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Ultrafast carrier diffusion in gallium arsenide probed with picosecond acoustic pulses
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We describe an experimental investigation of the generation and detection of picosecond acoustic-phonon
pulses in a thin slab of GaAs using ultrashort optical pulses. Comparison of the optical phase variation with a
simple theory for ambipolar diffusion indicates that carrier diffusion has a significant effect on the shape of the
phonon pulses generated. The phonon pulse duration is measured to be;25 ps, four times longer than that
expected from optical-absorption considerations alone, indicating that hot carriers penetrate more than 100 nm
into the sample during the phonon pulse generation process.
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Ultrafast carrier diffusion in semiconductors has been
studied by a variety of experimental techniques. Ultrashort
pulse optical pump and probe methods based on the mea-
surement of optical reflectivity, electro-optic sampling or lu-
minescence, including near-field methods, have been applied
to the measurement of diffusion of hot carriers in bulk semi-
conductors and quantum nanostructures in the lateral or
through-thickness directions.1–4 The detection principle in
this case involves the coupling of the carriers to the electric
field of the optical wave. Optical pump and probe methods
can also exploit the coupling of the carriers to strain, and can
be used to monitor carrier diffusion from the shape of the
acoustic-phonon pulses generated, a technique that involves
the pulse-echo methods of laser picosecond acoustics.5,6 The
penetration of hot carriers perpendicular to metal surfaces
when excited with an ultrashort optical pulse has been shown
to broaden the phonon pulses generated.7 Laser acoustics
studies with nanosecond or sub-nanosecond temporal resolu-
tion in crystalline Ge and CdxS12xSe have demonstrated that
carrier diffusion similarly affects acoustic generation in
semiconductors.8,9 However, there have been no studies of
the effect of carrier diffusion on acoustic generation in semi-
conductors with picosecond time resolution. This is unfortu-
nate in view of the pressing need for such studies to support
industrial development in quantitative nondestructive evalu-
ation of integrated circuits or semiconductor nanostructures.
There are also possible applications in the field of GHz-THz
acousto-optic modulation in ultrahigh speed semiconductor
devices. Moreover, probing carrier diffusion on ultrashort
timescales from acoustic measurements provides an interest-
ing perspective on the time- and space-dependent nonequi-
librium carrier distribution, because it allows depth profiling
of the carrier penetration into the bulk.7 Despite this funda-
mental and practical interest previous laser picosecond
acoustics experiments with semiconductor thin films in-
volved complex GaAs multilayer geometries, and were not
designed for the investigation of carrier diffusion.10–13

There are several challenging experimental problems re-
lated to such studies of carrier diffusion in crystalline semi-
conductors on picosecond timescales. First one must over-

come the dual requirement for a sample of micron order or
less in thickness~to avoid significant acoustic propagation
distortion! and for an acoustically mismatched substrate~to
allow significant echo amplitudes to be obtained!. Molecular-
beam epitaxy or related techniques for crystalline GaAs film
growth, for example, are not ideal for this purpose because
the lattice-matched substrate will invariably have a very
similar acoustic impedance. Another problem is connected
with the signal analysis of the acoustic echoes. The optical
reflectivity changes resulting from the detection of acoustic-
strain pulses in an opaque material depend on the photoelas-
tic effect, and because the optical penetration into the sample
is usually of the same order or greater than the acoustic
wavelength ~typically a few tens of nanometers! these
changes are related to the acoustic strain in a complex way. It
is therefore difficult, in general, to resolve the strain pulse
shape by monitoring only the optical reflectivity signal in
laser picosecond acoustics.

In this study we have prepared a thin slab ofn-doped
GaAs bonded to an acoustically mismatched substrate to
overcome the first set of problems. In addition, by using a
two-color pump and probe technique combined with an in-
terferometric dual-signal detection scheme in which both the
optical reflectance and phase changes are monitored, we
have succeeded in probing in a crystalline semiconductor
sample the effect of hot carrier diffusion on the acoustic-
strain pulse shape generated by sub-picosecond laser pulses.
The results suggest that the frequency of the generated
acoustic pulses can be controlled by varying the doping con-
centration.

We use the photon excitation energyE53.3 eV ~wave-
length 375 nm! in order to localize the optical absorption to
within ;10 nm of the surface. Frequency doubled optical
pump pulses of duration;200 fs and average beam power
3–6 mW are derived from a mode-locked Ti:sapphire laser
with an 82-MHz repetition rate. These excite phonon pulses
in a 2.6 mm slab of ~100! n-doped GaAs~Si doped to 1.3
31018cm3!. To make the sample a piece of a GaAs wafer
was attached by a 0.75mm layer of ultraviolet-cured adhe-
sive to a glass substrate and then mechanically polished. De-
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layed infrared probe optical pulses of photon energy 1.65 eV
~wavelengthl5750 nm! of similar optical pulse duration de-
rived from the same laser are used to detect transient changes
in reflectance and phase in a Mach-Zehnder interferometer
arrangement shown in Fig. 1.13 Both pump and probe beams
were focused to the same;35 mm diameter spot at;10°
incidence. We monitorr5dR/2R and optical phasedf,
whereR is the reflectivity. The phase changedf is obtained
using the difference between the signals from the
photodiodes.13 The relative amplitude changer and phase
changedf are related to the complex reflectancer by dr /r
5r1 idf.13,14

Two acoustic echoes can be seen in the data forr anddf
in Fig. 1, for an incident pump fluenceF;0.016 m J cm22.
These echoes are superimposed on a slow background varia-
tion caused by thermal diffusion. The difference between the
first and second echo amplitudes is consistent with the acous-
tic reflection coefficientr ac'20.6 at the GaAs-adhesive
boundary~as expected from estimates based on literature val-
ues of acoustic impedances!. The echo shapes were indepen-
dent of fluenceF over the range 0.008–0.016 m J cm22 stud-
ied. The oscillations, at frequency 2nn/l'47 GHz ~n the
probe refractive index andv the longitudinal sound velocity!
arise because of the photoelastic effect.5 The echo duration is
;2z0 /v'250 ps, wherez0'600 nm is the probe optical-

absorption depth. The phase changedf(t) also includes a
contribution equal to24pdz/l, wheredz;1 pm is the out-
ward displacement of the free surface.6,13,14This contribution
corresponds to the raised portion in the center of the echoes
in df, indicating that the phonon pulse duration is;20–40
ps ~with a frequency;15 GHz!. In contrast, the variation
r(t), independent of the surface displacement, is not sensi-
tive to the exact duration of the strain pulse. Although the
echo duration is broadened by the probe optical penetration,
this turns out to be an advantage in the signal analysis be-
cause it allows a clear separation of the effects of the photo-
elastic effect and the transient surface displacement.

Strain generation depends on the optical excitation of
electron-hole (e-h) pairs, a plasma of densityN with excess
energyE-Eg ~Eg51.43 eV is the lowest direct band gap at
room temperature!. While diffusing these hot carriers relax
within a few picoseconds to the region of the conduction-
band edge~the G point!, releasing this excess as thermal
energy. Subsequent evolution depends on the delayed heating
through bulk and surface recombination and on further car-
rier and thermal diffusion. At low plasma densities
~;1018cm23 here! and for timescales;10 ps over which the
acoustic-phonon pulse generation occurs,15

]N

]t
5D

]2N

]z2 1
~12R0!

zC
I f ~ t !exp~2z/z!, ~1!

where, at the surface,D]N/]z5SN. HereD is the ambipo-
lar diffusion coefficient,C the volume specific heat,R0 the
pump reflectivity,S the surface recombination velocity, and
I f (t) the intensity variation of the optical pulse@f (t) is nor-
malized#. At the low fluences used, the dependence of con-
stants~such asD or z! on N or temperatureT can be ne-
glected. In GaAs the surface recombination velocity is
typically subsonic,2 and should have a negligible influence
on sound generation, so we take]N/]z50 at the surface
(z50). This assumption is examined later in this paper. Bulk
recombination can be ignored for the timescales appropriate
here.

In cubic semiconductors the fast relaxation of the plasma
to the conduction-band edge sets up an initial isotropic stress
given by the sum of the thermal stress and the electronic
stress arising from the hydrostatic deformation potential
}]Eg /]p. For the nonpiezoelectrically active~100! direc-
tion in GaAs,

s115s225s3352B
]Eg

]p
N23Bb~T2T0!,

whereB is the bulk modulus,b is the linear thermal expan-
sion coefficient, and whereN, T, and s i i in this equation
refer to a time just after carrier relaxation to the conduction-
band edge. On timescales that are short compared to the
sound propagation time across the optical spot diameter
~;2–5 ns!, a longitudinal stress pulse is created traveling
perpendicularly to the surface:

]s33

]z
5r0

]2u

]t2 5r0n2
]2u

]z2 1B
]Eg

]p

]N

]z
13Bb

]T

]z
, ~2!

FIG. 1. Changes inr ~upper graph! and df ~lower graph!, the
real and imaginary parts of the relative variation in complex reflec-
tancedr /r , respectively, as a function of delay time for a pump
fluence of 0.016 m J cm22. The experimental configuration is also
shown. The inset shows theoretical predictions:~i! the strain pulse
temporal variation forD50; ~ii ! the strain pulse temporal variation
for D/nz55; ~iii ! the temporal variation of the particle displace-
ment corresponding to~ii !. Graphs~i! and~ii ! have the same verti-
cal scale. The experimental data were taken with 9 and 2 scans of
the delay line respectively, each scan taking 100 s.
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wherer0 is the density,u5u(z,t) is the ultrasonic displace-
ment, ands33(z,t) is the longitudinal stress~50 at the sur-
face!. A knowledge ofN(z,t) andT(z,t) allows the acoustic
strain pulseh33(z,t)5]u/]z to be calculated.T(z,t) is gov-
erned by thermal diffusion with source terms due to the spa-
tiotemporal variation of the carrier energy. In contrast to the
case for Si and Ge,8,15 the electronic and thermal strains have
the same sign in GaAs, and their ratio is approximately
(]Eg /]p)C/@3b(E2Eg)#'5.8 @where ]Eg /]p'9
310211eV/Pa ~Ref. 17!#. It is therefore reasonable to ne-
glect the thermal strain here. Carrier diffusion should
broaden the acoustic strain pulse according to the value of
D/nz, wherez is the optical-absorption depth for the pump
light, in a way exactly analogous to the case for thermal
diffusion in the absence of electronic strain.5 The analytical
solution of Eqs.~1! and ~2! for the strain pulseh33(z,t)
5s33(z,t)/r0n2 in this case for the short optical pulse dura-
tion limit and when the strain pulse has traveled into the bulk
of the solid is given by16

h33~u!

h0
5

1

12M F M

M11
eu/M2

1

2
euG for u,0,

5
1

M11 F M

12M
$eu/M erfcAu/M

2MeMu erfcAMu%1
1

2
e2uG for u.0,

where u5(nt2z)/z, M5D/nz and h05B(]Eg /]p)F(1
2R0)/(Ezr0n2). Calculations based on this equation are
shown in the inset of Fig. 1: the temporal forms of the strain
pulse shape for~i! D50 and ~ii ! D/nz55 are shown to-
gether with~iii ! the displacement variation associated with
the strain pulse forD/nz55. ~This value ofD is found later.!
For D50 the strain pulse has a duration;2z/n'6 ps.5,6

Carrier diffusion distorts the shape and leads to an increased
duration. Onceh33(z,t) is known, r(t) and df(t) can be
calculated from the known photoelastic constants and from
dz(t)5*h33(z,t)dz according to the equation5,14

dr

r
5r1 idf522ik0dz

1
4ik0ñ

~12ñ2!

dñ

dh E
0

`

h33~z,t !exp~2ik0ñz!dz,

where ñ5n1 ik is the probe refractive index andk0
52p/l is the free space probe wave vector. In general, the
strain field h33(z,t) contains components traveling in both
the 1z and 2z directions when the strain pulse is being
reflected from the surface.

To facilitate an accurate comparison of theory and experi-
ment we have taken careful measurements of the first echo
shape atF;0.008 m J cm2 using an optical delay line incor-
porating a shaker,18 as shown by the solid curves in Fig. 2
~with the background variation subtracted!. Using onlyD/nz
and asingle arbitrary multiplicative scale factor as variable
quantities, we obtain through simultaneous least-squares fit-
ting to r anddf the optimum valueD/nz55, corresponding

to D53.3 cm2 s21, using the known photoelastic constants
dn/dh52.8 anddk/dh52.6 ~and with probe refractive in-
dex n1 ik53.7610.1i !.19 The calculatedr(t) and df(t)
curves are shown in the insetA of Fig. 2. The agreement for
r(t) and the wings of thedf(t) variation indicate that the
(dn/dh)/(dk/dh) ratio is accurate. But, in contrast to ex-
periment, the central portion of the predicteddf(t) variation
contains a sharp spike.

This sharp spike is not significantly changed if the finite
duration of the optical pulses is included in the model. How-
ever, a smoothing effect would be expected if the surface~s!
of the sample were rough or inclined as in a wedge. To check
this possibility separate atomic-force microscope measure-
ments were carried out. We measured a root-mean-square
surface roughness of 5 nm for the top surface~much greater
than the value;0.5 nm found for the as-manufactured bot-
tom surface! and a wedge angleu50.33 mrad. We estimate
that this results in the requirement for a convolution ofr(t)
and df(t) with a Gaussian temporal smoothing function
with t155 ps FWHM ~full width at half maximum! to in-

FIG. 2. Changes inr ~upper graph! anddf ~lower graph! as a
function of delay time, for a pump fluence of 0.008 m J cm22, for
the first acoustic echo. The solid curves correspond to experimental
data and the dotted curves to theoretical fits that include carrier
diffusion (D/nz55) and the effects of surface roughness and non-
parallelism (t57 ps). The theoretical plots in inset A correspond to
fits to r anddf that include carrier diffusion only (D/nz55). The
theoretical plots in insetB show~i! the photoelastic contribution to
df, ~ii ! the surface displacement contribution todf @on the same
scale as~i!#, and~iii ! the effective temporal variation of the strain,
all corresponding toD/nz55 andt57 ps. The experimental data
were taken with 2000 scans of the shaker.
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clude the effect of surface roughness and witht253.5 ps to
include the effect of nonparallelism.20 Taken together we
would expect a t5(t1

21t2
2)1/2'6 ps FWHM Gaussian

smoothing of the echo shape. We repeated the least-squares
fitting with both D andt as variable quantities, and find the
optimum valuesD/nz55 andt57 ps, in good agreement
with the estimated value oft. The results are shown by the
dotted curves in Fig. 2. The sum of the mean-square devia-
tions was decreased by 25% compared witht50 and the
central peak in the theoretical fit todf(t) is much reduced in
height. Moreover, the predicted absolute magnitude is of the
correct order.~For example, the echor in Fig. 2 is predicted,
including the effect of the probe beam size, to have a maxi-
mum height of ;231025 compared with 331025 ob-
served.! Fits from three different sets of data all gave opti-
mum values of D/nz in the range D/nz5561,
corresponding to hot carrier penetration to a distancenDt
;120 nm into the solid, whereDt;25 ps is the FWHM
value ofdz(t). In the insetB in Fig. 2 we also show~i! the
photoelastic contribution todf, ~ii ! the surface displacement
contribution todf, and ~iii ! the effective strain pulse shape
for D/nz55 andt57 ps.

The value of the ambipolar diffusivityD required to fit the
results is significantly less than the valueD'12 cm2 s21 for
intrinsic GaAs forN&1018cm23.1 This value ofD would
lead to a strain pulse duration twice that derived here. How-
ever,D is smaller at finite donor densities: at our relatively
low values ofN,

D5
meDh1mhDe

me1mh
5

2DhDe

De1Dh
'2Dh ,

where De is the ~majority! electron diffusivity andDh
(!De) is the~minority! hole diffusivity,me,h is the mobility,
and use has been made of the Einstein relationsme,h
5eDe,h /kT. For the present donor density, 2Dh has been
found in the range 3–12 cm2 s21,17 not inconsistent with our
derived value. The model we used does not account for the
effects of near-surface electric fields and the complex carrier
dynamics owing to intervalley scattering.2 Taking either of
these factors into account might affect the phonon pulse
shape, although it is difficult to see how such short time
processes could significantly affect a phonon pulse duration
;25 ps. We also expect corrections due to the effects of
pulse broadening from frequency-dependent acoustic attenu-
ation to be negligible for our frequencies and propagation
distance.10 Furthermore, calculations of the pulse shape in-
cluding surface recombination did not improve the fits or
changeD.21

In conclusion, we have measured, to the best of our
knowledge, for the first time in a crystalline semiconductor
the effect of hot carrier diffusion on the acoustic-phonon
pulse shape generated by subpicosecond laser pulses. The
experimental acoustic strain pulse shapes in GaAs can be
quantitatively understood on the basis of a model of ambi-
polar carrier diffusion into the bulk of the solid. The experi-
mental conditions are well suited to probe the diffusion of
low-density electron-hole plasmas on sub-picosecond and pi-
cosecond timescales and on length scales;10–100 nm, and
further measurements with different doping should show a
phonon pulse duration dependent on doping concentration.
In the future it would be interesting to probe the role of the
transient populations of different regions ink space with
measurements at different optical wavelengths.
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