2.23)

3 gh|F]| ’

Knjp =

where ¢ is the elementary charge, F is the local electric field, and the effective tunneling

(NS B
Miunnel = < + ) . (2.24)

m;e Mzp

mass was calculated as

Finally, BTB current is also important under high reverse bias conditions. The
BTB current density for an electron with longitudinal energy E, and transverse energy Er

1s calculated from

Tyt = L / / T(E)|fi(E:+Er) — fo(E:+Er)lpadE-dEr,  (2.25)

where f7 and fr are the Fermi-Dirac function using the quasi Fermi-level on the left and

right hand side of the junction, respectively, and

VT (2.26)

P2p = zn_hz

is the two dimensional density of states. The tunneling probability is calculated using the

Wentzel-Kramers-Brillouin (WKB) approximation

Zend

T(E.) = exp <—2 K(z)dz) , (2.27)

Zstart

where Zgqar and zepg are the start and end points of the tunneling paths depending on the
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energy. The evanescent wave vector is expressed as [19]

KeKpn

K(z) = ——=t_ (2.28)
\/ K2+ K?
with |
Kel2) = 3/ 2me o (E(2) ~ Ex) (229)
and
1
k(@) =7 V2mea(E— Ey(2) (2.30)

2.3 Simulation Results and Discussion

2.3.1 Comparison to Experimental Data

The J —V characteristics of the p-i-n photodiode shown in Fig. 2.4 were calculated under
dark condition and compared to the experimental data [1]. According to the measured
carrier concentrations [1], the doping densities in the n-i-d T2SL active region were set
to 5.5 x 101 cm™3 (p-type), 2.5 x 1015 cm™3 (p-type), and 6 x 10'* cm™3 (n-type) for
the ‘GaSb-rich’ (R = 0.58), ‘symmetric’ (R = 1), and ‘InAs-rich’ (R = 1.75) structures,
respectively. On the other hand, the carrier lifetimes T, and T,, which depend on the
quality of the sample fabrication, are unknown parameters, and treated as fitting parameters
in the present study. In addition, I assumed that the trap level is located at the intrinsic
Fermi level E;, i.e., Eyap = 0 €V, as shown in Fig. 2.7 (b), which corresponds to the most
efficient recombination center. Although Ey,p is also unknown and could be considered
as a fitting parameter [2], I chose E,p = 0 €V and varied the carrier lifetimes in order to
avoid employing many fitting parameters at the same time. As shown in Fig. 2.7 (a), good
agreements with the experimental data [1] were obtained by assuming T, = T, = 4 ns, 30
ns, and 40 ns for ‘GaSb-rich’, ‘symmetric’, and ‘InAs-rich’ structures, respectively.

The simulation results suggest that the ‘InAs-rich’ T2SL exhibits the smaller dark
current density than the ‘GaSb-rich’ one, which is qualitatively consistent with the exper-
imental data. However, it should be noted that the dark current characteristics is affected
by the electric field distribution in the active layer. Figure 2.8 depicts the simulated band
diagram and the electric field distribution for the three structures. It is known that the
G-R current is dependent on the depletion layer width, and also the larger electric field

enhances the tunneling current. In the next section, detailed discussions are made to clarify
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Figure 2.7: (a) Simulated (lines) and experimental [1] (dots) J —V curves at T =77 K
for the three T2SL structures. (b) Schematic band diagram showing the trap energy level
assumed in this study.

more intrinsic factors determining the dark current characteristics.

2.3.2 Dependence on T2SL Thickness Ratio

Contrary to the previous section, here I compare the p-i-n photodiodes with the same dop-
ing densities (5.5 x 10'> cm™3 (p-type) or 6 x 10'* cm ™3 (n-type)) and the carrier lifetimes
(T, = 7, = 40 ns) in the active layer. Then, the dark current characteristics depending on
the T2SL thickness ratio R were investigated.

Figure 2.9 shows the simulated band structures at zero bias condition. Although
the band alignments at the GaSb/T2SL and T2SL/InAs interfaces are different due to the
difference of R, the band bending in the active layer is similar. Figure 2.10 shows the

simulated J — V' characteristics indicating that the leakage current depends on R.
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Figure 2.8: Simulated (a) band digram and (b) electric field distribution in the p-i-n photo-
diode with the three T2SL structures.

The characteristics shown in Fig. 2.7 differ in more than two orders of magnitude
between the InAs-rich (R = 1.75) and GaSb-rich (R = 0.58) samples, while the results in
Fig. 2.10 are less dependent on R, which is due to the lack of the effects arising from the
variation of the depletion layer width and the electric field distribution. Note that, however,
the dark current is still dependent on R, indicating the influence of the band parameters.

In order to clarify the physical mechanisms behind the observed characteristics, I
omitted the BTB and TAT components in the simulation. Theoretically, it is known that

the dark current of the detector under reverse bias condition is given by:

Lyark = IpIFF + IGR + ITAT + IBTB - (2.31)

The first term Iprpr is a diffusion current component, whose contribution to the dark current
is considered to be negligible at 77 K compared to other currents [25,26]. The second term
IgRr is the G-R current arising from the SRH generation mechanism, and the well-known

approximated equation is expressed as [25]:

ninep
T,+T,’

Igr =¢q (2.32)
where Wyep is the depletion layer width. The n; estimated from the parameters given in
TABLE 2.1 are 2.3 x 10° cm 3,2 x 10° cm 3, and 4.9 x 108 cm 3, for ‘GaSb-rich’, ‘sym-
metric’, and ‘InAs-rich’ structures, respectively. Due to the smaller n;, which originate
from the smaller N, and N,, the ‘InAs-rich’ structure shows the smaller Igg in the simu-
lation results (Fig. 2.10, right column). However, when the reverse bias is high (> 0.7 V)

and the doping level is high, the larger effective mass gives an advantage on ‘GaSb-rich’
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Figure 2.9: Energy band diagram of p-i-n photodiode simulated under V = 0 V. The doping
density in the active region is (a) 5.5 X 10 em™3 (p-type) and (b) 6 x 10" ecm™3 (n-type).
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Figure 2.10: Simulated J —V characteristics at 7 = 77 K for the three T2SL structures.
The doping densities in the active layer are (a) 5.5 x 10'> cm™3 (p-type) and (b) 6 x 10'*
cm 3 (n-type). (Left) All leakage current mechanisms (i.e., BTB, TAT, SRH) are included.
(Center) BTB mechanism is omitted. (Right) BTB and TAT mechanisms are omitted.
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T2SL, because it reduces the tunneling current. I also examined the dependence of the dark
current on the carrier life time. The result is an agreement with the previous publication
that the short carrier life time degrade the performance (Fig. 2.11). [3, 27-29] However,
improving the carrier lifetime is beyond the scope of this work and not affect the key con-
clusion of my work.

2.4 Conclusion

The electrical performance of InAs/GaSb T2SL IR photodiode at 77 K has been analyzed
using a drift-diffusion based device simulator especially focusing on the dark current char-
acteristics. Unlike previous approaches, in my model, intrinsic physical parameters such
as the effective density of states and the effective masses were extracted from the k-p band
calculation and included into the device simulator. The result has been demonstrated that
the leakage current of the IR photodetector depends on the T2SL thickness ratio R even
with a similar cut-off wavelength of 5 um, i.e., E;, ~ 0.25 eV. In the low reverse bias con-
ditions, the ‘InAs-rich’ T2SL detectors exhibit the smaller dark current originated from the
G-R leakage owing to the smaller intrinsic carrier density. On the other hand, under the
higher voltage and the higher doping level, the larger effective mass of ‘GaSb-rich” T2SL

can suppress the dark current caused by the tunneling-related leakage mechanisms.
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Chapter 3

Characteristics of InAs/GaSb
Superlattice Dependent on Period

Compositions

3.1 Introduction

In the state-of-the-art, there have been many theoretical works demonstrating the energy
band calculations for InAs/GaSb T2SL with various period compositions [1-4]. However,
the overall behavior of the material parameters depending on both InAs and GaSb layer
widths has been rarely discussed [5-7]. In Chapter 2, for better understanding of the ef-
fects of InAs/GaSb period composition, I have simulated the dark current density based on
the k-p band calculation, and reported that the dark current depends on the T2SL thickness
ratio due to the difference in the intrinsic carrier density [8—10]. In this chapter, the impacts
of T2SL period composition are further investigated not only under dark but also illumi-
nated conditions. I have systematically evaluated the various parameters as a function of
the thicknesses of InAs and GaSb layers. Furthermore, the influence of SL composition on
the optical performance such as the absorption coefficient and the quantum efficiency was

also discussed.
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3.2 Calculation Method

3.2.1 k-p Band Calculation

As discussed in Chapter 2, the Hamiltonian (7);s was introduced to take into account
of the MIA effect. I would like to emphasize again the significant role of MIA effect for
the correction of band calculation. The MIA effect is a parameter added to the k-p band
calculation in order to obtain a good agreement with the experimental data. The MIA effect
is modeled as a short-range interface potential introduced with delta-function form, which
is based on the structure of T2SL InAs/GaSb structure that has the common atom and
forms two types of interface, i.e., InSb-like and GaAs-like. The existence of such different
interface types induces the MIA effect that could affect the band structure characteristics.
Figure 3.1 shows the band structures of T2SL with various thickness ratios. The results
indicated that MIA effect plays a key role in the accuracy of band calculation in short-
period InAs/GaSb T2SL. By adding MIA parameter, more splitting in both conduction and
valance bands is created, and the band mixing in valence band increases. However, the role

of MIA effect becomes minor with increasing thickness period.

3.2.2 Absorption Coefficient

To calculate the optical absorption coefficient a, the optical matrix element for transition
from the state |m,K) to |n,k) was obtained as [12]

8 * il
&-M,, (k) = % S /Finyk (r) (g%) F"(r)dr, (3.1)

i=1

where £ is the light polarization direction, Fl-"’k(r) is the ith envelope function of state
|n,Kk), and 0.5¢ /0K is the first-order derivative of eight-band Kane Hamiltonian.

Then, the absorption coefficient as a function of photon energy Ep, is given by [2]

a(Eph> =C Z %g[Em(k”{l _g[En(k)]Hé'Mm,n(k>|26[En(k) _Em(k> _Eph] ) (3-2)

where C = 41 ag/(m3Epn), 0o = €*/(hggcy/K), K and & are respectively the dielectric
constants of the material layer and the free space, c is the velocity of light in a vacuum and

g|En(k)] is the Fermi-Dirac function.
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Figure 3.1: Electronic band structures of T2SL with different periodes calculated with and
without the MIA effect.
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3.3 Results and Discussion

3.3.1 Superlattice Period Dependence of Band Structure

Figure 3.2 shows the bandgap energy E, plotted as a function of dinas and dgasp. In ad-
dition to the k-p calculation results, the experimental data reported by Taalat er al. [11]
are also plotted, in which they compared the three SLs with different thickness ratio R
(= dinas/dgasp) of ~0.5 (GaSb-rich), ~1 (symmetric), and ~2 (InAs-rich).

0,7

I
<
] o 5 0.6
0.5
—~ 4 4
g
= 0.4
N
L 3 3
75}
T 0,3
6]
=
2 2
0.2
1 1 0.1
1 1 1
: 2 3 4 5 6 1 2 3 4 5 [
dinas (nm) dinas (nm)

Figure 3.2: Bandgap energy as a function of InAs layer width (di,as) and GaSb layer width
(dgasp): (a) calculated without the MIA effect and (b) calculated with the MIA effect. The
dots are experimental data [11].

In this chapter, to fit the experimental data [11], I employed H;(InSb) = 0.58 eV,
which is of the same magnitude as previous works [1]. In Fig. 3.2 (b), with increasing dpas,
the bandgap decreases due to quantum-size effect of the T2SL system, while it increases
with increasing dgasp, Which is mainly due to combined quantum-size and MIA effects [2].
Figure 3.3 compares the band structures for the SLs with R = 3.3/5.7 nm, 3.0/3.0 nm, and
1.2/2.1 nm, corresponding to the measured samples [11] shown in Fig. 3.2 (b).

Although the three T2SL have the same bandgap of 0.25 eV, the energy-band dia-
grams are very different [11], which would affect various photodiode properties. For ex-
ample, the splitting of the highest heave-hole band (HH1) and the highest light-hole band
(LH1), AEgH1-LH1, is dependent on R; it is suggested that the splitting of the HH1 and
LH1 bands results in the suppression of the Auger-7 recombination process, in which a mi-

nority electron recombines with a majority hole across the band gap while exciting another

32

E, (eV)



3.3. Results and Discussion

[100] [001] [100] [001] [100] [001]
0.4 - [ ——» - [ ——» - [ ——»
. N — — L — —
| @] | e N |
\/
—~ 02} CB1 ] - CB1 ] B CB1 ;
>
2
>
o 0 HH1 HH1 HH1
O — — - — ]
c e JLH1 | /
L T~ | LH1 1 | 1
o2 —/——t—+ ¢ 1 L P
L L [ L |~
-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2

Wave Number (1/nm)

Figure 3.3: Band structures of T2SL with InAs/GaSb widths of (a) 3.3/5.7 nm, (b) 3.0/3.0
nm, and (c) 1.2/2.1 nm plotted as a function of the wave vectors along the growth direction
(right portion) and the in-plane direction (left portion).

majority hole deeper into the valence bands [13]. In Fig. 3.4, the calculated AEgy;—LH1
are plotted as a function of dipas and dg,sp indicating that the shorter period SLs exhibit
the larger AEgy; —LH1-

The intrinsic carrier density n; is also an important parameter affecting the dark-
current density induced by the Shockley-Read-Hall (SRH) recombination mechanism [9,
14]. 1 thus evaluated the intrinsic carrier density at 77 K from n; = (np) 1/2 where n and
p are the electron and hole concentration, respectively, which were numerically calculated
from [15]

[ee]

n = [ pE)(ENE, (3.3)
E.

p = /Ew po(E)(1 —g(E))dE , (3.4)

where p.(E) and p,(E) are the density of states in the conduction and valence band, E,
and E, are the energies at the bottom of the conduction and the top of the valence band, re-
spectively. It is well known that n; is related to the band parameters through the Boltzmann

approximation

E
ni = (N.N,)'/exp (—ﬁ) : (3.5)
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Figure 3.4: The splitting of the highest heave-hole band (HH1) and the highest light-hole
band (LH1), AEgq; {1, plotted as a function of dipas and dgasy. The dashed lines are the
equal-E, contour lines shown in Fig. 3.2 (b).

where N, and N, are the effective density of states in the conduction and valence band,

21tmy, moksT \ >/
Nc/v=2( md/hm”) , (3.6)

respectively, and

h2
where m,, and mgy, are the density-of-states effective masses of the conduction and valence
band, respectively [16]. From Eqgs. (3.5) and (3.6), I evaluated the geometric mean of the

density-of-states effective masses:

h? ni\2/3 E
1/2 _ ni 8
(maeman) 2 rimokpT ( 4 ) xp <3kBT) ' (.7)

The calculated results are plotted as a function of dipas and dgasp in Fig. 3.5. Note that the
effective mass becomes heavier with increasing the SL period especially for larger dgasp

in contrast to the case of AEgH1—1LH]-

In Fig. 3.5, the electron and hole effective masses in the grown direction (m; . and
m; ) are also shown. I calculated the band edge curvature effective masses from mg/m; . =
(1/h*)0%E [ 0K?|i.~0.E, and mo/myy = —(1/1*)0?E | 0k> |0 r=g, [17]. These effec-
tive masses are related to the dark current density due to the band-to-band tunneling mech-

anism particularly under the high reverse bias conditions [9]. On the other hand, the lighter
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Figure 3.5: Effective masses plotted as a function of dipas and dgasp: (@) geometric mean
of the density-of-states effective mass for electrons m,, and holes mg;,, (b) effective mass
along the grown direction for electrons m; , and (c) holes m; ;. The dashed lines are the
equal-E, contour lines shown in Fig. 3.2 (b).
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effective mass is preferable in terms of the quantum efficiency under illuminated condi-
tion, because the photocarrier diffusion coefficient is dependent on the effective mass in
the grown direction [13, 18].

The characteristics observed in Fig. 3.5 could be understood from the band dia-
grams and wavefunctions in the SLs depicted in Fig. 3.6. Since the hole mass greatly
exceeds the electron mass, the HH1 wavefunction is largely confined to the GaSb layer,
while the CB1 wavefunction spreads out over the entire region especially in the short-
period T2SL [18]. Therefore, an electron in the CB1 level can travel along the growth
direction with the lower m, , compared to m_, [13]. If I increase dgasp, the growth direc-
tion electron effective mass then becomes considerably larger resulting in the increase of

the density-of-states effective mass as shown in Fig. 3.5 (a).

3.3.2 Superlattice Period Dependence of Optical Properties

To discuss the optical properties, I assumed that the incident light to the photodiode is
unpolarized and propagates along the SL. growth direction (i.e., z), which is the case in
normal experimental setup [19]. In considering this case, I have evaluated the squared

optical matrix element by averaging over x and y polarizations [2, 19], i.e.,

A L. .
& My(K)[* = §(|X-Mm,n(k)|2+ 9 M (K)|?) =

mgo

ij,n(k> : (3.8)

Figure 3.7 shows the calculated squared optical matrix element for HH1 to CB1 transition,
Onni,c1(k), plotted as a function of k along [100] and [001] directions. As shown in
Fig. 3.6, the shorter SL period allows the electron and hole wavefunctions to overlap more
strongly, which makes the optical matrix element larger. Using the squared optical matrix
element modeled as Eq. (3.8), the absorption coefficients for the three SLs were calculated
as Fig. 3.8. Despite the larger matrix element, the shortest period SL shows the lowest
absorption coefficient. This is because O is also dependent on the joint density of states
(JDOS) for the electron and hole states separated by the photon energy [18]. Figure 3.9
compares the calculated JDOSs as a function of the energy for the three SLs. In the short
period SL, the JDOS is small due to the lower effective mass as shown in Fig. 3.5, which
compensates the contribution of the large optical matrix element to Q.

To investigate the optical performance dependent on the SL period, the expected

maximum photocurrent density was evaluated from

w
In=e /0 G(2)dz , (3.9)
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Figure 3.6: Band diagrams and probability densities for the wavefunctions of the lowest
conduction band (CB1) and topmost heavy-hole (HH1) subbands in SLs with InAs/GaSb
widths of (a) 3.3/5.7 nm, (b) 3.0/3.0 nm, and (c¢) 1.2/2.1 nm.

where W is the width of the absorption layer, which was assumed to be 1 ym. G(z) is the
photo-generation rate which is dependent on the depth z from the surface and given by

® 1 [ dP
G(z):/o E—m(—d—z) dEy , (3.10)

where P(Eph,z) = P(Eph,0)exp[—a(Epn)z] is the photon power density. For the power
spectrum of the incident light, I assumed the Planck’s distribution for the black body radi-
ation at 300 K [20]:

27TESh 1

: 3.11
h3c* exp(Epn/ksT) — 1 G-I

P(Eph,0) =
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Figure 3.7: Optical matrix elements Qnni,cpi(k) plotted as a function of wave vectors
along the growth direction (right portion) and the in-plane direction (left portion) for SLs
with InAs/GaSb widths of 3.3/5.7 nm, 3.0/3.0 nm, and 1.2/2.1 nm.

as shown in Fig. 3.8. Then, the quantum efficiency was evaluated from

n= fon (3.12)
/°° P(Eph, 0)
e dEph
E,  Epn

Figure 3.10 shows the calculated Qnni cpi(0) as well as 1] plotted as a function of
dmas and dgasp. As shown in Fig. 3.10 (a), the optical matrix element is larger in shorter
period SLs. It has been suggested that in a (M, N)-InAs/GaSb superlattice (each period
consisting of M monolayers of InAs and N monolayers of GaSb), for sufficiently large M
and N (> 10 layers or more), the oscillator strength of optical transitions is approximately
proportional to 1 /MN, decreasing rapidly with layer thickness [13, 19]. On the other hand,
however, JDOS exhibits the opposite behavior due to the period dependence of the effective
mass as shown in Fig. 3.5. Therefore, the contribution of the larger optical matrix element
to a is compensated by the smaller JDOS in the short period T2SL.

3.4 Conclusion

I have theoretically investigated the properties of InAs/GaSb T2SL with various compo-
sition periods based on the k-p band calculation with the MIA effect. Considering the

application to the infrared photodetectors, the essential material parameters have been eval-
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Figure 3.8: Calculated absorption coefficients as a function of photon energy for SLs with
InAs/GaSb widths of 3.3/5.7 nm, 3.0/3.0 nm, and 1.2/2.1 nm. The dashed line shows the
Planck’s distribution for the black body radiation at 300 K given by Eq. (3.11).

uated from the electronic band structure as a function of dimas and dgasp, and it has been
demonstrated that they were significantly dependent on the T2SL period even with the
same bandgap energy. Under dark condition, the smaller effective mass in short period
T2SL (especially with small dg,sp) could result in the reduction of the SRH leakage cur-
rent which is proportional to n;, whereas the increase of the dark current is also concerned
in high electric field conditions due to the enhanced band-to-band tunneling. In terms of
the photoabsorption property, the smaller effective mass results in the smaller JDOS, which
compensates the contribution of the large optical matrix element to the absorption coeffi-
cient in short period T2SL. There are trade-offs between the performance parameters, and

hence the SL structure design considering the device specification would be important.
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1 plotted as a function of dipas and dgasp. The dashed lines are the equal-E, contour lines
shown in Fig. 3.2 (b).
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Chapter 4

Dark Current of Type II Superlattice

Current Blocking Barrier Photodetector

4.1 Introduction

High-performance photodetection operating in a wide wavelength range is an interesting
research area related to infrared technology. For this purpose, reducing the dark current
component is one of the key issues and has not yet reached theoretical prediction [1,2].
Many recent efforts from various research groups have focused on achieving a significantly
lower dark current. Using barriers in photodetectors is a popular strategy to filter unwanted
dark current components including diffusion currents, SRH generation, and other leak-
age currents without impeding the photocurrent [2-5]. Until now, many approaches for
barrier designs have been proposed to control the dark current, i.e., n-Barrier-n (nBn) struc-
tures [6—8], M-structures [9] and N-structures [10] which are based on geometry positions
of the sequence layer, XBn structures [11] where X stands for an n-type or p-type contact
layer, PbIbN structures in which electron and hole barriers (EB and HB) are placed near
the p-type and n-type layer in a conventional p-i-n photodiode [12,13], and complementary
barrier infrared (CBIR) detectors [14] in which a superlattice active region is surrounded
by a pair of EB and HB. All these superlattice structures have exhibited lower dark current
compared to homo-junction design [15-18]. However, few works have analyzed the effect
of the doping density in the barrier region.

In this chapter, I theoretically evaluate the performances of a type Il InAs/GaSb
superlattice infrared detector with a barrier structure by using a simulation framework de-
veloped developed in Chapters 2 and 3 [19-21]. Then, barrier photodetectors were made

with the same binary material InAs/GaSb, in which the bandgaps of different layers were

43



Chapter 4. Dark Current of Type Il Superlattice Current Blocking Barrier Photodetector

engineered by changing the composition ratio. The intrinsic physical parameters of each
layer were calculated from the k-p method as [22], and were implemented into the two-
dimensional device simulator [20, 23]. I examined both the pBn (p-Barrier-n) and nBn
(n-Barrier-n) barrier photodetectors to understand their different behaviors and to clarify
the mechanisms for reducing the dark current generation especially focusing on the doping

density inside the barrier region.

4.2 Simulation Method

4.2.1 Material Parameters in the Barrier Layer

In the barrier structure, a large bandgap material, namely a barrier layer, was inserted in
order to suppress the dark current. The barrier can block one type of carrier (electron or

hole) but allows unimpeded flow of the other type of carrier, as shown in Fig. 4.1.

Electron Barrier (EB)

@ AEC Photocurrent

Hole Barrier (HB)

Figure 4.1: Schematic illustration of the energy band diagram of electron and hole-
blocking barrier in p-i-n diode.

In this chapter, to design the barrier structures using an InAs/GaSb superlattices,
the conduction and valence band edge energies (E. and E, ) were calculated as a function of
dimas and dgasp, as shown in Fig. 4.2. According to the previous work, the majority carriers
coming from the contact layer can reach the absorption region by thermionic emission,
and the valence band offset between the absorption region and the barrier layer should be

larger than 200 meV to eliminate this effect at 77 K [24]. The electron barrier structure
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with barrier heights larger than 200 meV was found to be easier to achieve by changing
dmas and dgasp than the hole barrier.
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Figure 4.2: Conduction band and valance band energies plotted as a function of d,as and
dgasp 1n a type 1I InAs/GaSb superlattice calculated with k - p band calculation.

4.2.2 Device Simulation Method

The two-dimensional device simulator ATLAS [23] based on the drift-diffusion model was
used to investigate the characteristics of the InAs/GaSb superlattice infrared photodetec-
tors. According to the simulation method described in the previous chapters, I have evalu-
ated the intrinsic physical parameters to input the device simulator based on the k-p band
calculation [22]. It has been suggested that the dark current in photodiodes is affected by
the SRH generation mechanism through the mid-gap trap states in the depletion region.
Moreover, trap-assistant tunneling (TAT) and band-to-band (BTB) tunneling occur when a
large electric field is applied. Therefore, in this chapter, the SRH generation, TAT, and BTB
tunneling mechanisms were taken into account to simulate the dark current. Conversely, I
did not take into account the effect of surface leakage current and the Auger recombination
process because previous works suggest minor impacts of these effects [3,26].

Figure 4.3 presents the barrier structure called C-B-i-n simulated in this chapter

where C is the contact layer, B is the barrier followed by an active n-type region. To
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simplify the structure, the GaSb substrate and the InAs cap layer I implemented in chapter
2 and in previous study [19,20,25] were discarded. In addition, I investigated the roles of
the contact, barrier, and active regions. The doping type in the contact region is set either
in the p-type or in the n-type to create pBn and nBn structures, respectively. These devices

are evaluated as the two types of C-B-i-n structure in the next discussion.

As mentioned in previous works, the short-period InAs-rich superlattice is prefer-
able in terms of lower dark current and higher quantum efficiency for MWIR, e.g., a cut-off
wavelength of 5 um at 77 K [25,27]. Hence, superlattices with 7 monolayers (MLs) of
InAs and 4 MLs of GaSb were used for the contact and active regions in the device, while
7/17 MLs superlattice was inserted as the barrier region. According to [24], the barrier
region thickness is assumed to be 200 nm, which is considered to be sufficiently large to
eliminate the effect of the tunneling current. The conduction band offset between the ab-
sorption region and the barrier layer in my device structure is approximately 0.2 eV due
to the limitation of bandgap tuning in an InAs/GaSb superlattice material (Fig. 4.2). The
carrier lifetime has been chosen to be 40 ns [24] in the whole device region. The intrinsic

physical parameters in the barrier region are shown in Tables 4.1 and 4.2.

Table 4.1: Physical parameters of the superlattice barrier with R = dipas/dGasp = 2.1 nm
/5.1 nm calculated from the results of k-p band calculation.

Bandgap, E; (eV) 0.396
Electron affinity (eV) 4.56
Electron effective mass, m; . (xXmp) 0.049
Hole effective mass, m j (xmo) 0.61

Effective DOS in conduction band, N, (cm™3) 1.0 x10'3
Effective DOS in valence band, N, (cm™3) 1.0 x10"

Table 4.2: Physical parameters of the superlattice barrier with R = dipas/dGasp = 2.1 nm
/5.1 nm calculated from the weighted average of InAs and GaSb bulk values.

Permittivity (X &p) 15.54
Electron mobility (cm?/V-s) 1.2 x10*
Hole mobility (cm?/V-s) 1,126
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Figure 4.3: Cross sectional structure of C-B-i-n barrier photodetector simulated in this
study (right) compared to the p-i-n photodiode (left).

4.3 Results and Discussion

4.3.1 Simulation Results

Figures 4.4 and 4.5 show the J —V characteristics simulated under dark condition for pBn
and nBn structures at 77 K and 120 K, respectively. In the barrier region, the doping types
were set in n-type and p-type in the pBn and nBn structures, respectively, while the doping
density was varied from 5.5 x 10" cm™3 to 2 x 10!6 ¢cm ™ in both structures. Note that
an improvement of dark current performance compared to the p-i-n diode is achievable
by introducing the barrier region. At 77 K, the dark current decreases with increasing
the barrier doping density up to 1.5 x 10'® cm™3, but increases with the heavier doping.
Conversely, at the higher temperature of 120 K, the dark current monotonically decreases

with the barrier doping density.

Figures 4.6 and 4.7 show the calculated band diagrams at zero bias condition in
pBn and nBn structures with various barrier doping densities. The results of dark current

which are plotted at 77 K and 120 K indicates that the temperature dependence is small.

Note that the band profiles in the barrier region, as well as the active region, are
significantly affected by the barrier doping density, whose mechanisms are discussed in the

following section.

47



Chapter 4. Dark Current of Type Il Superlattice Current Blocking Barrier Photodetector

—
o
(=)
—
o
[)

—_
S,
[¢)]

..
\\\\\\
~~~~~~

—

o
L
o

4 10-10 L

—55x10"% cm™ —5.5x10"% cm™

Current Density (A/cm?)

1 —1x10"® cm™3 —1x10"® cm™
107"°F —1.5x10® cm 1 10"°F —1.5x10"® cm®
2x10'"® cm™® 2x10'® cm™®
1020 ~pm . . . . 1020 ~op-n : : . .
-1 -08 -06 -04 -02 O -1 -08 -06 -04 -02 O

Voltage (V)

Figure 4.4: Current density versus applied voltage at 77 K of pBn (left) and nBn (right)
devices for different doping density levels in the barrier region. For comparison, the simu-
lation results for the p-i-n diode without the barrier region is also plotted.

4.3.2 Dark Current Components

Figure 4.8 shows the simulated dark current density plotted as a function of the doping
level in the barrier region at the applied voltage Vyins = —50 mV [24]. In this plot, to
clarify the physical mechanisms behind the observed characteristics, 1 consider the effect
of each component source of the dark current separately. Theoretically, it is known that the

dark current of the detector under reverse bias condition is given by:

Lyark = Ipifr + IG—R + ItaT + IBTB - 4.1)

The first term Ip;gr is a diffusion current component, whose contribution to the dark current,
especially at low temperatures, is negligible compared to other currents in the conventional
p-i-n photodiodes [28,29]. The second term Ig_gR is the generation-recombination (G-R)

current arising from the SRH mechanism, and the well-known approximated equation is
expressed as [28]:

ninep
T,+ T,

Ic—r=¢ 4.2)

where Wy, is the depletion layer width. Because of the tunneling mechanism, Itar and
Izt are the current components sensitively enhanced by the electric field. The TAT rate

dependent on the local electrical field is calculated by the following equations [30]:

2
pn—n;

RTAT - T Etrap T *Elrap ’ (43)
P .p kpT n . kpT
T, n-+n;e*s +1+Fn p+ne “s
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Figure 4.5: Current density versus applied voltage at 120 K of pBn (left) and nBn (right)
devices for different doping density levels in the barrier region. For comparison, the simu-
lation results for the p-i-n diode without the barrier region is also plotted.

where I

n/p 18 given by [23,30]
/ 3
AE 1 AE 4 thunnelAE
Fo/p = ”/”/ exp | —Py 2 P2 (4.4)
kBT 0 kBT 3 qh\F\
where u is the integration variable related to the energy of the carriers after tunneling, AE, /,

is the energy range where tunneling can occur for electrons/holes, kg is the Boltzmann

constant, 7 is the reduced Planck constant, g is the elementary charge, F is the local electric
field, and the effective tunneling mass is calculated as:

1 1\
Mtunnel = + .
mze mz,h

At 77 K, in the pBn device, G-R and TAT-BTB processes dominate the dark current in low

and high doping regions, respectively, and the optimal barrier doping density to achieve
the lowest current is approximately 7 x 10 to 1 x 10'® cm ™3,

4.5)

On the other hand, in the nBn device, Ipigf contributes significantly to the dark
current in the low doping level region, while the TAT-BTB process dominates the high
doping region, and the optimal doping density is approximately 1.5 x 10! cm™3. In low
temperature condition, Ip;g is weakly dependent on the doping density and does not con-
tribute much to the dark current in the case of the pBn device, while in the nBn device, the

behavior of Ip;s is strongly dependent on the doping density.
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Figure 4.6: Simulated energy band diagrams for pBn (left) and nBn (right) structures with
different doping density levels at 77 K.

4.3.3 Dark Current Mechanism Dependent on Barrier Doping Den-
sity
4.3.3.1 The pBn Structure Case

Figure 4.9 shows the schematic band diagram of the pBn structure explaining the main
dark current mechanisms depending on the barrier doping density. In the barrier region,
although the carriers are fully depleted, the G-R current is not significant, especially at
77 K, due to the large bandgap energy and small n;. Conversely, in the absorber region,
the depletion layer is formed at low barrier doping density (Fig. 4.9 (a)), which induces
the G-R leakage current. When the barrier doping is increased, then the depletion layer
in the absorber region disappears, as shown in Fig. 4.9 (b). Due to the reduction of the
G-R current, the total dark current is minimized in this condition. However, if the barrier
doping density is increased further, the electric field inside the barrier region increases,
which enhances the dark current through the TAT and BTB mechanisms, especially at 77
K. At 120 K, the G-R current inside the barrier region is also large, and the doping density
dependence is not significantly observed in Fig. 4.5.

4.3.3.2 The nBn Structure Case

The schematic band diagram for the nBn structure is shown in Fig. 4.10.
In the case of the low barrier doping density, the current carried by the electrons
surmounting the potential barrier is dominant. It is reduced when the barrier doping in-

creases, because the barrier energy height of the barrier increases with the n-type doping.
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Figure 4.7: Energy band diagram of pBn (left) and nBn (right) devices at zero bias for
different high doping density levels, dotted lines are at 120 K and solid lines are at 77K at
zero bias.

However, the depletion layer inside the absorber region is widened, and the G-R mech-
anism is enhanced, which causes the increase of the total dark current. Therefore, an
optimum doping density also exists in the case of the nBn structures, but it should be noted

that the mechanisms contributing to the dark current in pBn and nBn are different.

4.3.4 Dependence on Temperature

As the dependence of the dark current density on the temperature is also an important
property, the barrier structures in p-i-n photodetectors are compared in Fig 4.11. After the
optimal doping level was selected based on the results given in Fig 4.8, the dark current
characteristics of pBn, nBn, and p-i-n devices from 100 K to 300 K were evaluated at biases
0of 0.12V,0.35 V and 1 V. At the reverse bias of 1 V and temperatures lower than 125 K, the
dark currents of pBn and nBn were smaller than those of the p-i-n photodetector, indicating
that the dark currents in this region were insensitive to the temperature. This suggests that
dark current is primarily dominated by the tunneling current. Under the smaller bias of 0.35
V, the dark current becomes sensitive to the temperature, especially in the region lower than
200 K due to the effect of the SRH current. In the case of the lowest bias condition of 0.12
V, the current is dominated by the diffusion mechanism over the full temperature range
in the pBn device, while in the case of the nBn and p-i-n devices, both diffusion and G-
R currents were significant. Strong temperature dependence of the dark current must be

noticed when making the barrier pBn and nBn photodetectors.
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Figure 4.8: Current density as a function of barrier doping level of pBn (left) and nBn
(right) at Vpias = —50 mV at T = 77 K. Solid line: All leakage current mechanisms (i.e.,
BTB, TAT, SRH) are included; dotted line: BTB and TAT mechanisms are omitted, and
dashed line: BTB, TAT, and SRH mechanisms are omitted.

4.4 Conclusion

Mechanisms to optimize the dark current suppression performance of the MWIR barrier
photodetectors based on the design of an InAs/GaSb superlattice with two types of C-B-i-n
structures, pBn and nBn, were investigated. Numerical simulation results suggested that
both structures could be used to improve the dark current suppression performance com-
pared to p-i-n photodiodes. I have investigated the dependence on the barrier doping den-
sity in the pBn and nBn structures and demonstrated that there exists an optimum doping
density to reduce the dark current. It has been discussed that the mechanisms contributing
to the dark current in pBn and nBn are different, and thus different strategies would be

required to design the barrier photodetectors.
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Figure 4.9: Schematic band diagrams in the pBn structure with a) low, b) ideal, and c) high
doping densities in the barrier region.

B (p*)
B (p) B (p)
_/ -
a) c)

Figure 4.10: Schematic band diagrams in the nBn structure with a) low, b) ideal, and c)
high doping densities in the barrier region.
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Figure 4.11: Current density at different reverse bias conditions as a function of tempera-
ture in pBn, nBn, and p-i-n diodes.
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Chapter 5
Conclusions

In this dissertation, a simulation framework to investigate the properties of InAs/GaSb
T2SL structures has been developed for detecting mid-to-long wavelength photons. My
model allowed to evaluate the electrical and optical performance in a variety of T2SL pho-
todetector structures. The effect of unipolar barrier that could lead to higher performance
infrared photodetectors was also investigated. In general, the main contributions of my
study were to improve the understanding of relevant physical mechanisms, and to enable
better T2SL structure design in terms of reducing the dark current and increasing the quan-

tum efficiency.

In chapter 2, k-p band calculation and drift-diffusion device simulator were imple-
mented in sequence to evaluate the dark current. Simulation results demonstrated that the
leakage current of the infrared photodiode depends on the superlattice thickness ratio even
with the same cut-off wavelength of ~ 5 um. Although the ability of the ‘InAs-rich” T2SL
detector to reduce the dark current was suggested in the previous works, the reason was not
clearly understood. Using the simulation framework, I figure out that in the low reverse
bias conditions at 77K the ‘InAs-rich’ T2SL detectors exhibit smaller dark current than the
‘GaSb-rich’ ones, which originates from the difference in the intrinsic carrier density. On
the other hand, under the higher voltage and the higher doping level, the larger effective
mass of ‘GaSb-rich’ T2SL can suppress the dark current caused by the tunneling-related

leakage mechanisms.

In chapter 3, the properties of InAs/GaSb T2SL with various composition periods
have been investigated based on the k-p band calculation. Considering the application
to the infrared photodetectors, the essential material parameters were evaluated from the
electronic band structure as a function of the width of InAs and GaSb layers. Under dark

condition, the smaller effective mass in short period T2SLs (especially with small GaSb
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layer width) could result in the reduction of the SRH leakage current which is proportional
to the intrinsic carrier density. However, the increase of the dark current due to the en-
hanced band-to-band tunneling is also concerned in high electric field conditions. On the
other hand, in terms of the photo-absorption property, the smaller effective mass results in
the smaller joint density of states, which compensates the contribution of the large optical
matrix element to the absorption coefficient in short period superlattices.

In chapter 4, I have examined the suppression of dark current in mid-wavelength
infrared photo detectors using an electron-blocking unipolar barrier. I considered a p-i-
n diode and a C-B-i-n diode, both with n-type 2 yum absorber. Unlike the previous ap-
proaches, I used the T2SL InAs/GaSb material for both barrier and absorption regions and
only changed the ratio of two components for tuning the bandgap. Two types of C-B-i-n
diode, i.e., pBn and nBn structures, were investigated, and the simulation results revealed
that both structures can effectively reduce the dark current compared to the p-i-n photo-
diode without barrier. Furthermore, the dependence on the barrier doping density was
discussed in detail, and it was shown that in both structures there is an optimum doping
density to minimize the dark current, although the dominant current leakage mechanisms
are quite different.

The ultimate performance of T2SL InAs/GaSb photodetectors in mid-to-long wave-
length infrared region has not been fully understood yet, and the improvement of T2SL
structure design is still the subject of further investigation. Although the barrier structures
have already been studied intensively, the design strategy to simultaneously optimize the
dark current and quantum efficiency still has to be developed. Moreover, the high-speed
infrared detection technology attracts much interest recently, which needs the higher per-
formance infrared photodetectors. Because there is always the trade-off between the speed
and the sensitivity, it requires more efforts to realize new device technologies, including

the fabrication process and external circuits, for the next generation infrared camera.
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