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Coupling of intersubband transitions to zone-folded acoustic phonons in a GaN/AIN superlattice
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Spectrally resolved femtosecond pump-probe measurements of intersubband transitions in a strongly polar
GaN/AIN superlattice are presented. A Fourier transform of the data reveals backfolded longitudinal acoustic
phonons. The observed phonons couple strongly to the intersubband transitions and modulate the spectral
width and position of the intersubband absorption. The coupling is caused by piezoelectric effects and by a

phonon-induced modulation of the well width.
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I. INTRODUCTION

Acoustic phonons are important for heat transfer and energy
relaxation processes of carriers in semiconductors. Therefore
an understanding of their coupling mechanisms to the carriers
is essential both for optoelectronic device performance and
fundamental physics. A coupling of acoustic phonons to light
requires the simultaneous fulfillment of energy and momentum
conservation. Because of the huge ratio between the speed of
light and the speed of sound, in bulk materials the coupling
is only to phonons with very low frequencies, typically a few
gigahertz. In a superlattice, which is formed by alternating
layers of two different semiconductors, because of Brillouin
zone folding it is possible to have efficient coupling of light to
folded acoustic phonons with frequencies of several terahertz.

Folded acoustic phonons in superlattices have been studied
extensively'® in various material systems. In these experi-
ments, the superlattice phonons have been studied via their
coupling to interband transitions. In contrast, the coupling of
folded phonons to intersubband transitions has up to now
received little attention. In one of the very few existing
works,” high-frequency longitudinal optical phonons were
observed on the wings of the intersubband absorption in a
spectrally resolved pump-probe experiment'*~'3 on GaN/AIN
heterostructures.

In this article, we show that in a spectrally resolved
pump-probe experiment with the pump and probe pulses in
resonance with intersubband transition energies we are able to
observe folded longitudinal acoustic phonons. The differential
transmission signal shows oscillations in its spectral position,
its width, and its amplitude either with the frequency of the
lowest g = 0 folded longitudinal acoustic phonon or with the
second harmonic.

II. EXPERIMENT

Our sample is a GaN/AIN superlattice grown by molecular
beam epitaxy on a c-face AIN-on-sapphire growth template.
The superlattice structure consists of 40 alternating layers
of 1-nm GaN quantum wells and 2-nm AIN barriers. The
underlying 500-nm-thick buffer layer and the 100-nm-thick
capping layer are made from Al ¢5Gag3sN. The GaN layers
are doped n-type with Si to a concentration'*!> of 5 x
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10" em™3. Since intersubband transitions can only be excited
with the electrical polarization parallel to the growth direction,
the sample is polished into a symmetric prism shape.'®
A schematics of this geometry is shown as an inset in
Fig. 1. A gold layer is evaporated onto the top (see inset of
Fig. 1). Light incident on one face of the prism passes through
the entire superlattice structure, is reflected back from the gold
layer, and passes through the superlattice a second time before
leaving the prism. The reflection at the gold layer leads to a
standing wave with its antinode at the surface, resulting in a
high intensity at the position of the superlattice. In contrast,
without the gold layer we have total reflection, resulting in a
node at the surface and thus in low intensity at the superlattice.
Transmission measurements show an absorption band with
a maximum absorption of 75% and a width of 120 meV at
0.968 eV corresponding to the energy separation of the two
lowest subbands.

In our experiment, the outputs of two synchronized optical
parametric amplifiers!” (OPA) served as pump and as probe.
Both OPAs are seeded by 800-nm, 45-fs-duration pulses from
a Ti:sapphire oscillator-amplifier system with a repetition rate
of 5 kHz. The pump and probe wavelengths were centered at
1300 nm (0.967 eV) and 1280 nm (0.969 eV), respectively,
with p polarization at the sample. Both pulse lengths were
80 fs, leading to a width of the cross correlation of 110 fs.
After interaction with the sample, the probe beam is spectrally
dispersed by a 0.25-m-focal-length spectrometer with a 150
lines per millimeter grating. The spectrum is recorded with
a Peltier-cooled InGaAs linear array detector comprising 512
pixels. Measurements were made with the sample at room
temperature.

To sensitively determine the pump-induced changes in the
probe spectrum, it is necessary to measure simultaneously
spectra of the probe pulses with and without the nonlinear
interaction in the sample. The reason for this is that there
are pulse-to-pulse fluctuations both in the total intensity and
in the spectral shape. One (quite expensive) way to measure
the two spectra simultaneously is to use two spectrometers
and two linear detectors. Instead, we modified a commercial
spectrometer by exchanging the normal slit with a double slit.
The distance between the two slits is chosen so that the first
half of the linear detector is used to measure the spectrum of
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FIG. 1. (Color online) Schematics of our setup and of the
sample. Synchronized pump and probe pulses are generated by two
optical parametric amplifiers (OPA) pumped by the same Ti:sapphire
amplifier. The probe pulses are split into two. Both beams are focused
together with the pump pulse onto the superlattice sample. They are
then spectrally dispersed in a spectrometer equipped with a double
slit and detected by an InGaAs linear array detector (CCD). The inset
contains a schematic of the prism-shaped sample used.

light entering through the first slit and the second half is used
to measure light entering through the second slit (see Fig. 1). A
low-intensity incident probe pulse is split into two pulses by an
uncoated wedge. One portion is used as the probe and the other
one as a reference beam. Due to the thickness of the wedge of
3 mm the reference pulse is delayed by ~30 ps. Together with
the pump, both reference and probe pulses are focused onto the
superlattice sample, as shown in Fig. 1. Since all pump-induced
changes have decayed after 30 ps, the reference spectrum
is representative of the unpumped sample. Accordingly, the
differential transmission as a function of delay t and probe
wavelength A is obtained from the difference of the transmitted
probe (Tyrobe) and reference (Trr) spectra, normalized by the
reference spectrum:

Tprobe()L ’ 7:) - Tref()‘« s T)
Tret (2, 7)

AT(}L B X
T ,T) = (1)

III. RESULTS

Figure 2(a) shows normalized differential transmission
changes of the probe spectrum in our GaN/AIN superlattice as
a function of the pump-probe delay. Maximum transmission
changes are on the order of 1072, The signal before the pump
pulse is caused by perturbed free-induction decay and pump-
probe coupling'® (these effects are particularly pronounced
in spectrally resolved pump-probe measurements). The data
consist of a slowly varying background and superimposed
oscillatory features [see Fig. 2(b)]. For the analysis of the
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FIG. 2. (Color online) (a) Spectrally resolved differential trans-
mission changes AT/T as a function of pump-probe delay t and
probe wavelength A. (b) Same data as in panel (a) after removal of
the slowly varying background.

data, we fitted Gaussians to the data at every time step:

AT . A@) A= A0\ ) )
7 ’”‘w(r)exp[_( gu(r) )]+ @@

The maximum is at A,,, b is a constant background, w is the
full width at half maximum (FWHM) [g = 24/In(2)], and A is
proportional to the area of the Gaussian. The results of these
fits are shown in Figs. 3(a) to 3(c).

The most prominent effect is seen in the position A,
[Fig. 3(b)]. After the pump pulse, A, shifts within the
experimental time resolution to shorter wavelengths (higher
energies) and recovers afterward. The solid line in Fig. 3(b) is
a fit to an exponential decay convoluted with a Gaussian with
aFWHM of 110 fs. The time constant obtained is 0.9 ps. From
the area and the spectral width [Figs. 3(a) and 3(c)] it is not
possible to extract meaningful time constants.

To check for oscillations in the data we have subtracted
the slowly varying background [single-exponential fit (solid
line) in Fig. 3(b), polynomials in Figs. 3(a) and 3(c)] and then
performed a Fourier transform. The spectra obtained are shown
in Fig. 3(d). All three spectra, for the position, the width, and
the area, have a pronounced peak at 2.8 THz. Additionally,
the width and the area have a second peak around 5 THz. The
frequency range shown in Fig. 3(d) is limited to 8 THz because
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FIG. 3. (Color online) Area (a), spectral position (b), and width
(c) of Gaussians fitted to the data shown in Fig. 2(a). The symbols
are the results, the solid line in panel (b) is a single-exponential fit
convoluted with the cross correlation of pump and probe (Gaussian
with a FWHM of 110 fs). (d) Fourier transforms of the results from
panels (a) to (c) after subtraction of the slowly varying background.
The vertical lines give the frequencies of ¢ =0 folded acoustic
phonons (see Fig. 4).

the time resolution in the experiment (110 fs) does not allow
the measurement of oscillations with higher frequencies.

IV. DISCUSSION

For positive delays T > 0, AT /T (Xx,1) is positive, signify-
ing a reduction of the intersubband absorption. The wavelength
of the maximum of AT/T(A,7t) decreases sharply around
t = 0 and recovers afterward with a time constant of 0.9 ps.
For the intersubband absorption this corresponds to a shift
to lower energies (larger wavelengths) after the pump pulse.
There are several mechanisms that lead to such a shift
upon pumping. One of these is the depolarization shift,!%?

PHYSICAL REVIEW B 85, 155323 (2012)

) i
2 2
PN 7N 1 ]
Compression
Electric field
4 =
~N
T
=
>
(&)
[
[5) r 4
=}
o L
o S <
e S~ o
B ~ o
2+ T~ s
A -7
0 - ./ 1 . 1 . 1 . 1 .
0.0 0.2 0.4 0.6 0.8 1.0

Superlattice wave vector q (n/d)

FIG. 4. (Color online) Calculated phonon dispersion curves for a
GaN/AIN superlattice with period d = 3 nm using the linear chain
model. Solid lines represent phonon modes that at ¢ = 0 change the
thickness of the GaN layers. The insets show schematically the wave
functions and the energies relevant for the intersubband transition. On
the left there is the unperturbed superlattice. In the middle the well
is compressed, leading to an increase of the intersubband transition
energy. On the right an electric field distorts the wave functions in the
well.

which leads to a blueshift of the absorption compared to
the case when no carriers are present. Since this blueshift is
proportional to the difference in population between the lower
and upper subbands, one expects a decrease of the blueshift
upon pumping (and thus a redshift compared to the case where
all carriers are in the lower subband). This effect should last
for the lifetime of electrons in the upper subband. Previous
measurements on a similar superlattice’’ gave a lifetime of
160 fs, so that the depolarization shift cannot explain the
observed wavelength shift at longer delays.

Another effect which causes a wavelength shift upon
pumping is carrier heating.”?> Because of nonparabolicity, the
intersubband absorption of hot carriers will be redshifted
compared to cold carriers. This effect will last until the carriers
have lost their excess energy to the lattice, for which the
observed time constant of 0.9 ps is reasonable.?

The main result of this article is the observation of oscil-
lations in the time-resolved intersubband absorption. Whereas
the observed frequencies of 2.8 and 5 THz are too low for
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optical phonons, they agree well with the frequencies of folded
acoustic phonons. Since the growth direction of the superlattice
is along the c¢ direction, the phonon wave vector also lies along
c. Furthermore, one expects a coupling of the intersubband
transitions mainly to longitudinal phonons. To calculate the
dispersion of these longitudinal acoustic phonons in the super-
lattice it is sufficient to use a simple linear chain model**?
containing only nearest-neighbor interactions. Since in the
c direction GaN (AIN) consists of alternating layers of Ga
(Al) and N atoms, longitudinal vibrations lead to a relative
movement of adjacent layers, but not to atomic motions within
one layer. Therefore, only two force constants are needed,
kgan between Ga and N and kan between Al and N. Using
the known atomic masses, the force constants are determined
from the known longitudinal optic phonon frequencies in the
¢ direction, vg,ny = 22.3 THz for GaN (Ref. 26) and valny =
26.6 THz for AIN (Ref. 27), as kGaN =191 N/m and kAlN =
216 N/m. With the lattice constants’® in the c direction
of both GaN and AIN around 0.5 nm, one period (3 nm,
consisting of 1 nm GaN and 2 nm AIN) of our superlattice
consists of 24 atomic layers. Every second layer contains N
atoms. Of the remaining layers, four contain Ga and eight
Al atoms. The solutions in the range of folded acoustic
phonons of this linear-chain model, using cyclic boundary
conditions, are shown in Fig. 4. The observed frequency
of 2.8 THz agrees very well with the lowest ¢ = 0 folded
acoustic phonon. Because of limited frequency resolution, our
experiment does not allow the distinction of phonons B and C.
Since the coupling mechanisms described below all require a
phonon-induced change of the well width, the coupling should
be much stronger to phonon C, which leads in contrast to
phonon B to a change in well width.

Longitudinal acoustic phonons can couple to intersubband
transitions by several mechanisms. One of these is the
change of the frequency of the intersubband transition in a
superlattice due to a change of the well width. A decrease
of the well width leads to an increase of the intersubband
frequency (see inset of Fig. 4). Accordingly, if a phonon
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leads to an oscillation of the well width, one expects an
oscillation of the intersubband frequency with the phonon
frequency. Additionally, the intersubband transition dipole
moment depends on the spatial extent of the wave functions.

A second mechanism that introduces a coupling between
longitudinal phonons and intersubband transitions is the
piezoelectric effect, i.e., the generation of an electric field by
a compression of the material. This electric field is in addition
to the electric field already present in the superlattice.?” Such
an electric field, which is directed along the ¢ axis, tilts the
confinement potential in the wells (see inset of Fig. 4) and
thus influences both the intersubband transition energy and
the dipole matrix element.

To determine the relative importance of the two effects we
have calculated the change of the transition energies and matrix
elements for a fractional change of the GaN layer thickness
using the confinement potential from the conduction band
offset’® and the built-in electric field.”” For a compression
of the GaN layer of 10~* we find a relative change of the
intersubband transition energy of 2 x 107> from the change
of the layer thickness and a change of 2 x 10™* from the
piezoelectric effect. Similarly, the relative change of the dipole
matrix element is 7 x 107% from the change of the layer
thickness and 6 x 1073 from the piezoelectric effect. Thus,
the piezoelectric effect is for both values about ten times larger
than the confinement effect.

V. CONCLUSIONS

Using ultrafast spectrally resolved pump-probe measure-
ments we have observed the coupling of intersubband transi-
tions in a GaN/AIN superlattice to folded longitudinal acoustic
phonons. The main coupling mechanism is due to piezoelectric
fields.
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