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Abstract

We have performed ultrafast pump-probe spectroscopy studies on a se-
ries of InAs/GaSb-based short-period superlattice (SL) samples with periods
ranging from 46 Å to 71 Å. We observe two types of oscillations in the differ-
ential reflectivity with fast (∼ 1-2 ps) and slow (∼ 24 ps) periods. The period
of the fast oscillations changes with the SL period and can be explained as
coherent acoustic phonons generated from carriers photoexcited within the
SL. This mode provides an alternative method for determining the SL pe-
riod. The period of the slow mode depends on the wavelength of the probe
pulse and can be understood as a propagating coherent phonon wavepacket
modulating the reflectivity of the probe pulse as it travels from the surface
into the sample.
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1. Introduction

Development of quantum engineered materials and devices for high per-
formance sensing covering a wide spectral range in the infrared (IR) is im-
portant for a broad range of potential applications. In particular, materials
and structures are being sought that can be exploited to produce uncooled,
or high-operating temperature, detectors for diagnostic and surveillance pur-
poses. Today’s IR imaging arrays are based on either HgCdTe or intersub-
band quantum well photon detectors, but both types of detectors require
cryogenic cooling in order to produce high sensitivities.

Short-period superlattices (SLs) based on alternating layers of InAs and
GaSb are expected to be a promising material for IR detectors [1, 2, 3].
Due to the type-II band alignment of these SLs, the band gap can be tuned
to the mid-IR range by an appropriate choice of SL period. Also, it is ex-
pected that the band structure of these SLs can be tailored to reduce Auger
recombination and tunneling currents to make room temperature operation
possible [4]. However, growth and fabrication of high-quality detectors using
these SLs still remains challenging, and basic materials properties, especially
dynamical properties, are not well understood.

Here, we have performed ultrafast pump-probe spectroscopy on InAs/GaSb
SLs to increase our understanding of dynamical properties such as scatter-
ing and recombination rates. We find that the differential reflectivity decays
with a very fast (∼1 ps) and a very slow (> 10 ns) time constant. This is
associated with intraband and interband dynamics of photo-excited carriers.
In addition, we observed two different types of oscillating behavior in the
differential reflectivity spectrum which we associate with coherent phonons
generated by the photoexcited carriers. The first type — slow oscillations
with a period of ∼24 ps — was commonly observed in all the SL samples
and did not change with sample, whereas the second type — fast oscillations
with a period of ∼2 ps — changed in frequency from sample to sample and
depended on the SL period. The fast oscillations can be explained as coher-
ent acoustic phonons generated in the SL whose wave vector is determined
by the SL period. This mode provides an alternative method for determining
the SL period [5].

Previously, coherent phonon dynamics in SLs have been discussed using
a variety of SL systems such as GaAs/AlAs SLs [6, 7, 8, 9], AlGaN/GaN
SLs [10], InGaN based SLs [11, 12], however, there are a limited number of
studies using InAs/GaSb SLs [13, 14]. While other time-resolved studies [13]
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using InAs/GaSb SLs discuss these fast oscillations as being mainly due to
the zone folding of acoustic phonons, we prefer to attribute the triggering
of the fast coherent phonon oscillations to the non-uniform excitation of
electrons and holes rather than zone folding effects of acoustic phonons which
are small in this case since the sound velocities in the wells and barriers are
nearly equal.

The slower oscillations are related to a propagating acoustic phonon
mode [7, 15, 16]. This is related to a phonon wavepacket which is gen-
erated near the surface during ultrafast photoexcitation. As the phonon
wavepacket travels into the sample, it moves in and out of phase with the
probe pulse and modulates the reflectivity causing the slower oscillations.
The mechanism behind this is discussed in detail in reference [15].

2. Samples

The five samples used in this study were short-period InAs/GaSb type-II
SLs with varied SL periods: 46.0, 49.5, 56.3, 61.0, and 71.2 Å. All of the
samples were grown by molecular beam epitaxy on Te-doped (n-type) GaSb
(100) substrates. Initial growth conditions were roughly tuned to achieve
morphologically smooth surfaces using a 0.5 µm thick 21 Å InAs/24 Å GaSb
SLs (45 Å-SL), and the same growth conditions were applied throughout
the wider SL samples. In a typical growth procedure, a 0.3-µm-thick GaSb
buffer layer was grown at 490◦C, followed by a 0.5-µm thick SL layer grown
at 400◦C. The V/III beam equivalent flux ratio was set around 3 for both
InAs and GaSb layers, with a growth rate of 0.6 Å/s for both InAs and GaSb
layers. Following the SL layer growth, the samples were annealed in situ at
450±10◦C for 30 minutes under Sb-overpressure. In order to insert controlled
1.6 Å InSb-like interfaces between the layers, a migration-enhanced epitaxy
technique was used, and their sequential details can be found in Ref. [17].
The SL structural parameters were determined through high-resolution X-ray
diffraction, and their details are listed in Table 1.

3. Experimental Methods

To investigate the carrier and phonon dynamics for these samples, we used
standard pump-probe techniques and measured the differential reflectivity
spectrum. To measure the dynamics of photo-generated carriers and phonons
in a wide temporal range, we used a chirped pulse amplifier (CPA-2010,
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Sample InAs/GaSb SL Period SL Period SL Period
No. Nominal Nominal X-Ray Coherent Phonons

(Å/Å) (Å) (Å) (Å)
1 21.0/24.0 45 46.0±0.5 45.8±0.8
2 26.5/21.5 48 49.5±0.5 50.1±0.9
3 33.5/21.5 55 56.3±0.5 58.7±1.2
4 38.5/21.5 60 61.0±0.5 62.2±1.4
5 48.5/21.5 70 71.2±0.5 68.5±1.3

Table 1: Data summary for the InAs/GaSb superlattice samples studied in this work.
Each layer includes a 1.6 Å-thick InSb-like interface, and their nominal thicknesses were
estimated from shutter times. The third column shows the superlattice periods obtained
from high resolution X-Ray diffraction, and the last column shows the superlattice periods
obtained from coherent phonon measurements described in this paper.

Clark-MXR, Inc.) with a wavelength of 775 nm, a repetition rate of 1 kHz,
and a pulse-width of ∼150 fs. This CPA seeds an optical parametric amplifier
(OPA). In this experiment, the OPA, tuned to 1.5 µm, was used as the pump,
and the CPA was used as the probe. The probe passed an optical delay
line that consisted of two long linear stages for an overall delay of ∼8.3 ns.
The reflected probe was collected into a fast photodiode, and the differential
signal was measured by a lock-in amplifier referenced to the optical chopper
frequency which modulated the pump.

In order to measure the fast coherent phonon oscillations with small am-
plitudes (fractional reflectivity change ∆R/R ∼1 × 10−5), we used a higher
repetition rate, ∼93 MHz, Ti:Sapphire oscillator laser. We performed degen-
erate pump-probe measurements using the oscillator laser with a wavelength
of 795 nm and a pulse-width of ∼80 fs. The pump line passed an optical
delay line that consisted of a short linear stage with a fast shaker. A beam
splitter was placed in the probe path, which provided a reference for a bal-
anced detector to compare the reflected probe with the reference to eliminate
any common mode noise. All measurements were done at room temperature.

4. Experimental Results

We measured the overall time-dependent reflectivity using the CPA/OPA
system for all five samples. Figure 1 shows the results in two time ranges
for Sample 1 (with SL period of 46 Å). Initially, the reflectivity shows a
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Figure 1: Overall pump-probe differential reflectivity dynamics for Sample 1 with a su-
perlattice period of 46.0 Å. The normalized differential reflectivity shows three features:
a sharp decrease followed by a sign change taking a few ps, slow oscillations with period
of ∼24 ps, and a recovery much slower than 8 ns.

sharp decrease followed by a fast increase and a sign change on the order
of a picosecond. This response is due to the photoexcied carriers which can
change the dielectric function and influence the reflectivity. The photoexcited
carriers change the electron and hole densities and hence change the Drude
reflectivity. After the initial response, there are slow oscillations with period
of ∼24 ps. All five samples exhibit slow oscillations with the same oscillation
period. The slow oscillation results from a coherent phonon wavepacket being
generated near the surface of the sample and modulating the reflectivity of
the probe pulse as it propagates into the sample. The theory for the slow
oscillations has been worked out in Ref. [15]. Finally, there is a slow recovery
that was not fully measured with an 8 ns optical delay. This recovery to zero
is too slow to be measured with standard delay stage techniques because a
delay line of tens of meters would be required. However, there is no signal
before zero delay, which means that there must be a recovery to zero before
1 ms (the spacing between pulses for a 1 kHz repetition rate laser).

Figure 2 shows the fast oscillations in the time-dependent reflectivity for
five different samples using the 93 MHz Ti:Sapphire oscillator degenerate
pump-probe setup with a pump/probe wavelength of 795 nm. The raw data
from this setup shows a time-dependent reflectivity signal that is similar
to what was seen with the amplifier laser but with much better signal-to-
noise ratio, allowing us to more easily resolve the faster oscillations. The
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Figure 2: The residual differential reflectivity for different superlattice-period samples
after subtracting the background signal to isolate the fast coherent phonon oscillations.
The oscillations show an increase in period with increasing superlattice period (shown on
the right side).

component of the differential reflectivity due to the photo-excited carriers
and the slow oscillation was subtracted by fitting the differential reflectivity
with the sum of two exponential decays and two damped cosine functions.
Two exponential decays were used for both the initial ∼1 ps negative change
in reflectivity and the slow recovery to zero. Two damped cosine functions
were used in order to fully remove the slow oscillations. The residual after
the fit and subtraction shows only the fast oscillations in the differential
reflectivity. Although the fast oscillations do begin at t = 0, the amplitude
of the oscillations show a maximum in the time range shown in Figure 2.
We note that the period of the fast oscillations, unlike the slow oscillations,
depends on the sample and increases systematically with SL period from
∼1 ps to ∼2 ps.

Figure 3 shows the results of a fast Fourier transform (FFT) of the residual
time-domain data for all five samples. Before taking the FFT, we used a
linear interpolation to make 10,000 evenly spaced points. We also used zero
padding of 90,000 points to increase the data density of the FFT result. We
used a Hann window function. Here, we see a large peak for each sample

6



  

0.10

0.05

0.00

1.00.80.60.4

Frequency (THz)

0.8
0.6
0.4
0.2
0.0
0.8
0.6
0.4
0.2
0.0

S
ig

na
l I

nt
en

si
ty

 (
a.

u.
)

0.3
0.2
0.1
0.0
0.3

0.2

0.1

0.0

46.0 Å

49.5 Å

56.3 Å

61.0 Å

71.2 Å

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Figure 3: Fourier transform of the fast time-domain oscillations in Fig. 2. The peak
position of the oscillation frequency decreases with increasing superlattice period.

that corresponds to the frequency of the fast oscillations in reflectivity. The
frequency decreases with increasing SL period thickness from ∼0.84 THz to
∼0.58 THz.

5. Discussion

Because InAs/GaSb superlattices are type-II, photoexcited electrons and
holes are confined in different layers. As a result, the electron and hole
wavefunctions have small overlap and InAs/GaSb-based short-period SLs
are expected to demonstrate a very long carrier lifetime, on the order of tens
of nanoseconds [18]. The slowest feature shown in Fig. 1 can be attributed
to the recombination of optically excited carriers back across the gap to
the original ground state. Our results demonstrate that our samples have
a lifetime much greater than the maximum delay time, 8 ns, that we could
reasonably achieve using standard optical delay-line techniques. Beam walk
and beam divergence are two major problems associated with introducing an
arbitrarily long optical delay. Without measuring the full recovery to zero,
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we could not accurately determine the carrier lifetime using this method of
measurement.

Although there have been many studies of coherent phonon oscillations in
other SL systems [6, 7, 8, 9, 10, 11], there have been few studies of coherent
phonon oscillations in InAs/GaSb SLs[13]. The ultrafast generation of elec-
trons and holes in the sample by the pump leads to generation of coherent
longitudinal acoustic (LA) phonons near the surface that propogate into the
sample [19]. The period of oscillation is given by T = λ/[2Csn(λ)] [16], where
λ is the wavelength of the probe, Cs is the LA sound speed, and n(λ) is the
wavelength-dependent refractive index. For Sample 1, we use the weighted
average of the InAs and GaSb properties to calculate Cs and n(775 nm).
Using these values, we calculate the period of oscillation to be 24.2 ps, which
is close to the observed period of 24 ps. Note that the period of the slow
oscillations does not depend on the SL period, but instead depends on the
wavelength of the probe pulse.

The fast coherent phonon oscillations are more interesting since their
frequencies are sample dependent. The fast oscillations arise from the non-
uniform absorption in the InAs and GaSb layers. The band gap at room tem-
perature is substantially smaller in InAs (0.35 eV) than in GaSb (0.726 eV).
As a result, photoexcitation by either a 1.5 µm or 795 nm pump pulse will
create substantially more electrons and holes in the InAs layers. (The holes
will subsequently rapidly transfer to the GaSb layers). This leads to an elec-
tron or hole density matrix nq with a non-zero Fourier component q. These
carriers can then couple to coherent phonons with frequencies ω(q) as shown
in Ref. [20]. The photo-excited carriers are coupled to the acoustic-phonon
mode with wave vector q = 2π/L, where L is the SL period [12, 21]. This
effect is enhanced because of the type-II superlattice.

While these phonons (especially in Raman scattering) are known as zone-
folded acoustic phonons [13, 14], the (100) phonons in InAs and GaSb have
nearly the same sound velocity (3.83 × 105 cm/s for InAs vs. 3.97 × 105 cm/s
for GaSb), and, as a result, the reflection coefficient at the InAs/GaSb in-
terface is small (≈ 3 × 10−4). Hence, the phonons are almost bulk like and
the gap that occurs due to the mismatch of acoustic impedances is small.
We note that our resolution in Figure 3 is not good enough to see a shift
in the zone-folded acoustic frequency due to this small gap, nor can we see
additional triplet structure from interactions with the propagating phonon
mode. It is important to note that it is the non-uniform photo-excitation of
electrons and holes in the InAs layers that couples to and triggers these co-
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Figure 4: Angular frequency versus superlattice wave vector q. The slope of the least
squares fit corresponds to the sound velocity of 3.87 × 105 cm/s.

herent phonon oscillations, not the zone folding. As a limiting example, one
could consider a superlattice where the wells and barriers became the same
material (i.e., GaAs/AlxGa1−xAs as x → 0). One could still zone-fold the
phonons (although the gap in the zone-folded modes would be exactly 0 as
x → 0). However, since absorption is now uniform in this case (and not just
absorption in the wells for a real superlattice, i.e., x 6= 0), the photoexcita-
tion of electrons and holes would be uniform and there would be no-coupling
to the zone-folded phonons.

Figure 4 shows the angular frequency vs. superlattice wave vector q for
all five samples. The angular frequency was determined by using a gaussian
fit of the fourier transform to determine the center frequency. The data
fits well with a straight line and the slope corresponds to a sound velocity of
3.87× 105 cm/s. Since the frequency of the fast mode depends on the sample,
it can be used for assessing the superlattice period. By using the average
value, Cs,ave=3.9 × 105 cm/s, of the sound velocity for InAs and GaSb,
we can estimate the superlattice period using the formula, L = 2πCs,ave/ω,
where L is the SL period and ω is the angular frequency of the fast coherent
phonon oscillations. The results are given in Table 1.
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6. Conclusions

We have performed time resolved differential reflectivity measurements
on InAs/GaSb superlattices. In addition to fast (∼ 1 ps) and slow (> 8 ns)
decay times associated with the photoexcited carrier dynamics, we observe
fast (∼ 2 ps) and slow (∼ 24 ps) oscillations associated with the genera-
tion of coherent phonons by the photoexicted carriers. The slow oscillations
are sample independent and result from the generation of coherent phonon
wavepackets near the surface that modulate the reflectivity of the probe beam
as they travel into the sample. The frequency of the fast oscillations is sam-
ple dependent and related to the superlattice period L. They arise from the
different absorption coefficients in the InAs and GaSb layers. This leads to a
photoexcited carrier density that has a Fourier component at q = 2π/L that
can trigger a coherent phonon at that wavevector. Our results demonstrate
that this fast oscillation provides an alternative method for determining the
SL period.
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Highlights: 

 We performed ultrafast spectroscopy studies on InAs/GaSb-based short-period superlattices. 

 We observed two types of coherent phonons with fast (1-2 ps) and slow (~24 ps) periods. 

 The fast phonns can be explained as acoustic phonons generated within the superlattice. 

 This fast mode provides a determining of the superlattice period and assessing interface quality. 

 The slow mode can be understood as a propagating coherent phonon wavepacket. 
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