
Appl. Phys. Lett. 117, 061103 (2020); https://doi.org/10.1063/5.0007275 117, 061103

© 2020 Author(s).

Minority carrier lifetime and
photoluminescence of mid-wave infrared
InAsSbBi
Cite as: Appl. Phys. Lett. 117, 061103 (2020); https://doi.org/10.1063/5.0007275
Submitted: 10 March 2020 . Accepted: 24 July 2020 . Published Online: 11 August 2020

 Priyanka Petluru, Perry C. Grant,  Aaron J. Muhowski,  Isabella M. Obermeier, Marko S. Milosavljevic, 

Shane R. Johnson,  Daniel Wasserman,  Elizabeth H. Steenbergen, and Preston T. Webster

ARTICLES YOU MAY BE INTERESTED IN

Internal quantum efficiency in 6.1 Å superlattices of 77% for mid-wave infrared emitters
Applied Physics Letters 117, 061101 (2020); https://doi.org/10.1063/5.0013854

Light-emitting diodes with AlN polarization-induced buried tunnel junctions: A second look
Applied Physics Letters 117, 061104 (2020); https://doi.org/10.1063/5.0015097

Toward high efficiency tin perovskite solar cells: A perspective
Applied Physics Letters 117, 060502 (2020); https://doi.org/10.1063/5.0014804

https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0007275
https://doi.org/10.1063/5.0007275
https://orcid.org/0000-0002-5715-4284
https://aip.scitation.org/author/Petluru%2C+Priyanka
https://aip.scitation.org/author/Grant%2C+Perry+C
https://orcid.org/0000-0002-5659-6136
https://aip.scitation.org/author/Muhowski%2C+Aaron+J
https://orcid.org/0000-0002-3260-7320
https://aip.scitation.org/author/Obermeier%2C+Isabella+M
https://aip.scitation.org/author/Milosavljevic%2C+Marko+S
https://orcid.org/0000-0002-2148-015X
https://aip.scitation.org/author/Johnson%2C+Shane+R
https://orcid.org/0000-0003-3234-0803
https://aip.scitation.org/author/Wasserman%2C+Daniel
https://orcid.org/0000-0002-8634-1556
https://aip.scitation.org/author/Steenbergen%2C+Elizabeth+H
https://aip.scitation.org/author/Webster%2C+Preston+T
https://doi.org/10.1063/5.0007275
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0007275
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0007275&domain=aip.scitation.org&date_stamp=2020-08-11
https://aip.scitation.org/doi/10.1063/5.0013854
https://doi.org/10.1063/5.0013854
https://aip.scitation.org/doi/10.1063/5.0015097
https://doi.org/10.1063/5.0015097
https://aip.scitation.org/doi/10.1063/5.0014804
https://doi.org/10.1063/5.0014804


Minority carrier lifetime and photoluminescence
of mid-wave infrared InAsSbBi

Cite as: Appl. Phys. Lett. 117, 061103 (2020); doi: 10.1063/5.0007275
Submitted: 10 March 2020 . Accepted: 24 July 2020 .
Published Online: 11 August 2020

Priyanka Petluru,1 Perry C. Grant,2,3 Aaron J. Muhowski,1 Isabella M. Obermeier,2,4 Marko S. Milosavljevic,2,3,5

Shane R. Johnson,5 Daniel Wasserman,1 Elizabeth H. Steenbergen,2 and Preston T. Webster2,a)

AFFILIATIONS
1Department of Electrical and Computer Engineering, University of Texas at Austin, Austin, Texas 78758, USA
2Air Force Research Laboratory, Space Vehicles Directorate, Kirtland AFB, NewMexico 87117, USA
3Applied Technology Associates, Albuquerque, NewMexico 87123, USA
4Department of Electrical and Computer Engineering, University of NewMexico, Albuquerque, NewMexico 87106, USA
5Center for Photonics Innovation and Electrical, Computer, and Energy Engineering, Arizona State University, Tempe,
Arizona 85287, USA

a)Author to whom correspondence should be addressed: preston.webster.2@us.af.mil

ABSTRACT

Time-resolved photoluminescence measurements are reported for InAsSbBi alloys grown by molecular beam epitaxy with Bi mole fractions
ranging from 0 to 0.8%, yielding minority carrier lifetimes on the order of hundreds of nanoseconds. The minority carrier lifetimes extracted
from the time-resolved photoluminescence measurements are comparable to those of lattice-matched InAsSb grown at the same respective
temperatures. Nomarski imaging shows that smooth, droplet-free surface morphologies are obtained in 1 lm thick InAsSbBi epilayers grown
at temperatures between 360 and 380 �C. The alloy composition-dependent bandgap energies for the InAsSbBi samples are determined from
temperature-dependent steady-state photoluminescence measurements and compared with the tetragonal distortion measured by x-ray
diffraction to determine the Sb and Bi mole fractions of each sample. The minority carrier lifetime and the achievable extension of the
InAsSb(Bi) cut-off wavelength are analyzed as functions of alloy composition and compared with the performance of InAsSb layers with sim-
ilar growth parameters.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007275

Photodetectors operating in the mid-infrared (mid-IR, 3–5lm)
are of significant interest for a variety of technologically important
applications ranging from thermal imaging and sensing to infrared
spectroscopy and potentially even free space optical communication.
Traditionally, detectors in this wavelength range have been dominated
by the HgCdTe material system, although there has been growing
interest in the use of strained layer superlattices (SLSs) for mid-IR
detection due to their predicted superior performance1 and the inher-
ent strain/bandgap engineering flexibility afforded by the SLS hetero-
structure. While InAsSb-based SLS materials have been demonstrated
with long minority carrier lifetimes of up to 10 ls,2 a major technolog-
ical milestone, the absorption coefficient of the superlattice structures
is fundamentally proportional to the square of the electron–hole wave-
function overlap, which, like the effective bandgap of the superlattice,
decreases with the increasing period thickness.3 Consequently, exten-
sion of the absorption cutoff to longer wavelengths generally leads to
reduced absorption in the superlattice. On the other hand, quaternary

InAsSbBi offers the same high level of design flexibility without this
decrease in absorption as Bi, being the heaviest group-V element, ena-
bles the same mid- to long-wave infrared tunability while maintaining
the strong absorption properties of bulk material.4,5 Since both Bi and
Hg share the same core electronic structure, incorporation of Bi into
InAsSbBi strongly parallels the effect of Hg in HgCdTe materials. Both
constituents act to reduce the bandgap energy and both material
systems can be lattice-matched to commercially available substrates,
making InAsSbBi, in some ways, an III-V analog of HgCdTe.4–7

Although the optical properties, electronic band structure, and
alloy composition of ternary and quaternary bismide alloys, including
both InAsBi and InAsSbBi, have previously been analyzed through
temperature- and excitation-dependent photoluminescence studies,
Rutherford backscattering spectrometry, and spectroscopic ellipsome-
try, among other techniques,8–12 the minority carrier lifetime of
this material system has not been examined. This deficiency in the
literature is a result of the trade-offs between efficient bismuth
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incorporation and material optical quality. At typical antimonide
growth temperatures (close to 400 �C) where optimal optoelectronic
properties are obtained in InAsSb-based materials, bismuth incorpora-
tion is extremely inefficient, limiting the achievable bandgap reduction.
On the other hand, at lower growth temperatures (around 300 �C)
where bismuth does incorporate efficiently, the low growth tempera-
ture results in a significant degradation of the (now quaternary) mate-
rial’s optical quality,13 making time-resolved studies challenging. The
minority carrier lifetime characterizes the recombination rate in a
material and, consequently, is an important metric of optoelectronic
quality in materials. As the diffusion length is proportional to the
square root of the lifetime, longer minority carrier lifetimes indicate
longer minority carrier diffusion lengths, which, in turn, result in
higher carrier collection efficiencies. Therefore, the minority carrier
lifetime serves as an excellent measure of the potential for InAsSbBi as
an absorber material for infrared detectors. In this work, we investigate
the minority carrier lifetime of epitaxial InAsSbBi materials as a func-
tion of Bi mole fraction and compare the extracted lifetimes with those
of bulk InAsSb samples for a range of growth temperatures.

Four InAsSbBi samples are grown on (100)-oriented n-type
GaSb substrates using a VG-V80H molecular beam epitaxy (MBE)
system with valved group-V sources. The InAsSbBi samples consist of
a 1lm thick active region of InAsSbBi, sandwiched between 100nm
and 400nm layers of lattice-matched InAsSb, which provide a small
degree of carrier confinement for photoexcited electron hole pairs.
The sample cross section is shown in the inset of Fig. 1. The samples
are grown at an In-limited growth rate of 1.0lm/hour at 360 or
380 �C for the InAsSbBi layer. These conditions produce Bi mole frac-
tions ranging from 0.002 to 0.008 and Sb mole fractions ranging from
0.077 to 0.09 in InAsSbBi, yielding nearly lattice-matched materials.
The InAsSb buffer and cap, however, are grown at 440 �C to preserve
the quality of the InAsSb buffer on which each InAsSbBi layer is
grown and to ensure that the 100nm cap is of high quality with no

unintentional Bi content in order to provide effective confinement of
photogenerated carriers from the surface.

A set of four InAsSb samples, lattice-matched to GaSb substrates,
are grown at temperatures between 350 and 440 �C for comparison to
the InAsSbBi samples. The InAsSb samples consist of a 3lm thick
layer of InAsSb on a GaSb substrate, intentionally grown thicker than
the 1lm thick InAsSbBi samples to partially compensate for the lack
of carrier confinement and to enable more careful examination of
surface morphology at lower growth temperatures. The sample cross
section is also included in the inset of Fig. 1. Nomarski microscopy is
used to evaluate the surface morphology of all the samples under 20�
magnification, and the surfaces are determined to be smooth and
droplet-free.

The (004) lattice plane x-ray diffraction patterns of the four
InAsSbBi samples (samples A–D) and one lattice-matched InAsSb
sample grown at an optimal temperature of 440 �C (sample 4) are
shown in Fig. 1 and are used to determine the tetragonal distortion in
InAsSbBi. The peak from the GaSb substrate is indicated along with
the peaks from the InAsSbBi layer in various samples, all of which
exhibit strong Pendell€osung fringes indicative of high-quality smooth
layer interfaces. When the layer strain is small, the tetragonal distor-
tion is described to the first order by the following equation:5,14

e? ¼ � hInAsSbBi �hGaSb
tan hGaSbð Þ : (1)

The tetragonal distortion of the InAsSbBi layer in each sample is given
in units of ppm in parentheses in Fig. 1 and in Table I. By comparing
this lattice distortion with the bandgap energy extracted from photolu-
minescence measurements, the Bi and Sb mole fractions are
obtained.13 Reciprocal space maps confirm that all the lattice-matched
and slightly compressive samples are pseudomorphic, whereas one
tensile sample (sample B) is partially relaxed. As a result, the strain
and composition analysis of sample B is only approximate.

Photoluminescence is measured from the InAsSb(Bi) samples
using a Bruker 80V Fourier transform infrared spectrometer and a
785-nm wavelength pump laser. The double modulation technique is
utilized to increase the signal to noise ratio,15 with the laser modulated
at a frequency of 50 kHz. The steady-state low temperature (120K)
photoluminescence spectra of the bismide samples are shown in Fig. 2,
along with the spectrum of InAsSb sample 4 for comparison.
Although the 100nm thick InAsSb cap parasitically absorbs some of
the 785-nm wavelength pump laser radiation in the InAsSbBi samples,
the hole mobility for InAsSb is determined to be 1186 cm2/V s,16 while
the minority carrier lifetime for InAsSb grown at 440 �C is demon-
strated later in this work and found to be approximately 1 ls. Based
on these values, the minority hole diffusion length is calculated to be
28lm at 77K from the following equation:

Lh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lhshkT=e

p
; (2)

where lh is the hole mobility, sh is the minority carrier lifetime, k is the
Boltzmann constant, T is the temperature, and e is the charge of an elec-
tron. As the InAsSb diffusion length is much greater than the 100nm
thickness of the cap, electron–hole pairs generated there that do not
immediately recombine at the surface are expected to predominately dif-
fuse into and recombine in the lower-bandgap lower-lifetime InAsSbBi
region. To further verify that the measured photoluminescence is from

FIG. 1. X-ray diffraction from bulk InAsSb and InAsSbBi samples on GaSb.
Parentheses give the tetragonal distortion inferred from the substrate-layer peak
separation, in units of parts per million. The inset shows InAsSbBi and InAsSb sam-
ple cross sections.
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the InAsSbBi absorber region, in one instance the InAsSb cap of bismide
sample C is etched down to approximately 35nm, for the purpose of sig-
nificantly reducing any potential photoluminescence from the cap while
still offering some isolation from surface recombination. The photolumi-
nescence spectra and bandgap energies for both the etched and unetched
samples C are found to be approximately the same, indicating that the
photoluminescence is indeed from the bismide layer. The photolumines-
cence peak of the GaSb substrate is not measurable for the bismide sam-
ples, due to minimal pump light reaching the substrate at our low
excitation powers.

The bandgap energy of each sample is identified at the maximum
of the photoluminescence spectrum’s first derivative,17 which identifies
the onset of the continuum states at the band edge. This first derivative
evaluation enables accurate determination of the bandgap energy with-
out the influence of the Urbach tail slope, which is a function of the
growth conditions. Lower peak intensities and extension of the photo-
luminescence first derivative maxima and peak positions of the bis-
mide samples to wavelengths longer than those of InAsSb with the
same degree of strain provide evidence that this luminescence is

emitted by InAsSbBi. The Bi and Sb mole fractions of each of the
InAsSbBi and InAsSb samples, along with their respective growth tem-
peratures, tetragonal distortions, and bandgaps at 120K, are provided
in Table I.

Temperature-dependent photoluminescence measurements are
taken from 4 to 300K to analyze the bandgap energy as a function of
temperature. The temperature-dependent bandgap is included in Fig.
3 for bulk InAsSb sample 4 (InAs0.91Sb0.09) and InAsSbBi samples C
(InAs0.913Sb0.082Bi0.005) and D (InAs0.911Sb0.081Bi0.008). The tempera-
ture dependence of the bandgap energy is evaluated using the Einstein
single oscillator model17–19 in the following equation:

Eg ¼ E0 �
S0kTE

exp
TE

T

� �
� 1

; (3)

where E0 is the bandgap energy at 0K, S0 is the electron-phonon cou-
pling strength, k is the Boltzmann constant, and TE is the Einstein

TABLE I. Growth temperatures, tetragonal distortions, bandgap energies, and Sb and Bi mole fractions of InAsSb and InAsSbBi samples.

Sample Growth temp (�C) Tetragonal distortion (ppm) Eg at 120K (meV) Sb mole fraction Bi mole fraction

InAsSb (1) 350 789 299 0.095 0.000
InAsSb (2) 380 626 299 0.094 0.000
InAsSb (3) 410 0 303 0.090 0.000
InAsSb (4) 440 0 309 0.090 0.000
InAsSbBi (A) 380 389 306 0.090 0.002
InAsSbBi (B) 380 �1034 304 0.077 0.004
InAsSbBi (C) 380 513 298 0.082 0.005
InAsSbBi (D) 360 737 281 0.081 0.008

FIG. 2. Photoluminescence from InAsSbBi and InAsSb samples at 120 K, showing
the wavelength extension and Urbach slope increase due to the addition of Bi in
InAsSb.

FIG. 3. Bandgap energy of InAs0.91Sb0.09, InAs0.913Sb0.082Bi0.005, and InAs0.911
Sb0.081Bi0.008 as a function of temperature (solid circles), with Einstein single oscil-
lator model fits (solid curves). Hollow circles are excluded from the fit and are repre-
sentative of photoluminescence from localized states (sample C: 4 to 30 K) and
noisier photoluminescence at a high temperature (samples 4, C, and D: 295 to
300 K).
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temperature. The best-fit parameters for bulk InAsSb sample 4 and
bismide samples C and D are included in Table II.

The bandgap energies at 120K for InAsSb sample 4 and bismide
samples C and D are found to be 309meV (4.01lm), 298meV
(4.16lm), and 281meV (4.41lm), respectively. The results in Fig. 3
indicate that as the bismuth mole fraction is increased from
InAs0.91Sb0.09 to InAs0.913Sb0.082Bi0.005 to InAs0.911Sb0.081Bi0.008, the
bandgap energy decreases across all measurement temperatures. The
bandgap energy of sample C, or InAs0.913Sb0.082Bi0.005, exhibits a blue
shift to higher energies between 4 and 40K, before returning to the tra-
ditional bandgap temperature dependence from 40 to 300K. This may
be attributed to radiative recombination from localized band tail states
at low temperatures, which has been previously reported in some
InAsSbBi and GaAsBi samples.13,20–23 However, sample D with 0.8%
Bi did not exhibit this property, indicating that these states may have
some growth condition dependence that can be mitigated.

Time-resolved photoluminescence measurements are also per-
formed on the InAsSbBi and InAsSb samples in order to determine
their minority carrier lifetimes. A pulsed 1535-nm laser, with a pulse
width of 3.5 ns, is used to excite the samples, while a half waveplate in
conjunction with a polarizing beam splitter is used to attenuate the
laser to produce low injection conditions in the material. The photolu-
minescence decays at low pump powers for InAsSbBi samples C and
D and InAsSb samples 2 and 4 are shown in Fig. 4(a) at 120K. The
low pump power excitation conditions are 1.6� 1011 photons/cm2 per
pulse for all the InAsSb samples; 2.2� 1011 photons/cm2 per pulse for
bismide samples A, B, and C; and 3.1� 1011 photons/cm2 per pulse
for bismide sample D. These conditions are determined by measuring
the laser power per unit area outside the cryostat to obtain the photon
flux, which is modified to account for reflection and absorption at the
cryostat’s CaF2 window and the sample’s cap layer (when present)
using optical constants taken from the Handbook of Optical
Constants.24 The handbook does not have optical constants for
InAsSb, but they are estimated by shifting the optical constants of
InAs by 75meV to the known bandgap energy of lattice-matched
InAsSb. This yields an estimated absorption coefficient of
2.36� 104 cm�1 and a corresponding parasitic loss of about 20% of
the 1535nm wavelength pump excitation in the 100nm thick InAsSb
cap (when present). For the InAsSb samples, when distributed over
the 3lm active region, the result is an excitation of approximately
5.33� 1014 electron–hole pairs per cm3, which is comparable with the
previously reported background density for this material system, indi-
cating near-low injection conditions.2,25 When distributed over the
1lm active region for the bismide samples, the two excitation condi-
tions yield approximately 2.2� 1015 and 3.1� 1015 electron–hole pairs
per cm3, respectively, and are also near the cutoff of the low injection
regime, which is evident by the pure single exponential decays
observed in Fig. 4(a).26

To again ensure that the observed photoluminescence is from the
InAsSbBi absorber region rather than the InAsSb cap, time-resolved
photoluminescence is also measured using a 3.2-lm laser, which will
have almost an order of magnitude larger penetration depth into the
samples than the 1535-nm laser. Despite the very different excitation
profile, the overall intensity of the photoluminescence decay and the
minority carrier lifetimes extracted from the time-resolved photolumi-
nescence performed with the 3.2-lm laser are consistent with those of
the 1535-nm pump laser, indicating that the measured photolumines-
cence is largely from the bismide layer and not the InAsSb cap. If any-
thing, recombination in the InAsSb cap may slightly decrease the
measured lifetime, possibly as a result of surface recombination. Thus,
the extracted lifetimes for InAsSbBi should be considered a conserva-
tive lower bound. Additionally, it is expected that the photon recycling
factor should be fairly low (approximately 1.35) given the thicknesses
of the cap, absorber, and buffer regions and should therefore not have
a significant impact on the minority carrier lifetime.27

The time-resolved photoluminescence decay data are fit to a sin-
gle exponential (solid red line) to determine the minority carrier life-
times plotted as a function of temperature in Fig. 4(b). The resulting
lifetimes for InAsSb sample 4 in Fig. 4(b) demonstrate that the growth
chamber is capable of producing high-quality lattice-matched InAsSb
with lifetimes exceeding 1 ls. Under higher excitation conditions, a
longer decay tail begins to manifest in all of the shorter lifetime bis-
mide samples grown at lower temperatures, which may be the result of
increasing luminescence from the more localized states in the Urbach
tail of the band edge or from elsewhere in the structure, such as the
underlying InAsSb or substrate layers. However, the lifetimes reported
are measured under low pump power excitation conditions.

The minority carrier lifetimes of both the InAsSb (squares) and
InAsSbBi (circles) samples measured at 120K are plotted as a function
of growth temperature in Fig. 5 for their respective lowest excitation
conditions, with error bars reflecting the uncertainty in the chosen fit
windows. For these low pump-power conditions, the lifetime data for
the InAsSb samples are also fit to a single exponential. The growth
parameters (growth temperatures and flux ratios) and the minority
carrier lifetimes at 120K for each sample are presented in Table III.

Figure 5 shows that the minority carrier lifetimes of both the
InAsSb and InAsSbBi samples decrease as growth temperature is
decreased. The InAsSbBi samples have comparable, though slightly
lower, minority carrier lifetimes than the InAsSb samples grown at the

TABLE II. Einstein single oscillator model fit parameters for InAsSb sample 4 and
InAsSbBi samples C and D.

Sample E0 (meV) S0 TE (K)

InAsSb (4) 321.5 2.94 192.1
InAsSbBi (C) 311.5 2.69 154.7
InAsSbBi (D) 295.3 1.99 86.3

FIG. 4. (a) Time-resolved photoluminescence decays of InAsSb samples 4 and 2
and bismide samples C and D at 120 K. (b) Minority carrier lifetimes of samples 4,
2, C, and D as a function of temperature.
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same temperatures, which may be due to the slightly leaner As flux
conditions utilized to facilitate the incorporation of Bi. Nonetheless,
bismide sample A grown at 380 �C has a minority carrier lifetime of
0.21 ls. This value is only slightly lower than the experimentally mea-
sured lifetime of 0.29 ls for InAsSb sample 2. Sample D, which is
grown at 360 �C, has a minority carrier lifetime of 0.12 ls at 120K,
while an interpolation of the InAsSb lifetime data suggests that an
InAsSb sample grown at 360 �C would be expected to have a lifetime
of 0.16 ls. Sample B exhibits the lowest minority carrier lifetime at
380 �C, most likely due to the noted partial relaxation in this sample,
and overall, the lifetimes for the bismide samples grown at 380 �C
appear to increase as the magnitude of the tetragonal distortion
decreases. These results indicate that the minority carrier lifetimes of
the bismide samples follow the InAsSb trend in Fig. 5 as a function of
growth temperature, suggesting that the incorporation of bismuth
itself does not negatively impact the minority carrier lifetime.
However, the lower growth temperatures (360–380 �C) required to
effectively incorporate Bi do seem to adversely affect the optical quali-
ties of the material. Nevertheless, substantial Bi mole fractions on the
order of 1% are achieved with smooth surface morphology and

technologically relevant minority carrier lifetimes, indicating that
future work should endeavor to identify growth conditions that enable
this level of Bi incorporation at higher growth temperatures.

In conclusion, minority carrier lifetimes of bulk InAsSbBi are
measured and found to be on the order of hundreds of nanoseconds
and generally within 20% of the lifetimes of lattice-matched InAsSb
alloys grown at the same temperatures. These results demonstrate that
the incorporation of bismuth into InAsSb does not necessarily degrade
the minority carrier lifetime, although the growth temperatures of
360–380 �C required for efficient Bi incorporation likely have a delete-
rious effect on the material’s optoelectronic qualities. Additionally,
photoluminescence spectra show that the bandgap energy is shifted to
longer wavelengths as the bismuth mole fraction is increased, and an
absorption cut-off of 4.4lm in lattice-matched material is demon-
strated for a bismuth mole fraction of 0.8% at 120K; a 0.5lm
wavelength extension beyond traditional lattice-matched InAsSb.
Understanding the fundamentals of Bi incorporation and the achiev-
able shift in the alloy band edge provides valuable information for the
continuous development of narrow bandgap quaternary alloys for
mid-wave infrared applications.
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