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Goal 1: Growth of high Indium Percentage In(Ga)Sb on InP and InAs substrates using the
interfacial misfit dislocation array growth mode.

Key results:

1) First demonstration of high quality InSb buffers on InAs with epitaxial quality rivalling
GaSb on GaAs.

2) First demonstration of IMF formation in growth of Ings3Gao47Sb on InP. There are still
some miscibility gap issues that need to rectify.

1.A. MBE growth of IMF InSb on InAs.

To cover the MWIR spectrum and reach the long wave infrared region (LWIR), type II
superlattices such as InAs/InAsSb and bulk InAsSb using metamorphic buffers are being
developed. Even though using metamorphic buffers can cover a certain range of the spectrum by
adjusting arsenic to antimony content of InAsxSbix, it is a challenging task considering the
repeatability and very thick buffer layers (4pum). In the past, it has been shown that a direct growth
of GaSb on GaAs is possible with threading dislocation density being 10%’s per cm® and further
reduction is possible with the use of defect filter layers. In this grant, we have utilized interfacial
misfit dislocations to grow fully relaxed InSb on InAs substrate as well as direct growth of AlIn;.
«Sb buffer layers on InAs, similar to the GaSb/GaAs system. Developing a fully relaxed, low
dislocation density buffer layer will be the basis for developing tunable InAsSb absorber for
MWIR and LWIR applications. In figure 1 we see two approaches to the growth of InSb on InAs.
The first one is just a binary-to-binary transition and the second involves the growth of an AlInSb
layer such that quantum confined structures can be realized.
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Fig. 1. Growth of InSb and AlInSb IMF layers on InAs substrates.
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The MBE growth of InSb growth on InAs process starts with the oxide removal at 530 °C
for 20 minutes and 100 nm of InAs smoothing layer is grown. To grow fully relaxed InSb using
interfacial misfit dislocation arrays, excess arsenic must be replaced with antimony to prepare the
surface for growth. So, the arsenic supply is cut off and reflection high energy electron diffraction
(RHEED) system is used to observe the process. The RHEED pattern turns to 4x from 2x in the



absence of arsenic supply which indicates the transition of group V rich to group III rich surface.
Experiments shows that this time varies from 3 to 6 minutes depending on the sample. Since the
variation of the transition of group V to group III rich. Thus, the process was controlled manually
by looking at the RHEED pattern transition, and extra 30 seconds were added after the transition
to allow uniformity along the substrate. This process is followed up by growing 500 nm thick
Alo2IngsSb and Alo.1InooSb buffer layers to optimize the buffer layers with different growth
temperatures. Finally, InSb quantum well samples were grown with varied Al content AlInSb
buffer layers for the analysis.
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Fig. 2. High quality InSb realized on InAs with 85 arcsec FWHM.
Both the direct grown AlInSb and InSb epilayers on InAs substrate are analyzed using HR-
XRD of ®»-20 scans as well as reciprocal space mapping to quantify the dislocation density of the
buffer layers. HR-XRD indicates the relaxation of 99.4% for the direct growth of InSb on InAs.
By using reciprocal space mapping, screw and mixed dislocation density is found to be 10%/cm?.
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Fig.3. Nomarsky micrographs of (Al)InSb on InAs. The growth of InSb directly on InP has some
orange-peel, this gets a bit more pronounced with the addition of Aluminum.




The surface morphology for all the layers is excellent, with some visible orange peel observed in
the higher Al content samples. This can be seen in figure 3.
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Fig. 4. Cross section TEM analysis of the inSb on InAs is shown. (Left) We can observe some
residual threading dislocations in the sample indicating a density of 10%/cm’. (Right) we see a
clear formation of the IMF layer in the sample. This is the first confirmed growth of InSb on InAs
using the IMF growth mode.

After the confirmation of the relaxation of the epilayers, the samples are investigated with a TEM
and misfit dislocation array formations at the AlInSb/InAs interface are observed. The InSb/InAs
growth clearly shows the presence of an IMF interface. This is the first instance where a high
quality IMF growth is realized in a growth system other than GaSb on GaAs.
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Fig. 5. Confirmation of the IMF growth mode using a direct distance measurement using X-TEM
(Left) and using FFT analysis of the image (Right).

To determine the material quality, InSb quantum well grown with different Al concentration
AlIni«Sb cladding layer is investigated by photoluminescence (PL) setup. We will present the
comparison of detailed X-ray analysis of the buffer layers as well as TEM images to look at the



threading dislocation density of the materials. The comprehensive analysis of the InSb quantum
well samples investigation with PL and TRPL results is shown below. See figure 5.
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Fig. 5. Low temperature and Time resolved PL from InSb quantum wells grown on InAs.

1.B. IMF formation in growth of Ino.s3Gao.47Sb on InP

We present the growth of Ino.s3Gao47Sb on InP using the interfacial misfit dislocation growth
mode. The growth is performed by using an intermediate InGaAs layer and achieving an As for
Sb anion exchange. Characterization results show the formation of an interfacial misfit dislocation
array, however the epilayer shows significant phase segregation.

Narrow bandgap antimonide-based alloys such as InAsxSbix can result in MWIR and LWIR
detectors which are used for atmospheric remote sensing and medical devices. The ability to access
lattice constants of ~ 6.3 A could lead to significant breakthroughs for such devices. However, the
lack of substrates between GaSb and InSb limits the composition options to realize fully relaxed
InAsxSbi.x epi-layers with high antimony percentage. In the past, it has been shown that interfacial
misfit dislocation (IMF) array-based growth mode can be used to achieve instantaneous relaxation
of antimonide layers with direct growth of GaSb on GaAs resulting in a dislocation density of ~
108 dislocations/cm? and with a defect filter layer this value can be reduced to 107 dislocations/cm?.
In this period of performance, we demonstrate use of IMF-based growth to achieve direct growth
of Ino.53Gao.47Sb on InP substrate by using Ino.s3Gao.47As as an intermediate layer. The technique
used involves the replacement of As with Sb under highly controlled temperature and I1I-V ratios.
Thus, similar to GaSb/GaAs, it is our objective in this presentation to realize high-quality
Inp.53Gag.47Sb directly on Ino.53Gao.47As/InP.
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Fig.6. TEM analysis of IMF formation between the GaSb/GaAs layers. Figure (a) shows all

three layers, (b) is an SAED analysis of figure (a). (c) shows the growth interface between
InGaAs on InP.

The alloys are grown using an elemental source Veeco ® Gen 10 molecular beam epitaxy (MBE)
reactor with valved crackers for the Sb and As sources. The native oxide formed on the InP
substrate is removed thermally at 540°C under arsenic overpressure. This process is followed by
the growth of a 500 nm thick Ing 53Gag47As lattice-matched layer at a growth rate of 0.5 ML/sec.
The Ing 53Gag.47Sb layer is then grown by replacing antimony with arsenic. This is realized by first
desorbing excess arsenic from the InGaAs layer by closing the Arsenic supply while the wafer is
kept at growth temperature, for a duration of 30 seconds. At the end of this arsenic desorption step,
Sby is introduced without changing other parameters, thus allowing for the creation of a thin
Ino 53Gao.47Sb layer.
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Fig.7: HR-XRD analysis of InGaSb IMF layers grown at 400, 360 and 460 degrees celsius.
There is some change in FWHM of the InGaSb peak but the peaks are broad and symmetric.

We present the analysis of such samples with the InGaSb grown at a variety of growth
temperatures. The baseline structure was grown at 400°C followed by two subsequent growths at
360°C and 460°C. Surface morphology, cross-section TEM, HR-XRD, and photoluminescence
studies were conducted on these samples. The XRD analysis shows that the Ino.53Gao.47Sb layer is
fully relaxed, however the FWHM of the epilayer peak is extremely broad at ~ 1500 arcseconds.
TEM analysis in most of the samples shows the presence of a periodic misfit dislocation array.
However, at higher (atomic-resolution) images, there appear to be several different crystal



orientations present in the same image. In combination with the XRD data, we believe this
indicates the possibility of compositional segregation in the InGaSb layer driven by miscibility
gap issues.

InGaSbh
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Fig.8: TEM analysis of the sample grown at 400 C shows the presence of an IMF layer between
the InGaSb/InGaAs layers. Figure (a) shows all three layers, (b) shows the interface between
InGaSh and InGaAs and the presence of a periodic misfit dislocation array and figure (c) is a high
resolution image showing the presence of different crystal orientations in the growth .

Goal 2: Atomic-resolution structure imaging of interfacial defects in IMF growth mode.

The core structure of interfacial defects in a GaSb/GaAs(001) heterostructure have been
determined using atomic-resolution structure imaging. Several different defect types, including
Lomer edge dislocations, perfect 60° dislocations and dissociated 60° dislocations, were identified
using Burgers circuit analysis. The majority (83%) of the eighteen analyzed interfacial defects
were perfect 90° Lomer dislocations, with an average separation of 6.0+0.5nm. These defects had
three different types of core structure: the well-known 5-7 ring shuffle-set, which were most
commonly observed, as well as the 6-8 ring left-displaced glide-set and the 6-8 ring right-displaced
glide-set. However, no symmetric glide-set Lomer dislocations were seen. The presence of single
atomic columns at the core of the perfect 60° dislocation, and at the core of the 30° Shockley
partial of the dissociated 60° dislocation, indicated that both of these defects belonged to the glide
set.

High-resolution transmission electron microscopy (TEM)offers the attraction of being able to
image dislocation cores with very high spatial resolution, and the technique has been widely used
for many years to reveal the atomic structure of dislocation cores in semiconductor
heterostructures. The recent generations of aberration-corrected electron microscopes (ACEMs)
have the capability to routinely produce images with sub-angstrom level resolution, which enables
direct atomic-structure imaging of dislocation cores in many semiconductors. This paper
concentrates on atomic-scale characterization of interfacial defects occurring in an isovalent
GaSb/GaAs(001) heterostructure, using aberration-corrected scanning TEM.

The GaSb/GaAs sample was prepared by molecular beam epitaxy (MBE) Cross-section
TEM samples were prepared using mechanical polishing, dimpling and argon ion milling, with the



sample held at liquid-nitrogen temperature to minimize any irradiation-induced artefacts.
Conventional TEM images were obtained using a JEOL 2010F microscope operated at 200 kV.
Atomic-resolution STEM imaging was carried out using a JEOL ARM-200F microscope also
operated at 200 kV. The probe convergence angle was 22 mrad, and the inner and outer collection
angles for high-angle annular-dark-field (HAADF)-STEM imaging were 90 and 150 mrad,
respectively.

Figure 9(a) shows a bright-field TEM micrograph of the GaSb/GaAs(001) heterostructure.
A high density of threading defects and stacking faults is visible in the GaSb layer. As expected,
the GaSb/GaAs interface also exhibits a high density of defects. Aberration-corrected STEM
imaging was used to examine the atomic structure of the interfacial defects, and Fig. 9(b) shows a
typical atomic-resolution HAADF-STEM image of the GaSb/GaAs interface region. Several
different types of interfacial defects can be identified, including 60° and Lomer dislocations, as
well as a short {111}-type intrinsic stacking fault propagating upwards from the plane of the
interface.
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Fig. 9. (a) TEM micrograph of GaSb/GaAs(001) heterostructure revealing the crystalline quality
and defect structure of the GaSb layer. (b) Atomic-resolution HAADF-STEM structural image of
GaSb/GaAs heterointerface region showing short {111}-type intrinsic stacking fault (yellow
arrow), 60° dislocation (red arrow) and two Lomer dislocations (white arrows).

Figure 10(a) shows a large-angle bright-field (LABF) STEM image of an interfacial defect at the
GaSb/GaAs interface. The Burgers vector of the defect is determined by drawing a RH/FS (right-



hand/finish-start) Burgers circuit, and the arrow joining the finishing and starting points of the
circuit indicates the Burgers vector. Thus, the Burgers vector here is identified to be a/2[110],
according to the directions shown on the figure, which constitutes a full lateral lattice translation.
This perfect 90° dislocation is identified as a Lomer edge dislocation, since the [110] dislocation
line direction, which is also the beam projection direction, makes a 90° angle with the [110]
Burgers vector direction. The atomic arrangements at the dislocation core can be directly
determined based on the atomic-column intensities in the HAADF-STEM image of the same
defect, as illustrated in Fig. 10(b). As represented by the schematic, the dislocation core consists
of five-membered and seven-membered rings of atoms. This atomic arrangement corresponds to
the shuffle-set variant of the two types of core structures of edge dislocations in diamond-cubic
crystals, as originally proposed by Hornstra and also previously reported for the GaSb/GaAs
interface by Wang et al.
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Fig. 10 (a) Atomic-resolution LABF-STEM structural image of interfacial dislocation at
GaSb/GaAs interface, together with corresponding RH/FS Burgers circuit. (b) HAADF-STEM
image of the same defect with structural model overlaid on the dislocation depicting the five-
membered and seven-membered atomic ring arrangements at the defect core.



Fig. 11 (a) Atomic-resolution LABF-STEM image of dislocation located at GaSb/GaAs interface
with corresponding RH/FS Burgers circuit. (b) HAADF-STEM image of the dislocation core and
intensity profile (inset) revealing two distinct peaks corresponding to separate atomic columns.
(c) Proposed atomic arrangement at dislocation core overlaid on HAADF-STEM image.

Figure 11(a) shows an atomic-resolution LABF-STEM image of another defect located at the
GaSb/GaAs interface. A RH/FS Burgers circuit was drawn encompassing the defect in order to
identify the Burgers vector, which was again determined to be a/2[110], corresponding to a
Lomer dislocation. Figure 11(b) includes an intensity profile across the HAADF STEM image of
the same defect. This profile confirms the existence of a single atomic column at the core, which
is displaced slightly towards the left-hand side with respect to the {220} median plane (marked by
solid white vertical lines in Fig. 11(c)). Figure 11(c) depicts schematically the atomic arrangements
at the dislocation core, which consist in this case of six-membered and eight-membered rings of
atoms. This atomic configuration corresponds to the glide-set variation of a Lomer dislocation, as
originally proposed by Hornstra and is formally identified as a left-displaced glide-set Lomer
dislocation.



Figure 12(a) shows an aberration-corrected LABF-STEM structure image of yet another
defect located at the GaSb/GaAs(001) interface, associated in this case with an interface step. A
RH/FS Burgers circuit drawn around the dislocation again identifies the Burgers vector as
a/2[110]. This Burgers vector is equivalent to a full lattice translation with a 90° angle with the
[110] dislocation line direction, and thus the defect is confirmed to be a Lomer edge dislocation.
Figure 12(b) includes an intensity profile that indicates the presence of an atomic column at the
core (marked by the arrow), albeit displaced slightly towards the right with respect to the {220}
median plane (marked by the solid white lines in Fig. 4(c)). The atomic arrangement of the
dislocation core, based on the contrast of the HAADF-STEM image, is shown schematically in
Fig. 4(c). The dislocation core consists of six-membered and eight-membered rings of atoms.
Careful observation of the intensity profile across the interface indicates that the dislocation is
associated with an interfacial atomic step, as shown in Fig. 4(c). Thus, this specific dislocation is
identified as a right-displaced glide-set Lomer dislocation that incorporates an atomic step on one
side of the defect.
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Fig. 12. (a) Aberration-corrected LABF-STEM image of interfacial dislocation at GaSb/GaAs
interface with corresponding RH/FS Burgers circuit. (b) HAADF-STEM image and intensity
profile from HAADF-STEM image of dislocation core revealing two distinct peaks (the one
corresponding to the atom centrally located in the defect core is marked by arrow in the inset). (c)
Proposed atomic arrangement of defect core overlaid on HAADF-STEM image. Dotted line shows
location of GaSb/GaAs interface.
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Fig. 13. (a) Aberration-corrected LABF-STEM structure image of interfacial defect in the
GaSb/GaAs heterostructure with corresponding RH/FS Burgers circuit. (b) HAADF-STEM image
and intensity profile obtained from HAADF-STEM image reveal single atomic peak at defect core.
(c) Proposed atomic arrangement of defect core overlaid on HAADF-STEM image.

Figure 13(a) shows an atomic-resolution LABF-STEM image of a fourth type of GaSb/GaAs
interfacial defect, together with the corresponding RH/FS Burgers circuit. The closure vector here
is identified as a/4 [112], according to the directions shown on Fig. 13(a). This arrangement would
correspond to the projected component of a 60° dislocation with a Burgers vector of either
a/2[101] or a/2[011], which lies in a (111) slip plane. Figure 13(b) includes an intensity profile
from the HAADF-STEM image of the dislocation core, which confirms the presence of a single
atomic column at the defect core. Figure 13(c) shows a model of the dislocation core overlaid on
the HAADF-STEM image showing the most probable atomic arrangement. The presence of the
single As atomic column at the core confirms that the dislocation belongs primarily to the glide-
set [12].

Figure 14 shows an atomic-resolution HAADF-STEM image of a stacking fault originating
at the GaSb/GaAs(001) interface, and extending upwards into the GaSb layer. A RH/FS Burgers
circuit was drawn to encompass the partial dislocations at both ends of the dissociated defect, and
the closure vector here is identified as a/4 [112]. This would correspond to the projected
component of either a/2[011] or a/2[101] Burgers vectors of an undissociated 60° dislocation
that lies in a (111) slip plane. Thus, this 60° dislocation has dissociated into 30° Shockley partial



and 90° Shockley partial dislocations, as observed previously for the GaAsSb/GaAs(001)
heterostructures.!® The dissociation reaction can be written as:

a/2[011] = a/6[121] + a/6[112]

OR

a/2[101] = a/6[211] + a/6[112]

60° perfect 30° partial 90° partial
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Fig. 14. Aberration-corrected HAADF-STEM image of dissociated 60° dislocation at the
GaSb/GaAs(001) interface and corresponding RH/FS Burgers circuit.

The 30° partial is the leading partial dislocation and is located right at the compressively-strained
GaSb/GaAs interface. The core of the 30° Shockley partial dislocation contains the characteristic
single atomic column, identified here as corresponding to Sb, indicating that the dislocation
belongs to glide-set. The corresponding 90° Shockley partial dislocation, which is the associated
trailing partial dislocation, is located in the GaSb layer.

Once the different types of defects and the atomic arrangements of their core had been
identified, their relative frequency of occurrence at the interface was determined. Out of the
eighteen defects analyzed, twelve were classic 5-7 ring shuffle-set Lomer dislocations, two defects
were left-displaced 6-8 ring glide-set Lomer dislocations, one was right-displaced 6-8 ring glide-
set Lomer dislocation, two were perfect 60° dislocations and one was a dissociated 60° dislocation.
The average distance between the Lomer dislocations at the interface was measured to be 6.0 +
0.5 nm. However, the Lomer dislocations were not regularly spaced along the interface, most likely
because of the occurence of the different defect types as well as the presence of occasional interface
steps. Only a relative few were associated with these monolayer steps, indicating that the presence
of an interface step was not a prerequisite for formation of a Lomer dislocation.



Goal 3: Mid-Infrared Interband Cascade Light Emitting Devices Grown on off-axis Silicon
Substrates

We report the growth of GaSb-based mid-infrared interband cascade light emitting devices
(ICLEDs) on 4 degree offcut silicon substrates with 12% lattice mismatch. Four wafers produced
functioning devices, with variations from wafer to wafer but relatively uniform performance of
devices processed from a given wafer. The full width at half maxima for the (004) GaSb rocking
curves were as narrow as ~ 163 arc seconds, and the root mean square surface roughness as small
as 3.2 nm. For comparison, a control structure was also grown to the same design on a GaSb
substrate. Devices were fabricated from all 5 wafers and mounted epitaxial-side-up to evaluate
their electro-optical properties. The control devices had good material and spectral emission
properties, and low leakage currents that indicated favorable material processing. However, the
emission efficiencies and series resistances of the control devices were severely reduced by heating
at modest continuous wave (cw) currents due to a high thermal resistance for heat dissipation via
the GaSb substrate. By contrast, the same reductions were not observed for devices grown on
silicon because of its much higher thermal conductivity. As compared to our previous best-
performing standard ICLEDs grown on GaSb, which were mounted epitaxial-side-down and had
anti-reflection (AR) coatings on the substrate output surfaces, all of the devices on silicon had
higher leakage currents and higher series resistances. However, taking into account the differences
in device architecture the efficiencies at high cw currents for the best devices on silicon were
approximately 75% of those for the previous standard. At an injection current of 100 mA, the best
200 pm-diameter mesas with 22 active stages, no AR coating, and a top contact that blocks 25%
of the output produced 184 uW of cw output power when operated at 7= 25 °C, and 140 pW at
85 °C. Possible factors governing whether a given growth on silicon will produce high-
performance ICLEDs are discussed, although no definite conclusions are possible at this time.

10
8 ]
— SISi)

S 6 D (15 ]
® ]

(o)) d=200pum 400 ym 600 um
S 4 S ~ —— | ]
2 dccntact =100 pm TYV:;Sr °c _
EpI-Up, T=25 OC % o0 200 @00 400
1(mA) 1

0 " " 1 " " L L " L

0 50 100 150

Injection Current (mA) |

Fig. 15. Cw I-V characteristics at room temperature for ICLEDs with 200 um diameters
processed from Wafers A-D grown on offcut silicon, as well as a device from the control Wafer
E. The inset shows J-V characteristics for multiple devices with all four mesa diameters
processed from Wafer C.
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Fig. 16. Normalized cw emission spectra at T =25 C from representative ICLEDs with 200
um diameters processed from offcut silicon Wafers (a) A and B (22 stages) at current 100 mA
and (b) C and D (15 stages) at current 140 mA. Both plots include the spectrum for a device
processed from the control Wafer E grown on GaSbh at current 50 mA. The undulations in the
spectra for devices grown on Si are Fabry-Perot fringes.

Fig. 17. Very low defect density ICLEDs grown on Antimonide buffers on Silicon. The buffers
were developed in this project and the ICLED designs were developed at NRL.






