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Laser generation of hypersound by a terahertz photo-Dember electric field
in a piezoelectric GaAs semiconductor
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We experimentally demonstrate the optical generation of hypersound in a piezoelectric GaAs semiconductor
through laser excitation of the THz photo-Dember electric field. Such an ultrashort transient Dember electric field
is linked to the spatial separation of photoexcited electrons and holes right after above-band-gap femtosecond laser
excitation. Through time-domain coherent Brillouin scattering we demonstrate that photoinduced piezoelectric
generation of hypersound can dominate even in the absence of preexisting built-in fields and we observe, with
increasing laser fluence, a nonlinear optoacoustic excitation process. These results reveal the onset of the THz
photo-Dember electric field and highlight the transition from non-ambipolar flow to ambipolar diffusion of the

photoexcited electron-hole plasma.
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Investigation of the physical mechanisms behind ultrafast
optical generation of acoustic phonons is an important subfield
in solid state physics [1-6]. In particular, picosecond laser
ultrasonics [2], a technique where femtosecond laser pulses are
applied for both optical generation and detection of acoustic
phonons in the GHz-THz frequency range [2-6], provides
a wealth of information on the ultrafast physical processes
following femtosecond laser-matter interaction. Optical gen-
eration of hypersound from the inverse piezoelectric effect
following the laser screening of built-in electric fields has been
demonstrated in the past [3,4], and more recently in multiple
and single semiconductor quantum wells [7-13], at surfaces
and interfaces (p-n junctions) [14-20], in multiple quantum
well p-i-n diodes under application of an external bias [21,22],
and in ferroelectrics [23,24]. These experiments provided cru-
cial information on the onset of ultrafast screening dynamics
of preexisting stationary electric fields by photogenerated
charge carriers in piezoelectric materials. Nonlinear ultrafast
optical generation of acoustic phonons at increasing pump
laser fluence has been observed and attributed to the saturation
of the inverse piezoelectric effect at full screening of the
built-in field [8,11-13,15,17-20,23]. All these observations
related to optoacoustic excitation in piezoelectric materials
were limited to the experimental situations of preexisting
built-in field [6-24]. Here we report the observation of
nonlinear optoacoustic conversion in nondoped piezoelectric
GaAs wafers with negligible built-in fields. In this specific
situation, we demonstrate that the nonlinear optoacoustic
conversion is caused by the saturation of the photo-Dember
THz electric field [25,26] created by the ultrafast separation of
photoexcited charges of different diffusivities. Our findings
demonstrate the competition of the inverse piezoelectric
effect (PE) (related to the photo-Dember THz field) with the
electron-hole-phonon deformation potential (DP) optoacoustic
mechanism, and reveal the ultrafast spatiotemporal dynamics
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of the photoexcited charges at the Maxwell relaxation time
scale and at the Debye screening length scale [27].

For the pump-probe femtosecond experiment, a Ti-sapphire
oscillator running at a repetition rate of 80 MHz was used to
generate laser pulses with central wavelength of 800 nm and
150 fs duration. The laser output was split into separate pump
and probe beams. The pump beam was frequency-doubled by
a second harmonic generation BBO crystal in order to obtain a
pump wavelength of 400 nm. The experiments were performed
on the opposite faces A (111) and B (111) of a nondoped GaAs
wafer. Given the residual n-type doping of nondoped GaAs
about 10% cm™3, the corresponding built-in field is 10° times
lower than in the experiments cited above and therefore can
be neglected [28]. At 400 nm pump light, the GaAs optical
penetration depth is 1 /o = 14 nm while at 800 nm probe light
it is over 1 um. Both pump and probe beams were focused
at normal incidence on the sample surface. A spinning wedge
mirror device was used in order to continuously move the
pump-probe spots on the sample surface during acquisition;
see Fig. 1. The ring trajectory of the moving spots is about
100 pm in diameter and the spinning frequency is in the range
of 50 Hz. In fact by lowering the laser repetition rate, our simple
spinning wedge mirror device could be used to perform single-
shot types of experiments at high speed [29]. Currently, this
technique avoids unwanted sample damage and remarkably
extends the sample lifetime.

Absorption of the femtosecond laser pump causes sudden
lattice expansion [in the case of DP for both faces or PE
on face B (I11)] or contraction [in the case of PE on face
A (111)], which launches an ultrashort longitudinal acoustic
pulse in the GaAs substrate. The probe light which enters
the relatively semitransparent GaAs substrate is partially
scattered by the propagating longitudinal acoustic pulse.
The coherently scattered field, whose optical phase varied
depending on the acoustic wave position, superposed with
the probe field reflected at the free surface, results in signal
intensity that shows time-dependent Brillouin oscillations;
see Fig. 2. Consequently, the oscillatory component of the
measured transient reflectivity signals can be described by

AR(t) = C cos(wt — ¢), (1
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FIG. 1. (Color online) Sketch of the femtosecond pump-probe
experimental setup. Both 400 nm pump and 800 nm probe beams
are focused at normal incidence on the GaAs (111) sample surface.
The continuously spinning wedge mirror right in front of the
microscope objective is used to cycle at high speed the pump-probe
acquisition along the sample surface; see inset. At the focus of the 10x
microscope objective, the pump-probe spot positions follow a ring
trajectory. This operation allows the measurement to be continuously
sampled over different pump-probe positions on the sample surface
and prevents the sample from laser damage or curing.

where w = 27 v is the Brillouin angular frequency, and C and
¢ are the amplitude and the phase of the Brillouin oscillations.
The transient reflectivity results shown in Fig. 2 clearly
indicate that the Brillouin oscillations behave differently at the
opposite faces A (111) and B (111) of the GaAs sample and
depend on the laser pump fluence. It is not only the Brillouin
amplitude but also the Brillouin phase which clearly appears
to be dependent on the laser pump fluence in the case of A
(111); see the time derivative in Fig. 2(a).

A full set of transient reflectivity data covering a broad
fluence range from 0.015 wJ/cm? to 1.4 pJ/cm? has been
acquired. After time derivation and FFT analysis of the 49 GHz
Brillouin frequency, as in [30], both amplitudes and phases
have been extracted at all measured fluences; see Figs. 3(a)
and 3(b). By definition, the laser pump fluence is taken as
the laser pump pulse energy divided by md?/4 where d =
20 um is the diameter at the 1/e? intensity level at the pump
spot focus. In the case of built-in fields in the range of 10—
100 kV /cm, the typical laser fluence range is between Fj ~
5-10 uJ /cm?, which is significantly higher than in the present
case dealing with THz Dember fields. As a matter of fact,
since the piezoelectric moduli are of opposite sign between
A and B (see Appendix A), while the deformation potential
constants remain unchanged, the spectacular nonmonotonic
behavior of the Brillouin oscillations on face A, in particular
the singularity at 0.6 uJ/cm? in Fig. 3(a) where the Brillouin
oscillations vanish, evidences the competition between PE and
DP mechanisms for hypersound generation. In addition, the
nearly antiphase oscillations on faces A compared to B, at low
pump fluences, indicate the dominance of the inverse PE and
the nearly in-phase oscillations on both faces at high fluences
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FIG. 2. (Color online) Transient reflectivity signals obtained for
both faces (a) A (111) and (b) B (111) of nondoped GaAs for different
pump fluences on a picosecond time scale. The insets in (a) and (b)
display the time derivative of the transient reflectivity signals and
highlight the Brillouin oscillations. The vertical unit of both figures
is identical, meaning that both signal amplitudes (a) and (b) can be
compared. In both cases, while the “electronic peak” at 0 ps time delay
linearly increases with increasing laser pump fluence, the Brillouin
oscillations in the insets behave differently; in particular a discrepancy
between A and B can be clearly noticed for the Brillouin amplitude
and phase changes at increasing laser pump fluence.

indicate the dominance of the DP over the PE mechanism; see
Figs. 3(a) and 3(b).

By assuming that the only difference between faces A and B
is the sign change of the piezoelectric modulus, each separate
DP or PE contribution can be extracted from the experimental
data based on the following equation:

ARME = C*B cos(wt — ¢p™tB)
= Cpp cos(wt — ¢pp) + Cp cos (wf — f/}éB)’ @)

where A and B indicate the face and DP, PE the excitation
mechanism. In Eqs. (2), it is implicitly assumed that DP
constants are identical for both faces (which implies that
ofp = ¢ = ¢pp and Cflp = CE, = Cpp), and that the
piezoelectric modulus changes sign depending on face A or B
(which implies that ¢, = ¢pj; + 7 with Cp, = Ch; = Cpp).
This model does not account for additional differences
between faces A and B caused by different terminations and
reactivities [28]. A fitting procedure has been applied to the
experimental data presented in Figs. 3(a) and 3(b), which leads
to smoothed experimental functions and ¢*+# that have been
substituted into Eqgs. (2) in order to calculate Cpp and Cpg.
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FIG. 3. (Color online) FFT amplitude (a) and phase (b) of the
Brillouin oscillations versus the pump fluence for each side A and B
of the sample. The inset in (b) highlights the superposition of phase A
and phase B, shifted by 2.6 radians. A routine fitting procedure applied
to experimental data (a) and (b) was used to extract from Eqs. (2) the
amplitude of the PE and DP mechanisms versus the pump fluence (c).
Two optoacoustic regimes, linked to non-ambipolar flow at low
fluences and ambipolar diffusion at high fluences of the photoexcited
charges, are evidenced. F; is the estimated fluence threshold of the
intermediate regime.

In Fig. 3(c) we present the outcome of this calculation which
reveals the separation of the DP and PE amplitudes, Cpp and
Cpg, versus the pump laser fluence. An interesting observation
in Fig. 3(c) is that the amplitude of hypersound generated by PE
saturates at a given fluence, indicating that the photo-Dember
field reaches a maximum value and saturates as well, while the
DP mechanism always grows with increasing laser fluence. In
the following we will discuss the theoretical interpretation of
these experimental results in the limiting cases of low fluences
(in the range of 0-0.1 ©J /cm?) and high fluences (in the range
of 0.6-1.4 1J/cm?) which can be solved analytically.

At low fluences, due to the localized absorption of laser
light and to the high mobility of electrons compared to holes in
GaAs [28] (see Appendix B), the regime of non-ambipolar flow
of the photoexcited charge carriers is expected; see Fig. 4(a).
This regime can be modeled as [31]

nu(z,t)=Nr8(z)H(t), N1/ Ipebye

—H
(1 +Z/lDebye)2 ®.

ng(Z,t):

H(r) 3

E z,)=Ej)y—————
Dember(Z,1) 0T T Ioense

lgINL
€€y

with  Ejpg=
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FIG. 4. (Color online) (a) Atlow fluence, the non-ambipolar flow
of photoexcited charges is characterized by the holes’ immobility
and supersonic electronic flow far away from the photoexcited
region (in blue). In this case the Debye screening length follows
the inequality Ipepye 3> 1/a. (b) At higher fluence, the ambipolar
diffusion characterized by the simultaneous diffusion of quasineutral
electron-hole plasma takes place. In this case the Debye screening
length is shorter than the characteristic spatial scale of the electron-
hole plasma distribution.

where nj,, is the concentration of electrons (e) and
holes (h), H(t) denotes the Heaviside step function, Ipepye =
2D./u.Epo < 1/Ny is the Debye screening length [27] (D,
and p, are the diffusivity and mobility of the charge carriers),
Ny is the sheet density of electron-hole pairs which scales
linearly with the laser fluence F; (N, o Fr), 8(z) is the delta
function in z, and € and €, are the vacuum permittivity and
the relative permittivity. Equations (3) are valid right when
the supersonic flow of electrons is balanced by the drift in the
opposite direction from the Ejo field created by the holes
delta-localized at the surface. The stresses opg = — pPg EDember
and opp = —d,.n, — dpny, calculated from Egs. (3), where pg
is the piezoelectric modulus and d, and dj, are the deformation
potential coefficients of electrons and holes (see Appendix A),
lead to the prediction of the laser-generated strain waves. Our
theory predicts generation of bipolar antisymmetric longitudi-
nal acoustic pulses of duration equal to twice the time of sound
propagation across the Debye screening length. The evaluation
of the acoustic spectrum at the Brillouin angular frequency
outcomes ¢SP = qbgp = ¢1§E =, ¢134E =0, and Cpg ~ 8 Cpp
is valid up to 0.05 wJ/cm?. These estimates corroborate
our experimental observations of C4 ~ Cp, s = 0, ¢pp =~ 7,
see Figs. 3(a) and 3(b), and validate the observation of an
efficient increase of PE compared to DP in the fluence range
of 0-0.05 uJ/cm?, see Fig. 3(c). To account for the specific
time Tyvaxwen Of the electron-hole separation during the onset
of the Dember electric field, the Heaviside step function H
can be changed for 1 — exp(—7/TyMaxwell) in Eqs. (3). This time
necessary to stop the supersonic flow of electrons induces an
additional phase shift A¢ = arctan(wTyaxwen) of the Brillouin
oscillations. Consequently, the experimental observation of a
phase shift up to A¢ =~ 7/6, see inset Fig. 3(b) at the lowest
fluences below 0.1 uJ/ cm?, illustrates the process of Maxwell
relaxation of the non-ambipolar flow of electrons and can be
used to evaluate Typaxwell ~ 2 pS.

In the asymptotic case of high laser fluence, where the
ambipolar diffusion of the e-h plasma occurs, the analysis of
the optoacoustic generation at the Brillouin frequency can be
importantly simplified taking into account that the diffusion
length Ip = 2v/Dt, where D = (¢ D + puy Dy)/(ite + 14n)
is the ambipolar diffusivity, is ten times the light penetra-
tion depth 1/« at the time scale of the Brillouin period.
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Consequently the plasma concentration n can be estimated
assuming delta-localized surface absorption of the laser pump
and in depth diffusion of the carriers which leads to the
corresponding transient Dember field,

n(z,1) = (N /~7 Dt) exp[—z> /(4D H (1),
2 D= Dy
2Dt pe —

“
EDember(Z’t) = [H(Z) - H(Z - l(‘)]H(t)»
where the critical length I, =~ 1.7/p (see Appendix B). It
can be noted that Epemper in Eq. (4) no longer depends
on the fluence. The factor H(z) — H(z — [.) expresses the
fact that the Dember field is linked to the diffusion of
the e-h plasma and vanishes outside the diffusion depth
of the carriers; see Fig. 4(b). The laser-generated strain
waves can be deduced from the above model for n(z,t) and
Ebember(z,1). Due to the supersonic nature of the ambipolar
diffusion, which implies the inequality wp = v2/D < w[15],
the solutions can be simplified to the first-order expansion.
Finally, we obtain a reliable theoretical interpretation of
the dominance of the DP mechanism over the inverse PE
at high fluences. Our theory also explains the observed
transition from ¢p > ¢4 at low fluences to ¢ < ¢, at high
fluences; see Fig. 3(a). In fact the theoretical predictions
for phases are ¢pp = 37/4 + arctan(wp/w) ~ 37 /4, dpz =
37/2 + arctan[cos(a’w?/20%)/2] > ¢pp, and @b = Pi —
7 < ¢pp (see Appendix B). Since ¢1§E < ¢pp < ¢1§‘E, the PE
contributions drive the phase of the Brillouin oscillation down
on face B and up on face A, inducing experimentally observed
¢8 < ¢4 at high fluences; see Fig. 3(a) in the fluence range
0.6-1.4 uJ/cm?.

In the intermediate regime, at the transition from
non-ambipolar flow to ambipolar diffusion, both models can
be interpolated. With increasing fluence, the Debye screening
length shortens such that the inequality Ipepye o< 1/Fp > 1/
of the non-ambipolar flow is no longer valid. However, from
the criterium /pepye = 2/, we can estimate the threshold sheet
density N; and corresponding fluence F; and E}, electric field
at the intermediate regime from the non-ambipolar flow model.
We obtain F, ~ 0.14 pl/cm? and Ej, = |q|N] /eoe, =
21 kV/ecm. Above F; the classical ambipolar
diffusion of the electron-hole plasma, characterized by
Epember(2,1) = —(De — Dy)(0n/02)/(the — pn)n, is expected
to take place [27]. In fact the Dember field of the ambipolar
diffusion process is maximum when the plasma concentration
is constrained over the optical skin depth area; in this case
n~exp(—az) and  Epemper = 2(De — Dp)/(pte — itn) =
18 kV/cm is practically equal to the Ej, field of the
non-ambipolar flow. This indicates that above the critical
fluence F; the saturation of the photo-Dember field occurs.
Our estimate of F; A~ 0.14 uJ/cm? is in reasonable agreement
with the experimentally observed saturation threshold of 0.2
wJ /em? for Cpg; in Fig. 3(c), which proves the accuracy of our
model and the link between the optoacoustic amplitude Cpg
and the onset of the ambipolar diffusion.

Our experimental observations are adequately correlated to
the transition from non-ambipolar flow to ambipolar diffusion
of photoexcited charges with increasing laser fluence. The
developed theoretical models provide correct estimates for
the characteristic laser fluence at which we observed peculiar
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nonlinear behavior of the longitudinal phonon amplitude and
phase, very different at opposite faces A or B of the sample.
Using time-resolved Brillouin scattering we demonstrate the
possibility to extract the Maxwell relaxation time and the
Debye screening length of the photoexcited distribution of
charges. In this perspective, the application of this technique
in piezoelectric-ferroelectric materials could provide access to
the dynamics of the laser-induced optoacoustic phenomena at
subpicosecond time scales which still remains elusive.
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APPENDIX A: NONDOPED GaAs PARAMETERS

The experiments were performed on the opposite faces A
(111) and B (111) of a nondoped GaAs wafer, with the resid-
ual majority carrier (electron) concentration of n., = 9.8 x
107cm =3 (resistivity p = 1.1 x 10° Qm and electron mobility
e ~ 0.6m> V~!s71). From the typical value of the built-in
potential |g|Vp; =~ 0.8 eV in n-doped GaAs [32], we can esti-
mate the built-in electric field |Er| =~ +/2|q|n.0 VB1/(€0€r) =
4.4V /cm and the sheet concentration of the electrons that
could be captured at the surface Ny =~ €pe;|Egyl|/|g] = 3.1 X
107 em™2, which are both extremely low. In these formulas g is
the electron charge, ¢ is the dielectric permittivity of vacuum,
and €, &~ 13 is the relative quasistatic dielectric permittivity
of GaAs [28,32,33]. The sheet density of the photoexcited
carriers can be estimated in our experiments as N, = (1 —
Ry)Fy /(hvy) ~ [Fr /(1 pJem™)]102ecm™2, where R, ~
0.47 and hv, ~ 3.14 eV are the reflectivity at the air/GaAs
interface and the photon energy of the 400 nm laser pump
[33]. Thus from the condition N; = Ng we estimate that
the built-in electric field in our nondoped sample can be
completely screened at the pump fluence of F; &~ 30 pJcm ™2,
which is 10° times lower than the minimum fluence in our
experiments (F; > 0.015 uJ cm™2). It can be concluded that
the processes of charge separation in the built-in electric field
do not contribute to the experimentally observed nonlinear
optoacoustic phenomenon.

The [111] direction corresponds to the maximum mag-
nitude of the piezoelectric modulus pr = 2p14/v/3 ~
0.185 C/m?. The deformation potentials of electrons and
holes are d, ~ 7.17 eV and d, ~ 1.16 eV [28,32,33]. The
photoelastic constant is negative (9k /dn < 0) in GaAs with
weak residual concentration of electrons in the conduction
band at 800 nm probe wavelength. The piezoelectric modulus
is negative at face A (p# < 0) and positive at face B (p2 > 0)
[28,34].

APPENDIX B: THEORETICAL ANALYSIS

1. Hypersound generation in the process of non-ambipolar flow
of photoexcited charge carriers

The system of equations describing drift and diffusion of
the photoexcited electrons and holes can be presented in the
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form

an, on.E) D 3%n, N, 8()exp( )

— — e — D, =« exp(—az),

o1 PR 822 LoV PO

Iny d(nyE) *ny

- n — D =aN 3 t — s Bl

ar TH T h o =N (exp(—az), (B1)
0E lq]
=L, — ).
0z €0€r

Here the femtosecond photo-excitation of the electrons and
holes is treated as being delta-localized in time. The third of
these equations, the Poisson equation [27,35], describes the
creation of the Dember electric field E(z,t) due to the spatial
separation of electrons and holes. Note that in this appendix
we are using everywhere the notation E instead of Epemper
for compactness of the formulas. Analytical description of the
low-fluence regime is possible due to the strong difference
between electron and hole mobilities in GaAs (D./ Dy, > 15,
e > 0.6m> Vs and u, < 0.04m? V-1 s71)[28,32,33].
Assuming that the holes are immobile and localized at the
surface, the problem in Eq. (B1) is reduced to the analysis of the
electronic flow in the instantaneously induced homogeneous
field of the spatially é-localized holes:

on, o(n.E) 3%n, 0E lq|

— — Ue — De = O’ _— = — Ne,

ot 9z 972 9z €06+

E = Eh + Ee’ Ee(tao) == 07 nh(taz) == NLS(Z)H(t)’
_ lgINL _

En(t,2) = eo—eH(Z)H(t) = EnH@H®). (B2)

Here H denotes the Heaviside step function. Equa-
tions (B2) can be integrated in the stationary limit, i.e.,
t — 00, dn,/dt — 0,

E Np/l
Ez,00) = — 0 (00) = — L/l 3
1+2z/ lDebye [1+ Z/lDebye]
Here Ipepye(Nr) = 2D, /(ueEpo) denotes the fluence-

dependent Debye screening length [27,35] defined for the
fluence-dependent characteristic stationary concentration of
the electrons, which in accordance with Eq. (B3) is n.(co) =
Np/Ipebye(NL) Nz. The solutions (B3) describe the distri-
butions of the electric field and the concentration of the pho-
toexcited electrons, which are becoming more and more local-
ized near the surface with increasing sheet density of photoex-
cited charge carriers Ny, i.e., with increasing laser fluence Fj,
due to shortening of the Debye length Ipehye(Nz) o 1/Np
1/ Fy. We estimated Ipepye (N1) ~ 4[NL/(1012 cm )] 'nm ~
4[F /(1 uJem™2)]~! nm. The Debye length importantly ex-
ceeds, more than twice, the optical penetration depth of the
pump laser if F; < 0.14 uJcm™2. For larger fluences the
spatial distribution of holes cannot be considered as being
much narrower than the spatial distribution of electrons even
during the time of their non-ambipolar flow.

The stationary state described by Eq. (B3) is due to the
compensation of the electrons’ diffusion from the surface
by their drift towards the surface from the electric field
created by the electrons’ and holes’ separation. Consequently
the characteristic separation time 7, of the charges can be
estimated as the drift time of the electrons across the Debye
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length at a characteristic velocity vgy e:
~ lDebye(NL) ~ lDebye(NL) _ NL/ne(OO)

foep Udr,e eEno HeEno
_ Ni/ne(oo)  €er
 tellgINL/(€0€0)]  prelglne(o0)
= 18 wen(NL)- (B4)

The separation time can be identified as the classical
Maxwell relaxation time [27,35] for the electrons with
the concentration equal to their characteristic concentration
n,.(00) NZ in the stationary distribution of Eq. (B3).
The estimates provide 7y, ey = 0-5[N2 /(102 cm™2)] 7 fs ~
0.5[F; /(1 uJ em™2)] 72 fs.

The assumed hole immobility in the derivation of Eq. (B3)
during the above evaluated separation process is ensured
by the inequality Ty}, e < Thimwen» Where the Maxwell
relaxation time of the holes is T3, on = (le/Hh) Ttanwen ~
15Ty wen = 7.50F /(1 ] cm2)]72fs. Qualitatively speak-
ing, there is always more than an order of magnitude
difference between the time when the flow of the electrons
stops and the motion of the holes becomes important. With
the help of this estimate the laser fluence interval can be
established 0.01 uJ cm 2 < Fr <0.05ul cm~2, where the
inequality 7y, e < 3-3PS < Tyjaxwen NOIds, and the distri-
butions described by Eq. (B3) can be considered, from the
hypersound generation point of view, as being stationary after
their instantaneous creation at ¢ = 0. In the considered fluence
interval the maximum induced electric fields can be estimated,
using Eng =~ 140[FL/(1 uJ cm™?)] kV/cm, as 1.4kV/cm <
Eo < 7kV/cm. The drift velocities of the electrons can be es-
timated as 0.8 x 10° m/s < Udre < 4 X 10° m/s and the drift
velocities of the holes as 0.05 x 10°m/s < vy, < 0.25 x
10° m/s. The drift velocities of the electrons are supersonic and
of the holes subsonic. From the acoustic point of view this is
an additional argument to assume instantaneous separation of
the electrons from the holes. In other words the electrons cross
the charge separation region before the lattice motion starts.

The complete description of the system evolution in this
regime, sufficient for the description of hypersound generation
at Brillouin angular frequency w, follows::

N L/ lDebye
[T+ Z/lDebye]2
nu(z,t) = NL8(2)H(2),

Eno
1+ Z/ lDebye

As has been described earlier in case of an n-doped sample
[20], the holes which are é-localized near the mechanically
free surface of the sample have a negligible contribution to

the hypersound generation by DP mechanism. The evaluation
of the profiles of the longitudinal acoustic pulses generated

ne(z,1) = H(1),
(BS)

E(t,z) = H().

by the laser-induced stresses opg = —pg E and opp ~ —d,n,,
using the mathematical formalism described in [3,4], leads to:
peEno /[ (2pV2

npe(T) = [ / ) sgn(t), (B6)

1+ (Ua|r|)/ lDebye
de[NL/lDebye]/(zpvg)
[1+ (Ua|T|)/IDebye]2

nop(T) = sgn(), (B7)
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where T =t —z/u, and v, is the acoustic speed. The
evaluation of the spectral component of the laser-generated
strain at the Brillouin angular frequency w gives

_ . PEER0TDed
fpp(@) = —i ———" f(@Tpevye): (B8)
pUCl
~x .deNL
nDP(a)) =1 ,0‘U3 (U)TDebye)g(a)TDebye)- (B9)
a

Here f(x) = Ci(x)sin(x) — [Si(x) — 7 /2]cos(x) and g(x) =
—Ci(x)cos(x) — Si(x)sin(x) are auxiliary functions for sine
[Si(x)] and cosine [Ci(x)] integrals [36]. The solutions
expressed in Eqs. (B8) and (B9) provide opportunity to
estimate the relative importance of the PE and DP optoacoustic
mechanisms of excitation:

fipg(w) _ |PE|Enova (f(wTDebye)>
ﬁj*jp(w) de NLC‘) g(waebye)
— |pE||Q|Ua<f(wTDebye)). (BIO)
€o€rd.w g(waebye)

In accordance with Eq. (B10) the relative efficiency of the two
mechanisms depends on the laser fluence through the nondi-
mensional parameter wTpepye X 1/ Ny . For the non-ambipolar
regime the Debye screening time is long in comparison with
the Brillouin period, and the relation (B10) should be analyzed
only under the condition @Tpepye > 1.Inpractice, forx > 3 the
auxiliary functions can be approximated by [36] f(x) ~ 1/x
and g(x) >~ 1/x%. A good estimate for the relative efficiency,
valid up to F; ~ 0.05 uJ cm~ 2, is

pe(@) |  1PEllq|
ipp(@) | €o€rd,
This estimate predicts that the inverse PE completely dom-

inates the optoacoustic transformation in the investigated
asymptotic low-fluence regime.

(B11)

Tpebye ~ 8 [F1/(1 uJem™)]7".

2. Transition from non-ambipolar flow to ambipolar diffusion
of the electron-hole plasma

When F; > 0.05 uJ cm™ the holes cannot be considered
as immobile, and when F; > F; ~ 0.14 uJ cm™? it is im-
possible to neglect the width 1/« of the hole distribution,
because the inequality Ipepye >> 1/ does not hold. Moreover
the electron distribution is actually not separated spatially
from the distribution of holes. When F; > F i the following
condition from the classical theory

hoe(z,1) = In(z,0)/[9n(z,1)/3z]| = Ipebye(2,1)/2 (B12)

required for the ambipolar diffusion of the electrons and holes,
is satisfied at the vicinity of the semiconductor surface. So,
from the physics point of view, for F; > F; the classical
ambipolar diffusion of the electron-hole plasma, characterized
by n, ~ n, =n and

, (B13)

E(z1) = _(De - Dh) dln[n(r,2)]

Me — Kn 0z

is expected to take place [27,35]. The description of the
ambipolar diffusion of the e-h plasma can be importantly
simplified taking into account that the diffusion length
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Ip =2+/Dt, where D = (D, + 1, Dp)/(tte + pn) is the
ambipolar diffusivity of the electron-hole plasma, significantly
exceeds the light penetration depth o~! at the characteristic
time scale of the Brillouin period. We estimate [p(t =
21 /w) = 23/D2n/w) ~ 160nm > a~' ~ 14nm even for
the lowest reported values of the ambipolar diffusivity D ~
3.3cm?/s (the ambipolar diffusivity of GaAs is in the range
D =3-13 cm2/s [14,33]). Thus, it can be assumed that the e-h
plasma is initially é-localized at the surface (1/a — 0). The
well-known self-similar solution of the diffusion problem in
this asymptotic case is [37]

NL < Z2 )
n(z,t) = exp| ——— | H(). (B14)
~ 7t Dt p 4Dt
Then the Dember electric field takes the form
D, — D,
EGH=22"2"( _* VH(@). (B15)
e — pp \2D1

The formal mathematical divergence of the electric field
at large distances z — oo indicates that the condition in
Eq. (B12)is not satisfied at large distances for the electron-hole
plasmadistribution of Eq. (B14). However, it is straightforward
to verify that due to the Gaussian function in Eq. (B14),
the conditions for the ambipolar diffusion are well satisfied
at distances shorter than /. &~ 2a+/2Dt, where the function
a =a(Np,t)~ 1.2 weakly depends both on time and on
laser fluence in the complete domain 1ps < ¢ < 200 ps,
0.15uJ em 2 Fr<2ul cm~2 of interest for our experi-
ments.

The correct description of the Dember field should take
into account that the electric field, which supports the coherent
motion of the electrons and holes, penetrates inside the medium
together with the diffusing carriers and, consequently, does
not exist importantly deeper than the diffusion depth of the
carriers. Thus we obtain

By = 2= Dn <i>[H(z> — HG — L)IHQ).

e — pp \2D1t
(B16)
The evaluation of the generated acoustic wave at the Brillouin

frequency in the regime of the ambipolar diffusion of the
electron-hole plasma leads to the following result:

(de +dy) 1 1

7 (@) ~ —N . (BI7
fipp(w) L o Vis(+id) (B17)
~ ( ) (De - Dh) pEa\/E T
ipp(@) = =
e e —pn) pvd V2

x [1 - %(cos(az 120%) + —?C(a/«/n@))],
(B18)

where @ = wp/w, wp = vg/D, is the characteristic fre-
quency, above which the ambipolar diffusion is supersonic,
and C denotes the Fresnel integral [36]. Note that the solution
in Eq. (B18) predicts the signal, which only weakly depends
on the laser fluence through the parameter a = a(Ny,t),
confirming the saturation of the hypersound generation
through inverse PE. The velocity of the diffusion wave at
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the Brillouin angular frequency vp = +/Dw is supersonic,
ie, vp = 10* m/s > v, = 4.7 x 10° m/s, even at the lowest
reported values of the ambipolar diffusivity [36]. Consequently
Egs. (B17) and (B18) can be evaluated under the condition
@ < 1. The solutions predict that the contribution of the DP
mechanism |fjpp(w)| becomes equal to the inverse PE |fjpg(w)|
right after the transition to ambipolar diffusion at F; =~
0.18 pJ/ecm? > F; ~ 0.14 uJ/cm?. Qualitatively speaking,
the PE generation practically saturates at the transition to
ambipolar diffusion, as could have been expected from the
functional dependence of the Dember field on the photoexcited
carrier concentration in Eq. (B13), i.e., Epemper o 9ln(n)/0z,
while the contribution to the acoustic field from the DP

PHYSICAL REVIEW B 90, 014302 (2014)

mechanism keeps growing in amplitude. This finally leads to
mutual compensation of two considered contributions on face
A(111).

The theory predicts that in the transition from the acoustic
strain due to PE described in Eq. (B6) to that due to
DP mechanism in Eq. (B17) the optoacoustic excitation
efficiency, defined as being proportional to 9|7j(w)|/dFy,
diminishes 5-50 times depending on the values of the
ambipolar diffusivity. This prediction is in agreement with the
experimental observations presented in Figs. 3(b) and 3(c),
where the efficiency falls approximately 20 times when the
pump laser fluence increases from F; < 0.05 uJ/cm? up to
Fr > 0.9 uJ/cm?.
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