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We report on the intrinsic optical generation and detection of coherent acoustic phonons at (001)-
oriented bulk Si and GaP without metallic phonon transducer structures. Photoexcitation by a
3.1-eV laser pulse generates a normal strain pulse within the ~100-nm penetration depth in both
semiconductors. The subsequent propagation of the strain pulse into the bulk is detected with a
delayed optical probe as a periodic modulation of the optical reflectivity. Our theoretical model
explains quantitatively the generation of the acoustic pulse via the deformation potential electron-
phonon coupling and detection in terms of the spatially and temporally dependent photoelastic
effect for both semiconductors. Comparison with our theoretical model reveals that the strain
pulses have finite build-up times of 1.2 and 0.4 ps for GaP and Si, which is comparable with the
intervalley scattering time constant required for the photoexcited electrons to reach the conduction
band minimum. The deformation potential coupling related to the acoustic pulse generation for
GaP is estimated to be twice as strong as that for Si from our experiments, in agreement with a

previous theoretical prediction.

I. INTRODUCTION

Photoexcitation of a solid with a femtosecond laser
pulse creates carriers in a non-equilibrium distribution,
which transfer energy to the lattice and thereby excite
phonons on time scales ranging from femto- to nanosec-
onds. One of the intriguing ultrafast electron-phonon
interactions triggered by the photoexcitation is the gen-
eration of coherent phonons. Coherent optical phonons
are non-propagating lattice oscillations with wavevectors
q ~ 0 and discrete THz frequencies [1]. Coherent acous-
tic phonons, by contrast, are ultrasonic strain pulses that
can have a broad spectrum from GHz up to a few THz
frequencies and wide range of wavevectors q. Propaga-
tion of the coherent acoustic phonons has been studied in
various materials by means of time-resolved optical [2-5]
and x-ray diffraction [6, 7] measurements. Such studies
are motivated by optical determination of the mechani-
cal properties of solids [8, 9], optical control of acoustic
waves in solids [10], acoustic tomography of buried in-
terfaces and objects hidden under surfaces [11, 12], and
ultrafast optical control of the piezoelectric effect [13].

Coherent acoustic phonons can be excited efficiently at
a metal surface, where a laser pulse is absorbed within its
short optical penetration depth, typically <10 nm, and
thereby heats up the lattice to sudden expansion (ther-
mal stress) [2]. This thermoelastic effect, however, is
generally much weaker in semiconductors, so most of the
previous studies have resorted to putting metallic thin
films on top of semiconductors to act as opto-acoustic
transducers. Such scheme enables the generation of in-
tense acoustic pulses and thereby allows a detailed study
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of acoustic diffraction and dispersion in semiconductors
[14-16]. One can alternatively use semiconductor het-
erostructures, such as InGaN/GaN quantum wells and
GaN p-n junctions [17-21], as transducers; in these cases
intense acoustic phonons are generated via the selective
absorption of the pump pulse in the quantum wells and
the screening of the built-in piezoelectric field.

The intrinsic optical generation of coherent acoustic
phonons in simple bulk semiconductors, by contrast, has
been hardly explored by conventional optical measure-
ments. The exceptions are the direct band gap GaAs
[22-26] and GaN [27], which were excited with ultravio-
let pulses for photon energies above their band gaps. In
both cases, the penetration depths of the pump lights
was about as short as those in metals, and the steep
distribution of the photocarriers along the depth direc-
tion lead to the efficient generation the coherent acous-
tic phonons. The generation mechanism was attributed
mainly to a deformation potential interaction of photoex-
cited carriers with the lattice based on theoretical mod-
eling for both GaAs and GaN [22, 27].

In principle, It should also be possible to excite acous-
tic phonons in indirect band gap semiconductors such as
Si, whose deformation potential coupling constant is com-
parable to that of GaAs [28]. Until now there has been
no report of such pulse generation and detection in Si
without introduction of a metallic transducer structure,
however. A previous optical deflection study reported
only a gradual surface contraction following photoexci-
tation of bare Si surface on nanosecond time scale, but
coherent acoustic phonons were not observed [29].

In the present study, we investigate the intrinsic co-
herent acoustic phonon generation and detection in bulk
indirect band gap semiconductors Si and GaP using a
pump-probe reflectivity detection technique. We gener-


mailto:ishioka.kunie@nims.go.jp

(@) t=0
Pump ——>
. GaP
air or Si
z
Strain pulse
(b)t>0
Probe
=3 - >
photo-
detector — v
z=0 z=vt z

FIG. 1. (Color Online.) Schematic of the experiment. (a)
Pump light generates an acoustic pulse at the surface (z=0)
at t=0. (b) The acoustic pulse propagates into the bulk at the
speed of sound v. The probe light is reflected by the acoustic
pulse, which is positioned at z = vt for ¢ > 0, as well as by
the surface. The incident angle of the probe light in the lower
panel is exaggerated for clarity.

ate coherent acoustic phonons in GaP and Si by photoex-
citing their surfaces with a 3.1-eV pump pulse, and mon-
itor their propagation into the bulk through modulation
of the reflected intensity of the probe pulse. Our theoret-
ical model quantitatively reproduces the experimentally
observed reflectivity responses for both GaP and Si, and
offers insight into the deformation potential coupling that
contributes to the acoustic phonon generation.

II. EXPERIMENTAL METHODS

The samples studied are (001)-oriented n-doped Si and
GaP single crystal wafers. Pump-probe reflectivity mea-
surements are performed in a near back-reflection con-
figuration under ambient conditions, as schematically
shown in Fig. 1. For the one-color measurements, the
second harmonic of a Ti:sapphire oscillator with 3.1-eV
photon energy (400-nm wavelength), 10-fs duration and
80 MHz repetition rate is used for both pump and probe
pulses. The 3.1-eV photons can excite carriers across
the direct band gap at the I' point for GaP, as shown in
Fig. 2a. For Si, the pump photon energy is slightly short
of the Ej) and E; gaps at the I' and L points [30], but
can excite carriers along the L valleys assisted by small-¢
phonons, as shown in Fig. 2b. The optical penetration
depths for the 3.1-eV light in GaP and Si are aa;P:HG
nm and ag;'=82 nm [31]. The pump and probe laser
spots on the sample are ~ 23um in diameter. Pump-
induced change in the reflectivity AR is measured as a
function of time delay between pump and probe pulses
using a fast scan technique. This scheme allows us to
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FIG. 2. (Color Online.) Schematic band structures of GaP
(a) and Si (b) near the fundamental band gaps [33, 34]. Solid
and broken arrows indicate the major transitions with 3.1-eV
photons and the relaxation pathways discussed in the text.

TABLE I. Material parameters for GaP and Si used in the
present study.

GaP Si unit Ref.

a 8628 12.162 x10%cm ' at 3.1eV [31]

n 4196 5.570 at 3.1 eV [31]
v 5.847 8.4332  x10°cm/s (35, 36]
E, 226 1.12 eV at 300 K [30, 37]

OE,/0p 11 5 x107 eV /Pa (38]
B 465 26 x107K™* (39, 40]

C 043 0.7 Jg'K! [41]

monitor the ultrasonic pulses in the first few tens of ps
with 10 fs time resolution [32].

For the two-color measurements, the second harmonic
of a regenerative amplifier with 3.1-eV photon energy,
150-fs duration and 100 kHz repetition rate is used as the
pump pulse, whereas the output of an optical parametric
amplifier with tunable wavelength in the visible range
serves as the probe. The pump and probe laser spots
on the sample are ~250 and ~ 180um in diameter. AR
is measured as a function of time delay between pump
and probe pulses using a slow scan technique. Since the
visible probe light penetrates much deeper than the 3.1-
eV pump, this scheme allows us to monitor the acoustic
pulses up to the sub-ns time scales.

III. EXPERIMENTAL RESULTS
A. One-color pump-probe measurements

We first report one-color pump-probe measurements
with 3.1-eV pulses that monitor the coherent phonon dy-
namics in GaP and Si for the first few tens of picoseconds,
which are shown in Fig. 3. In this scheme we photoexcite
GaP at a lower pump density than Si, because the GaP
surface is more easily damaged by the laser irradiation.
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FIG. 3. (Color Online.) (a,b) Reflectivity changes of (001)-
oriented GaP and Si pumped and probed at 3.1 eV (400 nm).
Pump densities are 30 and 90 puJ/cm? for GaP and Si. (a) and
(b) show identical traces with different vertical and horizon-
tal scales. (c) Fourier-transformed spectra of the reflectivity
changes after t=0.1 ps. Broken lines indicate the frequencies
5°F and f5i given by eq.(1) for GaP and Si.

For the first picosecond [Fig. 3b], the reflectivity traces
exhibit a non-oscillatory electronic response, and on top
of that, a fast periodic modulation due to the generation
of coherent longitudinal optical (LO) phonons at 12 and
15.6 THz for GaP and Si, which have been previously
reported elsewhere [33, 42].

On a longer time scale [Fig. 3a], the reflectivity traces
clearly show much slower (<1 THz) periodic modula-
tions, whose amplitudes (AR/R ~ 10~°) are comparable
or larger than those of the coherent LO phonons. We at-
tribute the slow modulations to the interference between
the probe reflections from the front surface of the sample
and the propagating acoustic pulse, also known as the
Brillouin oscillation, which is schematically explained in
Fig. 1. The frequency fp of such interference is given, in
the case of the normal incidence, by [2]:

2nv
fB - N\ (1)
where n is the refractive index, v, the longitudinal acous-
tic (LA) phonon velocity, and A, the probe wavelength in
air. With n and v listed in Table I, we obtain fg5*F=123
GHz and f3'=235 GHz. Fourier-transformed (FT) spec-
tra in Fig. 3¢ indicate good agreement between the exper-

GaP (a) Si (b)
104 A=479 nm 37 A=481 nm
8_
2_
% 6- 519 nm
> 519 nm
o
< 44 1 565 nm
566 nm
27 622 nm
626 nm 0+
o- W]
]—'_'_'_'-r'_'_'_'-'—'_'_'_'-'—'_'_'_'_

0 100 200 300 400 0 50 100 150 200
time delay (ps) time delay (ps)

Probe wavelength (nm)

630.0 600.0 570.0 540.0 510.0 480.0
18_ 1 1 1 1 1 1
©
16
5 3
O 144 '
-
N
= 124
10+ GaP
T T e e
16000 17000 18000 19000 20000 21000
Probe wavenumber (cm'l)
FIG. 4. (Color Online.) (a,b) Oscillatory parts of the re-

flectivity changes pumped at 3.1 eV and probed at different
wavelength \; for GaP (a) and Si (b). Pump densities are 80
and 200 pJ/cm? for GaP and Si. Traces are offset for clar-
ity. (c) Frequencies f of reflectivity modulation divided by
twice the refractive index, 2n, as a function of the probe light
wavenumber A\™'. The solid lines represent f/(2n) = vA™*
with the LA phonon velocity v.

imental and calculated frequencies, confirming the origin
of the modulations. We note that the FT spectrum for
Si exhibits a dip, instead of a peak, at f§. This is be-
cause of interference between the periodic oscillation and
the large non-oscillatory electronic response appearing in
the first picosecond.

B. Two-color pump-probe measurements

The interference patterns in the one-color pump-probe
measurements [Fig. 3] decay within several ps for Si and a
few tens of ps for GaP. This is mainly because the acous-
tic pulse moves out of the penetration depth of the probe
light [(2aGap) t=58 nm and (2ag;)~'=41 nm]. To ob-
serve the ultrasonic pulses on longer time scales, we need
to probe at longer wavelengths in the visible range, which
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FIG. 5. (Color Online.) Amplitude of the experimental re-
flectivity oscillation as a function of the probe photon energy
E = hck (symbols). Pump photon energy is 3.1 eV, and
pump densities are 80 and 200 pJ/cm? for GaP and Si. Solid

curves represent the theoretical amplitudes Acsc scaled to the
experimental ones at £ ~ 2.0 eV.

monitor deeper into the sample while keeping the pump
at 3.1 eV. Figure 4ab compares the oscillatory reflectivity
responses from GaP and Si detected at different probe
wavelengths A\. The traces are modulated with a sinu-
soidal oscillation, whose frequency f increases with de-
creasing A. Figure 4c plots f divided by twice the refrac-
tive index 2n as a function of the probe light wavenumber
A~L. Linear fits give slopes of 5.84 x 105 cm/s for GaP
and 8.38 x 10° ecm/s for Si, which are in good agreement
with the LA phonon velocities of GaP and Si [Table IJ.
This again confirms that the periodic modulations are
caused by the normal strain pulse, as we have already
seen on a shorter time scale in Fig. 3.

The interference patterns are damped on time scales
that do not systematically depend on the probe wave-
length \; 771=3.340.5 and 17.6+£2.8 ns~! for GaP
and Si when fitted to a damped harmonic oscillation
Apsc exp(—t/7)sin(27 ft + ¢). The observation indicates
that the reflectivity oscillation is damped not because
the acoustic pulses move out of the probed region, since
the probing depth (2a)~! varies by a factor of 5 for Si
and more than 1000 for GaP over the tuning range of
A. We therefore attribute the damping of the oscillations
in the two-color measurements to the dephasing caused
by the broad bandwidth of the probe light [43]. We will
confirm our attribution by varying the bandwidth in our
theoretical modeling in Sect IV B.

The amplitudes Aqse of the interference patterns, by
contrast, depend significantly on A for GaP and moder-
ately for Si, as shown in Fig. 5, even though the pump
photon energy (wavelength) is kept constant. The am-
plitude for GaP is consistently larger than that for Si
regardless of A\. The dependence of the oscillation ampli-
tudes on A and on the crystal will be discussed quantita-

tively in Sect. IV.

IV. THEORETICAL MODELING
A. Generation of Strain Pulse

In this section, we present our theoretical modeling of
the generation and detection of the strain pulse. Because
the laser spot size (on the order of 10 t0100 pm) is much
larger than the penetration depth of the pump light into
the semiconductors (~100 nm), we consider only the one-
dimensional distribution of photoexcited carriers along
the depth direction. We also consider only the longitu-
dinal stress and ignore shear stress, because our experi-
ments are on exactly (001)-oriented semiconductors [23].

We first consider the generation of the strain pulse by
the deformation potential and the thermoelastic effect,
both of which can contribute to the acoustic phonon gen-
eration in Si and GaP. The stress Ao induced by the laser
pulse is expressed by the sum of the electronic and ther-
mal stresses [22]:

Ao(z ) = — 68—%N(z,t)—3BBAT(z,t), @)

where B is the bulk modulous, F,, the band gap, p,
the pressure, and 3, the linear thermal expansion coef-
ficient. N(z,t) and AT(z,t) are the photoexcited car-
rier density and the temperature rise that are depen-
dent on the distance from surface z and time ¢. The
ratio between the electronic and thermal stresses at
pump photon energy Ep, [22] is approximately given by
(OE,;/0p)C/[3B(Epy — Ey)] ~25 and 14 for GaP and Si,
with the parameters listed in Table I. We can therefore
reasonably neglect the contribution of the thermal stress
and consider only the electronic stress via deformation
potential coupling with photoexcited carriers in the fol-
lowing calculations.

The elasticity equation that governs the time- and
distance-dependences of the stress o is given by:

D*u(z,t)  do(z,1)
oz 0z 3)

with p and u(z,t) being the mass density and the lattice
displacement. The stress consists of an elastic component
that is proportional to the strain 7 = du/dz and a carrier
density-dependent component [44]:

o(z,t) = pUQ%

Here a., = —B(0E,/Jp) denotes the relative deforma-
tion potential coupling constant, defined by the differ-
ence between the coupling constants a. and a, of the
conduction and valence bands.

Because the pump pulse is ultrashort (10 to 150 fs)
in comparison with the time scale of acoustic phonon
propagation, we assume the photoexcitation of carriers

+ acyN(z,1). (4)



to be instantaneous. We approximate the photoexcited
carrier density by:

F
N(z,t) = 0(t)apu(l — Rpy) ——e™ 4 (5)
hwpu
with apy, Rpu, hwpy and F being the absorption coeffi-
cient, the reflectivity, the photon energy and the fluence
for the pump light. 6 denotes the step function:

e(t)_{o for t<0 (6)

1 for t>0

The initial carrier distribution can be modified by diffu-
sion on the picosecond time scale. For GaAs, the effect of
the ultrafast carrier diffusion on the strain pulse shape is
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t J—
u(z,t) 202,07
SO —apu(z+ut) (L apuvt 2
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FIG. 6. (Color Online.) Depth profile of the elastic strain
calculated with eq. (7) at different times ¢ after photoexcita-

tion with 3.1-eV optical pulse. The plots are generic for both
GaP and Si.

where Sy = a2,aco(1 — Rpu) F/(phwpy). The time evolu-
tion of the calculated strain pulses are shown in Fig. 6. In
this analysis we do not account for decay process of the
strain pulse due to e.g. scattering by photoexcited car-
riers/phonons and higher-order dispersion of the sound

velocity.

We note that, like in InGaN/GaN quantum wells [17]
and (111)-oriented GaAs [26], the polar nature of GaP
can in principle lead to the acoustic phonon generation
through the inverse piezoelectric effect. The piezoelectric
coefficient in the [100] direction is expected to be much
smaller than that of the [111] direction, however [49]. We
therefore disregard the inverse piezoelectric effect as a
significant contribution to the generation of the coherent

significant [22], because of the relatively large ambipolar
diffusion coefficient, Dy = (nDe + pre Dr) /(e + pn) =
12—20 cm?s™! [45-47] and of the steep initial distribution
of carriers in the depth direction arising from the small
optical penetration depth (a,, =14 nm) of the 3.1-eV
pump light. By contrast, we expect a smaller diffusion
coefficient, Dy, = 5—10 cm?s ™! for both GaP [33] and Si
[48] in the present excitation conditions. Moreover, the
initial carrier distribution is less steep than that of GaAs
because of the larger optical penetration depth (o ~100
nm). We therefore neglect the evolution of the carrier
distribution by diffusion and its effect on the acoustic
pulse shape.

We solve the elasticity equation with the initial condi-
tions u(z,0)=0u(z,t)/0t|t=0=0 and the boundary condi-
tion of zero stress at the surface o(0,¢) = 0. This yields:

{H(Ut _ Z) (efapu(zfvt) _ eapu(zfvt)) _ efapu(er'ut) (eapuvt _ 1)2]

— (ot — 2) (om0 4 gm0

acoustic phonons in GaP.

B. Detection of Strain Pulse

Next we calculate the changes in the dielectric constant
and the reflectivity due to the photoelastic effect. We
first consider the change of complex dielectric constant e
due to the longitudinal strain pulse 7(z,t) at probe light
wavenumber k = 27\~

Ae(k, z,t) = a;—(:)n(z,t). ()

Here we ignore Ae due to the surface motion, because it
induces only a non-oscillatory change that cannot be sep-
arated from the electronic and lattice heating and cooling
following the photoexcitation [50]. The complex reflec-
tion coefficient 7 of the semiconductor in the absence of
the inhomogeneous strain is expressed by:

_ 1—m(k)

T‘O(k) - HTl(k)u

9)

where 77 is the complex refractive index. The change
in the complex reflection coefficient due to the strain is
given by [51]:

or(k,t) 2ik /Oo , 0 o
= - dz' —n(z', t)e""* 10
o -y © e (10)

with k1 = n1k being the wavevector of the probe light in
semiconductor.
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FIG. 7. (Color Online.) Theoretical reflectivity changes,

pumped at 3.1 eV and probed at different wavelength A, cal-
culated using eq. (16): for GaP (a,b) and Si (c,d). Traces are
offset for clarity.

In estimating the modulation of the dielectric constant
due to the strain, we assume that it brings about a change
in energy gap of the semiconductor and thus modulates
the dependence of the dielectric constant on the probe
photon energy E [30, 37):

e(E,n) ~e(E — awn). (11)

Since a7 is significantly smaller than F, we can approx-
imate the variation of the dielectric constant with respect
to the strain to be:

Oe Oe
o = Qv g (12)
Egs. (11) and (12) are good approximations for a direct
band gap semiconductor, for which only one (I") satellite
valley contributes to a.,. In the present study we ex-
tend the approximations to the multi-valley indirect gap
semiconductors GaP and Si, though we have no precise
knowledge on how a., depends on E, and discuss the va-
lidity and limitation of this simple approach in Sect. V B.
We then obtain the modulation of the complex reflection
coefficient:
2ikac, Oe

or(k,t) e
ro  (1-n2) dE

o0 . ’
/ dZI ,,7(2,/7 t)e2zklz .
0

(13)
The values of 0¢/OF|g=nek are calculated from the real
and imaginary parts of € in Ref. [31]. Using the expres-
sion for the strain pulse [eq. (7)] we get the complex

E=hck

reflectivity change:

or(k,t)  2ikac, Oe So
ro (1 =n0})0F | 5_j . Cput?
i1k (e2MR0 — 1) + oy (e @Puvt — 1)
X

4n2k? + afm

(14)

We can also calculate the probe wavelength-dependence
of the oscillation amplitude:

47k Oe
1—2) " oF

So 2in1k
Bene Opuv? 40TK% + a3,
(15)
If we calculate the fractional change of the reflected
light intensity AR/R ~2Re[dr/ro] using eq. (14), the ob-
tained oscillations [not shown| decay considerably slower
than their experimental counterparts. This is because
the above expressions are for monochromatic probe light,
whereas in our experiments the femtosecond probe pulses
have finite spectral bandwidths, 0.11 and 0.030—0.044
eV (half-width at half-maximum) for one- and two-color
pump-probe schemes, respectively. For such broadband
pulses, dephasing among the reflectivity oscillations at
different probe wavelengths can no longer be neglected
[43]. We therefore calculate AR/R by taking into ac-
count the intensity profile I, (k) of the broadband probe
light:

)

Aucll) |

AR(t) [ dkIL(k)|ro + r|* — [ dkI,.(k)|ro|?
R [ dkI,, (k)|ro|?
N [ dkI,.(k)2Re[r*ér]
= Tk, Bl

(16)

Fig. 7 plots the oscillatory part of AR/R for GaP and Si
pumped at 400-nm and probed at different wavelengths,
calculated with eq. (16). Here we use the relative de-
formation potential coupling constants a., correspond-
ing to the interband transitions I' — I'“ for GaP and
LY — L°¢ for Si, whose values are listed in Table II,
for both the pump and probe interactions. The calcu-
lations reproduce the damping and the frequency of the
experimental reflectivity oscillations for both GaP and
Si in Figs. 3 and 4 quite well. We note that the net
effect of eq. (16) can be reduced to multiplying eq. (14)
by exp[—(nvAkt)?/In(2)], if n and d¢/OF vary slowly
within the full width 2Ak of the probe pulse spectrum.
This additional term makes the reflectivity oscillation be
damped out faster than the exponential damping due to
the strain packet leaving the probed region. The addi-
tional damping is faster for GaP than for Si at a given
probe spectrum, because both its n and v are smaller.
Our theoretical modeling fails to reproduce the ampli-
tude of the reflectivity oscillation for GaP, which in the
experiment [Fig. 4a] is significantly larger at A=479 nm
than at other A\. The discrepancy is also seen in the Agsc
vs F plot in Fig. 5, where the experimental amplitude of



TABLE II. Relative deformation potential coupling constant
Gcy in unit of eV for major optical transitions taken from
literature.

" =TT XTI —L° L' — L° L' — X° Ref.

St -13.02 222 452 124 28]
-0.48 1.72 [52]
GaP  -7.83 2.25 -3.07 [28]
-8.83 1.56 [52]

GaP increases much more rapidly with £ than the calcu-
lation. Because the E-dependences of other parameters
in egs. (14) and (15) are known, the discrepancy suggests
that our choice of a., needs to be reconsidered for GaP,
as we will discuss in Sect. V B.

V. DISCUSSION
A. Delayed build-up of acoustic pulse

Although our theoretical modeling is simple, it can re-
veal some basic physics behind the generation and the
detection of the coherent acoustic phonons.

Figure 8 compares the experimental and calculated
AR/R for GaP and Si pumped and probed with 3.1-eV,
10-fs pulses. We see that the extrema of the experimental
AR/R come later than the theoretically calculated ones,
by ~1.2 ps for GaP and by ~0.4 ps for Si. Our two-color
experiments with tunable visible probe light [Fig. 4] also
obtain delays with respect to the calculations [Fig. 7b,d],
by 1.4+0.2 ps for GaP and 0.3+0.2 ps for Si, that are not
systematically dependent on the probe photon energy F.
The insensitivity of the phase delay to E and its depen-
dence on the crystal confirm that it is not an aspect of
the detection process but actually arises from a pump-
induced dynamics. We therefore consider the observed
phase delay to be caused by the delayed build-up of the
strain pulse in both GaP and Si.

There are several possible origins for the build-up time
for the strain pulse on the picosecond time scale, includ-
ing i) thermoelastic effect, ii) inverse piezoelectric effect,
and iii) intervalley carrier scattering. As we have already
discussed in Sect. IV A, the thermoelastic effect in the
acoustic pulse generation in GaP and Si is an order of
magnitude smaller than the deformation potential cou-
pling. Moreover, the creation of acoustic phonons via
thermoelastic effect takes longer; the acoustic phonon
temperature rises in <10 ps after photoexcitation in the
L valley of Si [53] and presumably on a similar time scale
for GaP [54]. The inverse piezoelectric effect [4, 17] for
GaP, by contrast, would be significantly faster than the
experimentally observed phase delay, since the screening
of the pre-existing field takes ~0.1 ps [33]; moreover, the
mechanism does not exist in the centrosymmetric Si. We
therefore neglect the thermoelastic and inverse piezoelec-
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AR/R (x10°°)

exp.
_\ (a) GaP

0 10 20

calc.
2 /\/\/\r
-2 -

AR/R (x10°°)

0 10 20
time delay (ps)

FIG. 8. (Color Online.) Experimental and calculated reflec-
tivity changes for GaP (a) and Si (b) pumped and probed
with 10-fs pulses at 3.1 eV. Pump densities are 30 and 90
uJ/cm? for GaP and Si. The calculated reflectivity traces are
scaled to the experimental ones and offset for clarity. Vertical
lines show the positions for the oscillation maxima.

tric effects as the possible origins of the experimentally
observed phase delay.

In our theoretical modeling we have assumed that the
lattice deforms instantaneously by coupling with pho-
toexcited carriers through a uniquely defined deforma-
tion potential coupling constant ae, [eq. (7)]. This is a
reasonable approximation in direct band gap semicon-
ductors, in which electrons photoexcited in the I' valley
mostly remain there until they recombine with holes. In
indirect gap semiconductors, however, the situation is
more complicated because most of the photoexcited elec-
trons undergo intervalley scattering and populate differ-
ent satellite valleys at different times. For Si, previous
studies [55, 56] revealed that the electrons excited at the
L valley are scattered into the X valley, as illustrated in
Fig. 2b, with a time constant of 0.2—0.5 ps. For GaP, the
electrons excited at the I' valley are scattered almost in-
stantaneously (<0.1 ps) into the lower X; and L satellite
valleys [57-59], as illustrated in Fig. 2a. The electrons
have additional, slower relaxation processes with time
constants of ~0.7 and 4 ps, which the previous studies
attributed to the intervalley scattering from I' into the
upper X3 valley and the relaxation from the X3 to the
X1 [58, 59]. These longer time scale processes might also
have contributions from the L to X intervalley scatter-
ing. In both semiconductors, the build-up times of the
strain observed in the present study (0.4 and 1.2 ps for
Si and GaP) falls within the time scale of the popula-
tion build-up at the conduction band minima (CBM) in



the X valleys. The agreement suggests that the strain
generation is contributed significantly by coupling with
electrons at the CBM, possibly because of their long de-
cay times compared with the time scale of lattice de-
formation. To fully discuss the ultrafast dynamics of the
strain build up, however, we need to develop a theoretical
model that takes into account the valley-dependent de-
formation potential coupling, which is beyond the scope
of the present study.

B. Deformation potentials in acoustic pulse
generation and detection

The amplitudes of the experimental reflectivity oscil-
lations are consistently larger for GaP than for Si, with
the ratio AS2P /ASi =4.9 for the one-color pump-probe
measurements at 3.1 eV after we normalize the signals
to account for the differences in pump intensity. From
this value we can estimate the ratio of the deformation
potential couplings of the two semiconductors by using
eq. (15), which includes a., explicitly for the detection
as well as through Sy for the generation of the acoustic
pulse. By assuming the same value of a., for the genera-
tion and the detection for the one-color experiments, we
obtain [aGa /aSl| ~2.4.

The obtained ratio can be compared with theoretical
predictions [28, 52]. For GaP and Si, the 3.1-eV pump
light causes the I'V — I'® and LY — L€ interband transi-
tions, respectively, as illustrated by the vertical arrows in
Fig. 2. The ratio of a, corresponding to these transitions
is |aS?F /aSi|=1.7, which agree reasonably with the ex-
perimental estimation, 2.4. In the both semiconductors,
the electrons are scattered to the X (and L) valleys, as
shown with broken arrows in Fig. 2. The ratio between
the indirect transitions, I'V — X ¢ for GaP and LY — X¢
for Si, [aS2F /adi|=1.8, is still in reasonable agreement
with the experiment. We note that the theoretical ra-
tio is far from the experimental one if we consider the
transitions at the I' valley of Si: |aS2F /a5!|=0.6 (18) for

cv

' — I'“ and 1.0 (0.9) for TV — X “according to Ref. [2§]
(152)).

Our theoretical modeling reproduces well the experi-
mentally observed variation of the Ays. as a function
for Si over the whole range of E in Fig. 5. For GaP, by
contrast, the calculation reproduces the experiment only
for £ <2.3 eV, if we scale the theoretical and experimen-
tal amplitudes of GaP at the lowest E. Above 2.3 €V,
the experimental amplitude increases more rapidly with
FE than the theoretical expectation, and is three times
larger than the theoretical one at F =2.6 eV, as shown
in Fig. 5.

The discrepancy can be attributed to our neglect of
the E-dependence of a., in eq. (11), which is reasonable
for direct semiconductors but not appropriate for indirect
gap semiconductors, especially when FE is varied around
the band gap energy. For Si we expect a., to be nearly
independent of E in the range of 2.0—2.6 eV, which is

far from both indirect and direct band gap energies. For
GaP, by contrast, the range of E for the two-color mea-
surements includes the indirect gap energy F;=2.26 eV
and close to the direct gap energy Eg;- =2.78 eV at room
temperature [60-63]. We therefore expect multiple op-
tical transitions to be involved in the detection in this
energy range, with their relative contributions depend-
ing on F, which leads to significant E-dependence of a,,.
The experimentally observed E-dependence can be semi-
quantitatively explained if we consider the contribution
of the indirect (I' — X°€) and the direct (I' — I'°) tran-
sitions to dominate the detection below and above Ej.
|acy| of the latter is 3.5 times larger than the former,
which is in good agreement with the three times discrep-
ancy between the experiment and theory at the highest
E. To obtain the precise E-dependence of a,, however,
is beyond the scope of the present study.

VI. CONCLUSION

We have studied the picosecond dynamics of coherent
acoustic phonons generated at the (001)-oriented GaP
and Si surfaces in pump-probe reflectivity scheme. The
generation of a normal strain pulse has been theoreti-
cally modeled in terms of the deformation potential cou-
pling, and its detection in terms of the photoelastic effect.
Comparison between the experiment and the theory has
revealed that the oscillation damping occurs through de-
phasing between different frequency components of the
probe light before the acoustic pulse moves out of the
optical probing depth. The deformation potential cou-
plings in GaP has been estimated to be twice as strong
as in Si based on the experimental amplitudes of the
reflectivity oscillations. The shift in the dielectric con-
stant under stain is nearly independent of photon en-
ergy for Si, whereas its energy-dependence cannot be
ignored for GaP, when the photon energy is swept be-
tween 2.0 and 2.6 eV. The strain pulse builds-up over
finite time for both GaP and Si that is comparable with
the time constant of intervalley scattering into the con-
duction band minimum in each semiconductor. Our
study thus demonstrates the general applicability of co-
herent acoustic phonon spectroscopy to polar and non-
polar semiconductors via interband excitation without
the recourse to additional phonon transduction struc-
tures. This makes our method broadly applicable to ul-
trafast opto-acoustical measurements of fundamental and
practical nature.
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