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in GaAs semiconductors

P. Babilotte, P. Ruello,* D. Mounier, T. Pezeril, G. Vaudel, M. Edely, J-M. Breteau, and V. Gusev
Laboratoire de Physique de I’Etat Condensé, UMR CNRS 6087, Université du Maine, 72085 Le Mans, France

K. Blary

Institut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN), UMR CNRS 8520, 59652 Villeneuve d’Ascq Cedex, France

(Received 25 January 2010; revised manuscript received 14 April 2010; published 15 June 2010)

The experimental detection of short picosecond photoacoustic response induced by femtosecond laser pump
radiation deeply penetrating in GaAs and generating long acoustic strain pulse is reported. It is demonstrated
that it is possible, in this case, to achieve high-frequency coherent acoustic phonon monitoring in semicon-
ductors as efficiently as in the case of metals where the penetration depth of pump radiation is shorter and the
generated acoustic strain pulse is short itself. The physical origin of such monitoring of high-frequency
acoustic phonons is discussed thanks to a detailed analysis of the spectral transformation functions of both the
generation process (opto-acoustic transformation) and the detection process (acousto-optic transformation). We
show that it is possible to tune the detection process from a narrowband to a broadband spectrum detection
process. In particular, the broadband detection process is achieved with a proper choice of the probe wave-
length permitting efficient coupling between the acoustic field and the probe electromagnetic wave only in a
nanometric thin region near semiconductor surface. Efficient broadband acousto-optic detection results in the
short pulsed photoacoustic responses in transient optical reflectivity even when long acoustic pulses are gen-
erated, because of sufficient sensitivity to high-frequency coherent phonons even weakly contributing to the
total acoustic field. These results indicate the opportunity to broaden the range of the substrate materials and
pump laser frequencies that can be used in high-frequency coherent phonon spectroscopy of the materials and

nanostructures.

DOLI: 10.1103/PhysRevB.81.245207

I. INTRODUCTION

Picosecond laser ultrasonics is a domain of interdiscipli-
nary research where femtosecond laser pulses are applied for
opto-acoustic (OA) generation and acousto-optic (AO) detec-
tion of elastic waves in materials.'~* The application goal of
using femtosecond all-optical pump-probe technique is to
monitor the interaction with a tested material or a mechanical
structure of the acoustic waves from the GHz-few THz range
of frequencies. The word monitoring is used in order to in-
dicate that to study the interaction of high frequency waves
(of hypersound) with materials it is necessary to develop
both the methods of generation and detection of these high-
frequency acoustic waves. Multiple experiments conducted
after pioneering ones'>® demonstrated that application of
femtosecond laser-based pump-probe technique provides op-
portunity to reach both goals, i.e., the hypersound can be
both generated through the OA effect and detected through
the AO effect. In picosecond laser ultrasonics, these are co-
herent acoustic pulses that are generated, so, in principle,
pulsed laser radiation always excites acoustic waves from the
GHz-few THz range of frequencies. However these high fre-
quencies contribute to an important part to the total acoustic
field of the strain pulse only if the penetration depth of the
pump laser radiation is sufficiently short. That is why the
common tendency in picosecond laser ultrasonics is to use
for the generation of high-frequency phonons the metals or
the semiconductors with the energy gap sufficiently lower
than the pump laser energy quantum. The situation with
acousto-optic detection of coherent phonons is qualitatively

1098-0121/2010/81(24)/245207(14)

245207-1

PACS number(s): 78.20.hc, 78.20.hb, 78.20.Pa, 78.47.J—

similar to their generation in the sense that, in principle, all
acoustic frequencies can be detected, but in order to achieve
broadband AO transformation at GHz-few THz frequencies
range, that is to get an important contribution of hypersound
to the total detected signal, it is necessary to use for the
detection the materials with shortest penetration depths of
the probe laser radiation. It is through the combination of
weakly penetrating pump and probe laser pulses that the ul-
trashort pulsed variations in transient optical reflectivity,
which namely corresponds to the generation and detection of
high-frequency phonons, are commonly observed. Here be-
low through the experiments in GaAs and the development
of the supporting theory we demonstrate that for the moni-
toring of the high-frequency phonons through the detection
of the ultrashort pulsed transients in the optical reflectivity
signals, it is not necessary to generate ultrashort strain
pulses. If the sensitivity of the wide-band AO detection is
high enough in the GHz frequency range then it is still pos-
sible to monitor high-frequency phonons contributing
(weakly) to long photogenerated strain pulses through the
detection of the ultrashort pulsed transient reflectivity sig-
nals. From the point of view of application of picosecond
laser ultrasonics in phonon spectroscopy of the materials and
nanostructures our finding broadens the range of the sub-
strate materials and pump optical frequencies that can be
used for monitoring of the high-frequency phonons. In the
following parts of the introduction, we provide more quanti-
tative description of the general physical principles of OA
generation and AO detection as well as multiple references
on the earlier experiments conducted in the ways which are
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currently usual for picosecond laser ultrasonics. In this
analysis, we use the formalism of the spectral transformation
function of OA conversion*” and we introduce the formalism
of spectral transformation function of AO conversion.’

A. Opto-acoustic conversion

The spectral transformation function of opto-acoustic con-
version Koa(w) (Refs. 4 and 7) determines how efficiently
the different cyclic frequencies w contained in the spectrum

flw) of the laser pulse intensity envelope f(1/7,) (f(w)
=[*"f(t/ 7, )exp(iwt)dr, where 7; is the characteristic dura-
tion of the laser pulse) are transformed into acoustic frequen-
cies in the OA conversion process. When femtosecond laser
pulses are applied for generation of acoustic waves their
direct interaction with the material can be considered as
instantaneous at the time scale corresponding to GHz
frequency range. Then f(z/7;) can be approximated by the

delta function f(¢/ 7;) = 7, 8(t), correspondingly f(w) = const,
and the spectrum 7(w) of the photogenerated acoustic
strain pulse replicates the spectrum transformation function

of OA conversion ﬁ(w):KOA(w)f(w)vaOA(w). It is well
established!*7 that in order to convert into acoustic frequen-
cies the highest frequencies from the available excitation

spectrum flo) it is necessary to use pump optical radiation
weakly penetrating in the material, i.e., with the highest pos-
sible values of the imaginary part k of the optical wave
number k =k’ +zkg Here and in the f0110w1ng, k is the wave
number of optlcal or acoustical waves, while k' and k" de-
note its real and imaginary parts, respectively. The index “g”
attributes the wave number to generation process, i.e., to op-
tical wave used for the generation of acoustic waves, and
will attribute in the following the acoustic frequencies w to
generated ones. In addition to the use of materials with the
shortest possible pump light intensity penetration depth a;'
=(2k”)~! it is necessary to avoid materials where the trans-
port of absorbed laser energy outside the pump light penetra-
tion depth a; can take place at supersonic velocities. For
example, fast supersonic transport of energy can be due to
diffusion of overheated nonequilibrium electrons in bold
metals® !> or photogenerated electron-hole plasma in
semiconductors.'!# If the supersonic transport of energy is
avoided then the spectrum of the efficiently photogenerated
hypersound can extend up to the frequencies at which the
acoustic wave number k,(w)=w/v, is equal to the laser
pump intensity absorption coefficient k,(w)= a,= 2ky, i.e., up
to the frequencies w,=a,=2Kk, Va- Here and in the follow-
ing the index “a” attributes the wave number to acoustical
waves, where v, is the velocity of the acoustic wave. Corre-
spondingly the characteristic duration of the photogenerated
acoustic pulses can be as short as the time 7, of acoustic
wave propagation across the pump laser intensity penetration
depth Tg=w;1=(2kgva)‘1. From mathematics point of view,
all these relations are due to the existence of the factors
(wtiwg)" in the spectral transformation function of OA
conversion Kos(w), i.e., Koa(w) contains the contributions
proportional to (w+iw,)™" and/or (w—iw,)™" and the imagi-
nary characteristic frequencies *iw, determine some of the

PHYSICAL REVIEW B 81, 245207 (2010)

poles of the spectral transformation function on the complex
o plane.

B. Acousto-optic conversion

The spectral transformation function of acousto-optic con-
version K o(w) determines how efficiently different acoustic
frequencies, contained in the acoustic field entering the de-
tection volume, can be converted in the spectrum of, for
example, intensity variation of the reflected probe laser ra-
diation penetrating in this volume. The femtosecond probe
laser pulses delayed in time relative to pump laser pulses
provide, through the variation of the delay time, an opportu-
nity to detect acoustically induced variations in optical re-
flectivity with a time resolution equal to the duration of the
probe laser pulse 7;. However, the spectral transformation
function of AO conversion K,o(w) depends not on the dis-
tribution in depth of the probe laser intensity, as it is in the
case of Kns(w), but on the spatial distribution of laser elec-
tric field. This difference takes place because in contrast to
OA effect, which depends on optical intensity both in the
case of thermoelastic and deformation potential mechanisms
of OA conversions,*” AO effect depends on the laser electric
field. As a consequence the characteristic acoustic frequency
w, of AO conversion is determined by the equality of the
acoustic wave number k,(w)=w/v, and 2(kj—ik}) of the
probe laser radiation, i.e., not by k,(w)=w/v,=2k) as it
could be proposed by erroneously assuming complete anal-
ogy with the generation process, because the real part k; of
the complex wave number k,=k)+ik), also plays role. The
index “d” attributes here and in the following the wave num-
ber to detection process, i.e., to optical wave used for the
detection of acoustic waves, and attributes the acoustic fre-
quencies w to generated ones. As a result the characteristic
acoustic frequency w, of AO conversion is complex because
the optical wave number is complex: w,;=w)—iw,=-i2k.v,
=2kv,—i2kv,. As it can be seen from the presentation of
the AO detection process in the frequency domain,? the spec-
tral transformation function of AO conversion K,o(w) con-
tains a factor (w+iwy) '=(w+w)+io)=(w+2kp,
+i2klv,)™! with a pole at the characteristic complex fre-
quency —iw,. Here o) and w]; are the characteristic acoustic
frequencies related to the real and imaginary parts of the
probe optical wave number, respectively. This circumstance
leads to the following important consequences. The first one
is that in order to broaden the frequency bandwidth of the
AO detection, i.e., to broaden K,p(w), it is necessary to use
probe laser radiation with the largest possible wave numbers.
In practice this is achieved through increasing the imaginary
part kJj, by making for a particular material a choice of highly
absorbed probe optical quanta'® or by choosing a highly
opaque materials for a particular probe laser
quanta.’ 1121617 The second consequence is that the pole
w=—iw, of the Kyo(w) in the frequency domain results in
the presence, in the acoustic signal monitored in the time
domain, of the transients with two different characteristic
time scales, first one equal to the time of sound propagation
across the laser probe intensity penetration depth 7
=(w}))™'=(2k/v,)™" and the second one proportional to the
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time of sound propagation across the laser probe wavelength
in the material 7)=(w))™'=(2kjv,)™".

C. State-of-art in picosecond laser ultrasonics

Picosecond laser ultrasonics experiments reported until
now (see, for example, the recent publications'®2 and the
references therein) confirm the discussed above qualitative
theoretical model. Because for the monitoring of hypersonic
waves they should be first generated, then substrates or films
highly absorbing pump laser radiation are commonly used
for OA launching of the hypersound inside a material or
inside a mechanical structure. However, in the part of AO
detection, two different configurations are typical to already
reported experiments.

In the first configuration the detection takes place in a
material, which highly attenuates probe optical radiation, and
AO conversion can be considered as being strongly localized
in the vicinity of the surface if the imaginary part of the
optical probe wave number £, is much larger than the wave
numbers k,(w)=w/v, in the acoustic field arriving in the
detection region after the propagation inside the material.
This situation is typical, for example, to most of the ex-
periments where both the generation and the detection of
hypersound is achieved at the same optical wavelength
and in the same material,!$%!1:15 because the generated
acoustic pulse is usually much broader in space than the
optical pump penetration depth (Zkg)‘1 due to supersonic re-
distribution of absorbed laser energy in metals®%!1-1819 and
semiconductors,'3!%20 and it can be also additionally broad-
ened in propagation due to preferential absorption of high
frequencies.'®!” Then it appears that k,(w)=w/v,<2k,
=2k);. In this configuration, where the optical probe attenua-
tion coefficient 2k); significantly exceeds the wave numbers
k,(w) in the acoustic field, the detected temporal changes in
intensity of optical reflection replicate the time profile of the
acoustic strain pulse, if the AO detection is at the interface of
opaque and transparent materials,'”!®?! and its time deriva-
tive if the detection is at a mechanically free surface of an
opaque material.»>8~!! The spectral transformation function
of AO conversion K,o(w) is Kxyo(w)~ @® and Kxp(w)~ o
for the detection at the mechanically loaded and mechani-
cally free surfaces, respectively. In both cases the detection
provides access to high frequencies in the spectrum of the
incident acoustic pulse and, consequently, the AO detection
does not limit the spectrum of the monitored hypersound.
Thus the spectrum of the monitored acoustic waves in this
first typical configuration of picosecond laser ultrasonics ex-
periments is controlled by the processes of hypersound gen-
eration and propagation.

In the second typical picosecond laser ultrasonics con-
figuration, the detection is achieved by deeply penetrating
probe radiation, i.e., k;<kj, with k], being much smaller
than the characteristic wave numbers k,(w)=w/v, in the
acoustic field to be detected, i.e., after the acoustic field
generation and propagation. This configuration is com-
monly realized in the experiments with transparent films on
opaque substrates’’?® or opaque films on transparent
substrates?>132327 when the generation of hypersound takes

PHYSICAL REVIEW B 81, 245207 (2010)

place in the opaque material while its detection takes place in
the transparent material. In this configuration of so-called
picosecond acoustic interferometry>® acoustically induced
changes in optical reflectivity take place during all the dura-
tion 7j=(w})~'=(2k/p,)" of the photogenerated acoustic
pulse propagation across the large penetration depth of the
probe laser radiation in the case of the transparent thick
(semi-infinite) substrate or during complete lifetime of the
photogenerated hypersound inside the thin transparent film.
The duration of the transient reflectivity signal can be also
limited by the coherence time of the probe laser pulses.>®
The detected signal has a form of the decaying harmonic
(sinusoidal) oscillation with a period 27(w))~" controlled by
the time 7,=(w))~" of sound propagation across the optical
probe wavelength. In the spectral domain, the detected signal
is dominated by this quasimonochromatic oscillation, which
takes place at the so-called Brillouin frequency wpz=w)
=2k,v,. In this case, the spectrum transformation function of
AO conversion K yo(w) has an extremely important influence
on the spectrum of monitored hypersound through its prefer-
ential sensitivity to spectral components of acoustic field in
the vicinity of w=wp=w). In the limit ©;— 0 the function
K ao(w) has only a nearly real pole Ko(w)*(w+w))™!. Al-
though the higher frequencies w>wz=w), of the acoustic
field are formally detectable, in practice it is very difficult to
monitor them, by filtering the Brillouin frequency out from
the detected signal, when their spectral intensities are much
lower than the intensity of the Brillouin line. So in this sec-
ond picosecond laser ultrasonics configuration, where the de-
tection of short acoustic pulses is achieved in optically trans-
parent materials, the spectrum of the monitored hypersound
is cut both from above and from below by the detection
process and is very narrow. Thus the spectrum and the time
profile of the monitored hypersound are controlled by the
detection process. The role of the generation process is just
to produce the acoustic waves containing spectral compo-
nents in the vicinity of the Brillouin frequency with sufficient
amplitudes for their AO detection. The transition from the
second detection configuration to the first one has been dem-
onstrated experimentally by increasing probe light absorp-
tion coefficient through tuning the probe laser quantum en-
ergy near the onset of interband transition of the
semiconducting Si.!> With diminishing probe light penetra-
tion depth, and without any modification of the generation
process of short acoustic pulses in a few nanometers thick
metallic film, the monitored signal transforms in the time
domain from a slowly decaying sinusoidal oscillation into a
bipolar short pulse.

D. Detection of high-frequency coherent acoustic phonons in
the case of generation of long acoustic pulses

By the present communication we attract the attention to
an earlier unexplored opportunity to monitor propagation of
high frequency hypersound through the detection of ul-
trashort pulsed transient reflectivity signals, even in the case
where photogenerated acoustic pulses are relatively long.
This situation, realized in some of our picosecond laser ul-
trasonics experiment in GaAs, can be understood due to the-
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oretical development presented in section II. On the one
hand, it is similar to situation that takes place in near surface
AQO detection (i.e., in the first of above discussed configura-
tions), because it can be realized when the characteristic
wave numbers in the acoustic field to be detected are much
smaller than the absorption coefficient of the probe optical
radiation k,(w)=w/v,<2k,. But on the other hand it is simi-
lar to picosecond ultrasonic interferometry (i.e., to the sec-
ond of above discussed configurations), because the moni-
tored spectrum of hypersound is controlled by the AO
detection and the time profiles of the monitored acoustic
pulses are governed by the times of sound propagation across
the probe light penetration depth 7=(w/)™'=(2k/v,)~" and
by the Brillouin period Tz=277,=2m(wp) "' =2m(w))™
=27(2k/v,)"". Theoretical analysis predicts that in the case
ki ky> kg, i.e., when the penetration depth of the probe ra-
diation is much shorter than the penetration depth of the
pump radiation, the OA detection is preferentially sensitive
to the spectrum of acoustic field, not in the vicinity of a
single frequency w=wp, as it is in picosecond ultrasonic in-
terferometry, but to a relatively large band of frequencies,
which is controlled by ], and w), through the complex pole
w=—iw;=—w)—iw)=-2kp,~i2k)p, in the spectral transfor-
mation function of AO conversion. As OA generation pro-
duces the pulses, which, although being long, contain some,
although relatively small, amount of sufficiently high-
frequency spectral components, then preferential selection of
these high frequencies by the AO detection process provides
opportunity to monitor them. In the time domain this moni-
toring corresponds to the detection of ultrashort pulsed tran-
sient reflectivity signals.

The article is organized as follows. In Sec. II, we revisit
the theory of AO detection and introduce for the first time the
spectral transformation function of AO conversion for the
case of AO detection at the interface between the transparent
film and opaque substrate. We also provide theoretical pre-
dictions for the picosecond ultrasonics signals and discuss
the conditions necessary for monitoring of high-frequency
coherent acoustic phonons through the detection of ultrashort
pulsed transients in optical reflectivity in the case where the
photogenerated acoustic pulses are long. In Sec. III, we
present the experimental configuration, the samples, and we
discuss the optical and acousto-optical properties of GaAs
substrate and ZnO film which are essential for the under-
standing of the processes of OA generation and AO detection
in our samples. In Sec. IV, we present the experimental ob-
servations. The monitoring of the short pulsed picosecond
transients in probe laser reflectivity in the case where the
photogenerated acoustic pulses are long is experimentally
demonstrated. Section V is devoted to the analysis and dis-
cussion. We finally conclude by mentioning some perspec-
tives of this research.

II. THEORY

The theory of acousto-optic detection developed first for
the case of acoustic strain detection at mechanically free sur-
face of a semi-infinite material' has been later extended to
the case of AO detection in the structure composed of a film
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on a substrate®?® and to the case of multilayered

structures.”’®?® The solution for the electromagnetic field
complex reflection coefficient variation Ar=r—r,, |Ar|<|r
—ry| (here ry is the complex reflection coefficient in the ab-
sence of the pump laser pulses) has the form:®

okqr \ (7
Ar/ro = 2lkd014(0) +C kdl + P ﬁ(Z,[)dZ
n/7Jo

H
+ l% 77(Z,t)|:r1262ikd1(H_Z) + Le—Zikdl(H—z):|dZ
2.dn J 12
1 9k 1 * )
+ _i<_ _ r12)f n(z’t)eszdz(z—H)dZ
29 \rp H
=AA/A + A&, (1)
where
rio(1 = 72
C=2 1a( o) )

i . . . - .
(rope”* a4 et art) (e at 4 ry, rppearf)

Here, and in the following the indexes 0, 1, and 2 are used to
attribute the considered physical quantities to air, film or sub-
strate, respectively. Note, that in order to facilitate the read-
ing of the following parts of the article we provide in the
Appendix the list of the notations, which are most frequently
used in the text. k;(i=0,1,2) are then the wave vectors of
the probe light in the air (i=0), in the film (i=1) and in the
substrate (i=2). The coefficients r;; (i,j=0,1,2) are the cor-
responding reflection coefficients of probe light at the inter-
faces, u is the mechanical displacement in the material [1(0)
is the mechanical displacement of the front surface of the
film]; 7=0u/dz is the longitudinal strain, and H is the thick-
ness of the film in the absence of the photogenerated acoustic
field. Equation (1) indicates that both the amplitude A and
the phase ¢ of the reflection coefficient (ry=Ae'?) are influ-
enced by the acoustic field: AA/A=Re(Ar/ry), Ag¢
=Im(Ar/ry). With the definition of optical reflectivity, R
=rr", where “*” denotes the operation of complex conjuga-
tion, the formula for the relative variations in light intensity
reflectivity is AR/R=2 Re(Ar/ry). Here, we analyze a par-
ticular experimental configuration where the transparent film
is deposited on the opaque substrate (Fig. 1). In accordance
with Eq. (1) the contributions to the electric field reflectivity
variations Ar/r, are in general provided both by the acoustic
fields in the film and in the substrate. The contributions,
which are proportional to k;; (i=0,1), are interferometric in
the sense that they are sensitive to the mechanical displace-
ments of the transparent film boundaries u(0)=u(z=0) and
u(H)=u(z=H). The first of these displacements modifies the
propagation length of the probe light in air [see the first term
in Eq. (1)], while both of them contribute to the modification
of the transparent film thickness [ OH ndz=u(H)-u(0)=AH.
The contributions to Ar/ry,, which are proportional to
Jkgi! dm (i=1,2) are acousto-optic. They are controlled by
the distribution of strain 7(z, ) in the acoustic field, the mag-
nitude of acousto-optic (elasto-optic) coefficients dk,;/dn
and also by the interference effects of the probe optical field
inside the transparent film through the complex coefficients
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FIG. 1. (Color online) Experimental system: a transparent thin
film of thickness H (medium 1), used as a local delay line for
acoustic phonon time of flight experiments, is deposited onto an
opaque substrate (GaAs, medium 2). The pump beam energy is
opto-acoustically converted within the opaque substrate (medium
2). The transient reflectivity of the sample is then monitored with a
probe beam delayed in time relatively to the pump beam. The tran-
sient reflectivity signal is composed of several contributions. A so-
called contribution of interferometric nature is due to free surface
and interface displacements caused by propagating acoustic wave
[the terms proportional to kyy and k,; in Eq. (1)]. Two photoelastic
contributions are due to the coupling between probe light and the
acoustic wave within the transparent delay line and within the
opaque substrate [last two terms in Eq. (1)] through acousto-optic
effect.

in front of dk,/dmn, in particular through the coefficient C
[Eq. (2)]. These coefficients depend on optical properties of
the structure and thickness of the film. As the goal of the
research presented here is the evaluation of the opto-acousto-
optic monitoring of coherent high-frequency phonons in
opaque materials, we assume in the theory that acousto-optic
effect in transparent film, which can provide strong contribu-
tion to the signal at Brillouin frequency of the film material,
is negligible dk;;/dn=0. In experiment we satisfy this con-
dition by a particular choice of the transparent material
(Zn0).'82! The theoretical prediction in Eq. (1) simplifies to
the following equation where the origin of the coordinate
system was shifted to the film/substrate interface:

Ar/ro = 21kd0u(0) + ClkdlAH(t)

1 9k 1 * .
+ _i(_ - ru)f ﬂ(Z,f)EZIk”QZdZ]- (3)
29 \rp 0

The theoretical prediction in Eq. (3) demonstrates that
acousto-optic contribution to the electromagnetic field reflec-
tivity variations:
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ok * .
Ar/ry = B_ﬁ ;1}2[ 7z, 1)e** iz, (4)
0

c(1-r} .
where B:%, depends not only on the convolution inte-

gral [§n(z,0)e**2*dz of the acoustic strain distribution
7(z,1) in the substrate with the so-called sensitivity function
ek2?) of the AO detection near the surface of a semi-infinite
media,' but it also strongly depends on the photoelastic co-
efficients of the substrate and on the optical interference phe-
nomena in the transparent film through the coefficient B de-
fined in Egs. (4) and (2). By presenting the propagating
acoustic strain pulse, transmitted from the transparent film
into the opaque substrate, in the spectral form 7(z,z)=7(t
~2/0,0) = 35 [T 2 w)e D dw= 5 [T w)e 2 dw,
where v,, and k,, are the longitudinal acoustic velocity in
the substrate and the acoustic wave number in the substrate,
respectively, the convolution integral can be done analyti-
cally. The presentation of the electric field reflectivity
changes detected through AO effect

+00

[Ar(1)/ro]a0= %T f [AR(w)/ro]a0e™"dw &)

in the frequency domain is deduced:
Ik i
I [ke(w) + 2kg]

_ B(dkgp/dn)(ivey)
[@+ 2k)pv,0 + 2K50 5]

[Af(w)/"o]Ao =B )

w) = Kyow) (),

(6)

where K’y denotes the spectral transformation function of
AO conversion of acoustic strain into the electromagnetic
field complex reflectivity variations.

The presentation in Eq. (6) confirms the statements for-
mulated in Section I, i.e., that the complex pole at w=
=2k} —12K)p0 o =—iwy governs AO conversion in the fre-
quency domain.® The presentation in Eq. (6) also confirms
that K’y ,(w) cuts the AO detected signal at frequencies above
max(w.),, wl,) because |Kio(w)| < [(w+w),)?+ (@))% 1t
is worth to be noted that in the frequency domain, the mag-
nitude of the AO transfer function |Ko(w)| has a narrow
spectrum in the case of probing in transparent medium &/,
> k!, while it becomes broad in an opaque probed medium
where k), ~k/j, (Fig. 2). We remind here that @' and ®” are
used for the real and imaginary parts of the complex function
@ and the index “d” attributes the considered quantity @, to
the detection process.

A complete analysis can be also conducted in the time
domain. For the time #>0, which corresponds to the time
after the first arrival to the substrate of acoustic pulses gen-
erated in the substrate, transmitted to the film and reflected at
mechanically free surface, the integration in Eq. (5) can be
done by closing the integration loop with a half-circle of an
infinite radius in the negative part of the complex w-plane
and applying the Cauchy theorem. Then it follows that re-
flectivity variations in the time domain always contain the
contribution
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FIG. 2. Normalized amplitude of the spectrum of the AO trans-
fer function for a detection taking place within a transparent ( *) and
opaque medium ( **). The ratio k ),/ k), is 40 (¥) and 1 (**). v,y is
4830 ms~!' and /<('12=3.107 m™!

w ade ~ ' I
[Ar(D)/roln = Bﬁ_nvaz == 2kpv o — i2kyo0,)

% ei2k"i2v(121—2k;}2va21H€(t) (7)
from the residue in the pole w=-2k},0,,—i2k!pv n=—iwg.
In Eq. (7), H,t) denotes the step function (H,(z)=[1
+sign(t)]/2). The solution in Eq. (7) confirms the statements
formulated in Sec. I, that there is always a transient AO
contribution to the time-domain complex reflectivity that is
governed by the Brillouin period Tp,=277),=2m(wg,)™!
=2m(w},)'=27(2k),v0,,)7" and by the time of ultrasound
propagation across the probe light penetration depth 7,
=(w),)'=(2k}),v,,)”" independently of how long are the
photogenerated acoustic pulses. The duration of the transient
reflectivity pulse described by Eq. (7) does not exceed 7,
=(wl)) ' =(2k),v,,) 7", i.e., the time of acoustic wave propa-
gation across the probe light penetration depth into the sub-
strate. Consequently this contribution to monitored opto-
acousto-optic signal can be observed at picoseconds time
scale if the laser probe absorption coefficient is sufficiently
high.

A very instructive example, which in fact perfectly corre-
sponds to our experiments, is the case where the photoge-
neration of the acoustic pulse takes place only in the opaque
substrate, while the laser-induced generation of acoustic
waves in the transparent film, which can be caused by the
transport of the absorbed optical energy across the substrate/
film interface, is negligible, and also the energy transport in
the substrate is subsonic at the scale of pump light penetra-
tion depth. It is well known that in this case a strain pulse of
exponential time profile with a duration equal to time of
sound propagation across the optical pump penetration depth
Ty = (W) ™' =(2kpv,0) 7" is launched into the film."#7!¥ The
time profile and the frequency spectrum of the strain pulse,
which returns in the substrate after the reflection at mechani-
cally free surface have the time profile:

7t =2lv,) = e e H (1~ 21v,) (8)

and the frequency spectrum
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7(w) = 17 )

. =" . ’
(1)+l(1/7'g'2') @+ i@y
respectively.

Here 7, is the value of the characteristic strain in the
acoustic pulse. By substituting Eq. (9) into Eq. (6), we find
the spectrum of complex reflectivity [Mﬂl

B Fkar 1 1
/0 an Va2 (wt+iwg) (w+iwg2)’
the integral in Eq. (5) in the complex plane analytically by
the method of residues. The solution for the transient com-

plex AO reflectivity in the time-domain takes the form:
70B—"vn

[Adﬁ} .
ro Jao In wn— wp)

X[ — et H (). (10)

7o Jno=

which provides opportunity to do

ok 1

As it could have been expected from the fact that the spectral
transformation function of AO conversion cuts high-
frequency part of the spectrum, the transient reflectivity in
Eq. (10) does not reproduce infinitely short rise time of the
strain pulse described in Eq. (8) by the step function H,(¢
—z/vg). In fact both the real part Re[F(r)]=[e™ e
—cos(wpne™ TZZ]HE(t) and the imaginary part Im[F(z)]=[
—sin(w),t)e™ TZZ]HE(I) of the complex temporal profile, de-
scribed by the function F(f)=[e™" T el TZZ]He(t) in Eq.
(10), have smooth leading fronts. The analysis of the com-
pact solution in Eq. (10) confirms the statement formulated
in Sec. I that, if the attenuation coefficient of the probe ra-
diation is much smaller than that of the pump radiation, re-
sulting in 7,> 7}, in Eq. (10), then the signal for =17, is
dominated by the Brillouin oscillation, which contributes
both to real and imaginary parts of the complex profile
F(f) = —ei@nt TZ2He(t). The analysis of the solution in Eq.
(10) confirms also another statement formulated in Sec. I that
in order to resolve acousto-optically the profile of the strain
pulse, it is necessary to use the probe radiation which is
absorbed in the substrate much stronger than the pump ra-
diation. In this limiting case where the attenuation coefficient
of the probe radiation is much larger than that of the pump
radiation, resulting in 77, < ng in Eq. (10), i.e., in much
shorter time of acoustic wave propagation across the penetra-
tion depth of the probe light than across the penetration
depth of the pump light, it is the real part of the complex
profile F(#) in Eq. (10) which for t= 7}, reproduces exponen-
tial strain pulse profile from Eqs. (8): Re[F(f)]=e™" Tg2He(t).
Thus the theory predicts that, in order to resolve acousto-
optically the profile of the strain pulse, the optical scheme
[i.e., one analyzing the complex reflectivity changes Ar(r)] in
combination with factor coming from the complex coeffi-
cient in front of F(z) in Eq. (10) should provide necessary
sensitivity to Re[F(z)].

The theoretical prediction, to which we want to attract
attention in this article, is that the imaginary part Im[F(z)]
=[-sin(w),1)e™ TZZ]He(t) of the temporal profile F(¢) in Eq.
(10) does not depend at all on the time evolution of the strain
field. It means that, if the optical scheme (i.e., one analyzing
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the complex reflectivity changes Ar(r)) together with factor
coming from the complex coefficient in front of F(z) in Eq.
(10) provides preferential sensitivity to Im[F(z)], then acous-
tic transients controlled by T, and 7, can be detected inde-
pendently of the duration of the photogenerated acoustic
pulses, i.e., independently on whether the photogenerated
pulses are long or short. These acoustic transients have the
form of decaying sinusoidal oscillations if the time of sound
propagation across the probe light penetration depth signifi-
cantly exceeds the Brillouin period in the substrate 7,
>Tp, and they have the form of the pulses in the case 7,
=Tp,. In the latter case the monitored pulsed transient re-
flectivity signals can be shorter than the photogenerated
acoustic pulses.

In the particular case of our experiments, the optical
scheme detects the variations in the amplitude of the com-
plex reflectivity, i.e., it detects the variations in laser intensity
reflectivity AR/R=2 Re(Ar/ry). Note that in the general case
the spectral function of AO strain transformation into laser
intensity variations Kﬁo(w), i.e., the factor in the relationship
[AR(w)/R] 20=K5 () 7(w), can be defined with the help of
Eq. (5) and accounting for the fact that strain field in the time
domain is real, as KA (@)= (Kyo(w)+[K4o(—)]*). For the
intensity reflectivity in the time domain, using the solution in
Eq. (10), we derived:

{AR(t)} . (Re[ C(akdz/&n)}
AO

R (k= ky2)
X[ 2 — cos(w)yt)e ™" ]
C(0kynl0 ”
=
(ka2 = k)
(11)
In accordance with Eq. (11) the important role in AO
detection is played by the complex function D= % The
27 Re!

acoustic transients controlled by the AO detection only, i.e.,
independent of the duration ng of the photogenerated pulses,
can be monitored if [Im D|>|Re D|. However, the theoreti-
cal result in Eq. (11) also predicts, that in the case Tg2> 7
the short acoustic transients with the duration 7, could be
possibly distinguished at the time scale ¢ << 7"};2 on the steplike
background provided by e™/72H,(1)~H, (1) even if |[Im D|
=|Re D|. The ratio [Im D|/|Re D| controlling the profile of
the AO detected reflectivity signal strongly depends on the
wavelength of the probe optical radiation. Optical properties
of the film and the substrate, acousto-optical parameters of
the substrate and interference of the probe light in the trans-
parent film, all depend on the probe light wavelength. Inter-
ference phenomena in the film have strong dependence also
on the film thickness. In our experiments presented below, to
study an opportunity of monitoring coherent high-frequency
acoustic phonons through the detection of the ultrashort
pulsed transient reflectivity signals in the case where photo-
generated acoustic pulses are long, we have been modifying
both the probe light wavelength and the film thickness.

PHYSICAL REVIEW B 81, 245207 (2010)

2
2.6eV|\

] M 2.7eV
20T -
g J 2.8eV
. -2 ~
o AJ
E‘;/ 2.9eV
6_4- 3.0eV
= F + 3.1eV
i -6 1 ! 32V
e
E-81 3.3eV]

_1 L] L] L] L] L] L] L] T T -
100120 140 160 180200 220240 260 280 300
7ZnO transparent delay line thickness (nm)

FIG. 3. Calculated ratio Im(D)/Re(D) versus probe energy and
transparent delay line thickness. The curves are shifted according to
the vertical axis for clarity. High values of this ratio correspond to
favorable physical situations to reveal short optical transient (i.e.,
high-frequency coherent acoustic phonons). Each curve exhibits
resonances coming from the existence of poles in the coefficient C
given in Eq. (2). The magnitudes of theses resonances are given in
arbitrary units and are controlled by numerical discretization. The
refractive index of GaAs and its photoelastic coefficients are tabu-
lated (Refs. 31 and 33). The refractive index of ZnO is determined
along the literature (Refs. 34 and 35)

III. DESIGN OF SAMPLES AND EXPERIMENTAL SETUP

As underlined in the introduction and in the theoretical
part, to succeed in monitoring coherent hypersound there are
some favorable conditions due to optical parameters (k)
and to photoelastic coefficients (dkz/d7), which must be
fulfilled to reveal transients, in time-resolved optical reflec-
tivity, much shorter than the long acoustic strain pulse photo-
induced by the pump beam. Using the tabulated values of
GaAs photoelastic coefficients versus probe wavelength,3!-32
we have first performed numerical calculations of the ratio
Im(D)/Re(D) versus probe energy and transparent delay line
thickness (Fig. 3). These simulations show that the ratio
Im(D)/Re(D) is extremely sensitive to these two parameters
and can vary by few orders of magnitude. In particular, we
show that there are some resonant situations where the ratio
Im(D)/Re(D) is greatly enhanced.

Nevertheless, as pointed out in the theoretical part, even
out of a resonant condition, it still remains possible that the
transient reflectivity reveals short optical reflectivity tran-
sients providing 7, is enough small compared to T,. There-
fore, taking the tabulated optical properties of GaAs®® and
longitudinal sound speed within GaAs (v,,=4800 ms™'), we
have estimated these characteristic times associated to the
detection process described in Eq. (11). The results are
shown in Fig. 4(a). Interestingly, these results show that in
the UV range, the characteristic time 7/, becomes smaller
than Tp,=27/w),, indicating that in that optical range,
broadband detection can be achieved and high frequency co-
herent acoustic phonons can be monitored. A complete cal-
culation shows indeed in Fig. 5(a) that for a ZnO transparent
delay line of 180 nm (corresponding to one of the experi-
mental situation discussed later), short pulsed reflectivity
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FIG. 4. (a) Characteristic times of detection process versus
probe energy in GaAs. Ty, =21/ ), is the characteristic period of
the Brillouin pulsation at frequency ). 77,=(2kl,v,)7" is the
characteristic time associated to the ultrasound propagation time
across the penetration depth of probe light and it strongly depends
on the probe energy quantum. The imaginary part of the optical
wave number k'j, is tabulated (Ref. 33) Note that 7, is shorter than
Ty, in the UV range. (b) spectrum of the AO transfer function for
two different probes energies labeled by ( *) and ( **).

transients are clearly predicted in the UV range. These theo-
retical estimates clearly show indeed a transition from a nar-
rowband (Brillouin frequency at 1/Ty,~44 GHz) to a rela-
tively broadband spectrum detection process (1/7,
~330 GHz) when we tune the probe wavelength from vis-
ible range (1.6 eV) to the UV range. In particular, in the
range 3.0-3.3 eV, a short transient in the detected signal is
well observed. In these transient reflectivity theoretical cal-
culations we have considered a deeply penetrating pump
beam with 7';:2 much greater than the other characteristic
times 7, and Tp,=27/ w),,. We have considered the case of
an optical excitation by a fixed pump energy of 1.6 eV with
Tg2=(2kgzva2)" ~160 ps while 7}, and Tp, vary accordingly
to Fig. 4(a). We finally show in Fig. 5(b) that the detected
theoretical transient reflectivity time profile drastically de-
pends on the respective value of 7, and 7, and not on 7,,.

Based on these simulations and predictions, different
samples were then prepared. In our studies, we have chosen
to work with two systems, namely, ZnO-GaAs and
Si0,-GaAs. The samples were prepared using [100] oriented
GaAs wafers with high (17,=10'"" cm™) or low (n,
=10' cm™3) doping level. In the first three samples, a film
of ZnO was deposited on GaAs by reactive radio frequency
magnetron sputtering. Two different processes of sputtering
were used. Process 1 consisted in sputtering of a polycrys-
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FIG. 5. (a) Time and probe quantum energy dependence of the
theoretical photoelastic contribution to the transient reflectivity [Eq.
(11)] of GaAs observed when Tg2=(2kg2va2)‘1=160 ps (Ref. 33).
The longitudinal sound speed within GaAs is v,,=4800 ms~! and
the transparent ZnO delay line thickness is 180 nm. These calcula-
tions show a transition from a narrowband (probe energy at 1.6 eV)
to a broadband detection process (probe energy at ~3.0-3.3 eV).
(b) Theoretical transient reflectivity Eq. (11) for different pump-
probe configurations. The characteristic times 7.,, T, and 7, are:
d1(160 ps-22.3 ps-160 ps), d2(6 ps-22.3 ps-160 ps), d3(6 ps-9.5
ps-3 ps), and d4(160 ps-9.5 ps-3 ps). It is confirmed that only small
values of 7, enable broadband detection whatever the values of ng
are. The curves are shifted along the vertical axis for clarity.

talline target of sintered ZnO, while in the process 2 metallic
Zn was sputtered in oxygen enriched atmosphere to form
ZnO. The highly doped samples numbered 1 and 2 are ob-
tained by the process 1 and 2, respectively, and differ in
thickness H of the ZnO film (180 and 280 nm, respectively).
The low-doped sample 3 of H=280 nm was prepared by the
process 2. The comparison of the quality of the ZnO/GaAs
interface and of free GaAs surface using Raman spectros-
copy (a depth of around 50 nm was analyzed under the sur-
face of GaAs with the spectrometer wavelength A=458 nm)
and x-ray reflectivity (Xpert Philips, K, Cu) for sample I,
demonstrating that sputtering does not introduce additional
defects or residual stresses in GaAs. A native thin oxide layer
of 3 nm thickness was detected onto GaAs as expected.’” For
the sample number 4, SiO, layer was deposited by chemical
vapor deposition (CVD) onto low-doped GaAs substrate in-
stead of ZnO in order to have a complete set of different
experimental systems.

A classical pump-probe optical setup was used to monitor
transient reflectivity spectra of photoexcited samples. A
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FIG. 6. (Color online) (a) Transient reflectivity signal obtained
for sample 1 [ZnO(180 nm)/GaAs]. Two colors pump-probe experi-
ments (top to bottom): pump(3.18 eV)-probe(1.59 eV), 1.59-1.59
eV, 3.1-1.55 eV. (b) Transient reflectivity signal obtained for
sample 2 (pump (1.59 eV/780 nm)-probe (3.18 €V/390 nm). In both
Figs. 6(a) and 6(b) a clear short pulsed transient reflectivity is de-
tected after a round trip of the acoustic pulse within the ZnO delay
line when UV radiation is used for probing transient reflectivity. In
(b) a clear kink appears at a time delay 7, equal to half of the delay
time for pulse return at the interface. That kink is the signature of
the arrival of the acoustic front at the interface air/ZnO.

mode-locked Ti-Sapphire fs laser with pulse repetition rate
of 76 MHz and an opportunity to tune the energy of the
optical quanta in the red interval 1.41 eV=hy;=1.73 eV
was employed. Generation of the second optical harmonic
was achieved in a BBO crystal. Note that due to a wide
energy gap of ZnO(EZ“O~3 3 eV) (Ref. 34) and
SiO (E5102~9 eV) the dep051ted films are transparent for
radlatlon used in our experiments and only GaAs (Eg’aAS
=1.43 eV) can be photoexcited directly.’> These conditions
are required to use ZnO and SiO, films only as acoustic
delay lines and not for sound photogeneration.

IV. EXPERIMENTAL RESULTS

In order to provide the experimental confirmations of the
previous theoretical predictions, we have performed experi-
ments using different combinations of light colors for pump
and probe to tune the detection process from the visible to
the UV range accordingly to Fig. 4(a). The results are pre-
sented in Fig. 6(a) for the sample 1 first [ZnO(H
=180 nm)/GaAs]. The signals obtained with either a pump
in the near UV (3.1 eV/400 nm) or in the visible range (1.7
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FIG. 7. (a) Time derivative of the signal recorded for sample 1
in the configuration 1.7 eV(730 nm)/1.7 eV(730 nm). At t=¢,; (ar-
rival of the acoustic front at the interface air/ZnO), a clear short
transient is observed. (b) Presentation of all short acoustic pulses
detected in different samples for the configuration pump(1.59 eV/
780 nm)-probe(3.18 €V/390 nm).

eV/730 nm) are composed of a slow decaying baseline due
to thermal diffusion and photoexcited carriers relaxation. For
the two curves in the bottom of Fig. 6(a), clear oscillations of
acoustic nature are evidenced and are specially well observed
after 1,=60 ps=2H/v,, corresponding to the time where
the acoustic pulse, initially generated within the GaAs sub-
strate, comes back to the GaAs substrate after a round trip
inside the ZnO transparent layer. Consistently with predic-
tions [Fig. 5(b)], independently of whether the pump optical
radiation is deeply (7%,=160 ps for a pump wavelength of
730 nm) or weakly (7;,=6 ps for a pump wavelength of 400
nm) penetrating, the Brillouin component at ~44 GHz
dominates when the detection is done with deeply penetrat-
ing probe beam [ 7)), is 160 ps for a probe beam wavelength
(energy) of 730 nm (1.7 eV)]. For these two pump configu-
rations the acoustic part of the transient reflectivity signal
corresponds to the well-known ~44 GHz Brillouin
frequency.!*?° The Brillouin scattering in ZnO film was not
observed due to weak acousto-optic interaction in ZnO.'3
However, it is worth to be noted that a differentiation of
the signal obtained for the degenerated configuration 730
nm—730 nm brings into prominence the existence of sharp
temporal transient at t,~H/v, =30 ps [Fig. 7(a)], corre-
sponding to the arrival of the acoustic pulse at the free ZnO
surface, indicating that high frequency components are
clearly photogenerated and can then be detected. Even if this
signal processing provides opportunity to reveal a short op-
tical transient at ;=30 ps, no clear short optical transient is
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detected once the acoustic front comes back to the GaAs
substrate at r=#,=60 ps after a round trip of the acoustic
waves inside the ZnO film because of the predominance of
the Brillouin signal component.

Experiments achieved by keeping the same deeply pen-
etrating pump light (780 nm) but with a weakly penetrating
probe light in the UV range (390 nm), exhibit completely
different signals [Fig. 5(a)]. Accordingly to the previous pre-
diction, these new experiments show that short pulsed tran-
sient responses of duration 75 =7 ps corresponding to the
arrival of the acoustic waves at t=t, at the ZnO/GaAs inter-
face are clearly monitored and provide the confirmation that
it is possible to detect high frequency components. These
short transients are also well confirmed through the experi-
ment achieved with sample 2 [Fig. 6(b)]. We can mention
that at r=#, a change of the slope of the transient reflectivity
signal (kink) appears for sample 1 and 2 but particularly
better observed for sample 2 [Fig. 6(b)]. A numerical differ-
entiation of the signal shown in Fig. 6(b) also reveals a short
transient and confirms the results presented in Fig. 7(a). This
singularity, occurring when the acoustic front arrives at the
free ZnO surface, is due to a modification of optical interfer-
ences between probe beams (in particular the probe beams
reflected at the free surface and that at the ZnO/GaAs inter-
face) induced when the acoustic strain turns from a compres-
sive into an tensile field after the reflection on the free ZnO
surface. This contribution to the transient reflectivity signal
will be reproduced in details later by numerical simulation.

The observation of pulse-shaped transient optical reflec-
tivity for the configuration pump (780 nm)-probe (390 nm) is
also well confirmed with the experiments done with samples
3 (ZnO/GaAs) and 4(SiO,/GaAs) performed in the same
experimental conditions as those employed for samples 1
and 2. After subtracting the baseline and by centering the
maximum of the amplitude of each of these short acoustic
signals to zero time, we have presented all the results in the
Fig. 7(b). Depending on the quality of the polycrystalline
ZnO film, it appears that the Brillouin oscillations in ZnO
film are observed (sample 1 and 3) or not (sample 2).

V. ANALYSIS AND DISCUSSION

We have observed in the above presented results that the
acoustic components detected are very sensitive to the probe
wavelength and less to the pump wavelength as predicted
[Figs. 5(a) and 5(b)]. By changing only the probe wavelength
we have been able to detect different components of the pho-
togenerated acoustic spectrum from ~44 GHz up to
~100-300 GHz for a fixed OA spectral transformation
(same pump wavelength). On the opposite, by changing only
the pump wavelength (same AQO spectral transformation)
from the visible range (730 nm) to the UV range (390 nm)
we have not been able to detect indeed different components
of the photogenerated acoustic spectrum and mainly single
frequency Brillouin oscillations have been clearly resolved
(~44 GHz). The observation of the Brillouin oscillations at
~44 GHz for a visible probe light is well known but the
observation of short picosecond pulsed transient reflectivity
responses produced by deeply penetrating pump radiation
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and detected with weakly penetrating probe radiation is the
major result of our experiments. Such a short transient re-
flectivity signal related to high-frequency coherent acoustic
phonons has never been reported for GaAs before. We show
in the following part, through complete numerical simula-
tions taking into account both the OA and the AO processes,
that the theoretical prediction proposed in part I [see Eq.
(11)] is perfectly relevant to account for the experimental
observations.

A. Laser generated acoustic phonon spectrum

To confirm the theoretical predictions and explanations,
and to reproduce numerically the entire experimental signals,
it is first necessary to describe the spectral transformation of
light intensity envelope in the OA conversion (i.e., the pho-
togenerated phonons spectrum) achieved with deeply pen-
etrating pump beam (780 nm) and to show that the theoreti-
cal assumption of Eq. (8) is relevant for our experimental
conditions. We first recall that the generation of the acoustic
waves in GaAs is dominated by the stresses induced by the
photogenerated e-h plasma through electron-hole-phonon de-
formation potential.’-1420-38

The acoustic phonon spectrum has been calculated fol-
lowing previous theoretical modeling.® The expression of
n(w) is given by:”338

—iw (1 -R)If(w) oo = en

n(w) = 2 2
Va1 +Nyy) hvppvg, P2V a2
X mDetheh
(mp op  +V—io)V-io(\op +\-iw)
Deh Deh Deh
1 \V@p
+[ —+ = } (12)
V—1lw (,l)a,gz —lw
v agDen

where wp =3", mp=="""=, wR:TLR (we recall that the num-
ber 1 and 2 refer to ZnO film and GaAs substrate, respec-
tively). vy, Do, Tr» p2» R, and d., are, the longitudinal
sound speed in GaAs, the carriers ambipolar diffusion coef-
ficient, the characteristic time of bulk recombination, the
density, the optical reflectivity coefficient and the deforma-
tion potential parameter, respectively. For the calculation, we
have chosen the usual values of D,=3.3 cm?s~!, 7z=1 ns,
and d.,=10 eV (Refs. 14, 20, and 38) and for the optical
absorption coefficient the tabulated data.* Ny, is the ratio of
the acoustic impedances ZnO/GaAs defined as N,
=pv,/ P, Where v, and p; are the longitudinal sound
speed in ZnO and the density of ZnO and p, is the density of

GaAs. [ and f(w) are the pump pulse intensity and the spec-
trum of femtosecond pump pulse intensity envelope. The cal-
culated spectra are given for both near-IR (780 nm) and, for
the comparison, for near-UV (400 nm) pump radiation in
Fig. 8. As expected, the near-UV radiation provides more
high-frequency components even if electronic ambipolar dif-
fusion diminishes these components due to a spatial broad-
ening of electron-hole plasma localization region.'* For red
pump light, both the effect of carrier bulk recombination and
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FIG. 8. (Color online) (a) amplitude of the spectrum of the
photogenerated acoustic pulse for a pump wavelength of 780 nm
and 390 nm. The details of the calculation of this spectrum are
given in the text. (b) Exponential spatial profile of acoustic strain
pulse launched in ZnO after being generated within GaAs with a
pump wavelength (energy) of 780 nm (1.59 eV). This pure expo-
nential decay corresponds, in the frequency domain, to the approxi-
mate amplitude of acoustic strain spectrum given in Eq. (9)

(|7(0)| = [0+ w312

the carrier ambipolar diffusion are negligible in the GHz—
THz frequency range of interest here. Consequently, the pho-
togenerated pulse exhibits a simple exponential decay [Fig.
8(b)]. This justifies the relevance of Egs. (8) and (9) em-
ployed for the theoretical prediction made for GaAs. When
analyzing the spectrum [Fig. 8(a)], it appears that the theory
predicts a broad spectrum for the photoexcited sound. It
means that the frequency 44 GHz corresponding to so-called
Brillouin oscillations and even those contained in the de-
tected transient reflectivity (i.e., ~100-300 GHz) both ex-
ist. In particular, at o> /), |7(®w)|~ 1/ and, consequently,
the acoustic spectral components at frequency of f
~200 GHz~5f are only five times weaker than the com-
ponent at Brillouin frequency (f3~44 GHz). This clearly
shows that the OA spectral transformation is not the limiting
process and this confirms again that the detection process
(AO process) clearly determines which component will be
observed during experiments.

Taking into account the law of acoustic reflection and
transmission at the interface ZnO-GaAs (no attenuation was
taken into account) it is then possible to simulate the time
dependence of the acoustic strain bouncing back and forth in
the ZnO layer. For longitudinal wave propagating in the
[100] direction for GaAs and along Cg axis for ZnO we have
ZGans=2.55.10" kgm=2s7! and Z,,,=3.42.10" kgm~s7! re-
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spectively. It is to be noted that after a round trip, nearly all
the mechanical energy is transferred into GaAs substrate
since the impedance of the two materials are close.

B. Simulation of the entire time-dependent transient reflectivity
signal in the ZnO/GaAs system

Once the spatial and time dependence of the acoustic
strain is simulated, it is then possible to calculate the theo-
retical transient reflectivity following Eq. (1).® Since experi-
mentally we measure a variation of the modulus of the opti-
cal reflection coefficient R=rr", we have then calculated the
real part of Ar(t)/ro=AA/A+iA¢ as AR/2R=Re(Ar(t)/ry)
=AA/A. The simulations were performed for the so-called
red-blue configurations where the pump and probe wave-
length were 390-780 nm (3.18 eV-1.59 eV) and 400-800
nm (3.1 eV-1.55 eV). For these couples of wavelengths, the
optical refractive index is 2.05 (390 nm and 400 nn) for ZnO
and 3.93+2.28; (390 nm) and 4.3+2.14i (400 nm) for
GaAs.3® Some photoelastic coefficients are tabulated for low
doped GaAs(10'® cm™).3! For ZnO, a lot of studies have
been performed to measure the photoelastic coefficients. In
spite of these numerous studies, it is very difficult to find
some confirmed values of the photoelastic coefficients and
especially in the UV range. The photoelastic coefficients are
very sensitive to the quality of crystals. While for GaAs the
optimization of single crystal growth is well controlled, for
polycrystalline ZnO material it is not. Consequently, differ-
ent values and significant discrepancies appear in the litera-
ture. To our best knowledge, the only data measured close to
the wavelength chosen in our experiment are those measured
by Carlotti et al.> at 488 nm. Additional data can also be
found from Tell et al.*’ and Vedam et al.*' We have finally
found that :1]—" ranges between ~1 and ~8. For our simula-
tion and since ZnO transparent film were not annealed to
protect the GaAs substrate from oxidation damages, we have
chosen the lowest value i.e., d_nZnO: I-

In Fig. 9(a), the simulated transient reflectivity signal
AR/2R is shown for two pump-probe configurations. In
these signals we can identify different contributions [the
slow decay clearly observable on the experimental transient
reflectivity (Fig. 6) is of thermal and electronic origin and is
not simulated here]. First of all, for 0<r<<60 ps, there are
the oscillations assigned to Brillouin scattering within the
GaAs substrate and within ZnO layer (weaker contribution
from ZnO). Second, the dashed line shown in this figure
comes from the contribution of the first integral in Eq. (1). It
is a contribution of a well-known interferometric nature.®%3
The pump pulse penetration depth (~750 nm at a pump
wavelength of 780 nm) is larger than the ZnO layer thickness
(180 nm), consequently, through the transient reflectivity, it
is possible to monitor in the time domain the optical effect of
a continuous compression (0<<t<f;) and an expansion (¢,
<t<1,) of the ZnO layer submitted to a long acoustic strain
pulse which bounces back and forth within the transparent
ZnO layer. Submitted to an acoustic field the ZnO layer
thickness H decreases first and after the acoustic reflection
on the free surface (inversion of the sign of the acoustic
strain) that layer thickness increases. That geometrical effect
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FIG. 9. (a) Simulation of the transient reflectivity signal AR/R
in the configuration pump (1.55 eV-800 nm)/probe (3.1 eV-400 nm)
(top curve) and pump (1.59 eV-780 nm)/probe (3.18 ¢V-390 nm)
(bottom curve). For these simulation the optical parameters as well
as the photoelastic coefficients used for ZnO are ny,0=2.05 and

%,)zw:l whatever the probe wavelength. For GaAs we used for
the probe wavelength of 390 nm and 400 nm, nGaAS—3 93+2.28i
and nGaAs—4 3+2.14i, and dr )GaAs_ 19.7+5.6i and dn )GaAs_39
+44.5i.(b) A comparison between experiment (sample 1) and the
simulated transient reflectivity obtained with the same optical and
photoelastic parameters used in (a) for the probe wavelength of 390
nm: the agreement is reasonable for these set of parameters.

has a direct consequence on the reflected optical signal and
acts as a Fabry-Perot resonator effect. In Fig. 6(b), it is well
characterized as a function of time by the kink observed at
t=t;. Note that in the case of acoustic strain with spatial
extension smaller than the film thickness, a jump is observed
on the signal rather than a kink.”> We can show that the
derivative of this interferometric signal provides a step like
signal which explains the short transient observed at t=¢, in
Fig. 7(a). Furthermore, these complete simulations clearly
reproduce some fast components distinguished by two pulsed
transients at r~4 ps and at t~60 ps. They correspond to
the photoelastic coupling between the propagating acoustic
pulse and probe light within GaAs substrate. These photo-
elastic contributions within the GaAs substrate correspond to
the third term in Eq. (1). We have found that for a given
couple of values of photoelastic coefficients for ZnO and
GaAs compounds it is possible to reproduce with a good
agreement the transient reflectivity signal. Especially for
sample 1 and with d" )Gaas=19.7+5.6i (probe at 390 nm) and

)ZnO 1 the 51mu1at10n of the shape of the detected acous-
tlc "echo is pretty good [Fig. 9(b)]. Nevertheless, we were not
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able to reproduce the entire shape of the detected transient
acoustic signal by taking directly the tabulated photoelastic
coefficients which were obtained for undoped GaAs
sample.’! It is to be mentioned indeed that the simulations
(Fig. 9) reveal, in accordance with the literature,'®*? that a
slight change of the probe wavelength (and hence of the
photoelastic coefficients) importantly modifies the magnitude
of the pulse shaped optical transient detected at r=¢,. Simi-
larly, for a given probe wavelength, if there is a slight varia-
tion of the electronic structure from one sample to another
sample, then it might lead also to a variation of the detected
signal. In our measurements, we have observed that the larg-
est magnitude of short pulsed transient reflectivity signal re-
lated to high frequency coherent acoustic phonons was ob-
tained with doped GaAs (sample 1 and 2) while for the low-
doped sample (number 3), that magnitude was smaller.
Therefore, we think that the variations observed experimen-
tally come from a difference between photoelastic coeffi-
cients, which are not equivalent in all samples due partially
to different doping levels at least. That point is consistent
with recent results obtained in the visible range in differently
doped GaAs samples.*?

C. Key role of the sharp leading acoustic front

The simulations of the time-dependence of the transient
reflectivity in the system ZnO-GaAs, taking into account a
classical deeply penetrating exponential-shaped photogener-
ated stress, demonstrate that we can account for the observed
short pulsed transient optical reflectivity signal.

It is worth to recall that according to the spectrum estab-
lished before (Fig. 8) the main components of photogener-
ated sound are situated below 10 GHz but the spectrum con-
tains also high frequencies. We show in the next simulations
that these high frequency components, that we are able to
detect and to simulate, are contained in the sharp leading
front of the propagating acoustic pulse and, if we suppress
them from the OA spectrum, we consequently make the short
optical transient disappear. We have simulated the transient
reflectivity signal for different acoustic strain profiles inci-
dent to GaAs substrate [shown in Fig. 10(a)], starting from
an ideal sharp leading front (number 1) toward attenuated
acoustic leading front (2, 3, and 4). The leading acoustic
front time-profile was tailored according to the expression
7(t=2/04)=1{— exp[ (t—z/vp)/ T 2]+exp[ (
~2/v4)/ 7]} where 75, ~160 ps (characterlstlc time associ-
ated to a photoex01tat10n by a deeply penetrating pump at
780 nm) and 7, is a characteristic time associated to the
phonon  cut-off  frequency  w,~1/7, (|7(w)|~ (w?
+w3) (@ +w;) ™). For the profile (1) to (4), 7, is 0, 5.3,
8, and 16 ps, respectively. The calculated transient reflectiv-
ity is shown in Fig. 10(b). It appears clearly that only a very
sharp front can reasonably reproduce the transient reflectivity
pulse we have detected. These simulations clearly confirm
the original experimental observation that even with deeply
penetrating pump beam, high frequency components
(>200 GHz) can be not only generated by deeply penetrat-
ing pump light but can also be detected thanks to a weakly
penetrating probe light.
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FIG. 10. (a) Different photoinduced acoustic strain time-profile
incident on GaAs substrate: sharp to smooth leading acoustic front
(the corresponding acoustic spectrum amplitude (arb. unit) is given
in the inset). For this simulated optical transient we took: nz,q
=2.05, $)z00=1, NGaas=3.93+2.28i, and §2)gua,=19.7+5.6i (b)
transient reflectivity signal simulated with the four previous acous-
tic strain profiles. The reduction of high-frequency component
through the leading acoustic front broadening clearly makes the
short acoustic pulse vanish. The analytical expression of leading
acoustic fronts (1) to (4) time-profiles expressions in (a) are given
in the text.

VI. CONCLUSIONS

As a summary, we have revisited the theory of detection
process for ultra-fast acoustics using frequency domain
analysis. For that, we specially focused on the description of
detection spectral transformation function [i.e., AO spectral
transformation function]. We have shown that it is possible
to monitor high frequency coherent acoustic phonons
through the detection of ultrashort transient reflectivity
pulsed signals, even if the photoinduced acoustic strain has a
characteristic duration much longer than picosecond time
scale. For example, we experimentally evidenced that it is
possible to tune the acousto-optic spectral transformation
function from a narrowband to a broadband detection pro-
cess in GaAs. With a long strain pulse (characteristic pulse
duration of ~160 ps) we have then succeeded indeed in
monitoring either the Brillouin mode at ~44 GHz (charac-
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teristic time of ~22 ps) with a deeply penetrating probe cen-
tered on 730 nm or 800 nm or in probing high frequency
phonons of typical frequency ranging between ~100 and
~300 GHz (characteristic time included between 3 and 10
ps) with a weakly penetrating probe (penetration depth
~15 nm). We have established and explained that the broad-
band detection process is achieved as soon as the character-
istic time of phonon propagation over the optical penetration
depth of probe light 7 is shorter that the characteristic time
of phonon propagation over the optical wavelength of the
probe beam Tp=2m/wy (Where wg is the Brillouin fre-
quency). The transient reflectivity pulsed signal we have de-
tected is of the same order of duration as that detected in
metals, !-18-21.44.45 in heterostructures containing
GaAs/ Al ;Gaj;As nanometric quantum wells,*® or of the
same order as solitons.*’~%° This study clearly confirms that it
is really important in laser ultrasonics to have a proper de-
tection configuration (proper wavelength, high photoelastic
coefficients) to reveal high frequency coherent acoustic
phonons.
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APPENDIX

List of the notations frequently used in the text:

v, is the acoustic phonon velocity.

kg, k. and k; are the wave numbers of the pump optical
radiation generating the acoustic waves, its real and imagi-
nary parts.

W= w, =2k, v, is the characteristic cyclic frequency of the
photogenerated acoustic waves.

7'g:a);1 is the characteristic duration of the photogener-
ated acoustic pulse, which is equal to the time of acoustic
wave propagation across the pump intensity penetration
depth.

kg, k), and k) are the wave numbers of the probe optical
radiation detecting the acoustic waves, its real and imaginary
parts.

wy=-2ikv,=w)+ o] is the characteristic cyclic fre-
quency of the detected acoustic waves contributing to the
transient reflectivity signal.

w,=wg=is the cyclic Brillouin frequency. Tp=27/wp is
the corresponding Brillouin period.

7,=(w})™" is the characteristic time proportional to the
duration of the acoustic wave propagation across the depth
equal to the probe light wavelength.

7i=(w)'=(2k)v,)™" is the characteristic time equal to
the duration of the acoustic wave propagation across the de-
tection region determined by the probe laser radiation pen-
etration.
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