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Coherent Zone-Folded Longitudinal Acoustic Phonons in Semiconductor Superlattices:
Excitation and Detection
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Coherent zone-folded acoustic phonons are excited in G&lAs superlattices by femtosecond laser
pulses via resonaritnpulsive stimulated Raman scatteriimg both forward and backward scattering
directions. The relative amplitudes of three distinct modes of first and second backfolded order match
well with scattering intensities calculated within an elastic continuum model. The detection of the
coherent acoustic modes is based on the modulation of the interband transitions via the acoustic defor-
mation potential and exhibits a strong enhancement at interband transitions. [S0031-9007(98)08288-X]

PACS numbers: 78.66.Fd, 63.20.—e, 63.22.+m, 78.47.+p

The investigation of low-energy elementary excitationsRaman scattering. The most prominent non-Raman type
in semiconductor heterostructures is driven by their relemechanisms are the displacive excitation of coherent
vance as the final state in the energy relaxation process. phonons relevant for symmetry maintaining optical modes
particular, acoustic phonons play a dominant role for def9] and the generation of coherent LO phonons via rapid
phasing processes at low lattice temperature and for heatirface field screening in polar semiconductors [10]. One
transport in general. Acoustic phonons are commonly inimportant hint towards the determination of the excitation
vestigated by continuous wave (cw) Brillouin scattering.process is the wave vector of the excited mode. Because
Time resolved experiments based on ultrashort pulse laseas the flat dispersion of optical phonons in the vicinity of
have largely contributed to the understanding of acoustithe BZ center their wave vector cannot be determined with
phonon dynamics. Recently, the generation and propagéigh accuracy. However, due to the steeper dispersion of
tion of ballistic acoustic phonons in a single semiconductothe acoustic modes, their wave vector can be determined
guantum well was observed by surface deflection speaccurately from the observed frequency, provided a high
troscopy [1]. Semiconductor superlattices exhibit zoneesolution and an accurate theoretical dispersion. Thus
folding of the acoustic branches within the mini-Brillouin- Raman and non-Raman excitation mechanisms can be
zone (mini-BZ) due to the artificial periodicity of the elas- distinguished.
tic properties along the growth direction. Here, light can The vibrational properties of the superlattice are ana-
couple to zone-folded acoustic modes of the superlattice dgzed within an elastic continuum model [3,11], which
higher frequencies in the 100 GHz to THz range. Thesgields an implicit equation for the acoustic dispersion in
modes have been extensively studied in cw Raman spethe low frequency limit €2 THz). The eigendisplace-
troscopy [2—4]. The folded bulk acoustic branches are opment fields are calculated by a Fourier expansion method
tical branches within the superlattice zone scheme; thughich gives the symmetry properties of the vibrations and
light scattering from those modes is referred to as Ramascattering intensities of the modes [4]. The lowest order
scattering. The coherent excitation of a single first-ordedispersion reads
zone-folded mode was observed in GAARAs superlat- C
tices using a time-derivative detection scheme [5]. How- wlth == (g + pG)>, (1)
ever, the excitation and detection mechanisms are not yet po
fully clarified. In this paper we report on the nature of thewhere Cy and p, are the zeroth order expansion co-
excitation and detection mechanisms relevant for coheremfficients of the elastic stiffness constafi{; and the
zone-folded acoustic vibrations of first and second order icrystal density along the growth direction angd is
GaAgAlAs superlattices. the phonon wave vectorG = 27 /dsy. = 27 /(dGaas +

Most time resolved experiments on coherent latticedaas) iS the reciprocal superlattice vector ahpl (p =
excitations dealt with longitudinal optical phonons [6] or 0, £1, +2,...) denotes the order of a folded acoustic vi-
phonon polaritons [7]. While the excitation of phonon bration. Sound velocities and crystal densities are taken
polaritons relies on impulsive stimulated Raman scatteringrom Ref. [2]. In the investigated (001)-oriented samples
(ISRS) [8], in the case of longitudinal optical phonons, athe ratio of the AlAs layer thickness to the superlat-
variety of excitation processes have been identified whichice period x = dajas/(dcaas + daias) is below 0.55;
cannot be explained within the context of stimulatedhence the displacement field of the BZ-center mode on the
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p = —1 branch hasA; symmetry within the superlattice 15 .
point group (antisymmetric with respect to a midplane of (GaAs),,(AlAS),, T2
a layer). The mode witlp = +1 hasB, symmetry (sym- 1.0 H <=5
metric). In a sample withx = 0.5 the symmetry prop- %j
erties of the two second order BZ-center modes change~ g 5 | i S
from A, to B, and vice versa. Attypical backscatteripg S
values of2 X kjuser = 0.277/ds. Symmetric and antisym- ~ 0.0
metric components are mixed [4]. If a Raman scattering @
process is the driving force of the lattice vibrations, only X |
o ; . ) . : J-0.5
longitudinal acoustic modes with antisymmetric contribu-
tions to the displacement field are scattering active [4]. 4 g
Transverse modes are forbidden for (001) surfaces. As
a consequence at the BZ center the longitudinal antisym- 4 g ‘ ‘ ‘ ‘
metric modes are driven selectively, while at backscat- 0 20 40 60 80
tering wave vector a doublet corresponding to the two Time delay (ps)

branches of a folded order is active.

Three samples grown on a (001)-oriented GaA
substrate consisting of 40 periods are investigated.
The parameters of the active zones are for sample
19 monolayers (ML) GaAs and 19 ML AlAs (¥29), Figure 1 shows the extracted spectrally integrated tran-
sampleB: (24/4), and sampleC: (18/5). Between the sient reflectivity changes induced by the excited coherent
superlattice and the substrate an,#GaysAs layer acoustic phonons in sampleat room temperature. The
of 1 um is employed which is used as etch stop whersignal exhibits a strong beating of several modes. The
removing the substrate for transmission experiments b¥rourier transform of the time resolved signal (solid line)
wet etching. and the calculated dispersion are depicted Fig. 2. The

Femtosecond time resolved investigations are perspectrum yields three modes of first and second order
formed in a standard pump-probe setup. An intenséolded acoustic phonons. In order to identify the wave
pump pulse derived from a tunable mode lockedvectors we compare the spectrum to the calculated disper-
Ti:sapphire laser, tuned to the first interband transitiorsion curve. They vectors of the modes, I, and/l1,, 111,
of the samples, is focused to a spot &fi20 um on  accurately match the backscatteringector transfey =
the sample. The excitation density corresponds to &kss = 47n/A, where the refractive index is averaged
bulk excitation density ofl0!® electron-hole pair&m’.  over one superlattice period ad= 797 nm is the cen-
The pulse duration of approximateBp fs is far below tral wavelength of the laser. This points towards ISRS
the period of the first and second order folded acoustiin a backscattering direction as an excitation mechanism
phonons. A probe pulse of lower intensity, focused tofor these modes. At the backscatteriggvalue both
a spot of =40 um, is used to observe reflectivity and branches of the same order are excited due to the mixing of
transmission changes as a function of time delay between
pump and probe pulse. The reflectivityansmission
measurements are performed either with the full spectrum Ak,=0.217d, sample A
of the laser pulses or with a probe pulse, whose spectrum__ 0.4
is narrowed by bandpass filters. For increasing the &
signal-to-noise ratio we measure the time resolved signalE 0.2
with a commercial data acquisition system based on ac
rapid scanning delay line (Aixscan, GWU Lasertechnik)
which allows the detection of relative signal changes of
somel0~7 without using a lock-in amplifier [10].

The reflectivity changes are dominated by carriers
excited resonantly at the first interband transition. An
initial reflectivity change in the order oAR/Ry =
1073 is induced (inset in Fig. 1). The slowly decaying 0.0 o) L/ A
electronic signal is modulated by minute oscillations ' 400 450 500 °850 900 950
of the coherently generatsed acoustic phonons with an Frequency (GHz)
e s i oo £ a G2, Top:Disersin of samp. Boton: Eurr e

’ pectrum of the data shown in Fig. 1 (solid line) and of

oscillating signature numerically. Frequency spectra ar@ansmission changes (dashed line). The high frequency part
obtained by numerical Fourier transforms. is scaled by a factor of 13.

FIG. 1. Oscillatory transient reflectivity changes in a (19)
uperlattice. The inset shows the reflectivity changes.
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symmetric and antisymmetric properties of the displace- <_ ——sampleB —— sample C
ment field. The central mode$, and/l, are assigned to gl “~o_ Ae04mdL o Ak=0.11M0, los
the A; zone center modes with = —1 andp = +2 ex- = DY
cited via forward scattering ISRS. This is evident from E09-4[ TS _-7|04
the good agreement between the spectrum and the disper= g 2| Y p;; +1/// 1o.2
sion and in accordance with the predictions of the Fourier <
. L. . e 0.0

expansion method on the Raman activity of the BZ center .
modes. z I, i

In transmission experiments on the same sample furthers = r \ N
evidence is gained that the peaks labdletielong to BZ £05] I 11 I
center modes. Under identical excitation conditions noT | I, | Vo L
triplet appears. Only the central frequencigs (I1,) are 0.0 AW AN
observed (Fig. 2, dashed spectrum). This is due to the fact ™ 500 600 700 800 900
that the total thickness of the superlattice is 4 times the Frequency (GHz)

wavelength of the modes withh = 2 X ki.er, averaging  fiG. 3. Dispersion relation and experimental acoustic phonon
out signatures of the modes and 711 in contrast to spectra obtained in reflectivity experiments of sammeand
reflectivity measurements that are more sensitive toward§. The arrows in the dispersion (spectrum) visualize the model
the top layers of the superlattice. (experimental) acoustic gap in the samples.

The dispersion close to the center of the mini-BZ for
each backfolded order is symmetric around the frequency
wf,,qzo = Co/po X (pG)* atg = 0[12]. The frequency of the two constituting materials at the interfaces [12].
difference(vy; — vy) — (v — vy) is therefore equal to  Smeared out interfaces due to monolayer fluctuations re-
the forbidden gap. A positive (negative) value indicatessult in a more alloylike material and a reduced mismatch
that the gap lies betweeHN and III (I and II). For of the acoustic impedance. In contrast to samgldn
the first-order modes it is positive, and we thus confirmsamplesB and C the AlAs layers consist of only 4 and
that thell, peak must belong to the lower branch4f 5 ML, respectively. The deviation of the experimentally
symmetry(p = —1). In second order it is negative and found gaps from the model calculation for these samples
therefore modée1, belongs to the upper branch of secondis attributed to the relatively larger influence of ML fluc-
order with p = +2. Thus the prediction of the Fourier tuations at these small humbers of ML. Nonperfect in-
expansion method is confirmed that in a superlattice witherfaces do not affect the dispersion at backscatteging
daias/(dgans + daias) = 0.5 the symmetry properties values, because apart from the center and the edge of the
of the upper and lower branches of first- and second-ordenini-BZ the acoustic dispersion is well defined by folding
interchange. of an averaged bulk dispersion [Eq. (1)].

The results obtained in samplé are confirmed in We compare the observed Fourier powers of the first
samplesB and C, though only first-order phonons are re- order moded; and/II; normalized to thdl, peak to the
solved [13]. The modeg, and//l; match the backscat- normalized calculated Raman scattering intensities (calcu-
tering light wave vector transfer and the central motles lation according to Ref. [4]) in Table I. This comparison
correspond to thd-symmetry BZ-center modes (Fig. 3). is possible since for both cw scattering and impulsive scat-
The gaps of first order in samplésand C are found to  tering the phonon-light interaction is mediated through the
be smaller than the gaps obtained from the model calcunodulation of the photoelastic properties along the growth
lation, treating the superlattice as abruptly layered continéirection [4,6], i.e., the same Raman-tensor elements. The
uum. The ratio of the experimental gap to the calculategxperimental and calculated relative intensities agree well
gap is 0.5 for sampl&8 and 0.47 for sampl€ in con- thus confirming ISRS as the driving mechanism.
trast to samplet where no deviation of the experimental In order to get information on the detection process,
gap from the model gap is found. The size of the gap isve perform energy resolved reflectivity and transmission
proportional to the mismatch of the acoustic impedancesxperiments on sampld. The central wavelength of

TABLE I. Experimental Fourier powers (FP) of the modgsand /11;, normalized to the
power of thell, peak, compared to the normalized calculated scattering intensities (int.) for
samplesA, B, andC.

SampleA SampleB SampleC
Peak Expt FP Calc int. Expt FP Calc int. Expt FP Calc int.
I 0.56 0.55 0.64 0.63 0.58 0.68
111, 0.13 0.45 0.2 0.36 0.1 0.29
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the pump beam is tuned to the first interband transition

of the sample atl.548 eV as determined by cw trans- 4
mission spectroscopy. The probe beam is spectrally fil-
tered behind the sample by a tunable bandpass filter o@ 2
10 meV width. Figure 4 shows the amplitude of the ob- 5
served phonon induced reflectivity changes as a functiong o
of the detection photon energy at constant pump energy.g . - A
A strong resonant behavior in the vicinity of the inter- \_,_2 nA \Q/
band resonance with & phase shift on either side is /\:/\ i
observed. No vibrations are detected at energies below on| -
1.482 eV and above.591 eV. Assuming that the reflec- o=

AR,

tivity R is mainly determined by changes of the refractive Energy (a.u.)
index n rather than by changes in the extinction coeffi-  $46 148 150 152 154 186 158 160 162
cientk, we can write photon energy (eV)

R on IE

_ 2) FIG. 4. Amplitude of the phonon induced reflectivity change
aon 0E 0Q in sampleA as a function of the detection energy. The inset

. . S . depicts schematically the dispersion efand dn/dE at an
9E/aQ is the deformation potential induced shift of the interband resonance. The dashed line in the figure marks the

e|eCtr0r_‘ (hole) energy indUC_e‘_d by the atomic displacemenyst heavy-hole to electron transition. The solid line is a guide
AQ. Since we probe transitions close to the BZ centerto the eye.

we assume that at the discussed energies the dispersion
of the deformation potential is negligible compared to the
energy dependence of the reflectivity change amplitude. Note added in proof—Lately we noticed that coher-
In the vicinity of a strong absorption peak the refractiveent zone-folded acoustic phonons in GAARs superlat-
index and thusdn/9E has a schematical behavior astices have been observed independently by two groups
shown in the inset in Fig. 4. A comparison of the [14]. Their observations corroborate the conclusions
experimental reflectivity change amplitude as a functiorreported here.
of the detection energyARy(E) with the schematic
dn/dE behavior indicates thain/doE is the dominating
contribution to the energy dependence of the reflectivity
amplitude. *Email address: bartels2@iht-ii.rwth-aachen.de
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