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a b s t r a c t

In order to develop ternary antimonide-based superlattice (SL) materials for very long wavelength infra-
red (VLWIR) detection, systematic growth optimization studies were performed to produce high quality
ternary materials. For the studies, a SL structure of 47.0 Å InAs/21.5 Å Ga0.75In0.25Sb was selected to create
a very narrow band gap. Results indicate that an epitaxial process developed can produce a precisely con-
trolled band gap around 50 meV, but the material quality of grown SL layers is particularly sensitive to
growth defects formed during the growth process. Since Group III antisites and strain-induced disloca-
tions are the dominant structural defects responsible for the low radiative efficiencies, our optimization
strategies to eliminate these defects have focused on stabilizing III/V incorporation during surface recon-
struction by manipulating the growth surface temperature and balancing the residual strain of the SLs by
adjusting the As/Sb flux ratio. The optimized ternary SL materials exhibited an overall strong photore-
sponse over a wide wavelength range up to �15 lm that is important for developing VLWIR detectors.
A quantitative analysis of the lattice strain, performed at the atomic scale by aberration corrected trans-
mission electron microscopy, provided valuable information about the strain distribution at the inter-
faces that was important for optimizing the strain balancing process during SL layer growth.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The InAs/GaInSb superlattice (noted as ‘‘ternary SL’’) system
provides several distinctive advantages suitable for very long
wavelength infrared (VLWIR) detection [1]. With increasing
indium composition, a very narrow band gap can be achieved with
a smaller period for the ternary SL system, leading to a larger
absorption coefficient due to enhanced electron and hole wave-
function overlap [2]. More importantly, the strain can create a large
splitting between the heavy-hole and light-hole bands in the ter-
nary SLs, which reduces the hole–hole Auger recombination pro-
cess and increases the minority carrier lifetime, thus improving
the device detectivity [3]. Despite these theoretical advantages,
very few papers have examined the ternary SL growth processes
in recent years and reported their device results to verify theoret-
ically predicted performance limit. Recently, Haugan et al. [4,5]
have shown that an excellent quality of the ternary materials can
be processed using a molecular beam epitaxy (MBE) growth pro-
cess specifically engineered for the ternary material growth. Their
optimized SL materials can generate a strong photoresponse signal,
a high mobility, and a long 300 K carrier lifetime. The 300 K carrier

decay time measured from their ternary SL materials extended up
to �84 ns, which is longer than the most reported 300 K lifetime
values from processed SL detector materials [6,7].

In this report, using a combination of high-resolution X-ray dif-
fraction (HRXRD), atomic force microscopy (AFM), and photocon-
ductivity measurements, we continuously refined the MBE
process and tuned growth conditions to produce the highest-qual-
ity ternary SL materials that can be used for VLWIR detection. Since
most MBE-grown III–V heterostructures are affected by a large
number of growth defects generated during surface reconstruction
and strain balancing processes, we optimized the III/V stoichiome-
try by manipulating the growth surface condition, and engineered
the interface composition to match the effective lattice constant of
the SL to its substrate by adjusting As/Sb flux ratio. We used a SL
structure of 47.0 Å InAs/21.5 Å Ga0.75In0.25Sb to create the band
gap around 50 meV, and high-resolution transmission electron
microscopy (HRTEM) to characterize the strain distribution at the
interfaces.

2. Growth details

The InAs/GaInSb SL materials in this study were grown in a Var-
ian MBE reactor equipped with dual-filament effusion cells for the

http://dx.doi.org/10.1016/j.infrared.2014.09.016
1350-4495/� 2014 Elsevier B.V. All rights reserved.
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Group III elements, and valved cracker cells for the Group V ele-
ments. The repeated SL stacks (0.5 lm-thick) and the undoped
GaSb buffer layer (0.5 lm-thick) were deposited on GaSb (100)
wafers, and several series of 47.0 Å InAs/21.5 Å Ga0.75In0.25Sb SL
samples were grown over a wide range of Group V flux conditions
to preset the growth rates of Group III elements and the V/III flux
ratio. To grow the intended ternary structure under minimum
cross contamination environment of the Group V fluxes, the V/III
flux ratio was set at �3 for both layer depositions, and the growth
rates of 1.6 and 0.3 Å/s were used for GaInSb and InAs layers,
respectively. The Sb and As cracking zone temperatures were set
at 950 �C and 900 �C, respectively. Fig. 1 represents a typical
strain-balanced ternary structure with an excellent crystalline
quality that can be achieved by using the shutter sequence
described in the insert of Fig. 1. With a measured period of
68.5 Å, the grown structure produces a band gap of �45 meV or
a corresponding onset wavelength of �27 lm, as demonstrated
in the photoresponse (PR) spectrum in Fig. 2.

3. Results and discussions

3.1. Optimization of III/V incorporation

In order to optimize III/V stoichiometry during heteroepitaxy, a
first series of ternary SL samples were deposited at 390–450 �C
with growth surface temperature (Tg) stepped in approximately
10 �C increments. The growth surface temperatures reported here
are pyrometer readings calibrated to the GaSb oxide desorption
temperature of 530 �C. Since the most obvious effect one would
expect from a III/V ratio not equal to one is morphological disorder
induced by nucleation and surface defects, we used
50 lm � 50 lm area scans by AFM to monitor morphological
roughness as a function of Tg, with results listed in Table 1.
Fig. 3a shows images of a few selected SL samples that were grown
at Tg of 390, 400, and 450 �C. Despite the large differences in Tg,
there were no significant changes in the average root-mean-square
(RMS) roughness for the SL samples grown at Tg between 400 and
450 �C. In this temperature range, the RMS values were around 3 Å.
However, the RMS roughness value for the SL sample grown at the
lowest temperature of 390 �C was significantly different from the
others, and was around 21 Å. Although there were no observable
morphological defects for the samples grown at Tg between 400
and 450 �C, Tg controls the Group V exchange mechanism that
affects the number of Group III antisite defects and optical proper-
ties. To study this, the strength of photoresponse (PR) signal was

used to check the suitability of a grown material for infrared sens-
ing. The spectra were collected with a Fourier transform infrared
spectrometer at a temperature of 10 K. Due to the relatively low
resistivity of the samples, the photoconductivity was measured
in the current biased mode, with a current of 0.5 mA between
two parallel strip contacts on the surface. The five PR spectra were
collected from the sample series with Tg varying from 400 to
450 �C, where the RMS roughness value was around 3 Å. Although
the PR intensities are given in arbitrary units (a.u.), the relative sig-
nal strengths can still be compared as the test conditions for all the
samples were kept constant. We observe that the band gap ener-
gies of all SLs in this series were around 48 ± 5 meV, while the PR

Fig. 1. X-ray diffraction patterns of a 68.0 Å period superlattice (SL) sample
containing a 0.5 lm thick 47.0 Å InAs/21.5 Å Ga0.75In0.25Sb SLs. Insert is the shutter
sequence employed to create the strain-balanced ternary structure.
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Fig. 2. Photoresponse spectrum at 10 K for the 47.0 Å InAs/21.5 Å Ga0.75In0.25Sb
superlattices.

Fig. 3. (a) The 10 K photoresponse (PR) intensity as a function of deposition
temperature and (b) As/Sb flux rate. The insert shows AFM images of the 47.0 Å
InAs/21.5 Å Ga0.75In0.25Sb superlattice samples grown at 390, 400, and 450 �C
respectively, the value listed in the bottom of images represents the root-mean-
square (RMS) of 50 lm � 50 lm scans in AFM.
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intensity measured at 100 meV above the band gap gradually
increases as Tg increases from 400 to 440 �C. The PR intensity
reaches a maximum at 440 �C, and then drops by over an order
of magnitude at a higher temperature (see Fig. 3a). Thus, there is
a relatively narrow growth window of 410–440 �C for the Group
V fluxes and cracking zone temperatures used. Also, an optimized

SL sample produced an overall good photoresponse signal despite
the fact that the SL total thickness was only 0.5 lm as demon-
strated in Fig. 2. The heavy fringing on the long wavelength portion
of the spectrum is not noise but a result of multiple internal reflec-
tions through the substrate/buffer/superlattice stack. The lightly n-
type GaSb wafers do have significant infrared transparency [8].
This SL has its maximum response over a wide wavelength range
up to �15 lm. The summary of the results evaluated by HRXRD,
AFM and photoconductivity is listed in Table 1.

3.2. Strain balancing process

The next optimization issue needed to be addressed is to pre-
vent the formation of threading dislocations by matching the effec-
tive lattice constant of the SL to its substrate, referred to as strain
balancing. We selected the SL sample grown at approximately
430 �C from the first study series that has a compressive strain
(+0.17%) as the control sample. In order to eliminate compressive
strain in this sample, a second series of ternary SL samples were
deposited at approximately 430 �C by increasing the As/Sb flux rate
ranging from 0.30 to 0.46 in order to form GaAs-like interfaces. We
increased the As beam equivalent pressure (BEP) flux from
1.4 � 10�7 to 2.2 � 10�7 torr, while the Sb BEP fixed at 4.8 � 10�7 -
torr to observe the effect of As/Sb flux on the residual strain and PR
intensity. Fig. 4 shows the X-ray diffraction profiles of the (400)
reflection from the four samples, where a systematic change in
the separation between the substrate and SL peak is observed that

Table 1
Summary of the measurements results for the sample set. The photoresponse results are from measurements at 10 K. The PR intensity was measured at 100 meV above the band
gap. The average root-mean-square (RMS) roughness was based on AFM images of 50 lm � 50 lm area scan. Growth temperature and beam equivalent pressure were noted by Tg

and BEP, respectively.

Sample Tg (�C) As/Sb (a.u.) P (Å) Strain (%) RMS (Å) Eg (meV) PR intensity (arb. units)

SL1 390 0.30 67.8 +0.18 21 X X
SL2 400 0.30 68.5 +0.17 3 47.0 0.08
SL3 410 0.30 67.5 +0.17 5 43.8 0.32
SL4 430 0.30 68.0 +0.17 5 46.0 0.59
SL5 440 0.30 67.5 +0.16 3 53.0 1.09
SL6 450 0.30 68.6 +0.16 3 50.0 0.07

SL7 430 0.34 68.5 +0.12 3 44.4 0.79
SL8 430 0.37 68.5 +0.02 2 45.3 0.54
SL9 430 0.46 68.1 �0.06 2 47.0 0.58

Fig. 4. X-ray diffraction profiles of the (400) reflection showing the GaSb substrate
and superlattice peaks.

Fig. 5. The strain map (top) and the corresponding strain profile (bottom) of the strain tensor eyy for (a) strained and (b) non-strained InAs/Ga0.75In0.25Sb superlattices. The
profiles are along the growth direction, averaged parallel to the interface over entire strain maps shown on top.
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shows that a compressive strain gradually converts to a tensile
with increasing As/Sb flux ratio. By adjusting the As/Sb flux ratio
around 0.37, we were able to completely eliminate 0.17% of com-
pressive strain in the control sample. In order to understand the
strain balancing process aberration corrected transmission elec-
tron microscopy [9] was used to compare the local strain distribu-
tion in the strained control and non-strained samples. The analysis
was performed such that the strain component exx was parallel to
the interface (along [011]) and exx along the growth direction
([100]). For the strained control sample, the GaInSb layers (bright
yellow regions) are in strong compressive strain of about +0.03,
and the InAs layers (bright green) are in tensile strain of about
+0.01. The GaInSb-on-InAs and InAs-on-GaInSb interfaces are seen
to exhibit strain inversion, so that the overall strain in these
regions is negligible (see Fig. 5a). Further analysis indicated that
the net strain over several periods examined is about +0.02, which
is close to the measured XRD value of +0.17%. For the non-strained
sample, the strain profile in Fig. 5b bottom shows sharp negative
spikes at the GaInSb-on-InAs interface corresponding to the dark
blue regions in the strain map in Fig. 5b, indicating that this inter-
face is in tensile strain and that its dominant bond type is Ga-As.
The corresponding profiles of exx (not shown) from the same
regions in both samples showed negligible values, indicating that
the interfaces were coherently matched to the substrate. The net
strain examined over several periods was about +0.0005, which
is closely lattice matched. The impact of As/Sb flux rate for strain
balancing on the PR is plotted in Fig. 3b. The SL grown with
�30% higher As-flux used to balance the strain loses about 17%
of the PR signal. Our run-to-run variation of PR intensity is on
the order of 10% or less, so the intensity difference between these
two samples considered being not significant. Although many
engineered interface shutter sequences can be employed [10],
the use of As/Sb flux ratio appears to be the simplest way of balanc-
ing the strain in this design without losing too much PR intensity.
Thus the best quality of materials can be achieved with the sim-
plest shutter sequence described in Fig. 1 insert. The effects of
As/Sb flux ratio on the strain and PR intensity are summarized in
Table 1.

4. Conclusions

In conclusion, a combination of high-resolution X-ray rocking
curve, atomic force microscopy, and photoconductivity measure-
ments was used to tune growth surface condition to stabilize III–
V incorporation during MBE growth. For the studies, a series of

47.0 Å InAs/21.5 Å Ga0.75In0.25Sb SLs were deposited at tempera-
ture ranging from 410 �C to 450 �C. The results showed that our
MBE growth process could produce a band gap around 50 meV.
However, the optical quality of the grown samples was very sensi-
tive to growth surface condition. We observed a trend of increasing
photoresponse intensity as growth temperature increases. The
spectral photoresponse exhibited a strongest signal for the growth
temperature of 440 �C, and then rapidly dropped at higher temper-
atures. The average surface roughness of SL samples that produce
strong photoresponse spectra was around 3 Å. A quantitative anal-
ysis of the strain distribution performed at the atomic scale by
aberration corrected TEM provided valuable information about
strain distribution at the interfaces. A strong compressive strain
induced by GaInSb alloyed layers could be compensated by tensile
strain created by Ga–As bonds at the GaInSb-on-InAs interface
along with the InAs layers, which could be accomplished by
increasing As/Sb flux ratio.
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