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Laser-induced ultrafast order-disorder transitions in silicon and gallium arsenide are studied by
means of femtosecond time-resolved linear and nonlinear optical spectroscopy. Detailed measure-
ments of the reflectivity and of the reflected second harmonic over a wide range of fluences reveal a
complex picture of the phase transformation. We show that during the first 100 fs the changes of
the optical constants and of the nonlinear optical susceptibility x® are determined by the various
electronic excitation processes and only to a lesser extent by the process of disordering. On the
other hand, time-resolved measurements of reflectivity spectra indicate that the development of a

Drude-like metallic spectrum takes a few hundred femtoseconds.

Our data show that the laser-

induced structural changes develop slower than previously believed, occuring on a time scale of a

few hundred femtoseconds.

I. INTRODUCTION

Laser-induced phase transitions in materials such as
silicon, germanium, and gallium arsenide have been the
subject of a great number of investigations ever since
the discovery of laser annealing® of crystal damage in
ion-implanted semiconductors. Both the technological
aspects of laser processing? and the fundamental physics
issues® have been studied extensively.

This paper deals with laser-induced solid-to-liquid
transitions. When the time scale of these processes is
much longer than the thermalization time of the absorbed
optical energy, which is typically of the order of 1 ps, the
physics of these transformations is quite well understood.
It is generally accepted* that in this case the transitions
can be explained in terms of thermal processes. Thus,
even for pulses as short as a few tens of picoseconds, a
thermal model is usually adequate.

On the other hand, the situation is different when
much shorter laser pulses are used. Studies of laser-
induced phase transformations using femtosecond laser

pulses have revealed ultrafast transformations that occur
on a subpicosecond time scale, faster than the relaxation

of the optical energy. For example, Shank et al.® per-
formed time-resolved measurements of the optical reflec-
tivity of femtosecond laser-excited silicon and concluded
that the transformation of the covalent solid material to
the metallic liquid phase can take place in less than 1 ps.
Similar results have been obtained in gallium arsenide,5®
graphite,’®! and diamond.!!12

The observation of reflectivity changes consistent with
an ultrafast melting process have been supported by mea-
surements of the reflected second harmonic (SH).67%1314
Surface second-harmonic generation can provide, in prin-
ciple, information about the structural symmetry of the
material'® because the nonlinear susceptibility tensor re-
flects the symmetry of the crystal lattice. The rapid
changes of the SH observed in silicon and gallium ar-
senide after femtosecond laser excitation have been in-
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terpreted as evidence of changes or loss of crystalline
symmetry.

Several attempts have been made'® 22 to explain the
ultrafast phase transformations in terms of a carrier-
induced softening of the crystal lattice,23:24 invoking the
so-called plasma model of laser annealing.'® However, a
complete understanding of the mechanisms leading to ul-
trafast disordering is still lacking.

We have shown in a recent study® that in femtosecond
laser-excited gallium arsenide two different types of phase
transformations can be observed. For laser fluences up
to about 1.5 times the threshold fluence a slow transfor-
mation very similar to thermal melting induced by pi-
cosecond pulses (or longer) is observed. On the other
hand, for fluences greater than two times the threshold
the ultrafast transformation takes over.

One of the main problems in studying laser-induced
solid-liquid transitions by optical techniques is to dis-
tinguish the highly excited solid from the final metallic
liquid. With femtosecond laser excitation the density of
electron-hole pairs is of the order of N, ~ 1022 cm™3.
The properties of such an extremely dense electron-hole
plasma are qualitatively similar to the properties of a
simple metal. It has been realized” %4 that changes of
reflectivity and SH resulting from a structural transition
may be obscured by the laser-induced changes of the lin-
ear and the nonlinear optical properties due to the dense
free-carrier plasma and also by changes of the population
of the valence and the conduction band. Here we present
more detailed experimental data on femtosecond time-
resolved measurements of the optical reflectivity and the
reflected second harmonic. Particular emphasis is placed
on the distinction between the initial excitation stage of
the intact solid structure and the proper transition stage
in which the structural changes develop.

The paper is organized as follows. Section II gives a
brief description of the experimental methods. In Sec.
III the results of our time-resolved experiments are pre-
sented. Section IV gives a detailed analysis of the exper-
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imental results. We extract from our data the complex
index of refraction and the nonlinear optical susceptibil-
ity, which describe the linear and the nonlinear optical
properties of the excited material as a function of time.
In Sec. V we discuss the observed changes of the optical
properties in terms of the underlying physical processes
and try to identify the mechanisms leading to ultrafast
disordering.

II. EXPERIMENT

To study the laser-induced phase transition detailed
measurements of the s- and the p-polarized reflectivity
(silicon and gallium arsenide) and of the reflected second
harmonic (only gallium arsenide) were performed. These
single wavelength measurements allowed us to precisely
monitor the temporal evolution of the different processes
accompanying the laser-induced phase transition. In ad-
dition, time-resolved measurements of the spectra of the
optical reflectivity over a wide range of wavelengths were
carried out, which permitted us to clearly identify the
liquid state.

We applied standard femtosecond pump-probe tech-
niques. Femtosecond laser pulses derived from a collid-
ing pulse, passively mode-locked dye laser (rhodamine
6G/DODCI) were amplified at a repetition rate of 10
Hz. The amplifier consisted of a six-pass preamplifier and
two final amplifier stages (axicon and Bethune cells).?®
A maximum output energy of a few millijoule at 625 nm
was obtained and the pulse duration was between 60
and 100 fs, depending on the fine tuning of the laser
system. The samples were single-crystalline, optically
polished, undoped wafers of silicon and gallium arsenide
with (100)- or (111)-surface orientation. No dependence
of the melting behavior on crystal orientation could be
observed. The wafers were raster scanned during the
experiments, using a x-y-translation stage driven by a
stepper motor. In this way a fresh, unexcited surface
was provided for each laser pulse.

The probe pulses for measuring the reflectivity and the
reflected SH were derived from the pump pulses by split-
ting off a small fraction from the pump. The pump beam
struck the sample surface at an angle of incidence of 56°.
The probe beam was focused down to the central 5% of
the pumped area at an angle of incidence of 70.5°. We
measured simultaneously both the s- and the p-polarized
component of the reflected probe pulse. Note that the
angle of incidence of the probe beam is close to the prin-
cipal angle of incidence, where the p-polarized reflectivity
runs through a minimum. For this choice of the angle the
laser-induced relative changes of the p component of the
reflectivity are quite strong.26:27 :

The fluence of the probe pulse was kept at a level
of about a few hundred pJ/cm?, well below the single-
exposure melting threshold at 625 nm. It was also low
enough to prevent undesired heating when, after melt-
ing, the probe pulse interacted with the very strongly
absorbing liquid surface (ajiq ~ 10% cm™1).%:28 In gallium
arsenide, which possesses a strong nonlinear optical sus-
ceptibility x(?), we also measured the s-polarized SH in
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addition to the optical reflectivity. In the SH experiments
the gallium arsenide sample was oriented with the (001)
crystal axis perpendicular to the plane of incidence. In
this configuration SH generation of the much stronger
s-polarized pump beam is suppressed because it is sym-
metry forbidden, whereas the s-polarized SH of the p-
polarized probe beam is allowed. Coherent coupling ef-
fects between pump and probe pulses were avoided by
using perpendicular polarizations for pump and probe.

For the observation and control of the spatial beam
profile a diode array was used to monitor the intensity
distribution of the pump beam in a reference plane rep-
resenting a replica of the target surface. This configura-
tion permitted measurements of the local pump fluence
on the area actually interrogated by the probe pulse, in
addition to the measurement of the total incident pump
energy. Because small pulse-to-pulse variations in the
beam profile of the amplified pulse could not be com-
pletely avoided, the local pump fluence turned out to
be a much better energy reference than the total pump
energy. By using this method of monitoring the pump
laser fluence, the scattering of the measured reflectivity
and the SH data could be greatly reduced.

The spectra of the optical reflectivity were measured
using a white light femtosecond continuum?® as a probe.
The continuum was generated in a 5-mm-long piece of
fused silica and extended from 380 nm to approximately
850 nm. After spatial filtering the white light was focused
onto the center of the excited area. To avoid chromatic
aberrations, an aluminum-coated mirror was used for fo-
cusing. The spectra were recorded by a flat-field spectro-
graph in conjunction with a cooled, computer-controlled
charge coupled device detector. The angles of incidence
for the pump and the probe beam were 0° and 11°, re-
spectively, and the polarizations were perpendicular. The
continuum probe pulses acquired some temporal delay
of =~ 5 ps between the far red and far blue component,
due to the group-velocity dispersion of the various opti-
cal components. As a consequence, there was a spread
of delay times across the recorded raw spectra. To ex-
tract spectra with the full femtosecond time resolution
a deconvolution procedure was applied to the whole set
of spectra representing the different optical delays. By
measuring the cross correlation between selected spec-
tral portions of the continuum and the pump pulse we
verified that a time resolution of about 100 fs was indeed
maintained.

III. EXPERIMENTAL RESULTS

Figure 1 presents an overview of the typical behav-
ior of the reflected SH (upper panel) and the s- and
the p-polarized optical reflectivity (lower panel) for gal-
lium arsenide during the first picosecond after excita-
tion. The pump fluence in this example was two times
the melting threshold, which has been measured to be
F,, = 170 mJ/cm?® for gallium arsenide under the condi-
tions of our experiment.

At a first glance the observed time dependence ap-
pears to be consistent with the expected behavior of a
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FIG. 1. Measured s- and p-polarized reflectivity and re-
flected SH of gallium arsenide (A = 625 nm, ©;, = 70°) as
a function of delay time. The pump fluence is 0.34 J/cm?
(= 2F,). The different stages of signal evolution are marked
by the dashed lines. The dash-dotted lines mark the reflec-
tivities of liquid gallium arsenide.

solid-liquid phase transformation: an increase of the re-
flectivity and a drop of the SH intensity accompanying
the transition from the covalent, non-centrosymmetric
solid phase to the metallic, centrosymmetric liquid phase.
However, a closer inspection of the data reveals a more
complicated structure of the time evolution. Two dis-
tinct stages of the transformation, denoted I and II, can
be distinguished. These are marked in Fig. 1 by dashed
lines. Stage I corresponds to the first 100 fs, when the
pump pulse is still present. Inspection of the SH signal
during stage I shows an initial slight increase preceding
the rapid decrease. Comparing reflectivity and the SH we
find that the behavior of the s-polarized optical reflectiv-
ity is somewhat similar to the SH with the opposite sign:
there is a slight decrease first, followed by an increase.
The p-polarized reflectivity, on the other hand, increases
monotonously during stage I. There is some significant
slowing down in the evolution of both reflectivity and
SH after the end of the pump pulse. The SH signal drops
down to a very low level in about 200 fs, while the reflec-
tivities exhibit a relatively slow further increase. Finally,
the SH disappears completely and the reflectivities ap-
proach values corresponding to the metallic liquid phase
(dash-dotted lines).

The duration of the different stages changes when the
pump fluence is varied, but otherwise the data are qual-
itatively quite similar. Examples illustrating the depen-
dence on pump laser fluence are given in the next two
figures, which show the measured SH (Fig. 2) and the
p-polarized reflectivity of gallium arsenide (Fig. 3) above
the melting threshold. As a consistent feature of the data
we find that for all pump fluences the overall decay of the
SH is always a factor of 2—3 faster than the rise of the
reflectivity. This observation is in agreement with our
previous®3% and the results of others.®7:9:14

The measurements of the optical reflectivity in silicon
reveal a very similar behavior of the temporal evolu-
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FIG. 2. s-polarized SH of gallium arsenide as a function
of delay time for various fluences above the melting thresh-
old. Pump fluences are normalized to the melting threshold
F,, =0.17 J/cmz.

tion. Examples are shown in Fig. 4, which depicts the
measured time dependence of the p-polarized reflectiv-
ity in silicon for different fluences above threshold. The
melting threshold of silicon has been determined to be
F, = 170 mJ/cmz, which is equal to the measured
threshold value of gallium arsenide. Once again, two
different stages of the evolution can be recognized, in
complete analogy with the corresponding data of gallium
arsenide (Figs. 1 and 3). For lower fluences the optical
reflectivity does not approach a constant value during the
first picosecond, because in this fluence regime the phase
transition is due to the slow, thermal mechanism.®3! On
the other hand, for the highest fluences it takes only
about 300 fs to reach the final stationary value of the
optical reflectivity, which corresponds to the reflectivity
of liquid silicon.

The s-polarized data for silicon are shown in Fig. 5.
Again striking similarities of the behavior of silicon and
gallium arsenide can be noticed. Compare, for example,
the s-polarized reflectivity of gallium arsenide of Fig. 1
with the corresponding data of silicon (1.8F,, and 2.2F,,
in Fig. 5). Quite generally, it is evident from our data
that the characteristics of the processes in silicon and
gallium arsenide are very similar; e.g., the shape of the
reflectivity curves is the same, the time constants for the
different stages of the transformation are similar, and also
the melting threshold is nearly the same.

Keeping in mind that close to the threshold the phase
transformation is due to thermal melting and takes tens
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FIG. 3. p-polarized reflectivity of gallium arsenide as a
function of delay time for various fluences above the melt-
ing threshold. Pump fluences are normalized to the melting
threshold F,, = 0.17 J/cm?®. Same experimental conditions
as in Fig. 1.

of picoseconds to develop, no principal differences of the
results for laser fluences slightly below and above F,
would be expected on a very short time scale, say dur-
ing 1 ps after excitation. The data presented in Fig. 6
demonstrate that this is indeed observed. Shown is the
p-polarized optical reflectivity of silicon for laser fluences
ranging from 0.5F,,, below threshold to 1.2F}, just above
threshold (note the expanded vertical scale in Fig. 6).
It can be seen that during the first picosecond after ex-
citation the induced changes of the reflectivity slightly
below and slightly above threshold are qualitatively very
similar.

A fundamental shortcoming of experiments measuring
the optical reflectivity at a single wavelength and a single
angle of incidence is the difficulty to distinguish a dense
electronic plasma of a highly excited solid from molten
material such as liquid silicon and gallium arsenide hav-
ing metallic properties. In order to overcome this ambi-
guity in identifying liquid and solid phases we have per-
formed some reflectivity measurements as a function of
the angle of incidence and wavelength.

Figure 7 shows an example of a measurement of the
angular dependence of the optical reflectivity at 625 nm
for silicon. The pump fluence and the probe pulse delay
time were F' = 3F,, and 300 fs, respectively. The solid
curves represent a least-squares fit of the data using the
Fresnel formulas. The data can be fitted with optical con-
stants n = 3.1 and k = 5.2, which are in agreement within
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FIG. 4. p-polarized reflectivity of silicon as a function of
delay time for various fluences above the melting threshold.
Same conditions as in Fig. 1.
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FIG. 5. s-polarized reflectivity of silicon as a function of
delay time for various fluences above the melting threshold.
Same conditions as in Fig. 1.
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FIG. 6. p-polarized reflectivity of silicon as a function of
delay time for various fluences below the melting threshold.
Same conditions as in Fig. 1.

experimental accuracy with the known optical constants
of liquid silicon.?® The results for gallium arsenide were
found to be very similar.

Finally, we present the measured time-resolved reflec-
tivity spectra. The spectra for early times are expected
to show features of the band structure of the solid,3?
whereas for later times, after the transition to the final
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FIG. 7. Reflectivity of silicon as a function of the angle of
incidence at 300 fs and an excitation fluence of F = 3F,,.
Circles, s polarization; squares, p polarization; solid curves,
least-squares fit of the Fresnel formula to the measured reflec-
tivities. The extracted optical constants n = 3.1 and k = 5.2
are in agreement with the known optical constants of liquid
silicon.
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FIG. 8. Data points, measured spectra of the reflectivity
of silicon for different delay times and s polarization; pump
fluence, F' = 3F,,; angle of incidence, 11°; dashed curve,
spectrum of the solid phase; solid curve, spectrum of the liquid
phase.

liquid state, the spectra should be characteristic of the
structure of a metal. Figure 8 shows examples of re-
flectivity spectra of silicon for four different delay times
between the pump pulse and the white-light-continuum
probe pulse. The pump fluence in this case was 3F;,,. The
data indicate a continuous increase of the reflectivity over
the entire range of wavelengths monitored in this exper-
iment. Within experimental accuracy a decrease of the
reflectivity that might be expected to result from the pho-
toexcited electron-hole plasma was not observed. This
observation is in agreement with the single-wavelength
measurements presented earlier. The initial dip in the s-
polarized reflectivity observed around zero delay at lower
fluences (compare Fig. 5) disappears at the high fluences.
The data and the various curves in Fig. 8 will be discussed
in more detail in Sec. V.

IV. ANALYSIS OF THE DATA

The data presented in the preceding section reveal a
quite complicated picture of the temporal evolution of
optical reflectivity and SH, suggesting that the observed
signals are affected by a variety of different processes. In
order to extract information on the laser-induced phase
transformation we undertook a careful analysis of the
data to derive the optical constants (complex index of re-
fraction) and the nonlinear optical susceptibility. These
quantities represent the basic changes of the material
properties underlying the observed evolution of reflec-
tivity and the SH. Because of the rather complicated
functional dependences between the observable quanti-
ties and the basic material properties, a careful analysis
of the data in terms of the basic material properties turns
out to be very important.33:34

First, let us discuss the treatment of the reflectivity
data. Having measured the optical reflectivity both for
s and p polarization, the optical constants of the mate-
rial can be calculated by numerically inverting the Fres-
nel formula. Starting with the known complex refrac-
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tive index3%3¢ of the unperturbed material, we adopt a
simple trial and error algorithm to obtain a pair of n
and k, which gives the best approximation of the mea-
sured reflectivities. An example is shown in Fig. 9 for
gallium arsenide well above threshold (F' = 3.5F,,) and
in Fig. 10 for silicon slightly below threshold (data of
Fig. 6: F = 0.9F},).

A general common feature of the data is a strong de-
crease of the refractive index n and a strong increase of
the extinction coefficient k during the first 100 fs. Above
threshold both n and k finally approach the optical con-
stants of the liquid phase, marked by the dash-dotted
lines in Fig. 9. Below threshold the initial changes of n
and k relax with a time constant of = 1 ps (silicon).
In Fig. 10 the different positions of the minimum of n
(At = 100 fs) and the maximum of k (At = 0 fs) should
be noted. Being observed only in silicon near threshold,
this feature is probably related to the dominance of non-
linear absorption in this material.

It should be pointed out that near the principal an-
gle of incidence the response to changes of the optical
constants differs greatly for the two polarizations. For s
polarization a decrease (increase) of either n or k leads
to a decrease (increase) of the reflectivity. Thus, despite
strong changes of n and k during the first 100 fs, only a
relatively small drop in the s-polarized reflectivity is pro-
duced at early times because the changes partially cancel
each other. For the longer times and higher fluences the
increase of k dominates, the net effect being a rise of the
reflectivity.

The response of the p-polarized reflectivity to changes
in n and k is more complicated. The changes of the reflec-
tivity are strongly dependent on the difference between
the angle of incidence and the actual principal angle of
incidence, which varies with the optical constants. For
low values of k the principal angle of incidence is mainly
determined by the refractive index n.

A change of k alone always results in a change of the
reflectivity in the same direction, like in the case of s
polarization. However, a change of n results in a change
of the reflectivity in the same direction only when the
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FIG. 9. Optical constants of gallium arsenide as a function
of time, derived from the reflectivity data for F = 3.5F,,.
Dash-dotted lines, optical constants of liquid gallium arsenide.

For unperturbed crystalline gallium arsenide n = 3.87, and k
= 0.2.
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FIG. 10. Optical constants of silicon as a function of time,
derived from the reflectivity data for F' = 0.9F,,. For unper-
turbed crystalline silicon n = 3.885, and k£ = 0.017.

principal angle is the larger of the two angles. The sit-
uation can be quite complicated for other values of the
angles. For example, when the two angles are equal, the
p-polarized reflectivity R,| is insensitive to changes of n
because dR);/dn = 0 at the principal angle.

To illustrate the behavior near the principal angle of
incidence consider the data of Figs. 1 and 9 for gallium
arsenide. The principal angle of incidence of the unex-
cited material is 76°, greater than the angle of incidence
70.5°. The excitation by the pump pulse leads to a drop
of the refractive index; e.g., near zero delay time the in-
dex has dropped to a figure of about 2.5. This value cor-
responds to a principal angle of 71°, which is now close to
the actual angle of incidence. The expected decrease of
the reflectivity due to this change of the principal angle
is masked by the simultaneous increase of k. While for
the s polarization the decrease of n dominates over the
rise of k, this is not the case for p polarization because of
the weak response of the reflectivity to changes of n near
the principal angle of incidence. The result of these com-
peting effects is the observed decrease for s polarization
and the simultaneous increase for p polarization.

Similar arguments explain the differences of the time
dependences of the p-polarized reflectivity in silicon be-
low the melting threshold (Fig. 6). According to Fig. 10
the pump pulse produces a sharp decrease of n and an
increase of k. For the two lowest fluences in Fig. 6 the
reflectivity is dominated by the changes of n and the
resulting change of the principal angle, lowering the re-
flectivity. While too small to play a role for the very
low fluences, k becomes dominant for stronger excitation,
causing an initial increase of the reflectivity at higher flu-
ences. For later times, however, k reaches a maximum,
while n is further decreasing, running through a mini-
mum after the maximum of k. The result is a decrease
of the reflectivity after the initial rise.

After this somewhat laborious discussion of the reflec-
tivities and optical constants, we wish to examine the in-
fluence of the latter on second-harmonic generation and
analyze our SH data for gallium arsenide. Using well
known formulas of nonlinear optics,3” the SH signal gen-
erated by the probe pulse can be written as
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Here S| 3. is the s-polarized SH signal, Eg,w represents
the p-polarized electric field of the probe pulse, and
Xizﬂ) = Sczy)z is the effective tensor element of the second-
order nonlinear susceptibility; otherwise the following no-
tation is used: ¢|| ., is the Fresnel transmission coeflicient,
@ is the angle of incidence, 6, is the angle of refraction,
and 7, is the complex index of refraction where x= w or
2w.

The SH is expected to vanish during the phase trans-
formation from the crystalline to the liquid state because
the latter is centrosymmetric and x(? is zero by symme-
try. However, the time dependence of the SH due to the
changes and the final vanishing of x(?) is obscured by
changes of the second factor of the integrand in (1). This
term depends only on the linear optical properties of the
material, both explicitly and implicitly via the refraction
angles 6, and 65,,. Thus it is clear that changes of the op-
tical constants caused by the pumping process will lead
to changes of the SH, even if x(?) does not vary at all.

The strong effect of the variation of the optical con-
stants on the SH is illustrated in Fig. 11. The dashed
curve shows same SH data as Fig. 1. These raw data
are compared with the calculated SH signal, which takes
into account the experimentally determined variation of
the complex index of refraction and assumes that x(2) is
constant. Possible changes of the optical constants at 2w
have been neglected. '

The result is shown by the dotted curve in Fig. 11. The
comparison of the dashed and dotted curve indicates sur-
prisingly large changes of the SH signal solely caused by
the laser-induced variations of the linear optical proper-
ties. In particular, it turns out that the very large peak
of the calculated SH is due to the initial decrease of the
refractive index n discussed above.

With the knowledge of the optical constants we can
now correct the SH raw data and obtain the underlying
change of x(3). The resulting x(?) is given by the solid
line. The correction procedure reveals a very strong and
extremely fast initial drop of x(?) within the first 100fs,
followed by a more gradual decrease over a few hundred
femtoseconds.

The data obtained for other values of the laser flu-
ence have been analyzed in a similar way. The inset of
Fig. 11 shows an example of the time dependence of x(2)
for a lower fluence 1.5F,,. This is the fluence regime of
slow, ordinary thermal melting,® in which the structural
changes develop on a time scale of tens of picoseconds.
Nevertheless, we observe a very sharp drop of x(?) within
the first 100fs and a constant level during the remaining
time.

It should be emphasized that such an initial rapid de-
crease of x(? is a characteristic feature of all our data,
both above and below threshold. However, there are im-
portant differences of the subsequent time dependence of

(n2w cos O3, + cos 8)(ng, cos by, + n, cosb,,

) |E2,|” dt. (1)

x®) for the different fluence regimes. For fluences below
and up to about 20-30 % above threshold a recovery of
x® to the value of the unperturbed solid is observed on a
time scale of 2-3 ps. Of course, SH generation ultimately
disappears above threshold, but on a very much longer
time scale of several tens of picoseconds, which is given
by the time for the formation of a liquid overlayer by
thermal melting. On the other hand, in the high fluence
regime x(?) does not recover. Instead, the nonlinear sus-
ceptibility disappears completely within a few hundred
femtoseconds. The characteristic time of this final decay
shortens with increasing fluence.

Our observations of the high fluence regime are, in
principle in agreement with the results reported in Ref. 9,
where an ultrafast quenching of x(?) within the probe
pulse duration was found for 4F,,. However, at such a
high fluence it was not possible to distinguish the initial
rapid drop and the final decay of x(?), probably because
the processes are too fast to be time resolvable.

Before turning to the discussion of the results, an un-
derlying approximation of our procedure to calculate the
optical constants from the reflectivity should be men-
tioned. Our analysis treats the material as spatially ho-
mogeneous, neglecting the spatial variation of the optical
properties in the depth of the excited material. In prin-
ciple the depth profile of the optical properties should
be taken into account.3® However, the excitation profile
and the variation of the optical properties are not well
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FIG. 11. Measured reflected second harmonic of the probe
pulse (dashed curve, same as in Fig. 1), the calculated SH
(dotted curve, see the text) and the measured nonlinear sus-
ceptibility x? of gallium arsenide as a function of time for
F = 2F,,. The inset shows the measured time dependence of
x(z) for a lower pump fluence, F = 1.5F,,.
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known and a more accurate analysis including the effect
of spatial inhomogeneity is very difficult. It follows that
the experimentally determined optical constants must be
interpreted as spatial averages over the absorption depth.
Fortunately, k is strongly increasing upon excitation and
the effect of spatial averaging is reduced because the
probe pulse penetrates only a small fraction of the ex-
cited depth. As far as the SH is concerned, spatial av-
eraging is expected to be of minor importance because
in this case the probe depth is given by the absorption
depth at 2w, which is much less than the thickness of the
excited material layer. The effect of spatial averaging in
the determination of the linear optical constants leads to
some underestimate of the changes of x(2).

V. DISCUSSION

It has been pointed out several times that the observed
characteristics of the phase transformation in silicon and
gallium arsenide are very similar. In particular, accord-
ing to our measurements and those of others,>” the melt-
ing thresholds are very nearly the same. This appears to
be surprising at first glance because the linear absorption
at 625 nm of silicon (a = 3.5 x 10® cm~!) and gallium ar-
senide (o = 4.3 x 10* cm™?) differ by approximately one
order of magnitude. A plausible explanation is that non-
linear absorption processes must be taken into account to
explain the observed thresholds. Kiitt et al.3° and Reitze
et al.%® have derived a two-photon absorption coefficient
of B~ 40 cm/GW at Aiw = 2 eV from reflectivity mea-
surements on silicon below the melting threshold. From
our own measurements we have obtained a somewhat
higher value of 3 ~ 55 cm/GW.%! Thus the effective ab-
sorption coefficient of silicon at the measured melting
threshold (17OmJ/cm2) is et = alin + B(1 — R)Imax =
(3-5) x 10* cm™!. This value is comparable with the
linear absorption of gallium arsenide, indicating that at
intensities corresponding to the threshold the effective
optical absorption in both materials is comparable.

Other physical differences of the two materials, e.g.,
differences of the electronic structure and of the relax-
ation mechanisms of the photoexcited carriers, appar-
ently do not substantially affect the process of ultrafast
disordering. It is therefore possible to drop explicit refer-
ence to silicon or gallium arsenide in most of the following
discussion.

A. Two-step model

A crude comparison of the data reveals that the sec-
ond harmonic generally changes faster than the optical
reflectivity. For example, it can be seen from Fig. 1 that
the SH disappears in about 200 fs, whereas the reflectiv-
ity takes roughly 500 fs to rise to the final value. Some
authors®1%2% have proposed an intermediate nonmetal-
lic phase with centrosymmetric (gallium arsenide®2°) or
isotropic (silicon!?) structural symmetry to explain that
the SH disappears before the reflectivity reaches the value
corresponding to the disordered liquid state.

14 193

On the other hand, the more detailed examination of
the data of Secs. III and IV has provided clear evidence
of two distinct regimes in the evolution of the SH and the
optical reflectivity. For both the SH and the reflectivity
there is a first stage of very short duration, comparable
with the duration of the laser pulses, followed by a sec-
ond stage in which the changes of the reflectivity and
the SH are relatively slow. Still better than in the raw
data the two different stages of the evolution manifest
themselves in the actual change of the nonlinear suscep-
tibility as shown in Fig. 11. An important point to recall
here is that the initial drop of the nonlinear susceptibil-
ity is observed for laser fluences both above and below
the melting threshold (compare solid curve and insert in
Fig. 11). Furthermore, only the amount of change in the
first stage is dependent on the laser fluence, but not its
duration, which is always given by the duration of the
pump pulse. These observations can be readily under-
stood if electronic excitation by the laser pump pulse is
causing the effect. On the other hand, if some structural
rearrangement were invoked to explain the initial fast
changes of the SH, the duration of this process*? would
not necessarily be limited by the laser pulse width. Thus
the most likely explanation of the initial rapid changes of
the SH is, in our opinion, the strong electronic excitation
during the interaction with the pump pulse.

This leads us to propose a simple phenomenological
two-step model of the laser-induced order-disorder tran-
sition. There is the initial ezcitation stage in which the
changes of the SH and the optical reflectivity are caused
by electronic excitation of the structurally intact solid
material, followed by the proper transition stage in which
the material undergoes a structural change towards the
disordered liquid phase. The excitation stage is limited
by the duration of the laser pulse, whereas the transition
stage develops on a longer time scale of several hundred
femtoseconds or even longer, depending on the actual
strength of the laser excitation.

The two-step model also provides a consistent interpre-
tation of the observed changes of the optical reflectivity,
both above and below threshold. The reflectivity data
just below threshold are representative of the reflectivity
changes directly caused by electronic excitation during
the excitation stage (see, e.g., Fig. 6). The optical reflec-
tivity above threshold on the other hand, is composed of
some contribution of short duration resulting from elec-
tronic excitation, very similar to the corresponding data
below threshold and an additional component due to the
phase transformation, which rises monotonously to the
reflectivity of the liquid.

B. Excitation stage

The properties and the dynamics of optically excited
carriers in semiconductors have been studied extensively
during the past two decades.*®> However, the extremely
high densities and temperatures such as those encoun-
tered during the excitation stage prior to the phase trans-
formation have rarely been investigated so far. Most pre-
vious studies, for example, were limited to the density
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regime below 102° cm™3. Nevertheless, some basic guide-
lines and conclusions concerning the changes of the op-
tical properties associated with hot, dense electron-hole
plasmas can be deduced from the previous low density
work.

The density of excited electron-hole pairs created dur-
ing the excitation stage can be roughly estimated from
the density of absorbed optical energy, i.e., Nejp =
(1 — R)aegF/Awe. From the experimental parameters
hwo = 2 eV, R = 35%, and aeg ~ (3-5) x 10%cm™! we
obtain N, = (0.5-1) x 1022 cm~2 at the melting thresh-
old. Of cause, for higher fluences F' > F,, still higher
electron-hole densities are achieved. This estimate sug-
gests that the density of photoexcited electron-hole pairs
can readily exceed a figure corresponding to 10% of the
total number of valence electrons Nyoia ~ 2 x 1023 cm 3.

The effective excess energy of the electron-hole pairs is
greater than the single-photon excess energy Awo — Egap
because of the strong two-photon and/or free-carrier con-
tributions to the optical absorption. The initial elec-
tronic energy distribution relaxes to a thermal distribu-
tion within a few tens of femtoseconds**%® due to ul-
trafast carrier-carrier scattering. Thus the initial carrier
temperature should be roughly of the order of 104K.

1. Changes of the linear optical properties

The principal physical effects responsible for the
changes of the linear optical response caused by very
strong electronic excitation are the following: (i) state
and band filling,*64” (ii) renormalization of the band
structure,*® and (iii) free-carrier effects. Due to the very
high electronic temperature the photoexcited carriers are
distributed over a wide range of the Brillouin zone, which
tends to reduce the changes of the population experi-
enced by the optically coupled states at any particular
probe wavelength. Under these circumstances it is pos-
sible to approximate the effect of band renormalization
as a rigid shift of the band structure,*® leading to a re-
duction of the band gap. The changes of the optical
properties caused by this reduction can be roughly esti-
mated from a corresponding spectral shift of the optical
spectra. The band gap shrinkage for silicon®® extrapo-
lated to N, = 1022 cm™3 is AE = 400 meV, suggesting
changes of the optical constants®® of Ak = 40.02 and
An = +40.3.

The changes of the optical properties caused by the op-
tical response of the free carriers can be described by the
Drude model.’! Only rough estimates can be obtained
because the basic Drude parameters, the optical reduced
mass my,, and the damping time 7p, depend on temper-
ature and density and are not accurately known for our
experimental conditions. Nevertheless, the Drude model
predicts, qualitatively speaking, a decrease of the refrac-
tive index n and an increase of the extinction coefficient
k at a probe wavelength of 625 nm.

The strong decrease of n and the strong increase of
k observed experimentally both for silicon and gallium
arsenide suggest that the optical response of the excited
semiconductors is dominated by free-carrier effects. Only
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at the very beginning of the excitation process a slight
increase of n has been observed (see Fig. 10), which could
be due to shrinkage of the band gap. The sharp increase
of k around zero delay time (Fig. 10) can be attributed
to pump-induced two-photon absorption.

2. e-h relaxation

Assuming that the contributions from band and state
filling are relatively small, they will be neglected in the
following and the Drude model will be used to calculate
the time dependence of carrier density and relaxation
time from the measured optical constants. Because of
the uncertainties of the optical reduced mass, only the
ratio Ne.p/mj,, can be extracted from the data. A result
for silicon slightly below threshold (F = 0.9 x F,,) is
depicted in Fig. 12, where Ne_h/mf;pt and 1/7p, derived
from the data of Fig. 10, are plotted as a function of delay
time (solid and dotted line, respectively). The dashed
line in Fig. 12 shows the evolution of N../m%, when
the estimated contributions to the changes of the optical
constants due to gap shrinkage and lattice heating are
taken into account.

With an optical mass between 0.15 and 0.5 of the free-
electron mass,’?:°3 a maximum initial electron-hole den-
sity between 5 x 102! cm™2 and 1.5 x 1022 cm ™3 is es-
timated. These figures are in good agreement with the
rough estimate of N, based on the optically absorbed
laser energy.

The data indicate that the initial electron-hole den-
sity relaxes in about 1 ps. We believe that this fig-
ure is accurate within a factor of 2, due to the vari-
ous assumptions and approximations. Despite these un-
certainties it appears that the observed relaxation of
the carrier concentration is too fast to be explained
by Auger recombination alone. The Auger recombina-
tion coefficient is expected to decrease as a result of
screening and the Auger recombination time should ap-
proach a constant value of approximately 6 ps at densities
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FIG. 12. Time dependence of the density (Ne-rn/m5pe, solid
line) and the Drude damping constant (1/7p, dotted line) of
an e-h plasma in silicon derived from the optical constants of
Fig. 10. The dashed line is the density including an estimated
correction for gap shrinkage and lattice heating.
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above 102! cm~3.54 Other possibilities include plasmon-—
phonon-assisted recombination®® as a very fast relax-
ation channel at high densities and diffusion of the car-
riers into the bulk.356758 Nonlinear absorption leads to
a significant enhancement of the diffusion in silicon at
high excitation because nonlinear absorption produces
much steeper carrier density profiles than linear absorp-
tion. Modeling the density profile including nonlinear
absorption, a time constant of 1-2 ps is estimated for the
relaxation of the carrier concentration due to diffusion,
which is in good agreement with the experimental data.
Thus we believe that the observed fast-carrier relaxation
is probably caused by diffusion.

The values of 1/7p up to ~ 2 x 10'® s™!, derived from
our data, are in agreement with the results of other
groups.®®60 These rates are very fast compared with the
carrier-phonon collision rates (1012 — 103 s_l), which
dominate the current relaxation at low densities. Theo-
retical work®1:62 has explained these fast damping rates
as being due to electron-hole collisions in which the total
momentum is conserved, but not the current.

3. Changes of the nonlinear optical properties

In the framework of the bond charge model®3:¢4 the
principal contribution to the nonlinear optical response
of polar semiconductors has been attributed to the asym-
metry of the bond charge between adjacent atoms (in our
case gallium and arsenic). The application of the bond
charge model is, strictly speaking, limited to optical fre-
quencies below the fundamental gap (2wo < Egap/h). A
decrease of x(2) may nevertheless be expected to result
from a depletion of the bond charge during strong opti-
cal interband excitation. Changes of x(? could also arise
from band-gap shrinkage at high electron-hole concentra-
tion. The effect of band-gap shrinkage can be estimated
from the frequency dependence of the nonlinear suscepti-
bility. Experimental®® %7 as well as theoretical®®° work
indicate strong dispersion of x(?) in gallium arsenide in
the frequency range of interest. The experimental data®”
reveal a maximum of x(?) near 2eV, which corresponds
to the photon energy of the probe pulses in our experi-
ments and a decrease down to approximately 50% of the
maximum at 2.5 eV. Thus both bond-charge depletion
and band-gap shrinkage, which are expected to lead to a
decrease of x(?) upon strong electronic excitation, could
explain the experimentally observed fast decrease of x 2
during the excitation phase. For both mechanisms the
magnitudes, but not the time constants, would be ex-
pected to vary with laser fluence, in agreement with the
observed fluence dependence of the initial decay of x®.
In our opinion these purely electronic mechanisms are
more likely than structural changes of the material to
explain the observed fast changes of x(?) during the ex-
citation stage.

C. Transition stage

The excitation stage is followed by a transformation of
the excited solid to a disordered liquidlike state provided
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the threshold fluence for melting is exceeded. Within
a fluence range up to about 1.3 times the threshold
value the structural transformation develops on a time
scale of several tens of picoseconds. As pointed out
above, this relatively slow transformation near threshold
is due to thermal melting®3! under highly superheated
conditions.”®

On the other hand, it appears that some fundamen-
tally different type of transformation occurs for fluences
exceeding 2-3 times the threshold. In this high fluence
regime the optical reflectivity measured at a single probe
wavelength reaches a value corresponding to the liquid
state in less than 1 ps. Our more detailed reflectivity
measurements in which the angle of incidence and the
wavelength were varied have confirmed that in both ma-
terials the optical properties approach the values corre-
sponding to the liquid state in less than 1 ps after exci-
tation. For example, the angular reflectivity spectrum of
silicon at 300 fs (Fig. 7) measured for a pump fluence of
F = 3F,, can be fitted using the known optical constants
of liquid silicon at 625 nm. The frequency spectra of the
reflectivity of silicon measured for the same fluence (Fig.
8) show that the change from the solid spectrum (dashed
line) to the spectrum of the liquid (solid line) is com-
plete at 300 fs. In addition, the properly corrected SH
data for gallium arsenide indicate that in the high flu-
ence regime x(?) disappears, dropping from its reduced
value at the end of the excitation stage below the de-
tection limit in a few hundred femtoseconds. The final
maximum reflectivity is independent of the laser fluence
and constant for a few nanoseconds until resolidification
occurs. These observations are in agreement with the
behavior that would be expected if the phase established
at the end of the transition stage was the liquid phase.

These various experimental results support the con-
clusion that at sufficiently high excitation the materials
undergo—after some distinct excitation stage—a direct
structural transformation to the liquid state within a few
hundred femtoseconds, without passing through interme-
diate nonmetallic phases with different structural proper-
ties. As discussed previously, the time of this transition
is shorter than the relaxation time, ruling out thermal
mechanisms as an explanation of the structural transfor-
mation.

There is a long history of the possible role of a
nonthermal mechanism in laser-induced structural trans-
formations of covalent semiconductors. The extremely
high concentration of photoexcited free carriers plays a
crucial role in these concepts. It is well known that
free carriers may cause some softening of TA-phonon
modes?® to the extent that the cold lattice becomes un-
stable against shear stress at some critical carrier density
around a few times 1022 cm—3. Plasma-induced transi-
tions are very unlikely to play a role for laser pulses much
longer than the relaxation times of the material. How-
ever, the model of plasma-induced melting has been pro-
posed as an explanation of phase transformations induced
by ultrashort femtosecond laser pulses.”9:14,20,21

Recently, Stampfli and Bennemann?! have developed a
dynamical theory in which a tight-binding formalism was
used to investigate the stability of the lattice as a func-

16—22
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tion of plasma density in silicon. They have studied the
change of the mean atomic displacement as a function
of time under the influence of the carrier plasma. It has
been shown that the mean displacement may increase to
approximately 1A within 100-200 fs, nearly half the equi-
librium bond length (2.35A), which is clearly sufficient to
destroy the lattice. An interesting aspect of this model is
that it predicts an effective repulsive potential in which
the lattice atoms gain kinetic energy more rapidly than
in ordinary electron-phonon collisions. As a result, dis-
ordering and heating of the material could occur much
faster than in a normal thermalization process due to
electron-phonon interaction.

At the present time a direct, detailed comparison of
this new model with the experimental data is not possi-
ble because the changes of the linear and nonlinear opti-
cal properties accompanying the transition have not been
calculated as yet. Siegal et al.3* have recently used a sim-
ple oscillator model to describe the observed changes of
the optical properties during femtosecond laser-induced
phase transformation in gallium arsenide. Their mea-
surements could be interpreted in terms of a single oscil-
lator dielectric function having a resonant frequency that
decreases as a function of pump fluence. The resonance
frequency was interpreted as the average optical gap of
the material. According to this picture the transition to
a metallic state occurs when the average optical gap is re-
duced to the point where the conduction-band minimum
drops below the valence-band maximum.

The discussion is concluded by a qualitative compari-
son of plasma-assisted and ordinary thermal melting. In
a thermal melting process the atoms must gain kinetic
energy by successive electron-phonon collisions to over-
come the binding potential of the stable crystalline struc-
ture. The collisional exchange of energy between elec-
trons and atoms requires a relatively long time of several
picoseconds. On the other hand, the generation of an
e-h plasma exceeding some characteristic critical density
instantaneously turns the initial binding potential into
a repulsive potential, permitting lattice atoms to change
coordination and gain kinetic energy in a time of the or-
der of a vibrational period, which is of the order of 100
fs. The plasma-assisted process bares some analogy with
the photodissociation of molecules. For intermediate flu-
ences both the thermal process and the plasma-assisted
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process are likely to contribute to bring about the struc-
tural change.

VI. SUMMARY AND CONCLUSIONS

Laser-induced phase transitions in silicon and gallium
arsenide have been studied by means of femtosecond
time-resolved measurements of the optical reflectivity
and of the reflected second harmonic. These experiments
have provided the changes of the linear optical constants
and of the second-order nonlinear optical susceptibility.
It has been shown that the reflected SH is very strongly
affected by the changes of the linear optical constants and
that these effects must be taken into account to derive
the nonlinear susceptibility from SH data.

The observed evolution of the linear and nonlinear op-
tical properties suggest a two-step model of the laser-
induced phase transformation: During and shortly after
the laser excitation pulse the optical constants and the
nonlinear susceptibility of the material are determined by
the strong electronic excitation, in particular, the genera-
tion and relaxation of a photoexcited dense electron-hole
plasma. We have called this stage the excitation stage.
The actual transformation of the crystalline solid to a
metallic liquid occurs during the subsequent transition
stage. The duration of the latter has been observed to
be dependent on the strength of the laser excitation. For
fluences of approximately three times the threshold flu-
ence the duration of the transition stage is 300 fs. Cur
data provide further evidence that for excitation fluences
leading to electron-hole densities in excess of 1022 cm ™3,
a nonthermal electronic mechanism gives rise to an ul-
trafast (subpicosecond) transformation from the covalent
crystalline to the metallic liquid state.
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