PHYSICAL REVIEW B

VOLUME 49, NUMBER 23

15 JUNE 1994-1

Dielectric constant of GaAs during a subpicosecond laser-induced phase transition
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We measured the time evolution of the real and imaginary parts of the dielectric constant of GaAs fol-
lowing femtosecond laser pulse excitation. The data show a collapse of the average optical gap, or aver-
age bonding-antibonding energy-level separation. The rate of collapse increases with pump fluence. The
decrease in the gap indicates that the pump beam induces a structural transformation from a covalent,
tetrahedrally coordinated crystal to a phase with metallic cohesive properties.

Since the suggestion that an electron-hole plasma may
play an important role in pulsed laser annealing of semi-
conductors,! a number of calculations have shown that
the excitation of a critical density of electron-hole pairs
results in structural instability of the lattice.>* If enough
electrons are excited from bonding valence-band states to
antibonding conduction-band states, covalent bonding
will no longer be able to support the tetrahedrally coordi-
nated crystal structure.* The resulting structural change
should manifest itself optically through a decrease of the
average optical gap, i.e., the average over k space of
direct interband transitions between bonding and anti-
bonding energy levels.*> A transition to a (semi)metallic
state will occur when the average bonding-antibonding
splitting is small enough that the conduction-band
minimum falls below the valence-band maximum.

Critical electron-hole plasma densities for lattice insta-
bility can be created by femtosecond laser pulse excita-
tion because the excited carrier system cannot transfer
energy to the lattice on such a short time scale.®® Re-
cent experiments using second-harmonic generation and
reflectivity probes of semiconductors following excitation
with femtosecond laser pulses suggested that a transfor-
mation from semiconductor to metal occurs on a subpi-
cosecond time scale.’"!! However, the interpretation of
the second-harmonic results was based on the assumption
that changes in the linear dielectric constant play only a
minor role in the observed changes in the second-
harmonic signal. Unfortunately, the information provid-
ed by the reflectivity data in Refs. 9-11 was insufficient
to extract the actual response of the dielectric constant to
the excitation, leaving the above-mentioned assumption
untested. In fact, the data presented in this report show
that the changes induced in the linear dielectric constant
are unexpectedly large and, contrary to the assumption in
previous work, cannot be ignored in analyzing second-
harmonic-generation results. Moreover, the dielectric
constant is an intrinsic material property of particular
importance for theoretical work and, in particular, gives
the value of the average optical gap. Unique determina-
tion of both the real and imaginary parts of the dielectric
constant during this phase transition is thus essential for
gaining physical insight into the nature of the transition.

Knowledge of the reflectivity for a particular polariza-
tion at two different angles of incidence completely deter-
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mines the real and imaginary parts of the dielectric con-
stant for a particular frequency. Optimal sensitivity to
changes in the dielectric constant is obtained with angles
of incidence near the Brewster angle and polarization for
both beams in the plane of incidence.!? Using two simul-
taneous 75-fs probe beams, we measured the response of
the dielectric constant to laser pulse excitation with sub-
picosecond time resolution.

Both the pump and the probe beams are derived from a
broadband continuum ranging from 550 to 750 nm gen-
erated by the output of an amplified colliding pulse
mode-locked laser.”> The pump beam is amplified in a
three-stage amplifier using the dye DCM as the gain
medium to select a 20-nm-wide spectral region centered
at 635 nm (2.0 eV); the probe-beam amplifier has two
stages with a Rhodamine 6G dye selecting a 10-nm-wide
spectral region centered at 570 nm (2.2 eV). Both the
pump and the probe amplifiers are pumped with the
frequency-doubled output of a 10-Hz Nd:YAG (yttrium
aluminum garnet) laser. Separate grating pairs compress
the pump and the probe pulses to about 75 fs each. The
experimental sample is an insulating (110) GaAs wafer
(Cr doped, p>7X 10’ Q cm) in air.

To measure the reflectivity at two angles, the probe is
split into two beams, which are incident on the sample at
75.8° and at 70.9° from the surface normal, the former
corresponding to the Brewster angle for GaAs. Both
beams are polarized in the plane of incidence. To reduce
temporal and spatial complications in pump-probe over-
lap due to geometrical effects, the pump beam is incident
at 63°, which is as close as practically possible to the
probe beams. The polarization of the pump beam is also
in the plane of incidence to minimize the pump energy
lost to reflection. To monitor a uniformly pumped re-
gion, the probe beams are focused to an area about 16
times smaller than the 0.01-mm? focal area of the pump
beam on the sample; the probe-beam penetration depth,
which depending upon the excitation is never more than
170 nm, is also well within the 270-nm pump-beam
penetration depth. The fluence of the pump beam is
varied from O to 3.2 kJ/m?; that of the probe beams is
kept below 0.1 kJ/m? so as not to produce any detectable
changes in the dielectric constant to within our experi-
mental resolution. The sample is translated during data
collection so that each data point is obtained at a
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different spot on the sample.

In converting the reflectivity data to a dielectric con-
stant, we took into account the presence of an oxide layer
on the surface of the sample. To this end we measured,
without the pump beam, the p-polarized reflectivity of
the GaAs sample for angles of incidence ranging from 65°
to 80°. Using a three-phase model of air-oxide-GaAs and
assuming an index of refraction n =2 for the oxide lay-
er,' we inferred from the angle dependence of the
reflectivity an oxide layer thickness of 4.2+0.4 nm. Asa
consistency check of our conversion procedure, we used
the measured dielectric constant to calculate the fluence
dependence of the p-polarized reflectivity at a 45° angle of
incidence. The calculated reflectivity shows excellent
agreement with an independent direct measurement of
the reflectivity as a function of pump fluence taken at a
45° angle of incidence.

Figure 1 shows the pump-fluence dependence of the
real and imaginary parts of the dielectric constant at four
different pump-probe time delays. The remarkable
feature that stands out in each data set is the combination
of a peak in the imaginary part coincident with a zero
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FIG. 1. Dielectric constant at 2.2 eV vs pump fluence for
four different pump-probe time delays. The curves through the
data are calculated using a single-oscillator model for the dielec-
tric constant. @, Re(e); O, Im(e).
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crossing of the real part. The data points in Fig. 2 show
the time delays at which the peak and the zero crossing
occur for different pump fluences; as the fluence in-
creases, the time delay at which this peak occurs de-
creases. The minimum fluence at which a peak is ob-
served is 0.8 kJ/m? slightly lower than the threshold of
1.0 kJ/m? for permanent damage visible under a micro-
scope. Note finally in Fig. 1 that the peak value of the
imaginary part is approximately 60 for all time delays
and that at high fluence, beyond the peak, the real and
imaginary parts of the dielectric constant exhibit only a
slight dependence on the pump fluence.

The peaks in the imaginary part and the coincident
zero crossings in the real part of the dielectric constant in
Fig. 1 suggest that an absorption peak comes into reso-
nance with the probe frequency. When Re(g)>0, the
resonant frequency of this absorption peak is above the
probe frequency; when Re(e) <O, it is below the probe
frequency. Figure 1 shows that the resonant frequency
starts above the 2.2-eV probe frequency and then sweeps
down through it; this effect is seen most clearly for the
data points at fluences around 1 kJ/m?. The data in Fig.
2 thus show the time at which the resonant frequency
reaches the probe frequency for various pump fluences.
Evidently, the magnitude and rate of this drop in reso-
nant frequency depend on the strength of the excitation.
For fluences below 0.8 kJ/m?, the excitation is not strong
enough to bring the resonant frequency down to the
probe frequency, so the imaginary part of the dielectric
constant never reaches the peak value of about 60, and
the real part never drops through zero.

The experimental results can be explained by identify-
ing the resonant frequency with the average optical gap
of GaAs, which is generally associated with the E, ab-
sorption peak in the dielectric function.’ The data in Fig.
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FIG. 2. Pump-probe time delays at which Im(e) is maximal
and Re(g)=0 for different pump fluences. The solid line is a fit
of Eq. (2) to the data with w,(@,?) = wpop.; the dashed line corre-
sponds to the semiconductor-metal transition where
w,(¢,t)=w,. The single-oscillator model is valid only in the
shaded region where GaAs is a semiconductor.
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1 then imply that the pump pulse causes the average opti-
cal gap to decrease in time. To describe this decrease, we
approximate the dielectric function of GaAs using a
single-oscillator model with a fluence and time-dependent
resonant frequency,

w2

elw)=1— L , (1)
wz—wf,(¢,t)+i£:—

where o, is the plasma frequency, w,(4,?) the resonant
frequency of the oscillator, and 1/7 the width of the reso-
nance. In this picture, w,(¢,?) represents the time- and
fluence-dependent average optical gap, with ¢ the pump
fluence and ¢ the time delay between the pump and probe
pulses.

Fitting Eq. (1) to the dielectric function of unpumped
(¢=0,1=0) GaAs," we find , =15.2 eV, »,(0,0)=4.55
eV, and 7=0.39 eV~ !. The plasma frequency extracted
from the fit agrees with the value of 15.5 eV calculated
using the total valence electron density of unpumped
GaAs.'® Furthermore, the value obtained for w,(0,0)
matches fairly well the 4.75-eV location of the E, absorp-
tion peak in the dielectric function of unpumped
GaAs.*!7

Next, the fluence and time dependence of the resonant
frequency o, is obtained from the data points in Fig. 2.
We describe this dependence empirically using the rela-
tion
-1

Tl s, @)

0,(¢,1)=0,(0,0)—C 1+—t—

with C and T constants. Values for C and T are obtained
by setting the left-hand side of Eq. (2) equal to the probe
frequency, w,(¢,t)=2.2 eV, and then fitting Eq. (2) to the
data points in Fig. 2. Using the value found above for the
initial resonant frequency, w,(0,0)=4.55 eV, we find
C=3.0eVkI 'm?and T=0.34 ps. Finally, substituting
Eq. (2) with the above values for C and T into Eq. (1), we
obtain values for the real and imaginary parts of the
dielectric constant as a function of fluence and time. The
curves in Fig. 1 show these values plotted up to the point
where w,(¢,1)=0.

It should be noted that the single-oscillator model is
valid only until the material undergoes a transition to a
(semi)metal, i.e., when the conduction-band minimum
drops below the valence-band maximum. When this hap-
pens w, is still greater than zero because w, corresponds
to the average optical gap, not the band-gap minimum.
The single-oscillator model, therefore, is valid only when
,(¢,t)> o, where o, is the value of the average optical
gap at the transition. The value of w_ can be estimated
as follows. We assume that the transition takes place for
fluences above the observed 1.0-kJ/m? threshold for per-
manent damage. Then, at the damage threshold, we ob-
tain from Eq. (2) o, =w(¢=1.0 kJ/m? t — o )=1.6 €V.
Setting the left-hand side of Eq. (2) equal to this critical
average optical gap of 1.6 eV, we can now extract the
time at which w,(¢,t)=w. for any pump fluence (see
dashed curve in Fig. 2). The validity of the single-
oscillator model is therefore limited to the shaded region
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in Fig. 2 [w,(¢4,t)> ] and to the corresponding solid
portions of the theoretical curves in Fig. 1.

The data in Fig. 1 fully trace the evolution of a laser-
induced transformation from semiconductor to metal,
with the transition occurring at the points where the
solid lines become dashed: (1) Before the transition, the
dielectric constant of the semiconductor is well described
by a single-oscillator model with a decreasing average op-
tical gap; (2) at the transition, the experimentally mea-
sured dielectric constant e = — 10+ 35}, is independent of
time delay, supporting the assumption of a unique value
of the critical average optical gap w,,; (3) after the transi-
tion, the measured dielectric constant is no longer well
described by the single-oscillator model. Instead it can be
approximated by a Drude model appropriate to a metal.
In the Drude model, the carrier density is taken equal to
the total valence electron density, and the dc conductivi-
ty is a free parameter, which decreases with increasing
fluence. The electronic properties in this phase are simi-
lar to those seen in liquid carbon produced by fem-
tosecond laser excitation.®

The four data series in Fig. 1 can be transformed into
one another simply by rescaling the pump-fluence axis.
In other words, the evolution of the material response to
an excitation of fluence just above 1.0 kJ/m? is essential-
ly the same as that induced by a 2.0-kJ/m? excitation,
even though in the former case the transition to a metal
takes 8 ps to occur while in the latter case this transition
occurs in about 330 fs. This implies that the response of
the material to the pump pulse follows essentially a single
“path” for all excitation strengths. How far and how
fast along this single path the material response
progresses depends on the strength of the excitation. The
response of the material to the pump pulse can thus be
characterized by a single parameter. In the single-
oscillator model, this parameter is the average optical gap
,(#,t). The fact that the average optical gap is sufficient
to describe the data at different time delays indicates that
the measured dielectric constant predominantly reflects
changes in the electronic band structure. Therefore, oth-
er effects such as direct contributions from the optical
response of the excited free carriers are relatively small.

What could be the underlying cause of this drastic
change in band structure? Major band-structure changes
can arise from electronic screening effects or from
changes in the lattice structure. Screening by the excited
carrier leads to a renormalization of single-particle ener-
gies and results in a narrowing of the band gap.!® If the
observed changes in the dielectric constant were due pri-
marily to screening, the average optical gap should be at
its minimum immediately after the excitation, when the
carrier density is highest, and should then recover as the
carrier density relaxes through Auger recombination.
This is inconsistent with the decrease in the average opti-
cal gap, which only begins with the excitation and at 0.8
kJ/cm?, for instance, continues for picoseconds.

A change in the lattice structure, on the other hand,
evolves on a time scale longer than the duration of the ex-
citation. Structural transformations induced under high
pressure?’ and under thermal melting?"?2 have been ob-
served to lead to a collapse of the band gap. In general,



16 406

lattice destabilization in covalent solids leads to a struc-
ture with a higher coordination number and metallic
characteristics; calculations have shown that a 10%
change in bond length is sufficient for the semiconductor
to become a metal.?® For such displacements to be
achieved on a picosecond time scale, the ions would need
to move at a speed of only 25 m/s. Changes in lattice
structure, therefore, could produce changes in the band
structure which are consistent with the observed changes
in the dielectric constant.

In our experiment, the change in the lattice structure is
driven directly by the optical excitation of electrons. If
the femtosecond laser pulse excites enough electrons
from bonding valence states to antibonding conduction
states, the lattice becomes unstable. As the lattice dis-
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torts, the average bonding-antibonding splitting de-
creases, which is manifested optically by a decrease in the
average optical gap. A transition from semiconductor to
(semi)metal occurs when the average bonding-
antibonding splitting decreases so far that the
conduction-band minimum drops below the valence-band
maximum.
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FIG. 2. Pump-probe time delays at which Im(e) is maximal
and Re(e)=0 for different pump fluences. The solid line is a fit
of Eq. (2) to the data with w,(¢,1)=w . the dashed line corre-
sponds to the semiconductor-metal transition where
@,(¢,t)=w,. The single-oscillator model is valid only in the
shaded region where GaAs is a semiconductor.



