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GaAs/Al0.3Ga0.7As quantum wells of different thickness with an interferometric optical pump and probe
technique. The pump photon energy is tuned through thehh1-e1 transitions of each well and the probe photon
energy is chosen to allow the detection of the phonon pulses at the sample surface. The phonon pulse shapes
are explained with a model that relates the carrier wave functions to the acoustic strain, and the acoustic strain
to the detected optical reflectance and phase changes.

DOI: 10.1103/PhysRevB.71.115330 PACS numberssd: 78.47.1p, 43.35.1d, 78.67.De, 78.20.Hp

I. INTRODUCTION

Acoustic phonon generation and propagation at frequen-
cies up to the terahertz range can be investigated by exciting
and probing solids with ultrashort optical pulses.1–4 The ab-
sorbed pump light pulses generate longitudinal acoustic pho-
non pulses whose shape is governed by electron relaxation
and diffusion, the electron-phonon interaction, thermal diffu-
sion or piezoelectric effects.5 The propagating phonons are
often detected through photoelastically induced changes in
reflectivity or transmissivity of delayed probe light pulses or
through optical phase shifts caused by surface or interface
displacements. This method, known as laser picosecond
acoustics, has been applied to a wide variety of metallic and
semiconductor films and nanostructures.

The method is not only useful for probing phonon propa-
gation but also for elucidating phonon generation mecha-
nisms dependent on the electron dynamics appropriate to rel-
evant ultrashort time scales and nanometer length scales in
solids. In the noble metals or in gallium arsenide, for ex-
ample, the spatial distribution of the excited electrons has
been shown to be effectively imprinted on the phonon strain
pulse shape.2,6 This strain pulse shape can be determined by
monitoring the transient surface displacement through inter-
ferometric detection or probe beam deflection.7 Buried semi-
conductor quantum wells have also been investigated to elu-
cidate the basic physics of phonon generation in confined
quantum geometries,4,8–10 such generation being related to
the shape of the electron and hole wave functions and to the
strength of the electron-phonon interaction. Preliminary re-
sults show that picosecond acoustic phonon pulses can be
generated in quantum wells and detected at the sample
surface.4,9 Moreover, the phonon pulses can be excited selec-

tively in the wells by tuning the optical wavelength.10 Ap-
proximate theoretical treatments using simplified models of
the wave function shapes were presented to explain the ob-
served phonon pulse shapes.

In this paper we describe the use of a two-color interfero-
metric pump and probe technique with surface probing for
the detailed study of picosecond acoustic phonon pulse gen-
eration and detection in a triple GaAs/Al0.3Ga0.7As
quantum well structure, and show how the phonon genera-
tion region for the three wells depends on the pump optical
wavelength. We analyze the results with a rigorous quantum
mechanical model taking proper account of the detailed form
of the electron and hole wave functions and the optical mul-
tiple reflections in the sample. We show how the subject of
picosecond acoustics in quantum wells can be put on a quan-
titative footing, thus opening the way to the use of such
structures as well-characterized high frequency phonon
transducers in terahertz phonon spectroscopic studies.

In Sec. II we describe briefly the phenomenological
classical and quantum-mechanical theories of the optical
generation of acoustic waves in semiconductors, with
particular application to generation in quantum wells. In Sec.
III we present the experimental technique and results and in
Sec. IV we describe the theoretical fits and interpretation.
The theory for the acoustic wave detection is also given
briefly in Sec. IV. Conclusions are then given in Sec. V.

II. THEORY

A. Classical theory of acoustic wave generation in
semiconductors by ultrashort light pulses

In this section we outline a simplified phenomenological
classical theory of longitudinal acoustic wave generation in
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semiconductors with ultrashort light pulses, ignoring piezo-
electric effects, with particular reference to generation in a
quantum well.31 We restrict the discussion to amorphous
semiconductors or to cubic semiconductor crystals cut in
symmetry directions for which an isotropic theory of the
acoustic generation is valid.

Before presenting a quantitative model, we shall first
qualitatively outline the origins of electronic and thermal
stress in semiconductors on optical illumination.1 Suppose a
volume of semiconductor is irradiated with a subpicosecond
light pulse with above-band-gap photon energyE.Eg. The
process of excitation of electrons and holes is maintained
throughout the duration of the light pulse and they remain in
the conduction and valence bands typically for several
nanoseconds or longer. This excitation changes the equilib-
rium lattice spacing—introducing an electronic stress—
because the valence band electrons in general help to bind
the lattice more effectively than the conduction electronssin
particular for near-zone-center excitations in direct-gap semi-
conductorsd. This coupling between the excited carriers and
strain is governed by the deformation potential, which links
applied strain to changes in band energies or, conversely,
describes the stress in the lattice from excited electron-hole
pairs.11

After their initial excitation the electrons and holes
emit their excess energy to the lattice phonon bath in order to
relax down to the conduction and valence band edges.
Consider the example of direct-gap polar semiconductors
such as GaAs,12–14 of direct concern in the present paper.
If the carrier excess energies are less than the energy of one
LO phonon above the band edge, decay to acoustic phonons
is expected to be slows.100 psd. If the carrier excess ener-
gies are greater than that of one LO phonon, LO phonon
emission is enabled, thus resulting in rapid decay to acoustic
phononssin a few psd. This produces a temperature rise
T−T0 swhere T0 is the initial temperatured, resulting in a
thermal stress.

Including these two stress contributions, the component of
the stress tensorsi j8 induced by the processes of carrier ex-
citation and relaxation to the band edges is given by

si j8 =
]Eg

]hi j
nc − 3BbsT − T0ddi j , s1d

where nc is the density of excited carrier pairs,hi j is the
corresponding strain tensor component,B is the bulk modu-
lus, andb the linear thermal expansion coefficient.32

Consider the case of a sample with one plane surface
irradiated by light from the medium outside it. Provided
that the diameter of the irradiated regionstypically greater
than 1µmd of the sample is much larger than the irradiated
depth, for short time scale measurementsstypically less
than 1 nsd the excited carrier density and the temperature
rise can be assumed to depend only onz, where z is
the coordinate axis perpendicular to the sample surface
spointing into the sampled. The dominant strain component
in this case ishzz owing to the assumed geometry of the
system. The appropriate elastic wave equation is one-
dimensional:

r
]2uz

]t2
=

]szz

]z
, s2d

szz= rv2hzz+
]Eg

]hzz
nc − 3BbsT − T0d, s3d

whereuz=uzsz,td is thez component of the elastic displace-
ment, r the mass density, andv the longitudinal sound
velocity. Here nc and T are assumed to be functions of
z and t.

In general the density of excited electrons and holes may
have a different spatial distribution and temporal variation,
nesz,td and nhsz,td, respectively, even though they are ini-
tially optically generated in any given volume element in
equal numbersnc. Equations3d should therefore be replaced
with

szz= rv2hzz+
]Ec

]hzz
ne −

]Ev

]hzz
nh − 3BbsT − T0d, s4d

where]Ec/]hzzand]Ev /]hzzare the hydrostatic deformation
potentials for the conduction and valence band, respectively.
The following relation holds:

]Eg

]hzz
=

]Ec

]hzz
−

]Ev

]hzz
.

The deformation potential for the valence band]Ev /]hzz
is subtracted since we are considering the energy of
holes.

The above treatment is also applicable to generation in a
quantum well provided that the distributionsTsz,td , nesz,td,
andnhsz,td, acting as acoustic source terms, are known. The
latter two distributions can only be properly calculated with a
quantum-mechanical treatment of the well wave functions.
Although we have only considered a model with a single
band gap, extension of this treatment to the case of multiple
valley excitation is possible.

A variety of specific solutions to the elastic wave equa-
tions for known source terms have been obtained.1,2,5,15–17In
the next section we shall justify the validity of the source
terms in Eq.s4d by quantum mechanical arguments.

B. Quantum theory of acoustic wave generation in quantum
wells by ultrashort light pulses

The classical theory of strain generation when supple-
mented by a knowledge of the quantum well wave functions
suffices to calculate the acoustic phonon pulses generated
therein by ultrashort optical pulses. However, it is instructive
to verify this semiclassical result by a rigorous quantum
treatment of the acoustic phonon generation in a
semiconductor.18 In this treatment we shall focus in particu-
lar on the relation between the phonon and electron wave
functions.

In accordance with our assumptions about the symmetry
and geometry of the generation region, consider a one-
dimensional elastic continuum field of lengthL and a one-
dimensional one-electron Schrödinger field with a square
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well potential. The width of the well is assumed to be much
smaller thanL. These two fields interact with each other
through the deformation potential. The system is taken to be
elastically homogeneous, a reasonable assumption for the
case of the quantum wells used in this study. The thermal
stress is taken to be zero at first.

The elastic field is subject to the wave equation

r
]2q

]t2
= C

]2q

]z2 +
]

]z
sAc*cd, s5d

whereqsz,td is the elastic displacement,r the mass density,
C the appropriate elastic modulus,A the deformation poten-
tial, andcsz,td the electron wave function which is normal-
ized in three-dimensional space. The sound velocityv is re-
lated to C through C=rv2. The one-electron Schrödinger
equation can be written as follows:

S−
"2

2m

]2

]z2 + Vszd + A
]q

]z
Dc = i"

]c

]t
s6d

wherem is the electron mass andVszd represents the square
well potential.

As explained in Appendix A, second quantization of the
elastic and electron fields yields the total Hamiltonian of the
system:

H = o
j

Ejaj
†aj + o

k

"vkbk
†bk

+ o
j ,j8,k

"vksgjj 8kbkaj
†aj8 + gjj 8−kbk

†aj
†aj8d, s7d

whereEj is the energy eigenvalue of thej th state in Eq.s6d
with A=0, andvk=vuku is the angular frequency of the elas-
tic wave with wave numberk in Eq. s5d with A=0. The
annihilation and creation operators for thej th electronic state
areaj andaj

†. The operatorsbk andbk
† are those for phonons

with wave numberk. The coefficientgjj 8k, arising from the
electron-phonon interaction, is defined as

"vkgjj 8k ; ikAÎ "

2rvkL
E f j

*szdf j8szdeikz dz,

wheref j is the wave function of thej th electronic state. It
satisfies

gjj 8−k = gjj 8k
* ,

since the wave functionf j for a square well potential is
real.19

The electron states arising from the Hamiltonians7d are
well approximated by the eigenstates of a noninteracting
electron system if the energy difference between the electron
eigenstatesEi −Ej of interest is much larger than the phonon
energy "vk. This is valid in our experiment: in a
GaAs/Al0.3Ga0.7As single quantum well of width of 7.6 nm,
for example, the energy difference between thee1 and e2

levels is more than 100 meV. This is much larger than the
relevant phonon energy of about 4 meV at 1 THz.

Consider the instantaneous excitation of an electron by an
ultrashort light pulse into thej th eigenstate att=0. We as-
sume the electron stays in the excited state fort.0. This
situation can be described by

F = HFl st , 0d
aj

†Fl st ù 0d,
J

whereF is the complete solution of the equation

HF = i"
]F

]t
,

andFl is the phonon-related part of the solution, that satis-
fies

HlFl = i"
]Fl

]t
, s8d

where

Hl =Hok
"vkbk

†bk st , 0d

ok
"vksbk

†bk + gjjkbk + gjjk
* bk

†d st ù 0d.
J

Suppose that the phonon system att,0 is in the ground
state F00 that satisfiesbkF00=0 for any k. The stateF00
should thus be taken as the initial condition for Eq.s8d for
tù0. This is the displaced Bose operator problem and results
in the coherent phonon state. The phonon state attù0 is
given by

Fl = pkUkF0,

Uk ; e−s1/2dugjjku2egjjk
* e−ivktb̃k

†
e−gjjkeivktb̃k, s9d

whereF0 is the ground state forHl for t.0. The annihila-
tion and creation operators with the overtilde are defined
using

bk = b̃k − gjjk
* ,

bk
† = b̃k

† − gjjk . s10d

F0 is defined to satisfyb̃kF0=0 for anyk. The operatorUk is
chosen to be unitary, and gives unitary conversion of opera-

tors b̃k and b̃k
†:

Uk
†b̃kUk = b̃k + gjjk

* e−ivkt,

Uk
†b̃k

†Uk = b̃k
† + gjjke−ivkt. s11d

The operator for strain is given by

]q

]z
= o

k

ikÎ "

2rvkL
seikzbk − e−ikzbk

†d.
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The expectation value of the strain can be calculated for the
phonon state of Eq.s9d using Eqs.s10d and s11d:

KFU ]q

]z
UFL =

A

2rv2

3„− 2uf jszdu2 + uf jsz− vtdu2 + uf jsz+ vtdu2….
s12d

This result is exactly the same as the solution for Eq.s2d with
the stress

szz= rv2hzz+ Auf jszdu2.

The second and third terms in the round brackets in Eq.s12d
describe the propagating components of the strain. The shape
of the strain pulse is the same as that of the square of the
modulus of the electron wave function.

If a higher phonon number stateFlst,0d with phonon
numbernk for the phonon with wave numberk is instead
assumed as the initial condition, where

Fl = pk
1

Înk!
sbk

†dnkF00,

a similar argument leads to the same strain expectation value
as described in Eq.s12d. One can thus conclude that the
expectation value is not affected by the details of the initial
conditions provided that the initial strain expectation value is
zero. For a bath of thermally excited phonons as the initial
condition, as in experimentsthat is a mixture of phonon
number states with random phased, the initial strain expecta-
tion value vanishes except for a fluctuation term.

In the above treatment, the detailed nature of the carrier-
carrier or carrier-phonon scattering is not included. This sim-
plification is reasonable here because these processes mainly
affect the carrier energy and momentum distribution on a
subpicosecond timescale for the GaAs quantum wells used in
the present experiments, and should not significantly influ-
ence the coherent acoustic phonon generation. A more so-
phisticated treatment is beyond the scope of this paper, but
might be necessary for quantum wells thinner than,3 nm
for which the generated phonon frequencies significantly ex-
ceed 1 THz.

From the above we can conclude that the acoustic phonon
generation can be accurately treated by the semiclassical
treatment of Sec. II A if the carrier densities are replaced
with the corresponding probability densities. For the specific
example of a quantum well containing a static distribution of
electrons and holes excited to theirj th states, Eq.s4d should
be modified to

szz= rv2hzz− 3BbsTsz,td − T0d +
]Ec

]hzz
Neuf j

sedszdu2

−
]Ev

]hzz
Nhuf j

shdszdu2, s13d

where the superscriptssed andshd denote the wave functions
for electrons and holes, respectively. The quantitiesNe and
Nh refer to the respective number of excited carriers in the

volume used for the normalization off j
se,hd. sIn the case of

optical excitation,Ne should be equal toNh.d The deforma-
tion potentials should be treated as position dependent quan-
tities because they differ in general for the barrier and well
materials. Equations13d forms the basis of our analysis of
the experimental results in the next section.

III. EXPERIMENT AND RESULTS

A GaAs/Al0.3Ga0.7As quantum well structure was pre-
pared on a GaAss100d substrate using MOVPEsmetallor-
ganic vapor phase epitaxyd. Three buried GaAs quantum
wells of different thickness were incorporated in order to
exploit their different excitonic optical resonances. The
nominal thicknesses and the sample geometry are shown in
Fig. 1sad. The calculatedhh1-e1 transition energies at 300 K
for the isolated quantum wells labeled QW1, QW2, and
QW3 in Fig. 1sad are 1.55 eV, 1.48 eV, and 1.61 eV, respec-
tively. Photoluminescence measurements at room tempera-
ture for this sample show three distinct luminescence peaks
near 1.51 eV, 1.46 eV, and 1.56 eV, that are reasonably close
to the expectedhh1-e1 transition energies of the three wells.

Figure 1sbd shows a schematic diagram of the experimen-
tal setup. Infrared optical pump pulses of photon energy tun-
able in the range 1.44 eV to 1.68 eVswavelength 860 nm to
740 nm and spectral bandwidth,3 nmd, duration 1.2 pssfull
width at half maximumd, and repetition rate 82 MHz from a
mode-locked picosecond Ti:sapphire laser are used to excite
longitudinal acoustic phonon pulses in the quantum wells. In
this study we have chosen to enhance the resolution in wave-
length at the expense of increased optical pulse duration. The
pump photon energy range spans thehh1-e1 transition of the
three wells and is low enough for the pump light to be trans-
mitted by the Al0.3Ga0.7As barrier layers. The pump light is
focused onto the sample surface with a spot radius,20 mm
at half maximum intensity, an incident angle of 20°, and an
incident fluence,0.05 mJ cm−2 per optical pulse. The inci-
dent fluence is kept constant while varying the pump photon
energy. This fluence typically produces a carrier density in
the resonant quantum wells of the order of 1012 cm−2, giving
rise to a strain amplitude,10−5. The sample is placed in a

FIG. 1. sColor onlined sad Dimensions of the GaAs/Al0.3Ga0.7As
quantum well structure.sbd Experimental setup. AOM5acousto-
optic-modulator, QWP5quarter wave plate, HWP5half wave plate,
PBS5polarizing beam splitter, NPBS5nonpolarizing beam splitter,
P5polarizer, and BBO=b-BaB2O4 crystal. The region enclosed
with a dotted line forms an interferometer.
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vacuum cells,10−4 Pad to avoid oxidation caused by the
optical irradiation in air.

The longitudinal acoustic phonon pulses excited inside
the sample propagate along the stacking direction, and can
be detected at the top surface through the change in reflec-
tance or phase arising from the photoelastic effect or the
surface displacement. In contrast to Refs. 2, 4, and 7 in
which the bulging associated with the surface displacement
is detected by probe beam deflection, here the surface dis-
placement is detected by the change in the phase of the re-
flected light. A blue probe beam of delayed optical pulses of
photon energy 3.06 eVswavelength 405 nmd, spectral width
,5 nm, and duration,150 fs derived by doubling the light
pulses from a second mode-locked femtosecond Ti:sapphire
laser synchronized to the first is used to detect the complex
reflectance changedr of the sample using a Sagnac
interferometer20 shown in the region of Fig. 1sbd enclosed
by the dotted line. The relative reflectance change can
be expressed asdr / r =r+ idf where r and df are the
real and imaginary parts of the reflectance change. The
fluence of the probe pulses is,2 mJ cm−2 and the
spot radius is,15 mm at half maximum intensity. The probe
light is normally incident on the sample surface. The
time delay between the pump and probe light pulses
is scanned from 0 to 400 ps in an optical delay line. Typically
30 scans of the delay line are averaged to obtain a
data set. The probe light penetrates about 20 nm into
the sample through the cap GaAs layer and part of the
adjacent Al0.3Ga0.7As layer. To improve the signal-to-noise
ratio, the pump beam is modulated at 1.1 MHz by an
acousto-optic modulator, and a lock-in amplifier is used for
synchronous detection. All the measurements are done at
room temperature.

The transient temperature rise in the quantum wells and in
the substrate is of the order of 1 K. The dc temperature rise
of the near-surface region of the sample is estimated to be

,5 K. With these excitation conditions the excitation of
acoustic phonon pulses in the sample is expected to be accu-
rately described by a linear theory, and indeed we found that
the transient changes in reflectance were proportional to the
pump fluence up to the values quoted above.

The maximum raw timing jitter between the light pulses
from the two lasers is,10 ps. In order to compensate for
this jitter, a correlation technique is used to correct the timing
at each data point in the scansFig. 2, insetd, using a separate
beam line that tracks the jitter between the two lasers. The
cross correlation of the infrared light pulses from the two
lasers is taken using a BBOsb-BaB2O4d crystal and the
frequency-summed light is detected. The detector output is
fed to an independent lock-in amplifier; one of the optical
path lengths before the BBO crystal is sinusoidally modu-
lated with an amplitude of about ±5 mm, and this modula-
tion stypically at about 10 Hzd is used as the reference input

FIG. 2. sColor onlined Calculated relation between the jitterDt
and the output voltageVout of the lock-in amplifier. The inset shows
the cross correlation measurement setup that is used for the jitter
correction system.F.G. =function generator. BBO=b-BaB2O4

crystal.

FIG. 3. sColor onlined sad Real andsbd imaginary parts of the complex relative reflectance changedr / r at pump photon energies from
1.44 to 1.68 eV in the order from top to bottom. Curves are shifted vertically for clarity.
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of this lock-in amplifier. The lock-in amplifier output, calcu-
lated to be proportional to the jitter in a ±10 ps rangesFig.
2d, is recorded during the measurement to correct the tempo-
ral axis of the reflectance change after the acquisition of the
data. In this way, the effective jitter between pump and probe
light pulses is reduced to less than 1 ps.

Results for the realsrd and imaginarysdfd parts of the
relative reflectance change as a function of delay time are
shown in Fig. 3 for various pump photon energies from 1.44
to 1.68 eV. The curves are shifted vertically for clarity. Com-
mon features appearing indf at delay times.260 ps corre-
spond to the arrival at the surface of phonon pulses generated
in the GaAs substrate. The signals at,100 ps correspond to
the arrival at the surface of phonon pulses generated in the
quantum wells. The overall duration for this quantum-well
signal becomes longer with increasing pump photon energy.
This is expected from a consideration of the optical absorp-
tion spectra of the wells: the pump energies from 1.45 eV to
1.47 eV should excite phonon pulses only at the well QW2,
whereas pump energies higher than 1.53 eV should do so in
all the wells.sThe well QW2 is the thickest and thus has the
lowesthh1-e1 transition energy.d The energies from 1.49 eV
to 1.50 eV allow QW1 and QW2 to be excited. The oscilla-
tory nature of the reflectance changes near 100 ps and near
260 ps is characteristic of the photoelastic effect combined
with the effect of optical probe penetration into the sample.1

The curves labeled “expt.” in Fig. 4 represent a magnified
view around 100 ps for 1.47, 1.50, and 1.64 eV pump photon
energies, corresponding to the excitation of QW2, QW1
+QW2, and QW1+QW2+QW3, respectively. The temporal

regions associated with the contribution from each quantum
well are indicated by the horizontal arrows. Also noticeable
is the downward step indf that occurs after the reflection of
the phonon pulses from the surface near 100 ps time
delay sindicated by the vertical arrows in thedf graph of
Fig. 4 for the case of 1.64 eVd, implying a net outward dis-
placement of the sample surface: the total change,10−6 in
df corresponds to a displacement of,0.03 pm. This step is
the signature of unipolar phonon pulses, as expected and as
previously observed in such buried quantum well
structures.9,10

The fast changes inr anddf around 0 ps show a strong
pump-photon energy dependence. This can be attributed to
the relaxation of electrons excited in the GaAs cap layer and
to the accompanying temperature change.14

IV. DISCUSSION

In order to interpret the experimental data further,
we have performed a simulation that takes into account
the phonon generation, propagation, and detection processes.

A. Phonon generation

The absorbed photons set up an excited carrier distribu-
tion. As described in Sec. II the acoustic strain is generated
by this carrier distribution through the deformation potential
as well as by the temperature rise that is caused by the re-
laxation of excited carriers towards the conduction and va-
lence band edges.1,5,6,21

FIG. 4. sColor onlined Magnified view of thesad real andsbd imaginary parts of the complex relative reflectance changedr / r at a pump
photon energy of 1.47, 1.50, and 1.64 eV. The experimentalsexpt.d curves and calculatedscalc.d curves that are fitted to the data are shown
together. The bottom 4 curves show the decomposed photoelastic contributions to the calculated curves for 1.64 eV; curves QW1, QW2, and
QW3 correspond to acoustic phonon pulses generated in the respective quantum wells; the contribution from the surface displacement is
shown separatelysdisp.d. The horizontal arrows show the temporal regions associated with the contributions to the reflectance from each
well. The vertical arrows in thedf plot denote the change indf caused by the surface displacement due to the acoustic phonon pulses
generated in the quantum wells for 1.64 eV.
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In order to estimate the quantityNe=Nh in Eq. s13d,
we make a preliminary calculation of the absorbed pump
photon distribution using the refractive indices and thick-
nesses quoted in Table I. For this estimate we assume that
the quantum wells can be characterized by a uniform
dielectric constant. The pump light pulses are assumed
to have a Gaussian temporal shape with a full width at
half maximum duration of 1.2 ps. The pump-energy depen-
dent seffectived extinction coefficientsK for each GaAs
well and for the cap layer are adjusted to fit the data whereas
the optical constants for the other layers are taken from
the literature.22 The thicknesses of the barrier layers are
also adjusted. Details of general fitting procedure are
described later. A standard transfer-matrix method is used to
deal with the multiple reflection of the pump light in
the structure, allowing the relative energy absorption in
the parts of the structure with finite extinction coefficient to
be evaluatedsas described in Ref. 23 and references thereind.
The absorbed photon number per pump light pulse in
each well is equated to the number of excited electrons
and holes in the well in question. The corresponding carrier
densities are then evaluated and used to calculate the
acoustic phonon generation from Eq.s13d. The approxi-
mately homogeneous distribution of absorbed pump light
energy in the quantum wells obtained from the above
estimates is not used in the following analysis. Rather we
take into account the quantum-mechanical wave functions in
the wells.

For our choices of well thickness the quantum wells
can be characterized using the envelope function
approximation.19,26 For simplicity we ignore the effect
of band mixing; a square well potential is assumed for
the conduction electrons, light holes, and heavy holes
independently in the Schrödinger equation for the envelope
function

H−
"2

2mmszd
d2

dz2 + VmszdJf j ,m = Ej ,mf j ,m, s14d

where the suffixm specifies the particle types: electron,
heavy hole, and light hole. The band gap energy and conduc-
tion band offsetsthe ratioDEc/DEg whereDEc is the energy
difference in the conduction band minimum andDEg is the
difference in the energy gap between barrier and well mate-

rialsd are given in Table II.24,27,28The effective masses are
chosen to be those of bulk GaAs and Al0.3Ga0.7As ignoring
any effects of band nonparabolicity. At the
GaAs/Al0.3Ga0.7As interface the continuity off j ,m and
1/mm ·df j ,m /dz are imposed as boundary conditions for the
wave function envelope. As an example the electron and
heavy hole wave functions for a quantum well of thickness 3
nm, similar to QW3, calculated using the parameters of Table
II are shown in Figs. 5sad and 5sbd. Some penetration of the
wave functions into the barrier layers is evident.

The previous result, Eq.s13d, for phonon generation
can be applied to the envelope function. The elastic stress
is coupled to the carrier densities through the deformation
potentialsdEc,v /dhzz for the conduction and valence bands
in the vicinity of theG point. These deformation potentials
are given in Table II. The positive value ofdEv /dhzz
implies that the energy of electronssholesd in the valence
band risessfallsd on expansion. The thermal stressszz,th can
be calculated from the equation

szz,th = − 3Bbnp
hnp − Eg

CV
, s15d

wherenp is the density of absorbed pump photons,CV is the
isovolumic heat capacity per unit volume, andhnp is the
pump photon energy. In the present experiments, however,
we estimate the thermal stress to be,0.03 of the electronic
stress at mostsfor 1.68 eV pumpd, and it therefore gives a
negligible contribution to the strain generation. The effect of
thermal diffusion, neglected in this estimate, only serves to
smear out this contribution. Figure 5scd shows the calculated
strain profile in QW3. The profile is made up of a combina-
tion of electron and heavy hole contributions and has a spa-
tial extent similar to that of the quantum well width. We
assume all the holes are accommodated in the heavy hole
band for simplicity.sIf instead populations are assumed on
both the heavy and light hole bands the changes to the cal-
culated strain pulse are not significant.d The inducedshydro-
staticd stress distribution launches longitudinal acoustic pho-
non strain pulses of exactly the same spatial profile in
opposite directionss±zd, according to Eqs.s2d and s13d. In
the present experiments we only detect the strain pulses that
are launched towards the surface. The temporal width of the
strain pulse launched from QW3 is about 1 ps. Figure 5sdd

TABLE I. Refractive indices of each layer for the pump light. Apart from the extinction coefficientsK for
the GaAs cap and well layers, the values are taken from Ref. 22. The quantityd represents the layer thickness
snmd.

Photon energyseVd

Layer 1.47 1.50 1.64

Al0.3Ga0.7As 3.40 3.41 3.48

GaAs capsd=14d 3.65+0.01i 3.67+0.01i 3.72+0.01i

QW1 sd=4.5d 3.65 3.67+0.06i 3.72+0.09i

QW2 sd=7.6d 3.65+0.02i 3.67+0.04i 3.72+0.10i

QW3 sd=3.1d 3.65 3.67 3.72+0.12i

GaAs substrate 3.65+0.04i 3.67+0.06i 3.72+0.11i
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shows the temporal Fourier transform of this strain pulse,
showing that frequency components up to 1 THz are present.
This frequency is significantly higher than that obtainable
with bulk metallic or semiconductor samples, suggesting the
potential for the use of quantum wells as terahertz acoustic
transducers.

B. Phonon propagation and detection

The phonon propagation is calculated from the one-
dimensional elastic wave equation using the literature values
of physical constants shown in Table II. Multiple acoustic
reflections are taken into account although their effect is
negligible. sThe small acoustic impedance mismatch
between the GaAs and Al0.3Ga0.7As layers leads to an acous-
tic reflection coefficient for strain at the GaAs/Al0.3Ga0.7As
interface of only,±0.02.d Frequency-dependent ultrasonic
attenuation is included asau=bf2 whereau is the ultrasonic
absorption coefficient,f is the ultrasonic frequency, andb
is a constant coefficient. A tentative value ofb
=35 m−1 GHz−2 is assumed for Al0.3Ga0.7As, which is
not very far from the experimentally obtained value
of 12 m−1 GHz−2 for bulk GaAs.29 Because the GaAs
quantum well and cap layers are so thin, we have set as
a simplifying assumption the value ofb to zero in GaAs.
The fitted reflectance changes are not very sensitive to
the exact values ofb taken. sAs an example of the effect
of the ultrasonic attenuation, the duration of the phonon
pulse from QW3, the thinnest well, is broadened by a
factor of ,3 by the time this pulse arrives at the sample
surface.d

The traveling acoustic phonon pulses modulate the optical
properties of the sample inhomogeneously through the pho-
toelastic effect and also displace the surface and interfaces of
the sample. The inhomogeneous perturbation relevant to the

TABLE II. Material parameters used for the simulation. Values are taken from Refs. 22, 24, and 25 except
the photoelastic constants which are fitted to the datassee the textd and the value ofb for GaAs, which is set
to zero.

GaAs Al0.3Ga0.7As

Energy gap,Eg seVd 1.43 1.83

Conduction band offsetDEc/DEg 0.658

Electron mass,me 0.0635m0 0.0841m0

Heavy hole mass,mhh 0.33m0 0.384m0

Light hole mass,mlh 0.09m0 0.117m0

sm0: free electron massd

Deformation potential for conduction band,
dEc/dhzz seVd

−5.3 −5.39

valence band,dEv /dhzz seVd 2.7 2.67

Bulk modulus,B sGPad 75.5 75.6

Linear thermal expansion coefficient,b s10−6 K−1d 6.1 5.3

Specific heat,CV/r s102 J kg−1 K−1d 3.2 3.6

Longitudinal sound velocity,v skm s−1d 4.73 4.95

Mass density,r sg cm−3d 5.36 4.88

Coefficient for ultrasonic absorption,
b sm−1 GHz−2d

0 35

Refractive indexN+ iK @ hn=3.06 eV 4.39+2.16i 4.85+1.56i

Photoelastic constantdN
dh + i dK

dh @ hn=3.06 eV

for Fig. 6 spump 1.47 eVd −16.9+7.7i −1.3+40.4i

for Fig. 7 spump 1.50 eVd −15.3+6.5i −2.9+38.4i

for Fig. 8 spump 1.64 eVd −14.8+5.1i −1.5+41.1i

FIG. 5. sColor onlined The value ofufu2 for the envelope func-
tion of sad the e1 electronic state andsbd the hh1 heavy hole state
for a GaAs/Al0.3Ga0.7As quantum well of width 3 nm. The excita-
tion of these states with an ultrashort light pulse generates the strain
pulse scd whose frequency spectrum is shown insdd. The dotted
lines show the well width.
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blue probe lightshn=3.06 eVd reflection here resides in the
GaAs cap layer and in the adjacent Al0.3Ga0.7As barrier layer.
The complex reflectance change caused by these perturba-
tions can be calculated by a general method including the
effect of multiple optical reflections of the probe light inside
the structure.23

Defining the complex dielectric constant of the GaAs cap
layer of thicknessh as«1 and that of the barrier layer as«2,
the complex relative reflectance change for this two-layer
case is given by

dr

r
=

ik

2a0b0
HE

0

h

dz8 D«sz8,tdsa1e
ik1z8 + b1e

−ik1z8d2

+E
0

`

dz8 D«sz8 + h,tda2
2e2ik2z8

+ sa1 + b1d2s1 − «1duzs0,td

+ a2
2s«1 − «2duzsh,tdJ , s16d

with

a0 = sk + k1dsk1 + k2d + sk − k1dsk1 − k2de2ik1h,

b0 = sk − k1dsk1 + k2d + sk + k1dsk1 − k2de2ik1h,

a1 = 2ksk1 + k2d,

b1 = 2ksk1 − k2de2ik1h,

a2 = 4kk1e
ik1h.

Here k, k1=Î«1k, and k2=Î«2k are the probe beam optical
wave numbers in the air, in the cap layer, and in the barrier
layer, respectively. The position of the sample surface is
defined asz=0 and the sample occupies the positivez
region. The changes in dielectric constant for the cap or
barrier layers in Eq.s16d are related to the strain through
the equation

D« = 2sN + iKdS dN

dhzz
+ i

dK

dhzz
Dhzzsz,td, s17d

where N and K are the real and imaginary parts of the
refractive index, anddN/dhzz anddK/dhzz are photoelastic
constants. The surface and interface displacements are de-
noted byuzs0,td anduzsh,td, respectively. The refractive in-
dex and dielectric constant are related through the relation
«=sn+ iKd2.

Equations16d is made up of contributions from both the
photoelastic effect and the transient surface and interface dis-
placements. Because of the inhomogeneous refractive index
distribution caused by the propagating phonon strain pulse,
the probe light reflectance depends on the integral of the
photoelastic optical response over the region of probe light
penetration into the sample, as evident in Eq.s16d. In general
the strain fieldhzzsz,td contains components traveling in both
the +z and −z directions because the phonon pulse is re-
flected from the surface or cap-barrier interface. The intimate

connection between the surface displacementuzs0,td and the
optical response is also evident in this equation. The effect of
the surface displacement, rather than that of the interface
displacementuzsh,td, is dominant because of the much larger
optical reflection from the top surface compared to that from
the cap-barrier interface. The main effect of the term propor-
tional touzs0,td is therefore to produce an optical phase shift
sthe downward shift indfd equal to 2kuzs0,td. The variation
uzs0,td is related to the acoustic strain distribution in the
sample through

uzs0,td =E
+`

0

hzzsz8,tddz8.

Note that negativeuzs0d corresponds to an outward move-
ment of the surface.

C. Fitting to the experimental results

The set of four curves in Fig. 6, all plotted on the same
scale, show data and calculations forr and df next to one
another for the pump photon energy of 1.47 eV. In accor-
dance with the assumed parameters in Table I, only QW2
generates phonon pulses in this case. Full account is taken of
the quantum-mechanical predictions for the wave function
shape. The sets of curves in Figs. 7 and 8 show data and

FIG. 6. sColor onlined Calculated and experimental curves for
the realsrd and imaginarysdfd parts of the complex relative reflec-
tance changedr / r at pump photon energies 1.47 eV. The scales in
each set of four curves are identical.

FIG. 7. sColor onlined Calculated and experimental curves for
the realsrd and imaginarysdfd parts of the complex relative reflec-
tance changedr / r at pump photon energies 1.50 eV. The scales in
each set of four curves are identical.
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calculations for the pump photon energies 1.50 eV and 1.64
eV, respectively. We assume that both QW1 and QW2 gen-
erate phonon pulses in the calculation for 1.50 eV, whereas
all three wells generate phonon pulses in the calculation for
1.64 eV. In all cases the relative carrier densities in the wells
are calculated using the parameters in Table I.33 The com-
parison between the experimental data and the theoretical
predictions is magnified in Fig. 4. The overall agreement is
very good.

To clarify the origin of the signals, we show the decom-
posed contributions for 1.64 eV pump photon energy in the
bottom four curves of Fig. 4. The curves labeled QW1,
QW2, and QW3 represent the photoelastic contributions
from acoustic phonon pulses generated in the respective
quantum wells, whereas the curve labeled “disp.” represents
the variation in the surface displacement.

The fitting procedure involves the adjustment of the ex-
tinction coefficientsK of each GaAs layer except the sub-
strate, the thicknesses of each layer, and the photoelastic con-
stants sdN/dhzz+ idK /dhzzd of the cap and barrier layers
using the method of least squares.

The extinction coefficientsK of the well layers are largely
determined by the ratio between the surface displacements
caused by the phonon pulses generated in the quantum wells
sproducing the downward steps indfd and those caused by
the phonon pulses generated in the GaAs substratesproduc-
ing the steadily fallingdf at times greater than 260 psd.
However, the oscillatory components ofr and df, which
arise from the photoelastic effect when the phonon pulses
arrive at the sample surface, also facilitate the determination
of the values ofK because the amplitude of these compo-
nents are approximately proportional to the area of the strain
pulse. This can be seen from Eqs.s16d ands17d for the case
in which the strain pulses are small compared to the probe
optical absorption depths,20 nmd, as in this experiment.
Fitting to the data for a range of wavelengths gives a spec-
trum for K for each well, as shown in Fig. 9. We have as-
sumed that clear onsets of the absorption occur in the order
QW2, QW1, and QW3 on increasing the photon energy.
These assumptions concerning the selective excitation of the
phonon pulses as a function of pump wavelength are borne
out by the agreement found between the experimental results
and the theoretical fits for all the wavelengths studied in Fig.

3 salthough we have only presented comparisons for three
wavelengths in this paperd.

The photoelastic constants as well as the thickness of the
cap layer are determined from a simultaneous fit to the os-
cillatory components inr anddf. As shown in Table II, we
used slightly different values of the photoelastic constants for
each pump photon energy; the overall variation in photoelas-
tic constants used is shown in Fig. 10. As expected, because
of the fixed probe wavelength,there is no significant variation
with pump photon energy. The photoelastic constant ob-
tained for the GaAs cap layer differs somewhat from the
value −12.1+15.5i reported in the literature.34 This discrep-
ancy may be due to the thinness of the cap layer resulting in
carrier confinement or to a high defect concentration near the
sample surface.

The net surface displacement caused by each strain pulse
arriving at the surface is also a useful parameter to charac-
terize the phonon generation in the quantum wells. The out-
ward surface displacements corresponding to each well cal-
culated from the fitting process are plotted in Fig. 11 as a
function of the pump photon energy. The surface displace-
ment is approximately proportional to the product ofK and
the well width, so thicker wells are expected to generate
larger surface displacements. This tendency is observed in
Fig. 11, although the signal overlap from adjacent wells de-
creases the accuracy of the calculation, particularly for the
higher pump photon energies.

FIG. 8. sColor onlined Calculated and experimental curves for
the realsrd and imaginarysdfd parts of the complex relative reflec-
tance changedr / r at pump photon energies 1.64 eV. The scales in
each set of four curves are identical.

FIG. 9. sColor onlined Effective extinction coefficientsK for
each quantum well deduced from the fitting. The order of the onset
from lower to higher energy is QW2, QW1, and QW3 as expected.
The lines are guides to the eye.

FIG. 10. sColor onlined Photoelastic constants for the cap GaAs
and adjacent Al0.3Ga0.7As layers obtained from the fitting for vari-
ous pump photon energies. They show no apparent pump-photon
energy dependence. The lines are guides to the eye.
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The temporal evolution of the surface displacement
uzs0,td can be obtained from the simulation, as shown in Fig.
4. Figure 12 shows the fitted surface displacement variation
separately for the thinnest quantum well QW3 for the pump
photon energy of 1.64 eV. The surface velocityduzs0,td /dt,
also shown for the case of 1.64 eV in Fig. 12, is proportional
to the strain pulse shape in the present case of a free top
surface.7 The inset of Fig. 12 shows the Fourier transform of
duzs0,td /dt. The width of the frequency spectrumsup to 400
GHzd is considerably narrowed with respect to that
s.1 THzd shown in Fig. 5sdd. This is due to the frequency
dependence of the ultrasonic attenuation in the Al0.3Ga0.7As
barrier layers at room temperature. In fact this ultrasonic
attenuation essentially removes the high frequency compo-
nents from the phonon pulses to the extent that the three
wells produce phonon pulses with almost identical frequency
spectra and strain durations,3 ps when detected at the
surface.35

The cap layer widths quoted in Table I are determined
with an accuracy of 1–2 nm, and the barrier thicknesses
are determined to an accuracy of a few nanometers. The
accuracy in the determination of the quantum well widths
is only ,5 nm, and so we set the well widths equal to

the nominal widths estimated from deposition times. This is
not enough to evaluate the phonon pulse shape in the
generation region and thus the shape of the wave functions.
Apart from the effect of the ultrasonic attenuation mentioned
above, another reason for this relatively low accuracy is
the ,1 ps pump optical pulse duration corresponding to a
spatial smoothing,5 nm. One more reason is that the signal
due to the surface displacement, directly proportional to the
spatial integral of the phonon strain pulse shape, is obscured
by the relatively extended oscillatory signal caused by the
photoelastic effect. Techniques that allow the discrimination
of the photoelastic effect and the surface displacement using
polarized oblique probe light incidence30 together with the
use of shorter optical pulse durations and wells positioned
nearer to the surface could be exploited in the future to ac-
curately determine the generated phonon strain pulse shape
and hence those of the electron and hole wave functions. The
use of lower temperatures might help to reduce the phonon
pulse broadening caused by ultrasonic attenuation, although
temperature-independent alloy scattering in the AlGaAs lay-
ers is probably the dominant effect.

V. CONCLUSIONS

We have studied the longitudinal acoustic phonon genera-
tion and detection in a GaAs/Al0.3Ga0.7As triple quantum
well structure using laser picosecond acoustics. The pump-
wavelength dependence of the phonon pulse shapes conclu-
sively demonstrates that we have achieved wavelength-
selective phonon excitation in the three quantum wells. The
acoustic-phonon pulse generation mechanism is described
and treated rigorously with a quantum-mechanical formal-
ism, taking into account the shape of the electron and hole
wave function envelopes. The theoretical simulations give
good agreement with the experimental results. However, the
optical pulse width used is not short enough to clarify the
exact shape of the generated acoustic phonon pulses. We also
find that the modulated reflectance signals associated with
the phonon pulses are dominated by photoelastic effects and
are affected by ultrasonic attenuation, thus preventing an ac-
curate determination of the shape of the quantum well wave
functions. An improvement of the experimental technique to
separate different signal contributions and an optimized
sample design should allow this goal to be pursued in the
future. However, the present study has shown that it is pos-
sible to understand the detailed features of the modulated
reflectance arising from the phonon pulses generated in the
quantum wells as well as the physics of the generation pro-
cess. Apart from the fundamental interest in coupling the
fields of quantum mechanics and acoustics, this research
should lead to interesting developments in high frequency
acoustic-optic modulation, in nanoscale acoustic transduc-
tion and in terahertz phonon spectroscopy.
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FIG. 11. sColor onlined Surface displacement caused by the pho-
non pulses generated in each quantum well obtained from the fitting
for various pump photon energies. The order of the onset from
lower to higher energy is QW2, QW1, and QW3 as expected. The
lines are guides to the eye.

FIG. 12. sColor onlined Temporal evolution of the surface dis-
placementsreferred to the left axisd and the surface velocitysright
axisd both calculated for the pump photon energy of 1.64 eV for the
thinnest well QW3. The features around 127 ps corresponds to the
arrival at the surface of the acoustic phonon pulse generated in
QW3. The inset shows the amplitude of the Fourier transform of the
surface velocity.
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APPENDIX A: SECOND QUANTIZATION OF THE
ELASTIC WAVE FIELD AND THE ONE-ELECTRON

SCHRÖDINGER FIELD

In this appendix we derive the Hamiltonian equation
s7d by a standard procedure:18 s1d determine the interaction
between the classical elastic field and the Schrödinger
field; s2d find the associated Lagrangian;s3d find the
Hamiltonian; and s4d quantize the Hamiltonianssecond
quantizationd.

The classical elastic field obeys Eq.s5d. The classical
electron Schrödinger fieldsbefore second quantization of
the electron fieldd obeys Eq.s6d and its complex conjugate
that we denote ass6d* . Equationss5d and s6d, and s6d*

are derived from the following Lagrangiansapplied to unit
aread:

L =E dzc*Hi"
]

]t
− Vszd

+
"2

2m

]2

]z2Jc +
1

2
HrS ]q

]t
D2

− CS ]q

]z
D2J − A

]q

]z
c*c,

sA1d

through the Lagrange’s equation of motion forq, c, andc* .
The canonically conjugate momenta forq and c can be

derived from Eq.sA1d:

pq =
dL
dq̇

= rq̇, sA2d

pc =
dL
dċ

= i"c* . sA3d

This allows the derivation of the classical Hamiltonian:

H =E dzspcċ + pqq̇ − Ld

=E dz c*H−
"2

2m

]2

]z2 + VszdJc +
1

2r
pq

2 +
C

2
S ]q

]z
D2

+ A
]q

]z
c*c. sA4d

Quantization is achieved by replacing the quantities
q, pq, c , c* with operators that satisfy the commutation re-
lations,

fpqszd,qsz8dg = − i"dsz− z8d, sA5d

fpcszd,csz8dg+ = − i"dsz− z8d. sA6d

The second expression can be rewritten as

fcszd,c*sz8dg+ = dsz− z8d. sA7d

The suffix + in the commutation relation represents the ap-
plication to fermions. The remaining sets of operators are
commutative:

fc*szd,c*sz8dg+ = fcszd,csz8dg+ = 0,

fpqszd,pqsz8dg = fqszd,qsz8dg = 0,

fc*szd,qsz8dg = fcszd,qsz8dg = 0,

fc*szd,pqsz8dg = fcszd,pqsz8dg = 0.

The final stage of the analysis consists of expanding
the operatorsc , c* , q, pq with corresponding eigenfunc-
tions for the noninteracting fields. We use the plane wave
solution expsikzd with wave vectork for the elastic wave
equation:

r
]2q

]t2
= C

]2q

]z2 . sA8d

For the Schrödinger wave field we use the eigenfunction
f jszd of the one-electron Schrödinger equation:

S−
"2

2m

]2

]z2 + VszdDf j = Ejf j . sA9d

In addition, we define

cszd = o
j

ajf jszd, sA10d

c*szd = o
j

aj
†f j

*szd, sA11d

qszd = o
k

Î "

2rvkL
seikzbk + e−ikzbk

†d, sA12d

pqszd = o
k

iÎ"vkr

2L
s− eikzbk + e−ikzbk

†d, sA13d

where vk=vuku is the phonon angular frequency. Hereaj
and aj

† are the annihilation and creation operators of the
j th electronic state, whereasbk and bk

† are those of the
phonon state with wave vectork. Substitution into Eq.
sA4d yields the Hamiltonians7d. The zero point vibration
is removed by an appropriate choice of zero energy.
This result is very similar to that for an interacting electron-
phonon system with translational symmetry, but here the
momentum is not a good quantum number for the
electron.
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