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A highly sensitive photodeflection spectroscopy technique with femtosecond time resolution has been developed.

Using this technique, we have measured accurately the shape of acoustic pulses, which were generated from the ultrafast

phonon emission in a germanium plate. Supersonic expansion of photoexcited electron-hole plasma was observed. The

characteristic velocity of plasma diffusion was evaluated. It exceeded the longitudinal sound velocity in germanium by

a factor of 4.0.

Keywords: ultrashort acoustic pulse, femtosecond laser pulse, photodeflection technique

PACC: 7847, 4280W, 4335, 6860, 6320

1. Introduction

Generation and application of ultrashort acous-
tic pulses have played a very important role in in-line
monitoring of semiconductor processing and in the op-
timization of materials for ultrafast electronic switches
and devices. With the development of ultrafast laser
technology, short laser pulses are now available for the
excitation of ultrashort acoustic pulses in condensed
matter. With time-resolved picosecond or femtosec-
ond optical pump and probe methods,'~%! acoustic
or optical phonons have been detected through pho-
toelastic or electro-optic effects, respectively. In 1988
Rothenbergl® observed the picosecond thermal ex-
pansion of an absorbing surface after a short heat-
ing pulse. The measurement was performed on Si by
adopting the method of photothermal deflection to a
pump-probe technique using 1 ps laser pulses. In their
measurement, the spatial inhomogeneity of the laser-
generated elastic strain along the irradiated surface in-
duced gradients in the phase of the probe laser beam,
and then caused its deflection. But this work presum-
ably contained an error in sign, because ample justifi-
cation was given for this in the work of Wright and Gu-
sev in 1995.16] They observed the volume contraction

in bulk silicon crystals on excitation with femtosecond

visible optical pulses. The surface deformation and
the generated acoustic strain were detected by mea-
suring the reflectivity changes of probe beam. They
suspected that a sign error or sample contamination
might be responsible for the opposite polarity of the
signals reported in Ref.[5]. Wright and Kawashimal”]
in their work used an optical technique and observed
directly the ultrafast vibrations of the surface of thin
opaque films in the 0.1THz range in the time domain.
Motivated by the success of photothermal deflection
measurements of transient thermal expansion and sur-
face waves in the MHz to GHz range,®! they extended
such measurements up to ~0.2THz with polycrys-
talline films of the group-VI transition metals, molyb-

denum and chromium.

The pump beam induced change in the optical
characteristics of the sample can cause a deflection
signal from the photoexcited area without any surface
motion. Such an optical contribution to the deflection
signal, or an optical deflection signal, was observed
by probing the photoexcited surface,® and it is de-
termined by the transverse gradient in the phase of
the pump beam induced reflectivity. In Ref.[8] laser
picosecond acoustic measurements were carried out

for the amorphous sputtered thin films of a-Ge and

*Project supported by the State Key Basic Research Special Foundation of China (Grant No TG1999075209), the National Natural
Science Foundation of China ( Grant Nos 90206003, 60378012, 10328407 and 90101027). The project was also supported by
the Scientific Research Foundation for Returned Overseas Chinese Scholars, Ministry of Education, China.

tTo Whom the correspondence should be addressed. E-mail: ghgong@pku.edu.cn

http://www.iop.org/journals/cp



No.1

Femtosecond photodeflection spectroscopy ... 213

a-InSb on sapphire substrates using the pump—probe
technique. They extended this technique to a geom-
etry in which the pump beam was incident on the
substrate side of a thin film deposited on a transpar-
ent substrate. This allowed background signals from
non-acoustic sources to be greatly reduced. The res-
olution of measurement of small change in reflectance
was §R/R ~ 10~ "rms. Back surface probing enables
us to measure a pure sound-induced deflection sig-
nal, or an acoustical deflection signal. So the time-
resolved pump—probe deflection technique (pump and
probe beams are incident at the opposite surfaces of a
sample) is a necessary method to study the shape and
other important parameters of ultrafast photoexcited
acoustic pulses. In previous work® we developed a
picosecond deflection technique and observed coher-
ent sub-nanosecond acoustic pulses in a germanium
single crystal. The picosecond system was based on
the lock-in amplification technique with double mod-
ulation at high (fo=6.2MHz) and low (f;=800Hz) fre-
quencies (the photodetection system operated at the
fixed frequency f). Using femtosecond laser pulses,
almost all of the reported experiments concerning gen-
eration and detection of ultrafast acoustic pulses were
based on measurements of the reflection or transmis-
sion changes of the probe beams affected by the pres-

ence of the strain wave.[10]

In this paper we present a femtosecond photode-
flection technique with high sensitivity, which com-
bines the advantages of precise cw photodetection and
femtosecond time resolution. The femtosecond deflec-
tion system is quite simple in comparison with our pre-
vious picosecond system and with much higher time
resolution (probably 10% times). There has been no
report of such experiments, which directly measured
the shape of ultrafast acoustic pulses using a deflec-
tion technique with femtosecond time resolution when
pump and probe beams are incident on the opposite
surfaces of a sample. The shape of acoustic pulses
was obtained in a thin Ge plate with femtosecond
laser pump and probe beams at 830nm wavelength.
The travelling of ultrafast acoustic pulse within the
sample enables us to measure accurately the sample
thickness. Moreover, the interaction of charge carri-
ers with acoustic waves is a classical problem of solid-
state physics. An interesting aspect of this problem
concerns the regimes where the directional motion of
carriers is transonic or supersonic.['!] Recently Wright
and his collaborators!’?! investigated the generation

and detection of picosecond acoustic-phonon pulses in

a thin slab of GaAs using ultrashort optical pulses.
They compared the optical phase variation with a sim-
ple theory for ambipolar diffusion and reached a con-
clusion that carrier diffusion has a significant effect
on the shape of the phonon pulses generated. The
phonon pulse duration was measured to be ~25ps,
four times longer than that expected from optical-
absorption considerations alone, indicating that hot
carriers penetrate more than 100nm into the sample
during the phonon pulse generation process. In our
femtosecond optoacoustic experiment the characteris-
tic velocity of the plasma diffusion evaluated from this
experiment exceeded the longitudinal sound velocity
by a factor of 4.0, which confirmed the supersonic dif-
fusion of carriers. In our picosecond measurement!®
the characteristic velocity of plasma diffusion exceeded
the longitudinal sound velocity by a factor of 1.5.
Our photodeflection technique may have interest-
ing application in acoustic microscopy. Using ultra-
short acoustic pulses, it is possible to achieve much
higher spatial resolution than it was in the case of

traditional nanosecond optoacoustics.!*3!
2.Experiment

Our femtosecond optoacoustic experiment was
based on a conventional pump and probe setup us-
ing a Ti:sapphire laser system (Mira 900F, Coherent,
USA) pumped by Verdi-10 (Coherent, USA) at 10W.
The laser wavelength was centred at 830nm. The rep-
etition rate of laser pulses is 7T6MHz and the pulse
width is 120fs, with an average power of about 1.5W.
The laser beam was split into a probe beam and a
pump beam (Fig.1). The average power of pump
beam was about 230mW, and that of probe beam was
about 80mW. The pump beam passed through a de-
lay line and was modulated by a mechanical chopper
at 1200Hz and focused onto the front surface of the
Ge plate to generate an acoustic pulse by a lens with
a focal length of 10cm, while the probe beam was fo-
cused by a lens with a focal length of 6cm onto the
rear surface of the sample. The diameters of the pump
and probe beams were 100um and 30um, respectively.
The acoustic pulse was photoexcited near the front
surface of the sample and shortly afterwards the pulse
arrived at the rear surface to cause a displacement
and curvature of the surface. Reflected from the rear
surface, the probe beam was deflected by an angle
460, which was then transformed by a lens collimating
the probe beam into its transverse displacement. The

latter was measured with a position-sensitive detector
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(PSD). Finally, the signal from PSD was transmit-
ted to a lock-in amplifier (SR830, Stanford Research,
USA), which was connected to a personal computer.
To separate the optical and the acoustical deflection
signals, we use the fact that a photogenerated acous-
tical disturbance will go away from the photoexcited
volume with sound velocity. To avoid the optical con-
tribution of pump beams to the deflection signal, it is
necessary that the penetration depth of the photoexci-
tation should be less than the thickness of the sample.
In our case an optically polished plate of undoped Ge
with a thickness of ~100um was used as the sample.
The plate was oriented along [111] and had the form
of a wedge with an angle 3°. The depth of photoexci-
tation was only about 0.25pm (interband absorption
index a = 4x10%cm ™! at wavelength 830nm). In our
previous experiments with plane-parallel plates of Ge,
the deflection signal had quite a complicated shape
owing to the multiple reflections of the acoustical pulse
at the front and back sample surfaces. To avoid such
interference effects, in this work we used the samples

in the form of a wedge.
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Fig.1. Schematic diagram of the experimental setup.

However, an optical contribution to the deflection
signal from the back surface in general is possible via
the photoelastic effect because the stress pulse can also
induce a transverse gradient in the phase of the reflec-
tivity. While, under our experimental conditions the
photoelastic contribution to the deflection signals is
negligible. This follows from our test experiments in
which the acoustically induced reflection signal from
the rear surface was not observed.

In the pump-probe deflection measurement the
deflection signal is a relative change of the PSD pho-
tocurrent 3/, which is proportional to the surface dis-
placement du. The minimal detectable PSD signal de-
pends on intensity and pointing stability of the probe,

PSD noise,['4 etc. The ultimate sensitivity of di/1 is
determined by the noise of the PSD photocurrent. We
have achieved this noise-limited sensitivity with a sta-
ble and intense femtosecond laser by using a lock-in

detection technique and obtained di/i =~ 1 x 1076,

3. Results and discussion

In this section we discuss the experimental results
and simulations of the acoustic pulse photoexcited in
Ge. In most of the optoacoustic experiments,!—4
sound wave was generated in metals or semiconduc-
tors by photoexcited thermal expansion of the sam-
ple. Besides the thermal mechanism, there exist non-
thermal mechanisms of sound photoexcitation in semi-
conductors. In non-piezoelectric semiconductors the
primary way of influence of the photoexcited free car-
riers on the lattice is via electron—phonon coupling,
which can be characterized by deformation potential.
For the typical material Ge or Si, the acoustic wave
excited via the electronic mechanism is larger than
via the thermal mechanism. The pump laser pulse
absorbed in a semiconductor generates a temperature
and also free carriers moving in the space and time.
We describe both thermal T'(z,t) and carrier density
N(z,t) plane waves using one-dimensional approxima-
tion. The pump photon with energy hAwy, creates a free
electron-hole pair and its excess energy (1 — Eg/hwr,)
transfers to the lattice immediately at a time resolu-
tion of ~0.1 ns. We can find T'(z,t) and N(z,t) from

the diffusion equations:[*3]

2 _ —
86_{ _ Xg% - Eg/th)(l R)If(gaexp( az)’
(1)
ON  _9°N  (1— R)If(t)aexp(—az) 9
E n 022 th ’ ( )

where x and D are the thermal and ambipolar diffu-
sivity respectively; R is the reflectivity of the pump
pulse with peak intensity I and envelope f(t); a the
interband absorption index at wr,; C the specific heat
and E, the band gap. In Egs.(1) and (2) we neglect
the carrier recombination due to the fact that for our
case of Ge, there exists no bimolecular recombination
and in the time scale of interest (~1ns) linear volume
recombination can be neglected. In our case at the
photoinduced free carrier density (~10¥cm=2) and
temperature increase (<1K), the linear model is jus-
tified and thus Auger recombination is insignificant in
the time scalel’®19 and other parameters D, a, etc

are assumed to be constants.
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The electronic mechanism of sound photoexcita-
tion should dominate over the thermal mechanism in
Ge.[13] Tt is noted that this is true in the case of other

semiconductors for photoexcitation by an ultrashort

(1 - R)d MwD wpn

Ue(w) =

laser pulse.l®13] In the case of sound excitation via

the electronic mechanism the spectrum of displace-

ment is*3!

! If(w), 3)

" hwrpc?

where wp = c2/D is the characteristic frequency at
which the wavevectors of acoustical and carrier den-
sity waves are equal, M = aD/c, is the ratio of the
sound transit time to the time of free carrier diffusion
through the pump absorption region, and w, = S?/D
is the characteristic frequency at which the velocity
of the carrier density wave and the surface recom-
bination rate are equal. Here we review the effects
of sound propagation on the shape of photoexcited
acoustic pulse. The Gaussian distribution of the pump
beam intensity at the photoexcited surface (2=0) with
radius a induces a corresponding distribution of me-
chanical displacement u(r) = u(0)exp(—r?/a?). For
an acoustic signal with initial spectrum 4 (w, r, 0) prop-
agating in an isotropic medium, we have the spectrum

at the distance z in the quasioptical approximation

. i(w,r,0) r?
= — - 4
w(w,r, 2) 1_|_iz/zdexp{ a2(1+iz/zd)}’ (4)
where zq4 = wa? /2¢s is the characteristic diffraction

length for each spectral component of the signal.

We can calculate the model pulses by taking
into consideration the propagation effects (absorption
and diffraction) from the spectrum of displacement
[Eq.(3)] using inverse Fourier transformation.

Although the interference effects are suppressed
by increasing the wedge angle, the acoustical pulse
measured by the deflection method will be broadened
for some wedge angles. This broadening appears be-
cause the acoustic pulses arrive at the probe spot
in different time. The wedge angle v =~ 3° corre-
sponds to the broadening which can be estimated as
vdy, [cs ~280ps, where dj, is the diameter of the probe
beam and ¢ is the sound velocity in Ge. To make
it clear, we did the following simulation. We calcu-
lated three acoustic pulses using Eq.(3) with different
moment appearance at the rear surface over the probe
spot. Then we took the average of the three curves and
compared it with the initial one. In Fig.2 the dotted
line shows the average profile (with the wedge effect),
the other three solid lines show the acoustic pulses
which appear at the moment t = —tg, t=0, t = tq,
respectively (tp=80ps). Actually, such research was

wp +iw |w? + M2wd

+ : -

(V—-iw + /ws) (M \/wp + vV —iw)
performed for the Ph.D. thesis of Pan.l!7! It is shown
that this effect does not have any significant influence
on the shape of the acoustic pulse. Therefore, ignor-
ing the wedge effect does not affect the calculation and

the fitting procedure.
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Fig.2. The influence of the wedge effect on the shape

of the acoustic pulse.

The typical shape of simulated deflection signal
is shown in Fig.3 (dotted line). The risetime of the
acoustic pulse is estimated to be 230ps and the full
width of the acoustic pulse at 1/e-maximum is about
480ps. For fitting the finite duration of both the pump
and the probe laser pulses has been taken into ac-
count. The following parameters were selected for the
theoretical calculation:[!3:18] D=55cm? /s, z=110pum.
The theoretical shape of deflection signal is also shown
in Fig.3 (solid line). The fitting of theoretical calcu-
lation to the experimental results leads to the con-
clusion that the dominant mechanism of photoexci-
tation acoustic pulses is electronic mechanism. The
fitting ambipolar diffusivity D ~55+10cm? /s is con-
sistent with known data D=65cm? /s for Ge.[13] We
found that the sound absorption index is propor-
tional to the square of the frequency ag ~Bf2, where
B~3.5cm~!-GHz 2.

is in good agreement with the known data for Ge.

And the estimated attenuation
(18]
It has been discussed in our previous picosecond op-
toacoustic experiment!®] that absorption attenuates
the high-frequency components, while diffraction sup-

presses the low-frequency ones. More details can be

found in Ref.[17].
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10k the moving front arrives at the rear surface earlier
than that directly generated near the photoexcited

w 08F surface. Parameter D=55cm?/s corresponds to a
'g sl Mach number M = Vp/cs = 4.0, where Vp = aD is
&8 the diffusional velocity of photoexcited electron-hole
,% 0.4l plasma.® From the analysis we also found that the
B parameter D determines the risetime of the acoustic
? 02 ; . :ﬁgg’r;ment pulses. In Fig.3 the dashed line shows the model pulse
0.0 [ .+" ----simulation (M=1) front in the case of sonic diffusion (M=1). In our ex-
L periments the photoexcited electron-hole plasma dif-

1 1 2 1 L 1 n
-04 -02 00 0.2 0.4 0.6
Displacement /arb. units

Fig.3. Deflection signal of acoustic pulse (propagation
length 2=110pum) and theoretical calculation.

Parameter D is the coefficient of ambipolar dif-
fusion. In our experiments it is determined by the
diffusion coefficients for electron (D.) and hole (Dy,)
in undoped crystalline Ge:

DDy,
D.+ Dy ®)

The characteristic diffusion depth (v/D7, ~2.4pm)
of the electrons within the phonon generation time
(Ta ~1ns) when D=55cm?/s.

One progress of the femtosecond deflection ex-

D =

periments is that we can use the quasioptical ap-
proximation to explain the observed acoustic pulses.
In picosecond experiments!®! the observed pulse at
z=110pm had a bipolar shape with a short negative
phase of high amplitude. Therefore, for short propa-
gation lengths only the shape of the front can be well
We associate this differ-

ence with an appreciable contribution of low frequen-

reproduced by the model.

cies to the observed pulse shapes at ~100um that was
not properly taken into account in the quasioptical
approximation. The criterion for use of the quasiop-
tical approximation is A/d <« 1, where d is the di-
ameter of the acoustic wave and ) is the wavelength.
We have A/d =~ 1.27mm this case, while it was about
1.27mm our previous picosecond experiment. In ad-
dition, we can estimate the magnitude of the surface
displacement p =~3pm when the typical peak-to-peak
photocurrent change is §i/i ~1.5x1075, whereas y is
estimated to be 10pm from Eq.(3).

In the case of instantaneous photoexcitation of
the sample, whose thickness exceeds the light absorp-
tion depth of exciting laser pulse, the time of the
acoustic pulse arrival at the rear surface of the crys-
tal depends on the plasma front velocity.[! If the lat-

ter is supersonic, the acoustic pulse associated with

fused with supersonic velocities Vp. Moreover, a se-
ries of acoustic signals with different powers of pump
beams were experimentally investigated. The ampli-
tude of acoustic signals was proven to depend linearly
on the power of pump beams. This is in agreement
with Eq.(3).

Our technique provides a highly precise method to
measure the thickness of very thin film or the thick-
ness difference of samples. In Fig.4 the two acous-
tic pulses were obtained with the propagation length
2z=114.5 and 114 pym. The acoustic pulse arrived at
the rear surface at different moments when the thick-
ness of sample changed. The corresponding difference
of delay time AT = Az/c,= 0.089ns, and the exper-
imental difference of delay time is 0.095ns. The esti-
mated value is in good agreement with the experimen-
tal result. Scanning the surface of the sample, we can
By this

highly precise technique we can perform a contactless

detect such a small difference of thickness.

measurement of the sample thickness with small spa-
tial resolution, or even smaller when a shorter laser

pulse is applied.

7.0x10~%
6.0x10~5F
5.0x1073f
4.0x1075}
3.0x107%}
2.0x103f
1.0x103}

0.0

-1.0x10~5 . . . . . . .
-0.2 00 0.2 04 06 08 10 1.2 1.4

——2z=114.5pum

Signal/V

Delay time/ns

Fig.4. Precise measurement of the thickness of sample.

4. Conclusion

In summary, we have presented the experimental

results concerning the photodeflection measurement
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on the shape of ultrafast acoustic pulses with fem-
tosecond time resolution. The generation of acous-
tic pulses by using femtosecond laser was explained
with a theory of the excitation and relaxation of low-

density electron—hole plasma. Supersonic expansion

of photoexcited electron—hole plasma was observed.
The characteristic velocity of plasma diffusion evalu-
ated from the experiments exceeded the longitudinal

sound velocity in germanium by a factor of 4.0.
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