AFRL-RX-WP-JA-2015-00435

QUANTITATIVE ANALYSIS OF STRAIN
DISTRIBUTION IN INAS/INAS, .SB; SUPERLATTICES
(POSTPRINT)

Krishnamurthy Mahalingam, Elizabeth H. Steenbergen, and Gail J. Brown
AFRL/RXAN

Yong-Hang Zhang
School of Electrical, Computer and Energy Engineering, Arizona State
University

AUGUST 2013
Interim Report

Distribution A. Approved for public release; distribution unlimited.

See additional restrictions described on inside pages

STINFO COPY

© 2013 AIP Publishing LL.C

AIR FORCE RESEARCH LABORATORY
MATERIALS AND MANUFACTURING DIRECTORATE
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



NOTICE AND SIGNATURE PAGE

Using Government drawings, specifications, or other data included in this document for any
purpose other than Government procurement does not in any way obligate the U.S. Government.
The fact that the Government formulated or supplied the drawings, specifications, or other data
does not license the holder or any other person or corporation; or convey any rights or
permission to manufacture, use, or sell any patented invention that may relate to them.

This report was cleared for public release by the USAF 88th Air Base Wing (88 ABW) Public
Affairs Office (PAO) and is available to the general public, including foreign nationals.

Copies may be obtained from the Defense Technical Information Center (DTIC)
(http://www.dtic.mil).

AFRL-RX-WP-JA-2015-0045 HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT.

/[Signature// /ISignature//
ELIZABETH H. STEENBERGEN DIANA M. CARLIN, Chief
Nanoelectronic Materials Branch Nanoelectronic Materials Branch
Functional Materials Division Functional Materials Division

//Signature//
TIMOTHY J. BUNNING, Chief
Functional Materials Division
Materials and Manufacturing Directorate

This report is published in the interest of scientific and technical information exchange, and its
publication does not constitute the Government’s approval or disapproval of its ideas or findings.



F A d
REPORT DOCUMENTATION PAGE OME No. 074.0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Defense, Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it dows not
display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From — To)
August 2013 Interim 14 May 2013 — 24 July 2013
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
QUANTITATIVE ANALYSIS OF STRAIN DISTRIBUTION IN FA8650-11-D-5401-0011
INAS/INAS1-xSBx SUPERLATTICES (POSTPRINT) 5b. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER
62102F
6. AUTHOR(S) 5d. PROJECT NUMBER
(see back) 4347

5e. TASK NUMBER

5f. WORK UNIT NUMBER

X0K9
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
(see back) NUMBER
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Air Force Research Laboratory
Materials and Manufacturing Directorate AFRL/RXAN
Wright Patterson Air Force Base, OH 45433-7750
Air Eorce Materiel Command 11. SPONSOR/MONITOR’S REPORT NUMBER(S)

United States Air Force AFRL-RX-WP-JA-2015-0045

12. DISTRIBUTION / AVAILABILITY STATEMENT
Distribution A. Approved for public release; distribution unlimited. This report contains color.

13. SUPPLEMENTARY NOTES
PA Case Number: 88ABW-2013-2448, Clearance Date: 24 May 2013. Journal article published in Applied Physics
Letters 103, 061908 (2013). © 2013 AIP Publishing LLC. The U.S. Government is joint author of the work and has
the right to use, modify, reproduce, release, perform, display or disclose the work. The final publication is available
at http://dx.doi.org/10.1063/1.48179609.

14. ABSTRACT
Atomic resolution transmission electron microscopy is performed to examine the strain distribution in an
InAs/InAs;_,Shy superlattice grown on a (100)-GaSh substrate. The strain profiles reveal that the thickness of tensile
regions in the superlattice is significantly lower than expected, with a corresponding increase in thickness of the
compressive regions. Furthermore, significant grading is observed within the tensile regions of the strain profile,
indicating Sb intermixing from the InAsSb growth surface. The results signify an effective reduction in the InAs layer
thickness due to the anion (As-Sb) exchange process at the InAs-on-InAsSh interface.

15. SUBJECT TERMS
electronic materials, nanoelectronics, nanotechnology

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18.NUMBER | 19a. NAME OF RESPONSIBLE PERSON (Monitor)
OF ABSTRACT |  OF PAGES Elizabeth H. Steenbergen

a. REPORT b. ABSTRACT | c. THIS PAGE 19b. TELEPHONE NUBER (include area code)

Unclassified | Unclassified | Unclassified SAR 8 (937) 656-9939

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18




REPORT DOCUMENTATION PAGE Cont’d

6. AUTHOR(S)

Krishnamurthy Mahalingam, Elizabeth H. Steenbergen, and Gail J. Brown - Functional Materials Division, Materials and
Manufacturing Directorate, Air Force Research Laboratory

Yong-Hang Zhang - School of Electrical, Computer and Energy Engineering, Arizona State University

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AFRL/RXAN

Air Force Research Laboratory

Materials and Manufacturing Directorate
Wright-Patterson Air Force Base, OH 45433-7750

School of Electrical, Computer and Energy Engineering
Arizona State University
Tempe, Arizona 85287

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18




APPLIED PHYSICS LETTERS 103, 061908 (2013)

@CrossMark

Quantitative analysis of strain distribution in InAs/InAs,_,Sb, superlattices

Krishnamurthy Mahalingam,'® Elizabeth H. Steenbergen, Gail J. Brown,’

and Yong-Hang Zhang?®

'AFRL/RXAN, Materials and Manufacturing Directorate Air Force Research Laboratory,

Wright Patterson AFB, Ohio 45433 7707, USA

2School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe,

Arizona 85287, USA

(Received 8 June 2013; accepted 24 July 2013; published online 8 August 2013)

Atomic resolution transmission electron microscopy is performed to examine the strain distribution
in an InAs/InAs; ,Sby superlattice grown on a (100)-GaSb substrate. The strain profiles reveal that
the thickness of tensile regions in the superlattice is significantly lower than expected, with a
corresponding increase in thickness of the compressive regions. Furthermore, significant grading is
observed within the tensile regions of the strain profile, indicating Sb intermixing from the InAsSb
growth surface. The results signify an effective reduction in the InAs layer thickness due to the
anion (As-Sb) exchange process at the InAs-on-InAsSb interface. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817969]

Arsenide/antimonide based III-V semiconductor strained
layer superlattices have attracted significant attention as
tunable device materials for mid- to very long-wavelength
infrared detection.'™'” There are two categories of material
systems: InAs/In,Ga; ,Sb superlattices, and the Ga-free
InAs/InAs; Sb, superlattices. While InAs/In,Ga; Sb
superlattices have been extensively studied for over two
decades,'™ InAs/InAs, ,Sby superlattices have only recently
emerged as potential alternatives,'' due to their superior
minority carrier lifetime, which is attributed to the absence of
Ga-induced Shockley-Read-Hall defects.*'* A critical aspect
in the design and growth of these materials is balancing the
superlattice strain, which needs to be performed such that, in
addition to achieving high structural quality, the appropriate
composition and associated strain of the constituent layers
are maintained over the whole structure. Proper strain profiles
across individual layers in the superlattice is particularly im-
portant for tailoring of the superlattice band structure and
related properties.* An examination of the local strain distri-
bution within the superlattice is then important, since it pro-
vides a direct means for investigating atomistic processes that
control structural evolution during growth and for under-
standing how these affect key properties of the overall struc-
ture. Atomic scale strain distribution studies have been
reported recently on InAs/In,Ga; ,Sb superlattices, which
revealed the nature of strain localization at interfaces and sur-
face segregation within GaSb layers.'*'? There is, however, a
lack of similar studies on InAs/InAs; ,Sb, superlattices. The
objective of the present communication is to apply recent
advancements in high-resolution transmission electron mi-
croscopy (HRTEM) to examine the nature of strain distribu-
tion in InAs/InAs; Sb, superlattices. The approach
employed is similar to that described in recent studies,'?
wherein aberration corrected HRTEM is used in combination
with advanced digital image analysis to obtain strain maps
across thin layers (1 2nm) at high spatial resolution.
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The superlattice sample investigated in this study was
grown on a (100)-GaSb substrate by molecular beam epi-
taxy, having a nominal period of 7.2 nm, with nominal thick-
ness values of 5.8 nm for InAs and 1.5nm for InAs; Sb,,
and a nominal value of x=0.4 for the composition. Cross-
sectional samples for TEM observations along the orthogo-
nal [011] and [011] zone axes were prepared by conventional
ion-milling, with the sample mounted on a liquid-nitrogen
cooled cryo-stage. The HRTEM observations were per-
formed using a Titan 80 300 TEM equipped with a spherical
aberration (image) corrector. The constituent layers in the
superlattice were examined using the negative spherical
aberration (Cs) imaging (NCSI) method,'*'> wherein the
nominal value of C; was set to —20 um and the images
acquired at over-focus settings in the range of 6 10nm.
Under these imaging conditions, the projected atomic col-
umns appear bright on a dark background, providing high
contrast and enhanced spatial resolution of the cation and
anion sublattices for precise location of the atomic columns
and subsequent measurement of local lattice displacements
(of the order of 10 pm).12’14’15

Figure 1 is an X-ray diffraction profile of the (400)
reflection from the sample. The superlattice is closely lattice
matched to the GaSb substrate, which is evident from the
small separation in the respective peak positions. The super-
lattice period as measured from the superlattice satellite
peaks was 7.3nm. Figure 2(a) is a dark-field TEM image
obtained using the chemically sensitive (200) reflections,
wherein the InAs and InAsSb layers appear bright and dark,
respectively. Measurement of the individual layer thick-
nesses from these images, based on the delineation of image
contrast, yielded an average value of 5.5 = 0.14 nm for the
InAs layers and 1.8 = 0.1 nm for InAsSb layers. The distinct
dark contrast typically seen at interfaces in (200) dark field
images of InAs/InGaSb superlattices'® is not observed in
these structures. A profile of the intensity distribution across
the layers in the superlattice, shown in Fig. 2(b), reveals con-
sistent grading within each InAs layer, in addition to grading
typically observed in the interfacial regions.

© 2013 AIP Publishing LLC
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FIG. 1. (400) w 260 X ray diffraction scan of the InAs/InAsSb superlattice
with the inset showing the substrate peak and the superlattice zero order
peak.

Figure 3 is an HRTEM image of the superlattice struc-
ture (after applying a background subtraction filter'’ for
noise removal) showing the first few layers above the sub-
strate, wherein the bright dots in this image correspond to
the projected atomic columns. To obtain the strain distribu-
tion in the superlattice, these images were further analyzed
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FIG. 2. (a) (200) dark field image of the superlattice, showing the InAs
(bright) and the InAs; ,Sby (dark), and (b) the intensity profile within the
marked region in (a), averaged parallel to the interfaces, showing grading in
the InAs layers.
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FIG. 3. A high resolution TEM image of the superlattice where the bright
dots correspond to the projected atomic columns.

by the peak-pair method,'® using a commercial software
package (HREM Research, Inc.). The procedure adopted
was similar to that described in the original publication by
Galindo et al.,'"® except that the Bragg filtering step was
excluded, in order to retain all spatial frequency components
contributing to the image. The analysis was performed such
that the strain component ¢,, was parallel to the interface
(along [011]) and ey, was along the growth direction ([100]).
The two components were determined with respect to an
averaged reference lattice in the substrate (GaSb) region.

Similar to previous studies, a detailed analysis of the
maps of the two components showed that the values for &,
are negligible, thereby indicating that the interfaces are
coherent.'? Figures 4(a) and 4(b) show the map of the strain
component &,y and its profile over a region including the first
few periods of the superlattice adjacent to the substrate. The
strain map in Fig. 4(a) clearly delineates the compressive
(yellow/red) and tensile (green/blue) regions in the superlat-
tice, corresponding to the InAsSb and InAs layers, respec-
tively. From the strain profile shown in Fig. 4(b), the mean
value of the peak strain in the InAsSb layers was measured
to be 0.023, yielding a value of x = 0.25 for InAs; ,Sby. The
average superlattice period determined from peak-to-peak
separation in the strain profile was 7.3nm, in good agree-
ment with those measured by X-ray diffraction profile and
dark-field imaging. However, a measurement of the thick-
ness of individual layers in the strain map indicated a signifi-
cantly lower value of 4.66 = 0.13 nm for the region in tensile
strain and a corresponding higher value of 2.62 = 0.05 nm
for regions in compressive strain. The strain profiles thus
indicate an effective reduction of over 15% in the InAs layer
thickness.

To further examine the strain distribution within each
layer in the superlattice, the mean strain profile was obtained
from aligning by cross-correlation and averaging over the
three periods in the boxed region in Fig. 4(a). The resulting
profile, shown in Fig. 5, clearly reveals an asymmetric grad-
ing in the InAs layer, with a slow increase in the tensile
strain at the InAs-on-InAsSb interface (right) and a relatively
abrupt change from tensile to compressive strain at the
InAsSb-on-InAs interface (left). The grading in strain profile

Distribution A. Approved for public release; distribution unlimited.



061908-3

Mahalingam et al.

0.03
(b) InAsSb G-rowlh
0.02 Direction
; O-U]
w 000' w
AWy
InAs
0% 5 10 15 20 25
nm

FIG. 4. (a) A strain map of the strain tensor &y, along the growth direction,
and (b) a plot of the strain profile, averaged parallel to the interface, within
the marked region in (a).

observed in the vicinity of the InAs-on-InAsSb interface
indicates an incorporation of Sb into InAs, most likely due to
surface segregation of Sb from the InAsSb layer, induced by
the As-Sb exchange reaction.'”?® As additional support to
the observed strained profile, a comparison of the intensity
profile in Fig. 2(b) was performed by inverting the image in
Fig. 2(a) and rescaling the pixel values to the same range as
that for the strain map in Fig. 4(a). Figure 5 shows the mean
intensity profile for the (inverted) (200) dark-field image,
obtained from an averaging procedure similar to that for the
strain profile. A direct correlation between the two profiles
is evident and, given the compositional sensitivity of the
zinc-blende (200) reflection,?’ clearly indicates a grading in
chemical composition.

0.03
- Strain Growth
’ Direction

0.01
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FIG. 5. Profile of the strain tensor &,y (shaded) and the (200) dark field in
tensity (black line) averaged over three superlattice periods.
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It is of interest to compare the above results with those
reported in similar studies on InAs/In,Ga; ,Sb superlatti-
ces.'>"? It is well known that strain localization at interfa-
ces and the need to tailor interface composition plays an
important role in Ga-based superlattices, due to the forma-
tion of Ga-As (tensile) and In-Sb (compressive) bonds at
the interface. In the present study, however, the need for
interface composition control is alleviated due to the
absence of Ga in these superlattices. Indeed, a comparison
of the strain profile in Fig. 4, with those reported for InAs-
In,Ga; Sb,'*'? show that the strong negative spikes due
to the dominant presence of Ga-As bonds (in interfaces
with no composition control), are not observed herein. The
present results, however, indicate that anion segregation at
the InAs-on-InAsSb interface must be addressed, which
should be possible by appropriate control of As/Sb and
V/II flux ratios.*®

In summary, the strain distribution across interfaces in
an InAs/InAs; ,Sby superlattice was investigated by aberra-
tion corrected HRTEM. The strain profiles (ey,) revealed sig-
nificant reduction in the InAs layer thickness and also
compositional grading within these layers, due to the segre-
gation of Sb from the InAsSb surface. To preserve the
designed InAs layer thickness and composition, the As-Sb
exchange reaction at the InAs-on-InAsSb interface must be
controlled, which is important since the band gap of the
superlattice and related properties are sensitive to monolayer
fluctuations in its thickness.”

This research was sponsored by the Materials and
Manufacturing Directorate, Air Force Research Laboratory,
Wright-Patterson AFB, under Air Force contract FA8650-
08-D-5200. The superlattice sample was grown by IQE, Inc.
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