Chin. Phys. B 32, 088501 (2023)

On the origin of carrier localization in AlInAsSb digital alloy
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We compared the photoluminescence (PL) properties of AllnAsSb digital alloy samples with different periods grown
on GaSb (001) substrates by molecular beam epitaxy. Temperature-dependent S-shape behavior is observed and explained
using a thermally activated redistribution model within a Gaussian distribution of localized states. There are two different
mechanisms for the origin of the PL intensity quenching for the AllnAsSb digital alloy. The high-temperature activation
energy E; is positively correlated with the interface thickness, whereas the low-temperature activation energy E5 is nega-
tively correlated with the interface thickness. A quantitative high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) study shows that the interface quality improves as the interface thickness increases. Our re-
sults confirm that £y comes from carrier trapping at a state in the InSb interface layer, while E; originates from the exciton
binding energy due to the roughness of the AlAs interface layer.
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1. Introduction

The development of novel III-V quaternary alloys is gain-
ing increasing attention in optoelectronic devices. Among
these materials, AlyIn;_,As,Sb;_, (henceforth referred to as
AllnAsSb) quaternary alloy is an attractive antimonide-based
epi-structure because of its ability to tune the bandgap and
band offset of heterostructures matched to the lattice of InP,
InAs, or GaSb substrates.!!:?] This alloy appears to be better
suited to light imaging, detection and ranging (LIDAR), and
fiber-optic communications applications, where the avalanche
photodiodes (APDs) serve as a key optical receiver.**! In par-
ticular, several studies have demonstrated that AlInAsSb digi-
tal alloy APDs have comparable excess noise to Si APDs, ! as
well as direct bandgaps, high absorption coefficients, broader
spectral response areas, and flexible structural designs.!®7]

Despite these device achievements, the fundamental char-
acteristics of the AlInAsSb material system are still largely
unknown. Early research shows that the difficulty of grow-
ing AllnAsSb random alloy limits its applications. Due to
its large and severe thermodynamic miscibility gap, AlInAsSb
tends to segregate into inhomogeneous mixes of binary and
ternary forms.®9! To resolve these issues, Scott Maddox et
al."% recently adopted a “digital alloy” growth approach, a
short-period superlattice, to build AllnAsSb inside the mis-
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cibility gap, employing a shutter sequence of AISb, AlAs,
AlSb, InSb, InAs, and InSb. To establish lattice matching
with GaSb substrates, InSb and AlAs interface layers are em-
ployed. The quality of these interfaces, where carriers can
scatter, has a significant impact on the performance of opto-
electronic devices.!!!! Therefore, evaluating the performance
of AllnAsSb digital alloy devices requires a complete under-
standing of the quality of these interfaces.

The presence or absence of carrier localization in het-
erostructures is one sign of interface quality. Photolumi-
nescence (PL) spectroscopy is a straightforward approach to
evaluate localized states in heterogeneous systems.!!>!3] In
the presence of any localized state in heterogeneous, the PL
peak emission energy will display S-"4] or V-shape!!3! tem-
perature dependency, which is contradictory with the behav-
ior of a semiconductor band gap anticipated by the Varshni
formula.l'®! Carrier localization has been observed with
PL in superlattices such as InAs/GaSb,!'”! InAs/InAsSb, 8]
InAs/AlSb, 2! and InAsSb/InSb. ]

In this work, we employ temperature-dependent PL spec-
tra to examine the impacts of interfaces in AllnAsSb digital
alloy samples grown by molecular beam epitaxy for different
periods. A temperature-dependent S-shape behavior is discov-
ered, indicating the presence of localized states. In order to
examine the probable origin and comprehend the mechanism
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involved in the recombination process, the localized states and
thermal activation energy are also investigated.

2. Experiments

The samples investigated in this study were grown by
Veeco Genll molecular beam epitaxy (MBE) system on tel-
lurium (Te) doped n-GaSb (001) substrate. The GaSb (5x
to 3x) substrate reconstruction transition temperature of 7, =
540 °C was employed to calibrate the growth temperature. A
300-nm GaSb buffer layer was first grown at 630 °C to smooth
the surface. The Alp7Ing 3 AsSb digital alloy was subsequently
grown at 540 °C and had a nominal digital alloy period thick-
ness of 10 monolayers (ML) or 3.05 nm. The total thickness
of AllnAsSb digital alloy is around 300 nm with 99 periods. A
symmetric 15-nm AISb barrier aided PL studies by restricting
the photogenerated carriers to the AllnAsSb digital alloy layer.
The comprehensive experimental details have been reported in
our previous report. !>l Two samples with InSb thicknesses of
0.1 ML x2 (sample A) and 0.4 ML x2 (sample B) were in-
vestigated in the work. The thickness of the remaining binary
alloy changes with the thickness of the InSb layer, such that
the films are lattice-matched to the GaSb substrate, whereas
the total AISb and AlAs thickness is 7 ML. The period infor-
mation of these two Alg 7Ing 3AsSb digital alloys is shown in
Fig. 1.

Sample A Sample B

InSb (0.40 ML)
AlSb (3.08 ML)

InSb (0.10 ML)
AlSb (3.27 ML)

AlAs (0.53 ML) AlAs (0.92 ML)

AISb (3.20 ML)

SIS SSSIIIS

GaSb substrate

AISb (3.00 ML)

GaSb substrate

Fig. 1. Period information of two Alj 7Inp 3AsSb digital alloys.

The material quality of the two samples was assessed
using high-resolution x-ray diffraction (HRXRD) and atomic
force microscopy (AFM). For PL measurements, the pump
laser was a 532-nm solid-state laser with 250 mW of power fo-
cused on a 150-pum diameter spot. The signal was detected us-
ing a spectrometer equipped with a liquid nitrogen-cooled In-
GaAs detector. For the temperature-dependent measurements,
the samples were mounted on the cold finger of a closed-cycle
helium cryostat. The measurements were taken at various tem-
peratures, from 10 K to 300 K. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)

experiments were performed on an aberration-corrected JEOL
JEM-ARM200F microscope operated at 200-kV acceleration
voltage equipped with a Gatan GIF Quantum ER spectrometer.

3. Results and discussion
3.1. Structural analysis

Figures 2(a) and 2(b) represent the 20—® scans of sam-
ples A and B, respectively. The mismatch between the zero-
order satellite peak of sample A and the GaSb substrate is
~ —1092 ppm, while sample B exhibits a mismatch of ~
—993 ppm, suggesting that both samples are lattice-matched
to the substrate. The digital alloy period of the two samples is
determined to be 29.82 A and 30.47 A from the spacings be-
tween the satellites, which agrees with our design (30.48 A).
The appearance of various satellite peaks indicates the high
crystal quality of the AllnAsSb digital alloy. The full width
at half-maximum (FWHM) of the first-order satellite peak is
55.85 arcsec for sample A and 48.5 arcsec for sample B, in-
dicating an increase in the thickness of the interface and an
improvement in the crystalline quality of the material. The
atomic steps can be clearly seen in the AFM results shown in
the insets of Figs. 2(a) and 2(b). The small root-mean-square
(RMS) roughness of 1.967 A and 2.052 A, respectively, over
10 umx 10 um area.
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Fig. 2. HRXRD 26-w rocking scans for (a) sample A and (b) sample

B in the vicinity of GaSb (004) reflection. The inset shows AFM image
of the sample surface over 10 pmx 10 um area.
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3.2. Optical investigation

The temperature-dependent PL spectra of samples A and
B are shown in Figs. 3(a) and 3(b), respectively. As shown
in the PL spectra, the peak position of both samples displays
a redshift-blueshift-redshift pattern (S-shape behavior), which
is not consistent with the behavior of a semiconductor band
gap anticipated by the Varshni'®! or Bose—Einstein?!! formu-
lae. Previous observations of this effect in various material
systems!1422-23] have been attributed to the carrier localiza-
tion effect caused by the electric potential fluctuation due to

crystal defects, interface roughness, and band offsets between
the constituent layer and interfacial layer. Notably, a weak
peak at around 948 nm in the PL spectra of both samples,
the peak position of which does not vary with temperature
and becomes more pronounced with increasing temperature.
The PL intensity decreases with increasing temperature due to
non-radiative recombination processes, making the weak peak
more pronounced at high temperatures. Therefore, this weak
peak is identified as a noise peak that is introduced by the test
equipment or by the test process.
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Fig. 3. Temperature-dependent PL spectra of (a) sample A and (b) sample B (data scaled for clarity). (c) PL emission peak energy of samples
A and B as a function of temperature. (d) Variation in FWHM with temperature for sample A and sample B. Experimental data (solid circles)

are fitted to Eq. (1) and Segall’s equation (solid lines).

To illustrate this S-shaped behavior, we show the varia-
tion in Ep, the PL peak emission energy, with temperature for
both samples in Fig. 3(c). The Ep;, was extracted by Gaussian
fitting. A quantitative theoretical model has been employed to
investigate the Epp, with temperature, and it was utilized before
by Pecharroman—Gallego et al.?*! The model is a conjugation
of the localized state ensemble (LSE) model!*®! provided by
Li et al.,*™! which considers thermally activated redistribution
within a Gaussian (energy) distribution of localized states, and
the empirical function proposed by O’Donnell and Chen. %3]
The empirical function is used to fit the bandgap shrinking
behavior of semiconductors with room-temperature gaps be-
tween 1.0 eV and 5.5 eV. O’Donnell and Chen demonstrated

the applicability of the function based on electron—hole pairs

creation. The Epy is given by the expression

<Eph>

2KgT

EpL = EpL (0) —S(Eph) |coth

—x(T)KaT, (1)

where Kp is Boltzmann’s constant, Epp (0) is the emission
peak energy at 0 K, S is related to the Huang—Rhys parameter,
a dimensionless coupling constant that represents the strength
with which the radiative transition couples with the LO polar-

ization field, [?°

' (Epn) is the average phonon energy and x(T')
is a dimensionless coefficient that can be obtained by numeri-
cally solving the equation[?3]

o 2
xe* = (z) <KBT) —xelForF)/KeT | ©)

where 7, represents the ratio of the carrier recombination time
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to the carrier transfer time, E, — Ej is the barrier height that
carriers must overcome to transfer and represents an aver-
aged value of the depth of localization, and o is the width of
the Gaussian distribution of localized states, which describes
the broadening of the absorption edge. The results of fitting
Eq. (1) displayed as solid curves in Fig. 3(c) correlate well
with the experimental data for both samples, demonstrating
that the theoretical and experimental results correspond well.

Table 1. Fitted parameters of the emission peak energy obtained from
Egs. (1) and (2).

Ey (eV) N E, — Ey (meV) T o (meV)
Sample A 1.2741  1.47005 20 600 21.11
Sample B 1.2603  1.92412 34 220 27.67

The extracted fitted parameters for samples A and B are
shown in Table 1, where (Ey) fixed for 42.1 meV using Ra-
man characterization. The Raman spectra of both samples are
shown in Fig. S1 of the supporting information. It should be
noted from Fig. S1 that the observed spectral bands are almost
identically positioned between the two samples. The larger
the value of the depth of localization (E, — Ep), the more dif-
ficult it is for carriers to escape to level E,. Sample A exhibits
a lower E, — Ey than sample B, showing that increasing the
thickness of the InSb and AlAs layers enhances the localiza-
tion depth. The broadening parameter ¢ increases with the
thickness of the InSb and AlAs layers, indicating that the dis-
tribution width of the localized states is subject to an increase
with interface thickness. As can be noticed, sample B has a
greater electron—phonon coupling constant S than sample A.
This shows that sample B has a greater lattice relaxation of the
excited state due to increased electron—phonon coupling.

Furthermore, figure 3(d) shows the temperature depen-
dency of the FWHM for samples A and B. The FWHM dis-
plays an inverted S-shaped behavior in both samples, which
confirms the presence of a competing process between the re-
combination of local excitons and free excitons. The FWHM
peaks can be utilized to determine the temperature at which
the rivalry between localized and free excitons is greatest. 3]
In our case, the FWHM maxima occur at 130 K and 150 K for
samples A and B, respectively. This is consistent with the in-
crease in interface thickness in both samples. Additionally, we
discovered that the FWHMs of the two samples overlap at ap-
proximately 110 K. As a result, Segall’s equation!®'l was used
to fit both sample A (10 K-80 K) and sample B (10 K-100 K)

Top

F(T) :IB+I;CT+ eha)/(KBT) _ 1 )

where I, I3, and I, are the inhomogeneous broadening, the
exciton—acoustic phonon interaction, and the exciton—optical
phonon influence on the peak width broadening, respectively.
The optical phonon energy @ of sample B (20.69 meV) is

smaller than that of sample A (22.86 meV), indicating the bet-
ter crystalline and optical quality of sample B. At low temper-
atures, this means that sample B has a smaller FWHM than
sample A. When raising the temperature over 80 K, the lo-
cal carriers of sample A transform into free carriers, while the
carriers are still trapped in the greater depth of localization of
sample B. Carrier redistribution leads to the FWHM increas-
ing at a lower rate or even decreasing slightly, so that both
samples have the same FWHM at approximately 110 K.
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Fig. 4. Integrated PL intensity variation with reciprocal temperature
was used to calculate the activation energy for (a) sample A and (b)
sample B. The red lines indicate the fitting lines achieved by Eq. (3).

Figure 4 shows the normalized integrated PL intensity as
a function of reciprocal temperature for both samples. To fur-
ther understand the influences of the interface on the recombi-
nation processes in AllnAsSb digital alloy, the activation en-
ergy in the thermally activated process is calculated with the
following formula: (323!

1(T)=— 10 : 3)
1+ Y Ajexp(—E;/KgT)
i=1

where I is a constant, E; is the activation energy for the non-
radiative channel, and A; is the dimensionless coefficient de-
fined simply as the carrier capture time and carrier escape time
of the nonradiative process. The best match to the experimen-
tal data was achieved for two localized states (two activation
energies) in both samples. For sample A (B) E; = 6.72 meV
(3.76 meV) is the thermal activation energy responsible for
the low-temperature range of 10 K-80 K (10 K-105 K), and
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E| =34.32 meV (41.71 meV) is the thermal activation energy
for the high-temperature range of 80 K-255 K (105 K-278 K).

The low-temperature activation energy E, is negatively
correlated with the interface thickness, whereas the high-
temperature activation energy E is positively correlated with
the interface thickness, indicating the presence of two nonra-
diative recombination centers in the interfacial layer. The low-
temperature activation energy E is likely to originate from a
local state associated with the roughness of the interface as the
E; values (6.72 meV and 3.76 meV) for both samples are com-
parable to the exciton binding energy in several quantum struc-
ture systems. [!23433] Figure 2 reveals that sample B has better
crystal quality, suggesting that increasing the thickness of the
interfacial layer generates a more uniform interface and re-
duces interfacial roughness. Furthermore, InSb-like interfaces
have been proven to exhibit smoother interfacial and fewer
point defects than AlAs-like interfaces in InAs/AISb quantum
wells and superlattices.[!%3%] Hence, we can expect to observe
the localized states originating from the exciton binding en-
ergy due to the rough AlAs-like interface.

The high-temperature activation energy E; is not
compatible with the expected results for the Anderson
localization.37-38] In addition to Anderson localization, there
is another possible explanation for carrier localization, Car-
rier trapping. Carrier trapping is caused by the energy state
at the interfacial layer between two constituent layers in a su-
perlattice material.[??! Therefore, E likely arises from carrier
trapping in energy states associated with the InSb-like inter-

face. The photogenerated carriers are trapped in the energy
states created by the InSb hole well, which are decoupled
from the valence band of AllnAsSb digital alloy.!'”! Indeed,
this energy state at the InSb-like interface is known as the
Tamm state. 3491 According to the calculation result of Shen
et al.,"*"1 the value of the Tamm state is proportional to the
thickness of the InSb-like interface. The extracted E; of both
samples is comparable to the 40-meV conclusion. When con-
sidering the increased thickness of the InSb-like interface due
to 3s Sb soaking during the growth of the digital alloy, the
value of E| is possible.

To further clarify the physical origin of low-temperature
local states, the anion/cation column intensity profiles ex-
tracted from HAADF-STEM images were used to determine
the interfacial roughness. The intensities of the atom columns
in the HAADF-STEM images (Figs. 5(a) and 5(b)) are dig-
itally processed using CalAtom software. The algorithm de-
tails have been described in the corresponding reference. 4!
Figures 5(c) and 5(d) show the average intensities along with
the standard deviation of these columns for samples A and B,
respectively. Due to the different atomic numbers Z, the dig-
ital alloy region could be distinguished by the intensity ratio
profiles, in line with the expectation. As it can be noted, the
average intensity of the AISb regions in sample B is relatively
flat and has good homogeneity, which indicates a smoother in-
terface in sample B. As a result, the interface quality improves
with increasing interface thickness. The origin of the local
state at low temperatures could be this interface roughness.
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Fig. 5. Filtered HAADF-STEM images of (a) sample A and (b) sample B with the anion/cation intensity ratio profiles generated by CalAtom.

The error bars in the plot show one standard deviation.
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4. Conclusion

In summary, we compared the PL properties of AllnAsSb
digital alloy samples with different periods. A thermally acti-
vated redistribution model was well fitted to the temperature-
dependent “S-shaped” behavior. These results indicate that
the localized state is more dominant in thicker interface lay-
ers. Two thermal activation energies were extracted by fit-
ting the temperature dependence of the integrated PL inten-
sities. The results demonstrate that the low-temperature acti-
vation energy originates from the AlAs-like interface rough-
ness, whereas the high-temperature activation energy origi-
Our
findings suggest that increasing the interfacial thickness im-

nates from the InSb-like interface state (Tamm state).

proves the crystalline quality of the material but introduces
an interfacial state. Therefore, a trade-off must be considered
when designing AllnAsSb digital alloy-based optoelectronic
devices between the improvement in crystal quality and the
effect of the local state on carrier transport.
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