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Abstract: Type-II superlattices (T2SLs) are emerging as next-generation materials for infrared detec-
tors. The epitaxial quality of T2SLs is of great importance to the performance of infrared detectors
such as dark current and detectivity. Herein, we explore the effect of the native GaSb oxide layer on
the surface morphology and crystal quality of InAs/GaSb T2SLs grown with molecular beam epitaxy.
The experimental results demonstrate that the thickness of the oxidation layer on GaSb substrates
gradually increases over time and is saturated at around 73 A in the natural oxidation condition.
Moreover, the oxidation process is sensitive to humidity. As the thickness of the GaSb oxide layer
increases from 18.79 A to 61.54 A, the full width at half maximum of the first satellite peak increases
from 38.44 to 61.34 arcsec in X-ray diffraction measurements, and the root mean square roughness
increases from 0.116 nm to 0.171 nm in atomic force microscopy measurements. Our results suggest
that the thickness of the GaSb oxide layer should be less than 55 A to obtain smooth buffer layers
and qualified superlattices. The work provides an optimized direction for achieving high-quality
superlattices for infrared optoelectronic devices.

Keywords: oxide layer; type-II superlattice; molecular beam epitaxy; GaSb

1. Introduction

Infrared photodetectors have become a core technology in gas detection [1], weather
warnings [2], medical diagnostics [3], and surveillance [4]. Currently, commercial infrared
detector technology is dominated by mercury cadmium telluride (MCT). However, MCT-
based infrared detectors are impeded by several bottlenecks. For example, tuning the band
gap of HgCdTe needs extremely high precision in the composition of the semiconductor
alloy [5], requiring strict control of the growth temperature during the growth process. As
a result, the manufacturing yield for MCT large-area focal plane arrays (FPAs) is severely
limited. InAs/GaSb type Il superlattices (T2SLs), a new III-V material system, are emerging
as one of the most promising candidates for next-generation infrared detectors. Most
notably, InAs/GaSb T2SLs have an easily tunable bandgap, high manufacturing yield,
good stability, and theoretically comparable performance to MCT, so they are regarded
as promising candidates for mid- and long-infrared detectors. However, after nearly
two decades of development, the performance of InAs/GaSb T2SLs still lags behind that
of MCT [6]. Significant efforts have been made to improve the performance of T2SL
infrared detectors, including changing the barrier structure [7,8], improving the superlattice
quality [9,10], and optimizing the passivation process [11,12]. The superlattice’s quality
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plays a critical role in leakage currents, minority lifetime, and uniformity. In general,
V-III beam flux ratio, growth temperature, and interface engineering layers are usually
optimized to reduce the net strain of the superlattice, improve the flatness of the surface
morphology, and reduce the crystal defect density [13,14]. However, it is still challenging
to obtain a smooth epitaxy surface for T2SLs [15].

GaSb, with a similar lattice constant, is widely used as the substrate for Sb-based T2SLs.
Before superlattice growth, a GaSb buffer layer is grown on the substrate to smooth the
substrate surface. Four key parameters need to be carefully optimized to eliminate defect
formation during buffer layer growth, i.e., the deoxidization temperature, a protected Sb
flux during deoxidization, the substrate temperature, and the Ga/Sb flux ratio [16,17]. A
GaSb deoxidization temperature, usually between 500 and 550 °C, is adopted to remove
the GaSb oxide layer [18,19]. Although a thin oxide layer can be removed during the
deoxidation process, an incompletely removed oxide layer leads to an irregular surface,
which is one of the main reasons for the surface roughness of the subsequent T2SLs. This
effect becomes more severe when the oxide layer becomes thick. Although early studies on
GaSb described the oxide species of GaSb [20], they did not shed light on how the GaSb
oxide layer affects the superlattice quality.

Herein, we investigate the effect of GaSb substrate oxide layers on the quality of
superlattices. During the oxidation process, the thickness of surface oxide species was
measured with an ellipsometer, and the binding energy of oxygen atoms was determined
with X-ray photoelectron spectroscopy (XPS). The high-quality superlattices grown using
well-optimized parameters were confirmed with scanning transmission electron microscopy
(STEM). Further, a combination of atomic force microscopy (AFM) and high-resolution
X-ray diffraction (HRXRD) characterizations was adopted to study the influence of oxide
thickness on the superlattice quality.

2. Materials and Methods

The 14ML InAs/7ML GaSb superlattices were grown with molecular beam epitaxy
(MBE KOMPONENTEN | DR. EBERL Octoplus 400, Weil der Stadt, Germany) on a two-inch
double-sided polished GaSb substrate with Te doping. The GaSb substrates were loaded
through a load-lock chamber with a base pressure of 1078 mbar. Then, the samples were
transferred into a buffer chamber and heated to 300 °C to remove water and contaminants.
When the buffer chamber vacuum reached 9 x 10~° mbar, the substrate samples were
loaded into the growth chamber. In the growth chamber, the GaSb substrates were deoxi-
dized at 520 °C for 10 min to remove the natural oxide layer on the GaSb surface. At this
stage, the GaSb substrate surface was rough, and buffer layers were epitaxially grown on
samples to flatten the surface, using a V/Ill ratio of 5 and 7 for GaSb and InAs, respectively.
The deposition rates of GaSb and InAs were 0.112 nm/s and 0.095 nm/s, respectively. In
the superlattice deposition period, 14 atomic layers of InAs and 7 atomic layers of GaSb
were grown, and the strain between the layers was controlled by inserting a binary alloy,
InSb, between the interfaces. The relevant growth details are shown in Figure S1.

The thickness of the oxide layer on the GaSb substrate was studied by using an elliptic
spectrometer at different angles (60° and 70°) in the wavelength range of 193 nm to 1690 nm.
In order to determine the thickness of the GaSb oxide layer, a structural model consisting
of the GaSb substrate and GaSb oxide layer was established.

X-ray photoelectron spectroscopy analysis was obtained in an ultrahigh vacuum
(UHV) system (base pressure in 10~? mbar) with a commercial Omicron ex situ system,
and a Cls peak at 284.8 eV was used. The peak fitting of XPS spectra was performed with
CasaXPS processing software.

The surface morphology of the films was investigated with atomic force microscopy
(OXFORD Instruments, Cypher ES, Abingdon, UK) in noncontact mode and reflection
high-energy electron diffraction (RHEED). Selected samples were also characterized us-
ing scanning transmission electron microscopy (JEOL JEM-ARMZ200F, Tokyo, Japan) to
investigate dislocations in the superlattice layers, with an acceleration voltage of 220 kV.
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Superlattices grown on substrates with different oxide thicknesses were characterized
using X-ray diffraction (Malvern Panalytical, X'Pert? MRD, Malvern, UK); the diffractome-
ter settings were Cu Ka radiation, I = 30 mA, and U =40 kV.

3. Results and Discussions
3.1. Analysis of Oxidation Behavior

To investigate the trend in the surface oxidation behavior of the GaSb substrates, a fresh
GaSb substrate was placed on an ellipsometer stage. The wavelength range 193-1690 nm
was chosen to characterize the thickness of the surface oxidation layer. The oxidation
process can be divided into two stages. Firstly, oxygen molecules are adsorbed on the
substrate surface and diffuse to the interior of the substrate; secondly, oxygen molecules
react with the GaSb material. In general, the oxygen molecules’ diffusion process in the
first stage follows Fick’s law [21]. Fick’s first law is defined as the number of molecules
passing through a unit surface cross-section per unit time, and the planar one-dimensional
diffusion flux | is equal to:

_ (M)’ (Clx+Ax) - C(x) _ aC(x)
J=="% Ax D

)

where T is the unit time, D is the diffusion coefficient, and C is the concentration in moles or
grams per unit volume. Although Fick’s first law defines the rate of diffusion of molecules,
it does not give the concentration of a substance as a function of time and cannot describe
the nonstationary process of surface oxidation. Instead, Fick’s second law [22,23], derived
from Fick’s first law, solves this problem, as shown by the following equation:

d(x,t) Bz(x,t)
ot =D 9x2 @

Equation (2) describes the change in molecular concentration with time at a certain
point x. The diffusion rate is positively correlated with the diffusion coefficient and the
second order derivative of the concentration gradient. When the oxidation rate is greater
than the diffusion rate, the oxidation reaction on the substrate surface is determined
by diffusion [24]. We set Voyige as the generated GaSb oxide volume and V,g, as the
consumed GaSb volume. If the ratio between the volume of GaSb oxide produced and the
volume of GaSb consumed is less than 1, that is, Voyige/ Vgash < 1, the oxide is in a porous
structure and cannot prevent oxygen molecules from diffusing in the interior. The diffusion
reaction on the substrate surface simultaneously occurs with the oxidation reaction, and the
dominance gradually changes over time. When Vyige/ Vgash > 1, the oxide layer is dense
and can prevent the oxygen molecules from diffusing to the interior and subsequently
decreases the oxidation rate. At this stage, the oxygen molecules undergo an oxidation
reaction during the diffusion process; therefore, it cannot be simply considered as Fick’s law
of diffusion, but should be studied with the aid of gas—solid reactions (including oxidation,
catalysis, etc.) [25] The general formula for the oxidation reaction is:

M(s) + 50s(g) > MO(s) ©

Figure 1 shows a schematic diagram of the gas—solid reaction, where MO is the oxide
produced by the reaction of oxygen with the material M.

To investigate the oxidation process of the GaSb substrate, we utilized ellipsometry to
analyze the oxidation behavior of GaSb in natural oxidation and deionized water conditions.
In an atmospheric and deionized environment, we used slices of the same fresh substrate.
Figure 2a shows that the thickness of the oxide layer in natural oxidation conditions
significantly increased in the first 300 min, and the oxidation rate gradually slowed down
within the range of 300 to 800 min. Finally, the thickness of the oxide layer was saturated
at around 73 A. While in deionized water, the thickness of the oxide layer exceeded 200 A
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in only 30 min, as shown in Figure 2b. Because both conditions were under constant
temperature, only the humidity was different, so it can be concluded that humidity had a
great influence on the oxidation process.

(2) (2
diffusion MO

 /
MO-M interface

M

Figure 1. Diagram of gas—solid reaction.
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Figure 2. Oxidation trend in substrate surface under different oxidation environments. (a) The trend
in the oxide layer thickness of the substrate surface in the atmosphere with time; (b) the trend in
oxide layer thickness on the substrate surface in deionized water with time.

3.2. Oxide Layer

GaSb materials have a high surface activity, and exposure to air results in the formation
of a natural oxide layer consisting of Ga;O3 and SbyOs. This oxidation begins with breaking
the surface atomic bonds and subsequent reconfiguring to form the native oxide layer
surface. Oxygen molecules diffuse internally through the surface of the GaSb substrate, a
process that reacts with both Ga and Sb to form a nonequilibrium GayOs3 + Sb,O3 surface
oxide layer as follows [26,27]:

2GaSb + 30, — GayO3 + SbyO3 4)
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As the exposure time increases, the SbpO3 continuously reacts with GaSb, produc-
ing GayO3 and free Sb. At this point, the substrate surface oxidation process reaches
thermodynamic equilibrium:

Sby03 + 2GaSh — GayOs + 4Sb )

The reaction occurring in Equation (5) occurs spontaneously even at room temperature
so that a natural oxidation layer consisting of Ga,O3 and free Sb is formed on the surface
of GaSb exposed to air. The oxidation of GaSb can then be summarized by the following
stoichiometric reactions.

4GaSb + 30, — 2GayO3 +-4Sb (6)

To verify the trend in oxide layer growth measured with ellipsometry, the oxidation
behavior of the GaSb surfaces in their natural condition was studied with XPS. XPS study
of oxidized GaSb can not only show the presence of the elements Ga, Sb, and GaSb, but
also the oxidation products Ga;Oj3, SbyO3, and Sb,Os [28]. Therefore, when using XPS to
characterize GaSb surface oxides [29,30], we have to analyze the binding rate of oxygen
atoms and the GaSb. We measured the XPS curves of the GaSb samples with different
atmospheric exposure times, calculated the percentage of the constituent atoms bonded to
oxygen, and analyzed the distribution pattern of O on the substrate surface. Figure 3a,b
show the splitting of the peaks for the Ga and Sb elements of a fresh sample, respectively.
The Ga3d3,,, Ga3ds/p, Sb3ds/,, and Sb3ds/, come from GaSb. The Ga3d, Sb3d3,,(Sb,0s),
and Sb3ds,,(SbyOs) are attributed oxidation products. We comparably investigated the
binding rate of Ga-O and Sb-O changes with exposure time (Figure 52). As can be seen in
Figure 3¢, with the increase in exposure time, the proportion of oxygen on the surface of the
GaSb substrate was gradually enhanced. The experimental value of Ga3d for the surface
oxide layer shifted from 19.18 eV to 19.52 eV for fresh samples compared to the GaSb
samples exposed to the atmosphere for 760 min, and the experimental value of Sb3ds,,
shifted from 530.26 eV to 531.24 eV. The overall trend is consistent with the curve results
of the oxidation process. From the metal as well as Sb3d, a fraction of GaSb is bound to
oxygen. As shown in Figure 3,b, remainder of intensity under at Sb3d5,,(Sb,Os) energy
can be attributed to oxygen. (Ols).
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Figure 3. XPS analysis of surface oxides on GaSb substrates. (a) Native gallium oxide on fresh
samples; (b) Native antimony oxide on fresh samples; (c) the change in the atomic ratio (atoms
bonding to oxygen) with exposure to the atmosphere.

3.3. Epitaxial Layer

The growth of thin films on GaSb substrates with molecular beam epitaxy involves a
series of surface processes. Driven by the surface dynamics process, the Ga and Sb atoms
adsorbed to the substrate surface migrate, diffuse, desorb, and finally combine to form
a most stable state. Before atomic deposition, the substrate needs to be pretreated with
three steps. The first step is degassing, in which gas molecules adsorbed on the GaSb
substrate are removed by heating the substrate to a moderate temperature (~140 °C). The
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GaSDb substrate

GaSb Oxide layer: (Ga,0,:Sb)/(Ga,0,:Sb,0;)

second step is deoxidizing; a high temperature (~520 °C for GaSb) is required to remove
the substrate surface oxides as much as possible. However, the surface of the substrate
is very rough at this state due to the erosion of the GaSb surface by oxygen atoms. We
used RHEED to monitor the substrate surface and analyze the phase transitions during
surface reconstruction (as shown in Figure S3). The last stage is the epitaxy of a GaSb buffer
layer on the deoxidized substrate to smooth the surface of the substrate. This stage mainly
prepares the substrates for the subsequent epitaxy of superlattices and makes the growth
surface smoother, as shown in Figure 4.

Deoxide

GaSDb substrate GaSb substrate

Figure 4. Deoxidation and uniform regrowth process of GaSb substrate with native oxide layer.
(a) Schematic of a GaSb substrate surface with a native oxide layer. (b) Schematic diagram of the
surface of a deoxidized GaSb substrate. (c) Schematic diagram of GaSb substrate surface after
deoxidation and epitaxy of GaSb buffer layer.

To explore the effect of GaSb oxide layers, we investigated five substrate samples for
buffer epitaxial layer growth, corresponding to GaSb oxide layer thicknesses of 18.21 A,
38.34 A,55.76 A, 115.63 A, and 224.71 A, respectively. The pretreated samples a, b, ¢, d, and
e were transferred into the MBE chamber for degassing and deoxidation. All samples were
deoxidized at 520 °C for 10 min, and a 500 nm GaSb buffer layer was epitaxially grown
on each sample. Five samples with different oxide layer thicknesses were successively
epitaxially grown one by one in the same time period. As shown in Figure 5, due to
the difference in the native oxide layer thickness, the surface of the samples remarkably
changed. The fluctuation degree of samples a and b was less than +1 nm and the uniformity
was good in the whole range of 30 x 30 pm, as displayed in Figure 5a,b. However, it can
be seen in Figure 5c that there was an obvious protrusion on the surface of sample c,
and the RMS sharply increased to 0.633 nm. When the thickness of the GaSb oxide layer
approached 115.63 A, a number of pyramids were observed, as shown in Figure 5d. We
found that when the native oxide layer was even larger, as shown in Figure 5e, the buffer
layer surface showed more bumps, and the maximum fluctuation height and RMS reached
9 nm and 4.301 nm, respectively. These values are about one thousand times larger than
those of samples a and b. Figure 5f concludes that the RMS changed with the thickness
of the GaSb oxide layer. When the GaSb oxide layer was very thin, the RMS slightly
increased with the surface oxide layer thickness, and there were no obvious pyramids
that could be observed. When the thickness of the surface oxide layer reached 55 A, the
overall surface quality significantly declined, and pyramids began to emerge. Therefore,
from AFM characterization, the critical thickness of the surface oxide layer for obtaining a
smooth surface morphology is below 55 A. The deep oxidation degree not only makes the
deoxidized surface rough, but also leads to serious defects, as it is difficult to completely
remove the oxide layer (as shown in Figure S4).

Figure 5 illustrates that the thickness of native oxide on the substrates had a great
influence on the growth of the buffer layer. Further, we investigated the effect of the native
oxide on the subsequent heterogeneous epitaxy of T2SLs. A long-infrared T2SL (14ML
InAs/7ML GaSb) was chosen. The superlattice structure and the epitaxy procedure are
shown in Figure 6. A 100-period superlattice was epitaxially grown on GaSb substrates with
native oxide layers of 18.79 A, 38.58 A, and 62.54 A, respectively, with a waiting time of 0.5 s
before and after each switch of the shutter, as shown in Figure 6b, which provided enough
time for the atoms to migrate a long enough distance and reduced elemental intermixing in
the growth.
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Figure 5. AFM images of epitaxial buffer layers on substrates with different native oxide layer
thicknesses. At the bottom of the figure are valley and peak heights and RMS roughness. (a) Thickness
of oxide layer is 18.21 A; (b) thickness of oxide layer is 38.34 A; (c) thickness of oxide layer is 55.76 A;
(d) thickness of oxide layer is 115.63 A; (e) thickness of oxide layer is 224.71 A; (f) surface RMS in
sample (a—e).
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Figure 6. (a) Superlattice structure; (b) growth shutter sequence.

To verify the superlattice quality, we chose fresh GaSb substrates to grow the InAs/GaSb
superlattice. The periodic structure of the superlattice was characterized with STEM.
As shown in Figure 7a, the InAs and GaSb lattices were well matched, the interface was
homogeneous, and there was no obvious dislocation. The diffraction pattern of the sample is
given in the upper right corner. The atomic layers contained in one InAs/GaSb superlattice
cycle are shown in Figure 7b, showing 21 atomic layers in agreement with the design values;
both Figure 7a,b imply that the superlattice had a good crystal quality. The yellow dashed
line in Figure 7b shows the intentionally inserted InSb interface during the superlattice
growth. The InSb layer was mainly used to balance the lattice mismatch between InAs
and GaSb in the superlattice. In a superlattice period, a total of 1.3ML of InSb layers was
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divided into two interfaces. Figure 7c shows a qualitative analysis of the intensity of the
atomic columns in the high-angle annular dark-field (HAADF) image using the Digital
Micrograph software. The HAADF image shows the Z-contrast, in other words, the contrast
that varies according to the atomic number of the element to judge the element species [31].
The atomic column intensities are significantly lower for the triplet elements in the chemical
periodic table than for the fifth group elements, where the atomic numbers of Ga, In, As,
and Sb are 39, 49, 33, 51, respectively, thus marking the different distribution of elements
on the peaks. The STEM results confirmed that the superlattice material had an excellent
interlayer structure and no other microstructural defects were present, proving an excellent
experimental platform for studying the oxide layer. Since the superlattice quality can also
be analyzed with X-ray diffraction, we chose to use X-ray diffraction to characterize the
superlattices grown on substrates with oxide layers of different thicknesses.

550,000 -(C) Sb

500,000 |- As

Counts

450,000 -

400,000

350,000 L L L L L L L L L L
00 02 04 06 08 10 12 14 16 18 2.0 22

Lengths (nm)

Figure 7. Superlattice STEM characterization images. (a) HAADF images of InAs/GaSb superlattice
heterojunctions; (b) STEM diagram containing one period; (c) peak positions of In, As, Ga, Sb
(according to the blue box in (b)).

Then, we used HRXRD to characterize the superlattices grown on substrates with
oxide layers of different thicknesses [32]. All measurements were taken at room temper-
ature (300 K). The rocking curve on the (004) of the InAs/GaSb superlattice is shown in
Figure 8. The net strain of all superlattice samples was less than 0.2%. The full width at
half maximum (FWHM) of the zero-order peaks of samples (a), (b) and (c) are 26.7 arcsec,
27.8 arcsec and 34.7 arcsec, respectively. This is consistent with the trend in the native
oxidation layer thickening. In addition, the first-order satellite peak in Figure 8c showed a
significant increase in FWHM and a decrease in satellite peak intensity. This indicates that
the superlattice quality of samples with 62.54 A oxide layer thickness was worse, which is
attributed to the oxidation layer being too thick to be completely removed. According to the
trend shown in Figure 5, the poor surface morphology after deoxygenation is reflected on
the epitaxy layer, and the quality of the epitaxy superlattice is eligible when the oxide layer
thickness is less than 55 A. Figure 8df corresponds to the AFM images of the superlattice
(a), (b) and (c) in the 1 x 1 um range, respectively. The RMS of samples a, b, and c are
0.116 nm, 0.144 nm, and 0.171 nm respectively, indicating that the surface morphology
becomes worse with the increase in the native oxide layer thickness [33].
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Intensity (a.u)

Figure 8. HRXRD rocking curve was obtained using epitaxial superlattices on substrates with three
different native oxide layer thicknesses; the AFM images in the 1 x 1 um range of (d), (e), and
(f) correspond to (a), (b), and (c) respectively; (d) the surface RMS was 0.116 nm with a native oxide
layer thickness of 18.79 A; (e) the surface RMS was 0.144 nm with a native oxide layer thickness of
38.58 A; (f) the surface RMS was 0.171 nm with a native oxide layer thickness of 62.54 A.

4. Conclusions

In summary, we investigated the effect of the native GaSb oxide layer on the surface
morphology and crystal quality of InAs/GaSb T2SLs grown with molecular beam epitaxy.
The experimental results demonstrate that the rate of oxidation of GaSb substrates varies in
different conditions and considerably depends on the humidity. Atomic force microscopy
and high-resolution X-ray diffraction results show that the thickness of the native oxide
layer of the substrate affects the surface morphology and crystal quality of the subsequent
epitaxial buffer and superlattice layers. Smooth surface topography and high-quality
superlattices were obtained below a critical oxide layer thickness of 55 A. This work
successfully demonstrated that the native oxide layer thickness of the substrate is a key
factor affecting the quality of the superlattice, and high-quality superlattices can be obtained
by using GaSb substrates with thin native oxide layers, which reveals a promising method
for improving the performance of infrared detectors.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/photonics10030345/s1, Figure S1: The growth process of superlattices;
Figure S2: The binding rate of Ga and Sb to oxygen under different atmospheric exposure times;
Figure S3: Reflection high energy electron diffraction of reconstruction processes; Figure S4: Spiral
dislocations on the surface of GaSb buffers grown on GaSb substrates with 224.71 A oxide thickness
were observed by atomic force microscopy.
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