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Introduction

Semiconductor heterostructures based on indium
arsenide (InAs) and gallium antimonide (GaSb) have
been a technological foundation for several decades.
Extensive research efforts have been devoted to utilizing
the InAs/GaSb heterostructures to form a tunable
mid-to-long
photodetector applications.'” The original InAs/GaSb
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Carrier Recombination Dynamics and Temperature
Dependent Optical Properties of InAs-GaSb
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Heterostructures with two dissimilar materials could offer unprecedented properties if
one can carefully synthesize these heterostructures with atomically smooth interfaces and
reduced number of recombination centers. InAs/GaSb-based heterostructures have
technological importance for long wavelength infrared photodetectors if one can synthesize
these materials with high-optical quality and high-carrier lifetime. In this work, the
InAs/GaSb heterostructures with a different number of heterointerfaces and growth
conditions were grown by solid source molecular beam epitaxy using valved cracker
sources for both arsenic and antimony. Precise control of growth parameters and shutter
sequences enabled abrupt InAs/GaSb heterointerfaces, as supported by a high-resolution
transmission electron microscopic study. The temperature and power-dependent optical
properties by photoluminescence (PL) spectroscopic analysis of InAs/GaSb
heterostructures with 4 and 28 heterointerfaces displayed donor to the acceptor and the
exciton bound to complex defects (Vg.Gasy)’. Since the optical transition in PL
measurements serves to determine the quality of the material, and the observed excitonic
transition from these InAs/GaSb heterostructures is an indication of high-quality material.
The high-carrier lifetimes of 139 ns to 185 ns from InAs/GaSb heterostructures were
measured using microwave photoconductivity decay (u-PCD) technique at room
temperature. The observed increase in carrier lifetime is due to the decreasing number of
Ga-related carrier recombination centers or defect complexes. This is further supported by
the PL spectroscopic study. In addition, the carrier lifetime with different injection levels is
supported by Shockley-Read-Hall recombination. Hence, the InAs/GaSb heterostructures
with high-optical quality and high-carrier lifetimes would offer a path for the development
of high-performance infrared photodetectors.

type-II broken-gap band alignment®“’can be modified by
the thickness of each layer to form the superlattice (SL)
band structure, resulting in either a semimetallic (£ < 0)
or semiconducting (energy gap, E; > 0) material system
for a long or short period InAs/GaSb SLs, respectively.®
? The formation of a minigap due to the hybridization
of the conduction and valence bands for short period
InAs/GaSb SLs, and two-dimensional electron and hole
gas systems for the long period SLs, were observed in
this system. Thus, the tuning of the minigap value by
synthesizing the different thicknesses of InAs and GaSb
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SLs, one can also tune the optical and electronic
properties by varying the periodicity of the SL, which in
turn produces the tunable minigap formation.'™'" Such
structures are of interest for infrared emitters,'® !!
infrared detectors,* '>'* and topological properties.'>"®
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This implies that it is necessary to investigate the
InAs/GaSb material systems with both long and short
periods, embedded into the same material system by
analyzing their structural, optical and carrier
recombination dynamics. Recently, we have reported the
band dispersion analysis®' using an in-house 8x8 k-p
framework, where we predict the existence of -96 meV
bandgap within the long-period SL substructure and the
formation of +18 meV bandgap within the short-period
SL substructure. However, the photoluminescence (PL)
properties of these structures are of interest to investigate
the optical transitions and their correlation with the
carrier recombination lifetime. The carrier lifetime of ~
80 ns was evaluated from the InAs/GaSb SLs by several
researchers”*! by PL decay measurement and higher
lifetime is required for high performance photodetector.
Haugan et al*® demonstrated the long carrier lifetime of
140+20ns at ~18K for the InAs/Ing2sGag7sSb SL
structures compared to InAs/GaSb binary counterpart,
and this enhancement is attributed to the strain-
engineered ternary design and reduction of Ga-related
Shockley-Read-Hall (SRH) recombination centers. Thus,
minimizing the Ga-related recombination centers by
minimizing the Ga flux during growth and precise Sb/Ga
flux ratios along with the growth temperature, are
essential during growth for achieving a high-carrier
lifetime in InAs/GaSb material system. The novel
properties of InAs/GaSb SL structure depend on the
ability to synthesize the system with an atomic-scale
interface control over thickness. > ** This degree of
control can be achieved by metal-organic chemical vapor
deposition (MOCVD) or solid source molecular beam
epitaxy (MBE) growth technique. It has been widely
reported that the InAs/GaSb heterointerface can be
designed to exhibit either an InSb-like interface or both
InSb- and Gads-like interfaces in GaSb/InSh or
GaSb/Gads-like/InAs/InSb-like/GaSb SL  structures.*
However, the different surface sticking coefficients and
surface segregation of gallium (Ga), indium (In), arsenic
(As), and antimony (Sb) atoms makes the InAs/GaSb
heterostructure exceptionally difficult to realize during
epitaxial growth.*** These effects can introduce the
interfacial disorder that can affect the carrier
recombination properties of InAs/GaSb
heterostructures.””*! During the tailor-made, tunable-
wavelength infrared PD and low-power tunnel transistor
structure design,*® a precise Ga, In, As and Sb flux
sequencing technique is necessary during growth to
avoid interface intermixing and atomic segregation,
reduced active region defect density, lowered interface
roughness, and interfaces free from interfacial disorder,
which all will improve the carrier lifetime in InAs/GaSb
materials. If each interface of strain balanced
GaSb/InAs/GaSb heterostructure (GaSb on InAs is 0.62
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% compressive strain and InAs on GaSb is 0.62% tensile
strain) introduces interfacial disorder during growth, then
the SL structure of many interfaces will magnify the
interfacial disorder and hence will affect both the optical
as well as carrier recombination properties. If the
interfacial disorder is minimal in GaSb/InAs/GaSb
heterostructure and the shutter sequence remains
consistent during the growth of the entire layer structure,
then essentially characterizing the structure with few
layers of InAs/GaSb will exhibit similar optical and
carrier recombination properties in the InAs/GaSb
material system with a thicker layer. Thus, understanding
optical and carrier recombination properties as a function
of the number of interfaces in InAs/GaSb system is
important for the development of more efficient PDs and
electronic devices. The growth parameters such as, the
growth temperature, growth rate (i.e., controlled by
group-III atoms), V/III ratios (i.e., Asy/In, Sb,/Ga), and
appropriate shutter sequences (i.e., As, Ga, Sb, In shutter
close/open) during MBE growth, for example, are all
considered as proposed solutions for achieving abrupt
interfaces in the InAs/GaSb system."*****> I this work,
we present the carrier recombination dynamics and
optical properties of a (i) single layer (single interface),
(i1) a double period heterostructure (4 interfaces), (iii) a
double period SL consisting of a short-period SL of 10
InAs/GaSb repeats embedded into a long-period SL of 4
InAs/GaSb repeats (28 interfaces), and (iv) same as (iii)
but different growth parameters, grown by Veeco Gen II
solid-source MBE. We correlate the interface and defect
properties via cross-sectional transmission electron
microscopy (TEM), temperature and power dependent
optical properties by PL spectroscopy, and carrier
recombination dynamics using microwave
photoconductivity decay (u-PCD) analysis.*” ** The
excitonic transition along with various optical transitions
referred as D-band (donor-related free-to-bound), T-band
(free-to-bound or donor-to-acceptor pair), and C/A -
bands due to electrons captured by double acceptor,
VaGasp, were observed. The p-PCD carrier lifetimes of
>175 ns were determined for the InAs/GaSb
heterostructure at room temperature. This is the highest
carrier lifetime measured from InAs/GaSb binary
material system. Given many advantages of the
InAs/GaSb material system, wide-spread device
applications are achievable if high-carrier lifetime can be
realized through the intelligent design of the InAs/GaSb
heterostructure synthesis via MBE.

Experimental

(a) Materials synthesis

The InAs/GaSb heterostructures consisting of (a)
single InAs layer on GaSb (single interface), (b) 4 layers

This journal is © The Royal Society of Chemistry 2022
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Figure 1: Schematic representation of the layer structure used for this work. (a) InAs on GaSb (single interface), (b) long period strained
balanced (GaSb on InAs is 0.62% compressive strain and InAs on GaSb is 0.62% tensile strain) InAs/GaSb structure (4 interfaces) and (c)
long and short period InAs/GaSb layer structure embedded into the structure (28 interfaces), (d) the growth parameters for sample D were
different than all other samples A-C, studied here. Same shutter sequences were used for all the layer structures, as reported in Ref. [21].

of GaSb/InAs (4 interfaces), and (c) 28 layers of
GaSb/InAs (28 interfaces) were grown on tellurium
(Te)-doped n-type (100) GaSb substrate by solid-source
MBE, as shown in Figure 1. An undoped 215 nm thick
GaSb buffer layer was first grown at 500°C, followed by
the different thicknesses of InAs and GaSb layers, as
schematically depicted in Figure 1a-c with growth rates
of ~ 0.2 um/hr for InAs and ~ 0.44 um/hr for GaSb using
flux ratios of As,/In =22 and Sb,/Ga = 5. The As,/In=30,
Sb,/Ga = 5.43, growth temperature of 550°C, Ga growth
rate of ~ 0.14 pm/hr for GaSb and In growth rate of ~
0.18 um/hr for InAs were used for sample D (Fig. 1d).
The valved cracker sources for arsenic and antimony were
used for this work. The arsenic valved cracker bulk and
cracker zones were set at 340°C and 900°C, respectively,
for As, flux during growth. A three-zone (bulk,
conductance, and cracking) antimony source was used
for the Sb, flux during oxide desorption and the growth
process. The cracking zone temperature of antimony
cell was kept constant at 1000°C, whereas the bulk and
conduction zone temperatures were selected based on the
required flux needed during the growth of GaSb layer.
Here, the flux ratio referred is the ratio between the beam
equivalent pressure of As; (Sby) and In (Ga) constituents,
measured prior to each growth using beam flux gauge
attached to the substrate heater inside the MBE growth
system. Each GaSb substrate oxide desorption was carried
out under Sb; flux and at 600°C substrate temperature. The
growth temperature of 500°C was fixed during the entire
growth process to avoid the different surface sticking
coefficients of constituents. The temperature referred
here is the thermocouple temperature. Reflection high
energy electron diffraction unit attached to MBE

This journal is © The Royal Society of Chemistry 2022

growth system was used to monitor the oxide
desorption and the entire growth process. The shutter
sequences and an ultra-thin InSb layer at the InAs-on-
GaSb heterointerface via Sb, soaking prior to InAs
growth as well as 6 sec short duration of Sb, flux soaking
prior to GaSb growth,?! 4 were selected for all the
GaSb/InAs/GaSb heterostructure growth such that the
entire layer structure could be strain balanced. The
resulting structures were characterized using cross-
sectional TEM, PL spectroscopy and finally microwave
reflection PCD analysis for structural, optical, and
carrier recombination properties, respectively.

(b) Materials analysis

The cross-sectional TEM imaging was performed
from these InAs/GaSb heterostructures, using a JEOL
2100 transmission electron microscope, to evaluate the
structural integrity of each structure. Each TEM specimen
was prepared by a standard process, i.e. mechanical
grinding, dimpling followed by liquid nitrogen cooled

low energy Ar' ion beam milling at a shallow angle. Due
to the fragile nature of the GaSb substrate, measures were
taken during the TEM specimen preparation to prevent
cracking, re-deposition, and the preparation induced
artifacts.

The heterostructure’s (samples B and C) optical
properties were evaluated using temperature (81 K - 296
K) and power-dependent PL spectroscopy. A Ti:Sapphire
laser, wavelength of 700 nm with a repetition rate of 80
MHz, a pulse duration of ~140 fs, and a spot size of ~200
pm in diameter were used for this measurement. The
laser power ranging from 41 W/cm? to 156 W/cm® were
used during measurement. Here, we have used ~ 0.13-

J. Mater. Chem. C, 2022, 00, 1-11 | 3
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0.49 nJ per pulse with fluence ranging from 0.41-1.56
nJ/em?). The excitation light was sent through a
spectrometer (0.55 m focal length) and collected by a
liquid nitrogen-cooled InGaAs detector. A standard lock-
in detection scheme with a chopper frequency of ~331 Hz
was used during this measurement. Curve fitting was
performed by Origin 8.1 using a convolution of Gaussian
peaks.

Each heterostructure carrier lifetime was evaluated by
u-PCD technique at The National Renewable Energy
Laboratory (NREL), wherein the sample conductivity
due to the excess carriers generated by the 1500 nm and
1800 nm wavelength laser excitation was monitored via
the microwave power reflected from each sample
surface. Each sample (dimensions ~10 mm X 10 mm)
was placed underneath the waveguide (WR42 for 20
GHz, dimensions ~ 4.3 mm X10.7 mm) during
measurement, and the beam flux at 1500 nm or 1800 nm
wavelength fills the waveguide. The laser excitation was
incident from the top surface of each sample. The laser
power at an excitation wavelength of 1800 nm was ~ 10
mW. The injection level dependent carrier lifetimes by
varying laser power from 0.15 mW to 15 mW as well as
from 0.1 mW to 10 mW at excitation wavelength of 1500
nm were evaluated. The penetration depth is higher than
the thickness of each InAs/GaSb heterostructure. The
injection level of carriers is ~ 10" cm™. This was
estimated using 10 mW or 15 mW laser power, ~ 0.25
pum sample thickness, beam spot of ~ 1 cm radius, and the
laser repetition rate of 10 pulses/sec with 5 ns pulse
width. The p-PCD lifetime was quantified for each
heterostructure by fitting the decay curve with the best
possible least square fittings ~ 3 ns after the optical
excitation pulse was ended. The details of this
measurement technique can be found in Ref. [48].

Results and discussion

(a) Heterointerface analysis via TEM

Each InAs/GaSb heterostructure was characterized
by cross-sectional TEM measurement and analysis.
Figure 2a, 2b, 2¢, and 2d shows a TEM micrograph of
(a) the InAs/GaSb single layer structure, strain balanced
(b) InAs/GaSb 4-layer stack, (c) multi-layer stack
consisting of the 10-period InAs/GaSb stack enclosed
within the top and bottom layers of the 4-period
InAs/GaSb stack, and (d) multi-layer stack with
different growth parameters than samples A-C. As
discussed above, the growth parameters were different
for samples A-C and sample D, but the shutter
sequencing were kept the same for all InAs/GaSb
heterostructure studied here. One can find from Figure
2a-c that each TEM micrograph exhibited epilayers with
homogeneous and smooth heterointerfaces of

4 | J. Mater. Chem. C, 2022, 00, 1-11

InAs/GaSb heterostructure. The ultra-thin InSb layer
between InAs-on-GaSb and 6 sec exposures of Sb, after
the growth of InAs, prior to the GaSb growth, restricted
the formation of GaAs-like interface.*’ The formation of
the GaAs-like interface could result in the formation of
interfacial defects due to a large lattice mismatch
between the GaAs and GaSb. Sample D showed the
merged layers of 10 period InAs/GaSb as well as 4 upper
layers of InAs and GaSb. This could be due to the higher
growth temperature and higher Asy/In flux ratio than
samples A-C, and may produce higher SRH
recombination centers than samples A-C. The high-
quality multi-layer structures, sample B (4 layer) and
sample C (28 layer), were further investigated using PL
spectroscopy.

(b) Optical properties via PL

Photoluminescence measurement is one of the most
valuable optical characterization methods with its
sensitive ability to find the impurities and defects in
semiconductors via optical transitions, which will affect
the material’s quality and the device performance. This
technique can also determine the semiconductor
bandgap, which is important for optical devices. From the
observed optical transitions, one can infer the quality of
the material and excitonic transition, mostly observed at
low temperature, verifies the good quality material, same
as the carrier mobility and density by Hall mobility
measurement in electronic materials/devices. This
optical characterization method is the best developed to
carry out the quantitative/qualitative information of the
material quality by investigating the optical transitions
associated with band-to-band, impurities, defect
complex, or excitonic transitions.*’

Figure 3 shows the temperature (81 K-296 K) and
power (41 W/em? - 156 W/cm®) dependent PL spectra
obtained from the sample B (4 interfaces) and sample C
(28 interfaces). Curve fittings were performed to isolate
each peak position. Two optical transitions, labeled as C-
band and D-band, were clearly visible from sample B,
and T and A bands from sample C. The emission peak,
T-band is attributed to the free-to-bound (FB) or from
donor-to-acceptor pair (DAP) recombination. The
acceptor binding energy of ~82 meV for sample C
(emission peak at 727 meV)**>! was determined from the
bandgap (812 meV) of GaSb. The A-band is referred as
the recombination of single electron by the defect and
this A-band completely disappeared at 81 K due to
ionization of acceptor level.” It has been reported that the
A-band is related to native double acceptor Vg.Gasp, and
it controls the electrical and optical properties of GaSb.*
The fitted PL emission spectra at 296 K for the four laser

This journal is © The Royal Society of Chemistry 2022
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Figure 2: High-resolution cross-sectional TEM micrographs of (a) single layer InAs on GaSb, (b) 4 layers InAs/GaSb on GaSb, (c) 10-
period 7.5 nm InAs/7.5 nm GaSb SL inserted between four periods of a 15 nm InAs/15 nm GaSb multilayer structure, and (d) same as (c) but
short period and upper InAs-GaSb interfaces were merged together, respectively. The shutter sequences, growth rate, and flux ratios were
same for heterostructures (samples A-D) and different for sample D. The layer structure, sample D, was designed to be strain balanced and
the higher SRH recombination centers were possible due to defects created by the growth process parameters.

powers exhibit a single band transition. The emission
spectrum at each laser power is asymmetric and it is
consisting of a combination of T-band and A-band
(sample C). The two peaks in Figure 3 (sample B) at 296
K were isolated by fitting the measured spectrum into C-
band (Cyan) and D-band (Green). The C-band peak
height increases with decreasing temperature, and it is the
highest at 81 K. On the other hand, the D-band transition
peak at ~ 792 meV was observed from sample B is

This journal is © The Royal Society of Chemistry 2022

referred to exciton bound to neutral native complex
defects (VgaGasp)’.”>* The increasing intensity of D-
band indicates a decreasing concentration of native
defects.” The difference of D-band energy from the
bandgap energy is ~20 meV, and the room temperature
energy of ~26 meV can break the exciton bound to
neutral native complex defect, where there is no
dominate D-band peak (C/D in Figure 3) at 296 K.

J. Mater. Chem. C, 2022, 00, 1-11 | 5
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Sample C

comparison from sample B (4 interfaces) and sample C (28

interfaces) showing various optical transitions. The main two peaks referred here are C-and D-band in sample B, and T and
A bands for sample C. The A- and C-bands are recombination due to capture of single electron and double electrons by
native double acceptor, Vg.Gasp, respectively. The A-band completely disappear at 81 K due to ionization of acceptor level.
The T-band is attributed to the free-to-bound or from donor to acceptor with binding energy approximately 82 meV (sample
C); and the D-band referred to exciton bound to complex defects (Vg.Gasy)’. The curve fittings were performed to isolate

each peak position.

The D-band peak intensity increases with decreasing
temperature of sample C since the ionization energy for
exciton bound to defect complex is lower than 20 meV.
There is a slight shift of peak energy is due to the change
in bandgap with decreasing temperature. As the optical

6 | J. Mater. Chem. C, 2022, 00, 1-11

transition in PL measurement serves to determine the
quality of the material and excitonic transition is an
indication of the high optical quality. It has been reported
that several bound excitonic (BE) transitions are usually
observed in MBE grown GaSb sample, and one of the BE

This journal is © The Royal Society of Chemistry 2022
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emissions tend to dominate the optical recombination
process. Many optical transitions were observed in the
610-810 meV energy range from undoped GaSb. >+
The peak position labeled as T-band in sample C is due
to the acceptor with binding energy of ~ 82 meV. The
acceptor ionization energies of 34.5 meV, 55 meV, 102
meV, were reported from undoped p-GaSb,”* *° and 82
meV from both p-and n-type GaSb with low doing
density.”® Tt has been proposed that the 82 meV deep
acceptor level is a defect consisting of a Te donor and a
stoichiometric defect.’™>* As both samples (B & C) were
undoped and no Te impurity was added during growth,
the deep acceptor level of 82 meV is related to defect
complexes (VgaGasp). In addition, the C-, T- and D-bands
peak positions are constant with laser power, further
supporting the recombination with defect complexes.
These optical transitions can influence the carrier
lifetimes in these heterostructures. The influence of
temperature on the C-band and the D-band (sample B)
and the A-band (sample C) peaks have been evaluated for
both the structure through fitting the PL spectra and at 49
mW laser power. The fitted results are shown in Figure
4 and the expected variation with temperature is best
described through Varshni’s equation.®*** The dashed
lines in Figure 4 correspond to the curves fitted with the
experimental peaks (C-band, D-band, and T-band). The
equation fitted to each peak was shown in Table I below.
The fitted equations are in agreement with the results
reported in Refs. [61, 62]. These structures were further
evaluated to determine the carrier lifetime using p-PCD
technique. The carrier lifetime from these structures
would shed light on the effect of defect complexes to the
carrier recombination.

0.80

L R~ o O D & C:InAs/GaSb (B)
% 0.78 _ AN éof @ T:InAs/GaSb (C)
~ N
>.0.76 - Al N D peak
2 i ‘N0
©0.74 |- SN -
5 i
x 072 |- ¢ Apeak\*\ ©
Sorol € -3 ©
| O _ C peak
0.68 O~ o -
0.66 I " | 1 | 1 | 1 | 1 q
50 100 150 200 250 300
T (K)

Figure 4: The peak energy versus temperature fitting
related to each sample optical transition peak at 49 mW
laser power was calculated using Varshni’s equation. The
equation fitted to each peak was shown in Table I.

This journal is © The Royal Society of Chemistry 2022

(c) Carrier recombination dynamics via PCD

For photonic and optoelectronic materials, carrier
lifetime is a parameter used in the evaluation of material
quality due to its sensitivity to defects and dislocations.
The threading dislocation density has a strong influence
on the carrier lifetime.** Temperature-dependent PL
spectroscopy, microwave reflection, and transmission
probing, and PCD techniques were developed over the
years?” #% 6% 6 o determine the carrier lifetime in a
semiconductor or its heterostructure. In the present work,
the carrier recombination properties in each InAs/GaSb
heterostructure were probed at room temperature using
microwave reflection PCD technique at NREL, shown in
Figure 5. The probed carrier lifetimes were quantified by
fitting the decay curve, ~3 ns after the optical excitation
pulse was ended. By fitting each PCD signal (Vpcp) curve

: ), the lifetime (7pcp) Was
TpCcD

extracted, where the pre-exponential factor 4 is a
constant and ¢ is the decay time. The carrier lifetime
determined from each InAs/GaSb heterostructure along
with least square fittings is tabulated in Table I1. There
are two-time scale windows and the highlighted in
shaded area (II) where the carrier lifetime was extracted.
The initial decay (I) is due to the recombination of
carriers at the surface and the excess carriers would
diffuse into the bulk of each heterostructure. The carrier
lifetime, which is the bulk lifetime, in the range of 139 ns

to VPCD = A. exp (—

| ]
10™
2
— -3
=10
c
2 "
N, 5
A 10 m
O .
D.‘ —A: InAs/GaSb (1 interface): t =139 ns
%107 — B: InAs/GaSb (4 interface) : t = 146 ns
— C: InAs/GaSb (28 interface): t = 185 ns
— GaSb/GaAs1_ySby/GaAs: 1 =648 ns
10-9 1 L 1 N 1 L
0 500 1000 1500
Time (ns)
Figure 5: u-PCD data at 300 K obtained from the InAs/GaSb
heterostructures with different interfaces, wherein the

excitation at 1800 nm wavelength (10 mW laser power) was
applied from the front side of each heterostructure. The figure
also shows the fits to the data (Cyan) for each p-PCD signal,
wherein the effective carrier lifetime was determined for each
sample studied here. The probed carrier lifetime in InAs/GaSb
heterostructure is in the range of 139 ns (single interface) to
185 ns (28 interfaces).
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TABLE 1. Temperature and power dependent D and C peak position in sample B; and A, T peak position for sample C. The symbol

“--” indicates that no detectable peak position could be identified.

Sample B (4 interfaces) Sample C (28 interfaces)
T 41 Wem™2 86 Wcem™2 118 Wem™2 | 156 Wem™2 | 41 Wem™2 86 Wcem™2 118 Wem™2 | 156 Wem™2
X)
D C D C D C D C A T A T A T A T
@V) | V) | V) | V) [€V) | V) [E€V) | V) | V) | V) | V) |EV) [EeV) | V) | V) | (V)
296 | 0.729 | -- 0.727 | -- 0.725 1 0.670 | 0.725 | 0.666 | 0.716 | -- 0.716 | -- 0.716 | -- 0.708 | --
225 [ 0.751 | -- 0.751 | 0.685 | 0.751 | 0.683 | 0.749 | 0.681 | 0.740 | -- 0.740 | -- 0.742 | -- 0.740 | --
175 | 0.770 | 0.700 [ 0.770 | 0.702 | 0.767 | 0.698 | 0.767 | 0.698 | 0.758 | 0.690 | 0.760 | 0.696 | 0.758 | 0.696 | 0.758 | 0.696
125 | 0.785 | 0.708 [ 0.785 | 0.704 | 0.785 | 0.706 | 0.785 | 0.706 | 0.782 | 0.706 | 0.785 | 0.710 | 0.787 | 0.710 | 0.775 | 0.712
81 0.792 1 0.704 | 0.792 | 0.706 | 0.792 | 0.708 | 0.792 | 0.708 | -- 0.723 | -- 0.725 | -- 0.727 | -- 0.727
EP(T) = 0812 - 222077y EAT) = 0812 - 2SI
s (D=0 ©4+1) °© s =0. ©4+17) ¢
ES(T) = 0.72 2.25x107*T? v
g = ©a+1) °©

(single interface) to 185 ns (28 interfaces), was extracted
by the PCD measurement technique. Since the undoped
GaSb layer is usually p-type, here we infer the carrier
lifetime is t,. These probed carrier lifetime values were
higher than the wvalues in the literature of binary
InAs/GaSb heterostructures. **! We believe that this is
the highest carrier lifetime ever reported in binary
InAs/GaSb material system and it is due to the superior
material synthesis by controlling the MBE growth
conditions and shutter sequences. The slower decay
(shaded region II) was due to the recombination of
carriers via SRH recombination, which is related to
carriers trapping on impurities or defects. In the previous
section, we have discussed that the defect complexes
(VgaGasy) are responsible for main optical transitions,
and we infer that these defect complexes are controlling
the carrier lifetimes in these InAs/GaSb heterostructures.
The lack of A-band (recombination due to capture of

Table II. Summary of the carrier lifetime, as measured by PCD
at 1800 nm with 10 mW laser power, for the InAs/GaSb
heterostructures investigated herein.

Material Carrier R?
lifetime (ns)
Single interface of InAs/GaSb 139 0.9926
4 interfaces of InAs/GaSb 146 0.99818
28 interfaces of InAs/GaSb 185 0.99434
GaSb/3-steps GaAsiySby/GaAs 648 0.96465

8 | J. Mater. Chem. C, 2022, 00, 1-11

single electron by native double acceptor, Vg.Gasp) in
sample B compared to sample C, and dominant T-band
(DAP involving ~82 meV deep acceptor level) in sample
C, could partially explain why recombination is faster in
sample B and longer lifetime in sample C. However, one
may not rule out the possibility of the carrier lifetime
solely from the GaSb buffer layer since the absorption
depth of GaSb at 1800 nm is higher than the thickness of
the layer studied here. In order to validate the carrier
lifetime from each InAs/GaSb heterostructure not from
the sole GaSb buffer layer, we have grown 0.5 um thick
GaSb layer on (100) GaAs substrate using 1.5 um thick
metamorphic 3-steps graded GaAs;.,Sby buffer to bridge
the lattice constant from the GaSb epitaxial layer to GaAs
substrate, and the resulting PCD signal is shown in Fig.
5. The carrier lifetime of 648 ns was measured from this
GaSb layer, and the probed lifetime is consistent with the
value reported in the literature,”” where the carrier
lifetime was measured using ns-PCD technique with
different passivation schemes on bulk GaSb wafer. One
can find that there is a sharp drop of the PCD signal
(region I) before the carriers being diffused into the bulk
of the material, which indicates that the surface of the
GaSb layer has a surface state that must be passivated
for transistor applications. The surface of the GaSb
layer must be carefully prepared during the deposition
of the dielectric to achieve the intended capacitance-
voltage characteristics of GaSb-based metal-oxide

This journal is © The Royal Society of Chemistry 2022
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semiconductor capacitors.®”*® There was no sharp drop in
the PCD decay from the InAs/GaSb heterostructures as
compared to GaSb layer, as shown in Figure 5, where the
carriers generated near the surface being diffused into the
bulk. Also, the measured carrier lifetime is lower than the
value measured from the GaSb epitaxial layer or Al,O;3
passivated bulk GaSb wafer, reported in Ref. [67].
Hence, we can conclude that the measured carrier
lifetime is from the InAs/GaSb heterostructure not from
the bulk GaSb substrate.

Due to different absorption coefficients of GaSb (o
~8x10* cm™ at 1500 nm and ~ 50 cm™ at 1800 nm), the
GaSb layer will absorb photons at higher energy. On the
other hand, the absorption coefficients of InAs are ~ 6
x10* cm™ at 1500 nm (0.83 eV) and ~ 5 x10° cm™ at 1800
nm (0.69¢V), respectively, which means InAs layer will
absorb both lower and higher energy photons. The

injection dependent carrier lifetimes were evaluated from
each InAs/GaSb heterostructure at 1500 nm wavelength
with laser power ranging from 0.1 mW to 10 mW and
0.15 mW to 15 mW. The number of photons injected on
the surface will depends on the laser power and it was
decreased by 10 x and 100 x from its original value ~10"
cm”. Figure 6 shows the carrier lifetime measured at
1500 nm wavelength with varying laser power of all the
heterostructures, studied here. The injection dependent
measurements would provide information on whether the
carrier lifetime is due to Auger recombination process or
SRH dominated recombination. One can find that the
carrier lifetime decreases with decreasing injection
levels, supported by SRH recombination. The apparent
increase in carrier lifetime of sample B with 1.5 mW (or
1.0 mW) than 15 mW (10 mW) is due to the fittings
ranges to extract the carrier lifetime, where the R?

107" 107"
210‘2 210'2
g 1073 [ 1073 S =110
'(/9)) 2 oy 12?’: ns . N

-4 o Wi ”*l o RS
010 O 107 [l il 100 ns
O O ‘ 48 ns| 61 ns ‘ ‘
o o 1T s | |
L :'110'5 I | _ 15 mwW; — 10 mW
—1.5mW; —1.0mW
— 15 mW; — 1.5 mW; 015 mW s —0.15mW; —0.10 mW_
0 200 400 600 (p) 0 200 400 600
Time (ns) (g Time (ns)
=198

/>-\1O_ S\10_2 193 L‘\
:/ =123 ns : 2 ns \\1%
@ O] S
c 10_3 c 10—3 :
2 2
wn 7))
Q107 Q107
0 0
31075 L1075 —15mW; — 10 mW

— 15 mW;—1.5mW;—0.15 mW
L L1 L | Pl |

0 200 400
Time (ns)

—
<
()]

(c)

600

—1.5mW;—1.0 mW
—0.15 mVIV;—0.1OI mW

0 200 400
Time (ns)

1078

(d) 600

Figure 6: u-PCD data at 300 K obtained from each InAs/GaSb heterostructure (a) sample A, (b) sample B, (c) sample C and
(d) sample D with different injection levels, wherein the excitation at 1500 nm wavelength was applied from the front side of
each heterostructure. The figure also shows the fits to the data (Cyan) for each u-PCD signal, wherein the effective carrier

lifetime was determined for each sample.
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number in Table III defines how close the experimental
data range was fitted by a regression line (Cyan color)
and a higher R? number indicates a better fit to the u-PCD
decay curve. In addition, one can find that the sample D
with merged short period InAs/GaSb and upper 4 layers
of InAs and GaSb exhibited higher carrier lifetime at
1500 nm with all the excitation levels than sample C, and
it was believed due to the higher SRH centers present
within the structure. The carrier lifetime at laser
excitation of 1500 nm (0.83 eV) is lower than 1800 nm
(0.69 eV) excitation (see Fig. 5) for samples A-C, and it
was due to the higher GaSb absorption at 1500 nm (the
bandgap of GaSb is ~0.72 eV). Therefore, by correlating
precise growth conditions along with structural, optical
and carrier lifetime, one could realize a long wavelength
infrared photodetector with superior performances.

Table III. Summary of the injection level dependent carrier
lifetimes of InAs/GaSb heterostructures investigated herein.

Sample | Wavelength | Power | Carrier R?
(nm) (mW) | lifetime
(ns)

A 1500 15 85 0.98948
1.5 72 0.88442
0.15 40 0.90332

B 1500 15 106 0.98396
1.5 100 0.70442
0.15 48 0.58828
10 110 0.99281
1.0 123 0.85779
0.1 61 0.86979

C 1500 15 123 0.97296
1.5 120 0.84710
0.15 63 0.84138

D 1500 15 198 0.99566
1.5 179 0.98487
0.15 152 0.84849
10 193 0.99460
1.0 175 0.98033
0.1 163 0.82279

Conclusions

InAs/GaSb heterostructures with different number of
heterointerfaces were grown by solid source molecular
beam epitaxy (MBE) with the shutter sequences
previously developed using valved cracker sources for
both arsenic and antimony. Precise control of growth
parameters such as, growth rate, flux ratio, growth
temperature, and shutter sequences enabled the
demonstration of abrupt InAs/GaSb heterointerfaces, as
corroborated by high-resolution transmission electron
microscopic study. The temperature and power dependent
optical properties of InAs/GaSb heterostructures with 4

10 | J. Mater. Chem. C, 2022, 00, 1-11

and 28 heterointerfaces were studied to evaluate the
optical quality of the material. The temperature and
power dependent PL response from sample B (4
interfaces) and sample C (28 interfaces) displaying donor
to acceptor and the exciton bound to complex defects
(VaaGasp)’. However, the sample C displays lower A-
band optical transition (see optical transition at 81 K) and
lack of C-band recombination than sample B (dominant
by C-and D-bands), which indicates the reduction of the
Ga-related recombination centers. The high-carrier
lifetimes of 139 ns to 185 ns from InAs/GaSb
heterostructures were measured using p-PCD at room
temperature as a function of number of heterointerfaces
at 1800 nm wavelength. The observed increase in carrier
lifetime with increasing number of heterointerfaces could
be due to the decreased numbers of carrier recombination
centers and increased in the number of InAs layers
present within the structure. We ascribe the
recombination center is Ga-related recombination
centers. Haugan et al’® demonstrated the long carrier
lifetime of 140+20ns at ~18K for the
InAs/Ing25Gag75Sb  SL structures  compared  to
InAs/GaSb binary counterpart, and this enhancement is
attributed to the strain-engineered ternary design and
reduction of defect-mediated recombination centers. In
this work, the high-carrier lifetime in sample C is further
supported by the high optical quality as evident from the
PL spectroscopy with reduced C-band recombination
(capture of double electrons by native double acceptor,
VaGasp). The injection dependent carrier lifetimes at
1500 nm shows decreasing trend with decreasing
injection level, supported by the Shockley-Read-Hall
recombination. Therefore, the InAs/GaSb
heterostructures with high optical quality and along with
precise growth conditions, which will reduce the Ga-
related recombination centers, would offer high-carrier
lifetimes for the development of high-performance
infrared detectors.
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