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Abstract: In this paper, the study of defects in InAs/GaSb type-II superlattices using high-resolution
an x-ray diffraction method as well as scanning (SEM) and transmission (TEM) electron microscopy
is presented. The investigated superlattices had 200 (#5L200), 300 (#SL300), and 400 (#SL400)
periods and were grown using molecular beam epitaxy. The growth conditions differed only
in growth temperature, which was 370 °C for #SL400 and #SL200, and 390 °C for #SL300. A
wings-like diffuse scattering was observed in reciprocal space maps of symmetrical (004) GaSb
reflection. The micrometer-sized defect conglomerates comprised of stacking faults, and linear
dislocations were revealed by the analysis of diffuse scattering intensity in combination with SEM
and TEM imaging. The following defect-related parameters were obtained: (1) integrated diffuse
scattering intensity of 0.1480 for #SL400, 0.1208 for #SL300, and 0.0882 for #SL200; (2) defect size:
(2.5-3) um x (2.5-3) um —#SL400 and #SL.200, (3.2-3.4) um X (3.7-3.9) um —#SL300; (3) defect diame-
ter: ~1.84 um —#SL.400, ~2.45 pum —#SL300 and ~2.01 wm —#S1.200; (4) defect density: 1.42 x 10° cm 2
—#S1.400, 1.01 x 10° cm—2 —#SL300, 0.51 x 10 cm ™2 —#S1.200; (5) diameter of stacking faults: 0.14 um
and 0.13 um for #SL.400 and #S1L.200, 0.30 um for #SL300.

Keywords: diffuse scattering; reciprocal space mapping; InAs/GaSb type-II superlattice

1. Introduction

The presence of defects in semiconductor materials and epitaxial structures has a
negative influence on their crystal quality as well as electrical and optical properties. There
have been many studies in the last few decades which have focused on the characterization
of various defect types [1-5]. In refs. [1,2] dislocations were investigated in detail while
in [3,4], more attention was paid to the stacking faults. A much wider classification of
defects and their origins was presented in a review article by Mahajan [5]. The author
pointed out that threading and misfit dislocations, stacking faults, and twins are typical
defects in epitaxial materials. Furthermore, the negative impact of defects on both elec-
trical and optical performance of semiconductor devices was shown by many research
groups [6,7]. Thus, to improve device operation and reliability, an effort should be made
to grow epitaxial material as close to defect-free as possible. Nowadays, there is a wide
range of semiconductor systems used as a basis for various devices. A very interesting one
is InAs/GaSb type-II superlattice (SL), which was proposed in 1977 by Sai-Halasz et al. [8].
Since then, considerable progress has been made to use this material in mid-infrared single
photodetectors and focal plane arrays. A detailed account of its development history is
presented in many review articles, e.g., [9-11]. The two greatest difficulties in the epitaxial
growth of InAs/GaSb superlattices are the optimization of thermal growth conditions
and the precise control of the InSb-like and GaAs-like interfaces (IF), which are the main
sources of the strain in the structure. The growth of the superlattice takes place under
different thermal conditions (below 400 °C [12]) than those needed for optimal growth of
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the constituent layers (~430 °C for InAs [13], ~520 °C for GaSb [14]). As a result, the for-
mation of many types of defects (stacking faults, vacancies, interstitial substitutional, and
others) can occur [15]. On the other hand, the strain energy is accumulated in InAs/GaSb
structure due to the lattice mismatch between interfaces and GaSb substrate. These are
+6.3% for InSb-like IF (compressive strain) and —7.2% for GaAs-like one (tensile strain). If
the strain becomes too large, the energy can be reduced (strain relaxation) by the generation
of misfit dislocations in the structure lattice. This causes a degradation of the crystal quality
of the superlattices. However, the strain in the SL can be successfully controlled by the
type and the thickness of the interfaces [16,17]. Even for superlattices grown on GaAs
substrate, (lattice mismatch between GaSb and GaAs is 7.8%) the dislocation density may
be significantly reduced by using either the interfacial misfit array technique [14,18] or
metamorphic buffer [19]. Nowadays, the InAs/GaSb superlattices are used more and
more in the fabrication of focal plane arrays. In such devices, the performance of every
single pixel is crucial for the operation of the entire device. The complex studies on de-
fects reduction in InAs/GaSb superlattices are still carried out by many research groups
around the world [20,21]. For example, Walther et al. [22] reported that using a good
quality substrate, optimization of the growth, and post-growth processing can result in
defects-free single pixels. Despite all the research and technological progress in epitaxial
growth, InAs/GaSb superlattices are not yet defect-free. The combined use of several
measurement techniques for the identification and characterization of defects is one of
the methods leading to the improvement of heterostructure quality by reducing the de-
fect density. Additionally, non-destructive techniques are preferable for these purposes.
The high-resolution x-ray diffraction (HRXRD) method is one of them and is successfully
used for controlling the quality and structural parameters of InAs/GaSb superlattices,
e.g., [16,17,23-26]. In this case, the HRXRD characterization is usually based on the mea-
surements and analysis of 260/ w scans, which do not give full information about the crystal
quality of the superlattice. To resolve this issue a detailed analysis of measured reciprocal
space maps (RSM) is required, which is an ideal tool for revealing and identification of
defects. This is especially the case since different types of defects can result in different
shapes of the diffuse scattering. However, for InAs/GaSb superlattices the RSM-based
approach is currently only used for the characterization of the lattice relaxation by the
generation of misfit dislocations [25-27]. To the best of our knowledge, other defects (e.g.,
stacking faults) have not been investigated so far in this material system in this way.

The main focus of this work is on the identification of defect types (different than
misfit dislocations) in InAs/GaSb superlattices by analysis of reciprocal space maps. Three
such structures were characterized using the HRXRD technique as well as scanning and
transmission electron microscopy. To the best of our knowledge, the distinctive wings-
like/streak-like-shaped diffuse scattering in reciprocal space maps, which originates from
the stacking faults, has not been presented and analyzed for type-II InAs/GaSb superlattices
up till now. Additionally, the influence of the number of periods and growth temperature
on the crystal quality of superlattices was examined. The density of the complex defect
conglomerates (DC) and the type and size of the defects they are comprised of have
been determined.

2. Materials and Methods

The superlattices with a nominal period of 9 ML InAs/10 ML GaSb, were grown on
GaSb (100) substrates by molecular beam epitaxy in Riber 32P machine using classical
effusion cell for In, SUMO type cell for Ga, and valved cracker cells for group V elements
(As, Sb). A single period of the superlattice consisted of GaSb and InAs layers and two
interfaces. The GaAs-like interface was introduced between GaSb and InAs layers (InAs-on-
GaSb interface) using an arsenic soak. For the second one, an antimony soak was employed
for the preferential formation of InSb-like bonds (GaSb-on-InAs interface) between InAs
and GaSb layers. A lattice match of superlattices to the GaSb substrates was ensured by
precise control of both types of interfaces. Superlattices with 400, 300, and 200 periods
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were grown and labeled as #SL400, #5L300, and #SL200, respectively. The growth rates of
binary GaSb and InAs layers (0.5 ML/s) and the beam equivalent pressure for group V/III
for GaSb (3.1) were constant for these superlattices. Furthermore, the V/III flux ratio for
InAs was set at 4.7 for structures #SL300 and #5L400 and 5.6 for #SL200. The soaking times
at GaAs- (tgaas) and InSb-like (ty,gp) interfaces were 1 s and 3 s for #51.300 and #S1.400
superlattices, 2.7 s and 6 s for #SL.200, respectively. The growth temperature (Tg) was
390 °C for #SL300 and 370 °C for #SL400 and #SL200. On the top of #SL300 and #SL400, a
20 nm thick InAs cap layer was grown.

The characterization of the superlattices was carried out using a high-resolution
x-ray diffractometer of PANalytical X'Pert PRO. Detailed configuration of the setup is
given in [28]. Both 20/w curves and reciprocal space maps were measured. The basic
information, such as the thickness of the period (dst ), thicknesses of layers in the period,
and values of perpendicular lattice mismatch (Aa/a) about investigated superlattices were
obtained from the analysis of diffraction curves. The crystal quality of the structures was
also investigated using high-resolution transmission electron microscopy (HRTEM). The
examination of defects was based on the analysis of reciprocal space maps measured around
004 GaSb reciprocal lattice point and images from a scanning electron microscope (SEM). To
confirm the types of the defects, plan-view images were made using a transmission electron
microscope (TEM). In addition, the results of the reciprocal space mapping investigation
of dry-etched #SL400 superlattice are presented in a later section. The sample was etched
using Inductively Coupled Plasma (ICP)—Reactive Ion Etching (RIE) in ICP-RIE Oxford
Plasmalab 100 system. Every process was conducted in 1:4 ratio BCl3:Ar plasma at a
pressure of 4 mTorr. Both ICP and RF power was set at 100 W. This resulted in the etch
rate of about 72.5 nm/min. Three consecutive selective etchings were done. One hundred
periods were removed during each etching. The thickness of the structure after each step
was controlled using KLA-Tencor P-16 contact profiler.

3. Results and Discussion

High intensity and narrow superlattice peaks up to —5th and +4th orders were ob-
served on HRXRD curves measured for #5L400, #SL300, and #SL200 structures (Figure 1a).
This indicates a high crystal quality of the superlattices and a constant period thickness
during the growth process. Wide peaks (marked by arrows) visible in curves for #5L300
and #5L400 originate from the InAs cap layer. The crystal quality of the superlattices was
also confirmed using cross-sectional HRTEM images. The well-defined InAs and GaSb
layers can be observed for all investigated samples. An exemplary image of the #5L200
structure is shown in Figure 1b.

Values of perpendicular lattice mismatch measured between the zeroth order super-
lattice peak (SLO) and GaSb substrate are 0 ppm for #5L.300, —180 ppm for #5L400, and
—360 ppm for #SL.200. The analysis of 26/w curves confirmed that 9 ML of InAs and
10 ML GaSb thick layers were grown. Furthermore, the thicknesses of GaAs-like IF and
InSb-like IF were determined from simulation to be 0.6 ML and 1.54 ML, respectively. In
simulations, a binary InSb layer was assumed as InSb-like IF. A ternary GaAsxSb(j_y) layer
was simulated as a GaAs-like interface, where x values were 0.88, 0.925 and 0.96 for #SL.300,
#5L400 and #SL200, respectively. As can be seen, the T difference of 20 °C for #SL300
and #5L400 (all other growth parameters were the same) caused a change of the chemical
composition of GaAs-like interface, which resulted in Aa/a value of —180 ppm. A twice
longer ty,gp and tgaas for #5L200 caused an increase of InSb IF thickness and a larger value
of x in ternary GaAsxSb(;_,) IF compared to #51.400, which was grown at the same Tg as
#5L200. As a result, perpendicular lattice mismatch was further increased to —360 ppm.
It can be concluded that the GaAs-like IF had a greater impact on the change of Aa/a
than InSb-like IF. These differences between the superlattices caused very little shift in the
angular positions of their satellite peaks (Figure 1a). This means that the thicknesses of the
periods were comparable. The following values of dg;, were obtained from the simulations
of 004 diffraction curves: #5L400—65.3 A, #SL300—65.4 A, and #SL200—65.5 A.
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Figure 1. (a) Measured 26/ w curves for superlattices #SL.400, #SL300, and #SL.200. Peaks from thin InAs cap layers present
in #SL300 and #SL400 are marked by arrows. (b) HRTEM image of #SL.200 superlattice—the successive InAs and GaSb

layers are visible.
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In Figure 2, reciprocal space maps for three superlattices measured around the GaSb
004 reciprocal lattice point are shown. To provide comparability between the structures
the same measurements settings for each RSM were used. The reciprocal lattice points of
GaSb substrate and SLO are close to each other for samples #5400 and #5L200 and overlap
in the case of #SL300, due to a small lattice mismatch. They are narrow for all studied
superlattices. Furthermore, the crystal truncation rod (CTR) along the specular reflection
can be observed as well. Diffuse scattering (DS) around reciprocal lattice points was also
detected for all characterized structures.

5.0 x 10°
1.6 x 10’
52 x10'
1.7 x10?
5.3 x 10°
1.7 x10°
5.5 x 10°
1.8 x10*

5.7 x 10
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Figure 2. Distribution of diffuse scattering in reciprocal space maps measured along [110] direction for 004 reflection for
#51.400 (400 periods), #5L.300 (300 periods) and #SL200 (200 periods).

The DS has a wings-like regular shape and its intensity is focused along the 55° angle
with respect to the [001] direction. This corresponds very well with the value of 54.7°, which
is typical for the stacking faults (SF)—planar defects localized in {111} planes [29]. The
intensity of streak-like stacking faults is mostly focused at lower values of Q, with respect
to GaSb reciprocal lattice point. According to e.g., [30-32], different types of defects can
cause a shift of diffuse scattering intensity along the Q, axis: interstitial defects—to positive
values and vacancies—to negative values of Q. Therefore, it can be concluded that apart
from stacking faults, there are also vacancies present in the investigated #SL200, #SL300,
and #SL400 superlattices. Different intensity distributions of DS caused by stacking faults
were observed for investigated superlattices. For #5L300 DS is mostly focused around 004
reciprocal lattice point in both Qx and Q, directions. For #SL400 and #SL200, the wings of
DS are more elongated in the direction of smaller Q, values, and the widening in the Qx is
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also more pronounced than for #5L300. The analysis of defects, which are responsible for
different shapes and distributions of DS is presented in the following subsections.

3.1. Simple Defect Analysis

In this approach, the integration of diffuse scattering in reciprocal space was per-
formed. It is known that the defects present in the crystals are sources of diffuse scattering.
Wang and Matyi showed that the integrated diffuse intensity (Iexcess) can be a good measure
of crystal damage [33]. This method was previously used by us to determine the dislocation
density in quantum cascade laser structures [28]. The entire integration procedure was
thoroughly described in that paper. As a reminder, the Iexcess can be defined as:

Qz,max Qx,max
/ Inet(er Qz)desz (1)

'Qz,max Axa g
Texcess = / / Inet (er Qz)desz + /Q

Qz,min X, min Z,min Ixb

where Qy min = —0.02 A™1, Q¢ max = 0.02 A~1, Q, min = 4.105 A~! and Q; max = 4.140 A~
are the limits of symmetrical reciprocal space maps shown in Figure 2; qxa and gy, are the
limits which assure that the coherent scattering intensity is not taken into account during
the integration procedure. These limits were defined based on the analysis of RSM for
a high-quality superlattice (reference sample #SL with 300 periods) following [28]. The
excess intensity values of 0.0882; 0.1208 and 0.1480 were obtained for #5L200, #SL300 and
#5L400, respectively. The largest integrated intensity of diffuse scattering was obtained for
the superlattice with 400 periods, and the smallest for the superlattice with the 200 periods
(black points in Figure 3a).

0.16 6 1.6x10°
a . 1.6x10 b
» i) \@"zﬁ%
0.12- . 12%10° — 1.2x10°+
: E &
g ’ e A R*=0.99972
0.08 | 3 s B % 8.0x10°
: 8.0x10° & a0 OX
|
0.04 T T T 4.0X105 40X105 T T T
#5200 #SL300 #SL400 0.08 0.10 ?-12 0.14 0.16

Figure 3. (a) The excess intensity (black points) obtained from the integration of diffuse scattering and defects density
(psem) (red points) estimated from SEM images made for investigated superlattices. (b) Linear dependence of psgp as a
function of excess intensity (blue points—experimental data, red line—linear fit).

The SEM characterization was also carried out within the scope of the simple defect
analysis. Obtained images revealed a few by few micrometers in size, rectangular-shaped
defects on the surfaces of investigated superlattices. Examples of these, found on the
surface of #5L.400 are shown in Figure 4. The majority of the defects were flat (in circles
in Figure 4a) and some of them had precipitates in their centers (marked by an arrow in
Figure 4a). The former are shown under higher magnification in Figure 4b. The defect
size estimated from SEM images is (2.5-3) um x (2.5-3) pm for #SL200 and #5L400, and
(3.2-3.4) um x (3.7-3.9) um for #SL300.

The defect density (pspm) was calculated by counting all flat defects and dividing
their number by area corresponding to the SEM image field of view shown in Figure 4a.
The tilt angle was taken into account. Calculated pgsgy values of 1.42 x 10 em 2 for
#S1.400, 1.01 x 10° em~2 for #SL.300, and 0.51 x 10° em~2 for #SL200 are presented in
Figure 3a (red points). The same as for Iexcess(Number of periods) function, the value of
defect density increases with the number of periods in the superlattice. Additionally, a
linear dependence between pggy and integrated intensity was observed (Figure 3b). Even
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though the #SL300 was grown at a higher temperature than other samples, no correlation
between the number of defects and the growth temperature of the superlattice was observed
at this stage.

defects

Figure 4. (a) SEM image of rectangular-shaped flat defects without (in circles) and with (marked by
arrow) precipitates in the center for #SL400; (b) A higher magnification SEM image of flat defects.

3.2. Detailed Defect Analysis

In this subsection, a detailed investigation of diffuse scattering intensity (Ipg) by
analyzing the log-log plot of Ipg (Qx) is presented. For this purpose, the cross-sections of
DS surfaces along Q, for different values of Qx were created for investigated superlattices.
Obtained curves including one for the reference sample are shown in Figure 5a.

3 4.140 +
o = #SL400 F
1F s = #SL300 41351
=] T e = #SL200 :
10‘§ . = #SL 4.130
@ 10%- — 41254
g 1% 2
0 o
- 4115
4110
1] ; 3 5
10 3 — ey — 4,105 L :
10* 10 : 102 -0.015 0.000 0.015
Q, [AT] Q [A1

Figure 5. (a) The distribution of diffuse scattering intensity as a function of Qy for investigated samples #5400, #5L300,
#5L.200. Black points were obtained for reference sample #SL. (b) The reciprocal space map measured around 004 GaSb
reflection for the reference sample (#SL).

A rapid decrease of Ipg in the Qy range of 1 x 10~% A=1-2 x 10~3 A~ for the reference
sample was observed. A low intensity of diffuse scattering is visible for #SL (Figure 5b),
however, it does not degrade its high crystal quality. For values of Qx >2 x 1073 A~ the
log(Ips) = f(log(Qx)) function is constant and fixed at the background level. The peak at
1 x 10~ A~ corresponds to the monochromator streak, which is well detected for high
crystal quality structures. The curves for #5L.400, #5L300, and #SL200 can be divided into
distinctive segments following the formula Ips~Qx~"". The index m indicates a specific type
of diffuse scattering, namely Huang, Stokes-Wilson, or thermal, which are closely related to
the Qx values. The experimental points for small Qy up to ~3.5 x 10~* A~! showed linear
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dependence in log-log scale with m close to unity for all characterized superlattices. This
region can be associated with Huang scattering, which dominates close to Bragg reciprocal
lattice points, far from the defects. In the adjacent region, for Qy up to ~2.21 x 1073 A1,
~3.70 x 1073 A~1, and ~5.32 x 10~3 A~ for #SL300, #SL.400, and #S1.200, respectively,
Ips decreases with m being equal to ~3. This behavior is due to the Stokes-Wilson diffuse
scattering, which originates from the vicinity of the defects. As was reported in [34] the
radius of the defects can be calculated from the following relation:

7T

QxO ’

where Qy is the value, at which m changes from 1 to 3 for Qx~™ relation. The following
diameters of defects (2R) were obtained for characterized structures: ~2.45 pum (#S1.300),
~2.01 pm (#5L200), and ~1.84 um (#SL400).

For larger values of Qy, a quick decrease of Ipg should occur due to thermal dif-
fuse scattering. Instead, Ips again follows ~Q ! relation for of Qy in the range of
(~2.21 x 1073 A~1-~3.89 x 1073 A1) for #SL.300, (~3.70 x 1073 A~1-~7.80 x 1073 A1)
for #SL400, and (~5.32 x 1073 A=1-~1.09 x 102 A~1) for #5L.200. Furthermore, this
behavior repeats itself as Ipg decreases with m~3 and then again m~1. Such occurrence
indicates the presence of additional smaller defects in these structures. The TEM plan-view
images were taken to confirm this supposition and to identify the types of these defects.
The images revealed that in all characterized superlattices the defect conglomerates were
present. In Figure 6, examples of these are shown for each sample.

R

@

SF

Figure 6. The TEM plan-view images of defect conglomerates consisting of stacking faults (SF) and linear dislocations (LD)
for the #5L300, #SL400, and #SL200 structures.

The distance between the conglomerates is in the range from several to tens of mi-
crometers for #SL.400 and #SL300, and from tens to hundreds of micrometers for #S1L.200.
A high DC density was observed for samples #SL.400 and #5SL300. The largest number of
defect conglomerates was observed for #5L.400, while the smallest was for #SL200. This is
in good agreement with the results obtained from simple defect analysis, where the values
of both Iexcess and pspy increase with the number of periods in superlattices. Further-
more, the size of DC of about three micrometers corresponds very well with the size of
the flat defects. Therefore, it can be concluded that flat defects in SEM images are the
defect conglomerates identified during TEM plan-view characterization. The presented
analysis of diffuse scattering intensity distribution as a function of Q, also indicates the
presence of micrometer-sized defects in characterized superlattices. Based on TEM images,
these were composed of both stacking faults and linear dislocations (LD). Moreover, it
was noticed that the number of stacking faults in the defect conglomerates differed sig-
nificantly between the structures. The largest SF number was observed for the #SL300
and the smallest for #5L.200. The intensity of diffuse scattering in Figure 5 in the range of
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(~2.21 x 1073 A~1-~3.89 x 1073 A1) for #5L300, (~3.70 x 1073 A~1-~7.80 x 103 A1)
for #SL400, and (~5.32 x 1073 A=1-~1.09 x 10~2 A~1) for #SL200 showed the same trend,
i.e., the largest values for structure #SL300 and the smallest for #51.200. Average intensi-
ties (Ispavg) in these regions were 1650 cps, 450 cps, and 130 cps for #SL300, #SL400, and
#SL.200, respectively.

To determine the stacking fault diameter, we used streak-like diffuse scattering associ-
ated with the presence of these defects in investigated structures and followed the reports
in [35]. Among other things, the authors showed that the full width at half maximum
(FWHM) of the stacking-faults-related streak was practically constant along the [111] di-
rection. Furthermore, the following equation can be used to calculate the diameter (dgsp)

of SF:
271

dsp = EWHM ®3)

The widths of stacking faults along the streak for studied superlattices are nearly

constant, (full circles in Figure 7). The SF diameters were calculated using (3) (open circles

in Figure 7), after which the average values for each sample were determined. The largest

stacking faults with the average size of 0.30 um were present in #5L300, while twice smaller
of 0.14 um and 0.13 pm were in #SL400 and #SL200, respectively.

0.04 0.4 e
#SL400 -
o & (o =030pum #5L300 :»FWHM
SR #SL.200 —
0.034 % ? 0.3
S &y © =
o o (o}
,:-_" o] —odSF
°$ e e dSFmgsn =0.13 um E 2
s 0.02+ (\d fmen= 014 um ) 5 o r0.2 5
TR o§ mc%g%%ig%“bg °%g°o oo o % ©
65) rf?% ° @' o ] ° 0o O
0.014 o @00 P% ° 9 F0.1
"\.\s'a.‘v:l.:j;:!.g:.&‘....’....0.. o .... “..
. L]
0.00 T T T T 0.0
0.002 0.004 0.006 0.008 0.010 0.012

Q [AT]

Figure 7. The full width at half maximum (FWHM) of diffuse scattering streak from the stacking
faults (full circles, left vertical axis); Diameters of stacking faults calculated using FWHM (open
circles, right vertical axis).

The results of the detailed defect analysis confirmed the existence of micrometer-sized
defects in characterized superlattices as was shown in the simple defect analysis. Additionally,
the presence of smaller defects (stacking faults) in these structures was revealed based on
the behavior of the log(Ips) = f(log(Qx)) function and confirmed by TEM plan-view charac-
terization. The latter showed that flat defects observed on SEM images were composed of
smaller ones—stacking faults and linear dislocations.

The summary of defect-related parameters obtained from simple and detailed defect
analyses is presented in Table 1.

These two methods complement each other in the following way. The first one
provided information about the degree of structural damage (Iexcess and psgm) and the size
of defect conglomerates. The latter was further confirmed in the detailed defect analysis (DC
size and 2R), which also revealed the presence of smaller defects.
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Table 1. The summary of simple and detailed defect analysis results. The values of Iexcess, 2R, dSFmean,
and Ispavg Were obtained using the HRXRD technique, the values of DC size and pggpg from SEM
and TEM characterization.

DC Size PSEM X 106 2R dsFmean ISFavg
Sample Iexcess [um % pm] [Cm72] [Hm] [Hm] [CPS]
simple defect analysis
#S1.400 0.1480 (2.5-3) x (2.5-3) 1.42 - - -
#SL.300 0.1208 (3.2-3.4) x (3.7-3.9) 1.01 - - -
#SL.200 0.0882 (2.5-3) x (2.5-3) 0.51 - - -
detailed defect analysis
#S1.400 - ~3 x ~3 - ~1.84 0.14 450
#SL.300 - ~3 X ~3 - ~2.45 0.30 1650
#S1.200 - ~3 x ~3 - ~2.01 0.13 130

3.3. Analysis of the In-Depth Distribution of Defects

In this subsection, the in-depth distribution of defects within the superlattice was
investigated. For this purpose, the #5L400 structure was subjected to a cycled dry etching—
HRXRD measurement process. Three etchings were performed, of which each removed
one hundred periods. As a result, the superlattices with 300 (step 1), 200 (step 2), and
100 (step 3) periods were obtained. The reciprocal space maps presented in Figure 8a
show the decrease of streak-like diffuse scattering after each etching. For superlattice with
300 periods (step 1), the smear of stacking faults (wings) comparable to the source structure
(#SL400) was observed. After the second etching (step 2) the shape of the DS was similar to
that observed for #5L.200. The diffuse scattering originating from stacking faults vanished
after the last etching (step 3).

The methodology described in the previous subsection was also employed in this case.
The decrease of diffuse scattering intensity in the range of Q corresponding to the stacking
faults for structures marked as step 1 and step 2 was observed (Figure 8b). Furthermore, for
the step 3 designated sample the Ipg associated with stacking faults vanished. It was also
observed that the diffuse scattering intensity for ~3.7 x 107* A~1 < Q, < ~3.7 x 1073 A~1
was about 3-5 times smaller than for #5L.400, step 1, and step 2 samples. For these three, a
small decrease of intensity occurred with each etching in the aforementioned Qy range.

The circular residual diffuse scattering visible for the step 3 sample was probably
related to dislocations that were revealed in TEM plan-view images (Figure 6), which could
still be present in the structure. A similar shape of diffuse scattering from different types of
dislocations was shown in [29]. However, the effects related to the damage of the surface
during the etching were also visible in the reciprocal space map for the step 3 sample (the
horizontal line of raised background). This effect was observed in the form of a peak at
Qx ~ 0.0070 A~ in Figure 8b.

In Section 3.1, it was shown that there is a linear dependence between the values of
defect density calculated from SEM images and the integrated intensity for samples with a
different number of periods, (Figure 3b). To investigate the defect density vs. SL thickness,
the integration of diffuse scattering intensity for step 1 and step 2 samples was performed.
The density values were calculated using the equation given in Figure 3b. Sample step 3
was excluded from the analysis due to significant surface damage, which could affect the
result of the integration. As can be seen in Figure 8a, this effect is also visible after the
second etching (the horizontal line of raised background). However, the diffuse scattering
related to defects is dominant and the contribution from surface damage can be neglected.
This assumption was confirmed by comparing the log(Ipg) vs. log(Qy) for #5L200 and step
2 sample with 200 periods left (Figure 9). The intensities in the ranges corresponding to
both larger defects and stacking faults were almost the same for these two samples.



Materials 2021, 14, 4940

10 0of 13

b4

Q. [AT]

Q. [AT]

Q. [AT]

z

Q. [AT]

10%4. -

I,s [cps]

#SL400
step 1
step 2
step 3

-0.015 0.000 0.015

Q, [AT]

Figure 8. (a) Symmetrical reciprocal space maps of #SL.400 superlattice before and after each step of dry etching. (b) The
distribution of Ipg as a function of Qy for #5L400 before and after each etching.
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Figure 9. The comparison of log(Ips) vs. log(Qy) distributions for #SL200 and step 2 samples.
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The following values of Iexcess Were obtained from the integration of measured diffuse
scattering for etched #SL400 structure: 0.1139 for step 1 and 0.0828 for step 2. Using these
values of Iexcess, the defect densities after each etching were calculated and they were equal
t0 0.91 x 10° cm~2 and 0.43 x 10 cm~2 for step 1 and step 2, respectively. These values
are in very good agreement with psgy obtained from SEM analysis (1.01 x 10° cm =2 for
#SL.300 and 0.51 x 10° cm ™2 for #SL.200). Small differences can be caused by a difficulty in
the precise control of the etching depth, which could result in the exact number of periods
removed during each etching being either less or more than one hundred. Taking this
into account we believe that the defect conglomerates are uniformly distributed in SL
volume as every 100 periods increases the sheet DC density by about 0.48-0.51 x 10° cm~2.
Additionally, based on the comparison of Ipg distributions shown in Figure 9, a similar
relation was observed for stacking faults in samples grown at the same temperature. These
results are useful for further optimization of SL growth aimed at the reduction of SF density.
The minimum and sufficient thickness of SL is 200 periods. In the RSM measured for
100 periods, there is no streak-like diffuse scattering, which makes it impossible to analyze
the defects. In turn, each subsequent SL period over the number of 200 does not provide
any additional information about defects and is therefore redundant.

4. Conclusions

The crystal quality characterization of three #SL400, #SL300, and #SL200 type-II
InAs/GaSb superlattices was described. The diffuse scattering was measured by reciprocal
space mapping. Its wings-like shape indicated the defect type to be stacking faults.

Simple and detailed defect analyses were proposed. The former revealed the existence of
micrometer-sized defects. It was also shown that the values of integrated reciprocal space
intensity and defect density calculated from SEM images increased with the number of
periods in superlattices, regardless of the growth temperature. The detailed defect analysis
provided information about the types of defects and the detailed distribution of their
intensity. The presence of micrometer-sized defect conglomerates was also confirmed
using TEM plan view images. It was shown that the conglomerates were comprised of
stacking faults and linear dislocations. The number of stacking faults was the largest
for the #SL.300 superlattice, which was grown at a higher temperature than the other
two. The analysis of the distribution of diffuse scattering intensity as a function of Qy
confirmed this. The average value of diffuse scattering intensity from stacking faults for
the #SL300 was about four and thirteen times higher than the intensity for #5L400 and
#5L200, respectively. The sizes of the stacking faults were calculated from the FWHM
of the diffuse scattering streak. Stacking faults of the largest size were observed for the
superlattice (#5L300) grown at the highest temperature (390 °C). The structures grown at
the same temperature (370 °C) had stacking faults of similar sizes, regardless of the number
of periods (#SL200 and #SL400). The number of micrometer-sized defects increased with
the increasing thickness of the structure. On the other hand, the number of stacking faults
depended on the growth temperature of the structure: the higher the temperature, the
more stacking faults. Moreover, the SF diameter is directly proportional to the growth
temperature, however, it is not affected by the number of periods.

The analysis of the in-depth distribution of defects in the #SL400 superlattice showed
that their number decreased with each etching. After the removal of 300 periods, the
wings-like diffuse scattering vanished due to the negligibly low density of stacking faults
in 100 periods left. Therefore, the optimal number of periods for further optimization of SL
growth aimed to reduce the SF density is 200.

Author Contributions: Conceptualization, 1.S.; methodology, 1.S.; validation, 1.S., K.C. and A].;
formal analysis, L.S.; investigation, 1.S., A.J., J.R., M.W. and PK,; resources, A.J. and K.C.; data
curation, I.S.; writing—original draft preparation, L.S.; writing—review and editing, I.S., K.C. and
A].; visualization, 1.S., K.C. and A.].; supervision, I.S. and A.].; project administration, A.J.; funding
acquisition, A.]. All authors have read and agreed to the published version of the manuscript.



Materials 2021, 14, 4940 12 of 13

Funding: This research was funded by the National Centre for Research and Development (NCBR),
project No. POIR.04.01.04-00-0123 /17-00.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data is available from the corresponding author upon reason-
able request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hirsch, P.B. Dislocations in semiconductors. Mater. Sci. Technol. 1985, 1, 666—677. [CrossRef]

2. Jasik, A.; Ratajczak, J.; Sankowska, I.; Wawro, A.; Smoczynski, D.; Czuba, K. LT-AlSb Interlayer as a Filter of Threading
Dislocations in GaSb Grown on (001) GaAs Substrate Using MBE. Crystals 2019, 9, 628. [CrossRef]

3.  Meduna, M,; Kreiliger, T.; Mauceri, M.; Puglisi, M.; Mancarella, F,; La Vis, E; Crippa, D.; Miglio, L.; von Kanel, H. X-ray diffraction
on stacking faults in 3C-SiC epitaxial microcrystals grown on patterned Si(0 0 1) wafers. |. Cryst. Growth 2019, 507, 70-76.
[CrossRef]

4. Lee, LY, Frentrup, M.; Vacek, P.; Kappers, M.].; Wallis, D.J.; Oliver, R.A. Investigation of stacking faults in MOVPE-grown
zincblende GaN by XRD and TEM. J. Appl. Phys. 2019, 125, 105303. [CrossRef]

5. Mabhajan, S. Defects in semiconductors and their effects on devices. Acta Mater. 2000, 48, 137-149. [CrossRef]

6. Czuba, K.; Sankowska, L; Jureficzyk, J.; Jasik, A.; Papis-Polakowska, E.; Kaniewski, J. Influence of Be doping placement in
InAs/GaSb superlattice-based absorber on the performance of MWIR photodiodes. Semicond. Sci. Technol. 2017, 320, 55010.
[CrossRef]

7. Balakrishnan, G.; Rotter, T.].; Ahirwar, P; Clark, S.P.; Patel, V.; Albrecht, A.; Hains, C.P;; Lai, Y.-Y.; Wang, T.L.; Yarborough, ].M.;
et al. Lattice mismatched growth for mid-IR VECSELs. Proc. SPIE 2011, 7919, 79190G. [CrossRef]

8.  Sai-Halasz, G.A.; Tsu, R.; Esaki, L. A new semiconductor superlattice. Appl. Phys. Lett. 1977, 30, 651-653. [CrossRef]

9.  Plis, E.A. InAs/GaSb type-II superlattice detectors. Adv. Electron. 2014, 2014, 246769. [CrossRef]

10. Rogalski, A.; Martyniuk, P.; Kopytko, M. InAs/GaSb type-II superlattice infrared detectors: Future prospect. Appl. Phys. Rev.
2017, 4, 031304. [CrossRef]

11. Razegi, M. 9- InAs/GaSb type II superlattices: A developing material system for third generation of IR imaging. In Woodhead
Publishing Series in Electronic and Optical Materials, Mid-Infrared Optoelectronics; Woodhead Publishing: Sawston, UK, 2020;
pp. 379-413. [CrossRef]

12.  Rodriguez, ].B.; Christol, P; Cerutti, F.; Chevrier, F; Joullie, A. MBE growth and characterization of type-II InAs/GaSb superlattices
for mid-infrared detection. J. Cryst. Growth 2005, 274, 6-13. [CrossRef]

13.  Ye, H,;Li, L; Hinkey, R.T,; Yang, R.Q.; Mishima, T.D.; Keay, ].C.; Santos, M.B.; Johnson, M.B. MBE growth optimization of InAs
(001) homoepitaxy. J. Vac. Sci. Technol. B 2013, 31, 03C135. [CrossRef]

14. Jasik, A.; Sankowska, I.; Wawro, A.; Ratajczak, J.; Jakieta, R.; Piersciriska, D.; Smoczyniski, D.; Czuba, K.; Reginiski, K. Compre-
hensive investigation of the interfacial misfit array formation in GaSb/GaAs material system. Appl. Phys. A 2018, 124, 512.
[CrossRef]

15. Li, L.-G,; Liu, S.-M.; Luo, S.; Yang, T.; Wang, L.-J.; Liu, ].-Q.; Liu, F-Q.; Ye, X.-L.; Xu, B.; Wang, Z.-G. Effect of growth temprature
on Surface morphology and structure of InAs/GaSb superlattices grown by metalorganic chemical vapor deposition. J. Cryst.
Growth 2012, 359, 55-59. [CrossRef]

16. Haugan, H.; Grazulis, L.; Brown, G.; Mahalingam, K.; Tomich, D. Exploring optimum growth for high quality InAs/GaSb type-II
superlattices. J. Cryst. Growth 2004, 261, 471-478. [CrossRef]

17. Jasik, A.; Sankowska, I.; Pieréciiska, D.; Reginiski, K.; Piersciriski, K.; Kubacka-Traczyk, J. Blueshift of bandgap energy and
reduction of non-radiative defect density due to precise control of InAs-on-GaSb interface in type-II InAs/GaSb superlattice.
J. Appl. Phys. 2011, 110, 123103. [CrossRef]

18. Jallipalli, A.; Balakrishnan, G.; Huang, S.H.; Rotter, T.].; Nunna, K; Liang, B.L.; Dawson, L.R.; Huffaker, D.L. Structural analysis
of highly relaxed GaSb grown on GaAs substrates with periodic interfacial array of 90° misfit dislocations. Nanoscale Res. Lett.
2009, 4, 1458-1462. [CrossRef]

19. Jasik, A.; Sankowska, I.; Ratajczak, J.; Wawro, A.; Smoczyniski, D.; Czuba, K.; Wzorek, M. Atomically smooth interfaces of type-II
InAs/GaSb superlattice on metamorphic GaSb buffer grown in 2D mode on GaAs substrate using MBE. Curr. Appl. Phys. 2019,
19, 120-127. [CrossRef]

20. Klin, O.; Snapi, N.; Cohen, Y.; Weiss, E. A study of MBE growth-related defects in InAs/GaSb type-II superlattices for long
wavelength infrared detectors. J. Cryst. Growth 2015, 425, 54-59. [CrossRef]

21. Murray, L.M,; Yildirim, A.; Provence, S.R.; Norton, D.T. Causes and elimination of pyramidal defects in GaSb-based epitaxial
layers. J. Vac. Sci. Technol. B 2013, 31, 03C108. [CrossRef]

22.  Walther, M,; Rehm, R.; Schmitz, J.; Niemasz, J.; Rutz, E; Worl, A ; Kirste, L.; Scheibner, R.; Wendler, ].; Ziegler, . Defect density

reduction in InAs/GaSb type II superlattice focal plane array infrared detectors. Proc. SPIE 2011, 7945, 79451N. [CrossRef]


http://doi.org/10.1179/mst.1985.1.9.666
http://doi.org/10.3390/cryst9120628
http://doi.org/10.1016/j.jcrysgro.2018.10.046
http://doi.org/10.1063/1.5082846
http://doi.org/10.1016/S1359-6454(99)00292-X
http://doi.org/10.1088/1361-6641/aa62c0
http://doi.org/10.1117/12.874234
http://doi.org/10.1063/1.89273
http://doi.org/10.1155/2014/246769
http://doi.org/10.1063/1.4999077
http://doi.org/10.1016/B978-0-08-102709-7.00009-7
http://doi.org/10.1016/j.jcrysgro.2004.09.088
http://doi.org/10.1116/1.4804397
http://doi.org/10.1007/s00339-018-1931-8
http://doi.org/10.1016/j.jcrysgro.2012.08.009
http://doi.org/10.1016/j.jcrysgro.2003.09.045
http://doi.org/10.1063/1.3671024
http://doi.org/10.1007/s11671-009-9420-9
http://doi.org/10.1016/j.cap.2018.11.017
http://doi.org/10.1016/j.jcrysgro.2015.03.038
http://doi.org/10.1116/1.4792515
http://doi.org/10.1117/12.875159

Materials 2021, 14, 4940 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Klein, B.; Hains, C.; Taghipour, Z.; Plis, E.; Krishna, S. Photocapacitance study of GaSb: In, As for defect analysis in InAs/GaSb
type-II strained layer superlattices. Infrared Phys. Technol. 2015, 70, 40—43. [CrossRef]

Wang, G.-W.; Xu, Y.-Q.; Guo, J.; Tang, B.; Ren, Z.-W.; He, Z.-H.; Niu, Z.-C. Growth and characterization of GaSb-based type-II
InAs/GaSb superlattice photodiodes for mid-infrared detection. Chin. Phys. Lett. 2010, 27, 077305. [CrossRef]

Herres, N.; Fusch, F.; Schmitz, J.; Pavlov, K.M.; Wagner, ].; Ralston, ].D.; Koidl, P. Effect on interfacial bonding on the structural
and vibrational properties of InAs/GaSb superlattices. Phys. Rev. B 1996, 53, 15688-15705. [CrossRef]

Zhou, Y.; Chen, J.; Xu, Q.; He, L. Studies on InAs/GaSb superlattice structural properties by high resolution x-ray diffraction.
J. Vac. Sci. Technol. B 2012, 30, 051203. [CrossRef]

Li, J.LH.; Stokes, D.W.; Wickett, ].C.; Caha, O.; Bassler, K.E.; Moss, S.C. Effect of strain on the growth of InAs/GaSb superlattices:
An x-ray diffraction study. J. Appl. Phys. 2010, 107, 123504. [CrossRef]

Sankowska, I.; Gutowski, P.; Jasik, A.; Czuba, K.; Dabrowski, J.; Bugajski, M. On the onset of strain relaxation in the
Al 45Gag 55As/IncGa 4 As active region in quantum cascade laser structures. J. Appl. Crystallogr. 2017, 50, 1376-1381. [CrossRef]
Klang, P; Holy, V. X-ray diffuse scattering from stacking faults in Czochralski silicon. Semicond. Sci. Technol. 2006, 21, 352-357.
[CrossRef]

Patel, ].R. X-ray diffuse scattering from silicon containing oxygen clusters. J. Appl. Crystallogr. 1975, 8, 186-191. [CrossRef]
Charnyi, L.A.; Sherbachev, K.D.; Bublik, V.T. Microdefect density determination by X-ray Huang scattering normalized over
thermal diffuse scattering. Phys. Status Solidi 1991, 128, 303-309. [CrossRef]

Bublik, V.T.; Matsnev, S.Y.; Shcherbachev, K.D.; Mezhennyi, M.V.; Mil'vidskii, M.G.; Reznik, V.Y. Diffuse X-ray scattering study of
the formation of microdefects in heat-treated dislocation-free large-diameter silicon wafers. Phys. Solid State 2003, 45, 1918-1925.
[CrossRef]

Wang, V.S.; Matyi, R.J. Triple crystal X-ray diffraction analysis of chemical-mechanical polished gallium arsenide. . Appl. Phys.
1992, 72, 5158-5164. [CrossRef]

Klang, P; Holy, V.; Kubéna, J.; Stoudek, R.; Sik, J. X-ray diffuse scattering from defects in nitrogen-doped Czochralski grown
silicon wafers. J. Phys. D Appl. Phys. 2005, 38, A105-A110. [CrossRef]

Sztucki, M.; Metzger, T.H.; Kegel, L; Tilke, A.; Rouviére, J.L.; Liibbert, D.; Arthur, J.; Patel, ].R. X-ray analysis of temperature
induced defect structures in boron implanted silicon. J. Appl. Phys. 2002, 92, 3694-3703. [CrossRef]


http://doi.org/10.1016/j.infrared.2014.11.009
http://doi.org/10.1088/0256-307X/27/7/077305
http://doi.org/10.1103/PhysRevB.53.15688
http://doi.org/10.1116/1.4739428
http://doi.org/10.1063/1.3429100
http://doi.org/10.1107/S1600576717011815
http://doi.org/10.1088/0268-1242/21/3/025
http://doi.org/10.1107/S0021889875010059
http://doi.org/10.1002/pssa.2211280205
http://doi.org/10.1134/1.1620095
http://doi.org/10.1063/1.351995
http://doi.org/10.1088/0022-3727/38/10A/020
http://doi.org/10.1063/1.1505982

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Simple Defect Analysis 
	Detailed Defect Analysis 
	Analysis of the In-Depth Distribution of Defects 

	Conclusions 
	References

