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Ultrafast dynamics and phase changes in crystalline and amorphous GaAs
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The femtosecond-time-resolved response of the spectral dielectric function provides a great wealth of infor-
mation on carrier and lattice dynamics in highly photoexcited semiconductors. We present measurements of the
dielectric function of crystalline and amorphous GaAs over a broad spectral energy range~1.7–3.4 eV!, with
sub-100-fs time resolution. A detailed analysis of the data reveals many insights into the dynamics and phase
changes in semiconductors at high excitation fluences up to and beyond the damage threshold.
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I. INTRODUCTION

Ultrafast electron and lattice dynamics in semiconduct
have been studied extensively since the availability of fe
tosecond laser pulses.1,2 Many experiments and theories ha
increased our knowledge of semiconductors ranging fr
estimates of fundamental quantities such as electron-pho
scattering times to the generation and detection of Bl
oscillations in superlattices.3 Not only has this research led t
a deeper understanding of fundamental semiconductor p
ics, but it has also enabled widespread applications suc
high-speed optical modulators.4,5

Most experiments to date have concentrated on a spe
process such as the scattering time of an excited elec
with a LO phonon in gallium arsenide~GaAs!.6 In order to
observe such specific processes it is necessary to choo
appropriate optical signature. A variety of detection geo
etries ranging from differential transmission setups to fo
wave mixing experiments have been used to measure
cific ultrafast processes in semiconductors.3 In order to
minimize the noise due to other competing processes th
experiments are usually carried out at relatively low carr
densities (1016–1018 cm23).

Only a limited amount of work has been done in the
gime of highly excited carrier densities (1019–1022 cm23).
This regime is an interesting one for the study of ultraf
processes in semiconductors because many different sc
ing phenomena occur, challenging researchers to identify
dominant processes that drive the electron and lattice dyn
ics. It is also increasingly important in modern applicatio
For example, injection currents in high-power laser diod
create high carrier densities on the order of 1018 cm23.7

Also, micromachining using femtosecond lasers, which
volves creating extremely high carrier densities~greater than
1022 cm23), is rapidly moving into commercia
applications.8 To optimize such applications it is necessary
understand the carrier and lattice dynamics at excitation d
sities close to and beyond the damage threshold~around
1022 cm23 in GaAs!.

In this paper we present femtosecond-time-resolved m
surements of the dielectric function of crystalline Ga
(c-GaAs! and amorphous GaAs (a-GaAs! at carrier densities
below and above the threshold for permanent damage.
spectral dielectric functione(v) of a material is an excellen
quantity to measure because it contains information on
0163-1829/2002/66~24!/245203~13!/$20.00 66 2452
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electronic configuration as well as on the structure of
material. A direct comparison of the crystalline and am
phous phases leads to insights into the nonthermal ph
transition each of the materials undergoes upon laser irra
tion.

II. TECHNIQUE

All the dielectric function data presented in this pap
were obtained using femtosecond-time-resolv
ellipsometry.9,10 This technique allows direct measureme
of the real and imaginary parts of the dielectric function o
material with fs time resolution over a broad energy ran
~from 1.7 eV to 3.4 eV!. We combine multiangle
ellipsometry11 with a white-light pump-probe measuremen3

By performing broadband time-resolved reflectivity expe
ments at two different angles under the same excitation c
ditions, we obtain two reflectivity values for each wav
length and time delay. We account for the chirp of the wh
light by measuring the chirp in an independent measurem
and time shifting the reflectivity data accordingly. If the tw
angles are chosen appropriately, one can uniquely invert
Fresnel reflectivity formulas to obtain the real and imagina
parts of the spectral dielectric functione(v).9,10

For the experiments onc-GaAs we used an amplified dye
laser system producing 70-fs, 100-mJ pulses at a repetition
rate of 10 Hz and a spectral energy of 1.9 eV. The pu
beam wasp polarized with an angle of incidence on th
sample of 43°. For the experiments ona-GaAs we used an
amplified Ti:sapphire laser system producing 50-fs, 0.5-
pulses at a repetition rate of 1 kHz and a spectral energ
1.5 eV; the pump beam wass polarized with an angle of
incidence of 50°. The angles of the probe beams were
and 76° forc-GaAs and 53° and 78° fora-GaAs.

III. RESULTS

We used a commercially availablec-GaAs ~100! sample
~Cr doped,r.73105 V m). Thea-GaAs sample was cre
ated by three stages of ion implantation with Kr ions into
crystalline wafer.

The total dose of 731015 ions per cm2 constitutes less
than 1% of the atoms in the amorphized region of the ma
rial. After implantation the material is amorphous down to
©2002 The American Physical Society03-1
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FIG. 1. Evolution of the di-
electric function of crystalline
GaAs „d5Re@e(v)#, s

5Im@e(v)#… after excitation at
0.32F th . The curves show
Re@e(v)# ~solid line! and
Im@e(v)# ~dashed line! for
c-GaAs heated to various tem
peratures:~a! 293 K, ~b! 323 K,
~c! 373 K, ~d! 423 K, ~e! 473 K,
and~f! 723 K ~Ref. 14!. The tem-
peratures are selected by matchin
curves to the data~for 4 ps and
after! or derived from the expo-
nential curves for lattice tempera
ture versus time delay shown i
Fig. 2.
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depth of 600 nm, which is greater than the optical pene
tion depth of our probe pulse.

The response ofc-GaAs anda-GaAs to excitation by a
femtosecond pulse varies strongly with incident excitat
fluenceF. Above a certain threshold fluence, the samples
permanently damaged, as observed under an optical m
scope. Measured in terms of the peak fluence at the cent
the Gaussian profile, the threshold forc-GaAs is F th-c
51.0 kJ/m2 and fora-GaAs isF th-a50.1 kJ/m2.

A. Low-fluence regime

1. Crystalline gallium arsenide„FË0.5F th-c…

Figure 1 shows the evolution of the dielectric function
c-GaAs after excitation by a pulse of peak fluen
0.32 kJ/m2, representative of the low-fluence regime for th
material. In addition to the data from the broadband pro
the figure includes data points from a separate measure
of the dielectric function at 4.4 eV.12 The solid and dashed
curves in each of the panels represent the real and imagi
parts of the dielectric function of unexcitedc-GaAs at vari-
24520
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ous temperatures.13,14 For clarity we have omitted the erro
bars for the dielectric function data in this and the followin
graphs. In most of the graphs, the error bars are on the o
of the marker size.10

FIG. 2. Laser-induced lattice heating ofc-GaAs for three differ-
ent excitations in the low-fluence regime: 0.20F th (d), 0.32F th

(m), and 0.45F th (j). The fitted exponential curves yield a com
mon rise time of about 7 ps.
3-2
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FIG. 3. Evolution of the di-
electric function of a-GaAs „d

5Re@e(v)#, s5Im@e(v)#… after
excitation by pulses of abou
0.9F th-a . The dielectric function
of a-GaAs at room temperature
~Ref. 15! is shown for comparison
in all panels „solid curves
5Re@e(v)#, dashed curves
5Im@e(v)#….
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For the first 500 fs after excitation, the peak of Im@e(v)#
falls by about 15%–20% in amplitude and broadens sligh
The dispersive ‘‘wiggle’’ in Re@e(v)# flattens out, as ex-
pected from the Kramers-Kronig relations. Although the
electric function partly recovers after about 1 ps, the data
not indicate a return to the original state of the material. T
data at 4 and 8 ps agree well with cw-ellipsometric data
the dielectric function ofc-GaAs at 473 K and 732 K
respectively,14 as indicated in Figs. 1~e! and 1~f!. The lattice
heating after 4 ps, indicated by the fits in Fig. 1, is typical
the low-fluence regime.

Figure 2 shows the lattice temperature versus time de
for three different excitation fluences, obtained from matc
such as those in Figs. 1~e! and 1~f!. As expected, highe
excitation fluences lead to higher lattice temperatures. U
3 ps, the dielectric function of laser-excitedc-GaAs still
shows contributions due to the excited free carriers and is
solely altered by lattice heating. In addition, we cannot
termine the temperature at 8 and 16 ps for 0.45F th because
measurements of the dielectric function ofc-GaAs have only
been reported up to 884 K. Exponential fits to the data
24520
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0.20F th and 0.32F th yield a rise time of about 7 ps. Thes
exponential fits can be used to determine the lattice temp
tures at times less than 4 ps, when electronic effects
contribute to the dielectric function. In each of the pan
~a!–~d! of Fig. 1, the curves represent the published diel
tric function14 for c-GaAs at a lattice temperature determin
in this fashion. The difference between the data and
curves is due to electronic effects. We shall make use
these difference spectra in Sec. IV A 1 to study the elect
dynamics.

2. Amorphous gallium arsenide„FË1.7F th-a…

We confirmed in a separate measurement~not shown
here! that the dielectric function of oura-GaAs sample
agrees with that of an amorphous GaAs sample generate
bombardment with 270-keV As1 ions.15 Figure 3 shows the
evolution of the dielectric function ofa-GaAs following an
excitation of 0.9F th . Within the first few hundred femtosec
onds, Im@e(v)# rises and Re@e(v)# falls for frequencies at
the lower end of the spectral range.
3-3
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FIG. 4. Evolution of the di-
electric function of c-GaAs „d

5Re@e(v)#, s5Im@e(v)#… after
excitation at 0.70F th-c . The curves
in ~a! and ~b! show Re@e(v)#
~solid line! and Im@e(v)# ~dashed
line! for c-GaAs at room tempera
ture ~Ref. 13!. The curves in~d!,
~e!, and~f! represent the dielectric
function of amorphous GaAs a
room temperature~Ref. 15!.
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The peak in Im@e(v)# shifts below its initial position of
3.35 eV, reaching 2.8 eV at 50 ps. Re@e(v)# also shifts to
lower frequency with time. Such a redshift is expected wh
a semiconductor heats up.15–18We cannot determine the tem
perature as a function of time delay because the linear op
properties of hota-GaAs have never been measured. Ho
ever, the evolution ofe(v) in Fig. 3 indicates that lattice
heats for tens of picoseconds, then starts to cool again
time scale of several hundred picoseconds, with the dielec
function moving back to higher photon energies. The cool
is due to thermal diffusion, and the time scale of several 1
ps is consistent with theoretical estimates for heat diffus
over tens of nanometers.19

B. Medium-fluence regime

1. Crystalline gallium arsenide„0.5F th-cËFË0.8F th-c…

As the data obtained at 0.7F th-c in Fig. 4 show, the
changes ine(v) in this fluence regime are more pronounc
than in the low-fluence range. The drop in the real part d
ing the first few hundred femtoseconds is larger~cf. Fig. 1!,
and there is a dramatic increase in the imaginary part
24520
n

al
-

a
ic
g
0
n

r-

r

photon energies up to 2.7 eV. Over several picoseconds
observe the development of a single broad peak
Im@e(v)#, its center shifting towards lower energy. After
ps the peak has moved to about 2.8 eV~from its initial value
of 3.1 eV! and its full width at half maximum is greater tha
2.8 eV ~compared to 0.7 eV initially!. Meanwhile, the real
part develops a negative slope across most of the freque
range.

The dielectric function at these times is similar to that f
amorphous GaAs at room temperature,15 as demonstrated in
Figs. 4~d!–4~f!, but the data are shifted towards lower en
gies, as might be expected because the laser-excited ma
is heated well above room temperature. Measurement
second-harmonic generation20 and of the second-orde
susceptibility21 indicate that GaAs becomes centrosymmet
~on length scales shorter than or equal to the probe wa
length! a few picoseconds after excitation in this fluen
range. Because it is not possible to form a centrosymme
crystalline phase in GaAs, these data imply a loss of orde
on length scales up to 500–1000 nm. Our experiments
amorphous GaAs provide further evidence that supp
amorphization, as we will show in Sec. IV B 2.
3-4
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FIG. 5. Evolution of the di-
electric function of a-GaAs „d

5Re@e(v)#, s5Im@e(v)#… after
excitation at 1.7F th-a . The dielec-
tric function of a-GaAs at room
temperature~Ref. 15! appears for
comparison in all panels„solid
curves5Re@e(v)#, dashed curves
5Im@e(v)#….
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2. Amorphous gallium arsenide„FÉ1.7F th-a…

For a-GaAs we do not observe a clearly distinct interm
diate region. Instead we present data obtained atF
51.7F th-a , on the border between the low- and high-fluen
regimes. Figure 5 shows the evolution ofe(v) at F
51.7F th-a . The initial electronic effects are greater than
0.9F th-a . After 2 ps, the peak value of Im@e(v)# has in-
creased to a value of 30, and both the peak of Im@e(v)# and
the zero crossing of Re@e(v)# have moved to lower photon
energy. The zero crossing of Re@e(v)# continues to drop in
frequency over the following picoseconds, while Im@e(v)#
takes on a Drude-like shape.22 After 16 ps, Re@e(v)# is
negative across the entire spectral range. Although Im@e(v)#
still has a peak around 2.4 eV, the dielectric function loo
like one produced by the Drude model for a free-elect
gas.

C. High-fluence regime

1. Crystalline gallium arsenide„FÌ0.8F th-c…

Above 0.80F th-c , the evolution ofe(v) is very different
from that in the lower-fluence regimes. The real part of
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dielectric function becomes negative over the entire obser
spectral range, and the photon energy at which Re@e(v)#
crosses zero decreases with time delay, as shown in Fi
The zero crossing of the real part of the dielectric functi
coincides with the main resonance in a material—that is,
transition in the system with the dominant oscillat
strength.23 In c-GaAs this transition corresponds to theE2

peak in Im@e(v)# which is due to the large joint density o
states around theX valley in the Brillouin zone.24 The loca-
tion of E2 approximately gives the value of the avera
bonding-antibonding splitting of GaAs.23 Thus, Fig. 6~a!
shows that, atF51.60F th-c , most of the oscillator strength
moves from an initial value of 4.75 eV~Ref. 13! to below 3.2
eV within 250 fs. By 4 ps, the zero crossing of the real p
has shifted to well below 2 eV. The curves in panels~d!–~f!
of Fig. 6 show fits to a Drude model. All fits have a rela
ation time of 0.18 fs and plasma frequencies of 13.0, 12
and 10.5 eV, respectively. A plasma frequency of 10 eV c
responds to a free carrier density ofN50.7331023 cm23.
Given that the total density of all valence electrons
c-GaAs is 1.1231023 cm23, the value we find for the plasm
3-5
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FIG. 6. Evolution of the di-
electric function of c-GaAs „d

5Re@e(v)#, s5Im@e(v)#… after
excitation at 1.60F th-c . The curves
in ~a! and ~b! show Re@e(v)#
~solid line! and Im@e(v)# ~dashed
line! for c-GaAs at room tempera
ture ~Ref. 13!. The curves in~d!,
~e!, and~f! show Drude-model di-
electric functions with 0.18-fs re-
laxation time and plasma frequen
cies of 13.0, 12.0, and 10.5 eV
respectively.
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frequency indicates that the band gap is completely clo
and that a semiconductor-to-metal transition has occurre

We observe this semiconductor-to-metal transition at
fluences above 0.8F th-c . Figure 7 shows the drop in the zer
crossing of Re@e(v)# versus time at different fluences, trac
ing the collapse of the bonding-antibonding gap. Once
zero-crossing photon energy goes below 2 eV, it is difficul
determine where the crossing occurs because the data
often noisy at the edges of the probe continuum.

Although the Drude fits are excellent, a peak centered
2.75 eV is visible in Figs. 6~d!–6~f!. This peak implies a
contribution due to interband transitions, even after the b
gap has collapsed. The same phenomenon occurs in co
whose dielectric function is well described by a Drude mo
except for interband transitions above 2 eV that are resp
sible for the characteristic color of copper.

2. Amorphous gallium arsenide„FÌ3.2F th-a…

Figure 8 shows the evolution ofe(v) for a pump fluence
of 5.7F th-a ; the response of the dielectric function is simil
at other fluences above 3.2F th-a . At 500 fs the data already
show a Drude-like metallic behavior, indicating the mater
24520
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FIG. 7. Photon energy at which Re@e(v)#50 as a function of
time delay forc-GaAs: 0.9F th-c (s), 1.1F th-c (l), 1.3F th-c (n),
and 1.6F th-c (m). The dashed curves are guides to the eye.
3-6
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FIG. 8. Evolution of the di-
electric function of a-GaAs „d

5Re@e(v)#, s5Im@e(v)#… after
excitation at 5.7F th-a . The curves
in ~a! and ~f! show Re@e(v)#
~solid lines! and Im@e(v)#
~dashed lines! for a-GaAs at room
temperature~Ref. 15!. The curves
in ~b!, ~c!, ~d!, and ~e! show
Drude-model dielectric functions
with plasma frequencies of 19.0
16.0, 14.0, and 14.0 eV and relax
ation times of 0.10, 0.12, 0.12
and 0.10 fs, respectively.
n
sm

ta
e

f

ric
0

t

te
he
ec
t

ls
0
a

th

tate

old
e
rrier
t
tric
ia
the
by
the
.
ita-
has undergone a nonthermal semiconductor-to-metal tra
tion. The free parameters used in the Drude fit are the pla
frequencyvp519.0 eV and the relaxation timet50.10 fs.
Between 1 ps and 16 ps, the relaxation time remains cons
at 0.12 fs while the plasma frequency decreases—to 16.0
at 2 ps and 14.0 eV at 8 ps. At 16 ps, the best-fit value ot
decreases to 0.10 fs, whilevp remains at 14.0 eV. By this
time, the material is in thermal equilibrium and the dielect
function is that of the liquid phase. Between 50 ps and 4
ps, enough heat diffuses from the surface layer to cause
solidification, which is visible in the dielectric function a
400 ps.

Figure 8~b! shows that the transition to the metallic sta
is complete within 500 fs. To determine the duration of t
semiconductor-to-metal transition, we plot five sets of diel
tric function data at 5.7F th-a around zero time delay withou
correcting for the probe chirp~see Fig. 9!. The earliest probe
data set (2667 fs) matches the dielectric function ofa-GaAs
because all probe wavelengths arrive before the pump pu
In the latest data set~667 fs!, the probe arrives more than 50
fs after the pump, so metallic behavior is observed at
wavelengths. The data set marked ‘‘0 fs’’ shows that
24520
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transition proceeds smoothly from the semiconducting s
to the metallic one, beginning at250 fs and ending at1170
fs on the chirp~upper horizontal! axis for a total duration of
220 fs. This duration is between that at 14F th-a ~170 fs! and
3.2F th-a ~380 fs!.

IV. DISCUSSION

A. Carrier dynamics

Assuming linear absorption, a pump pulse at the thresh
fluence ofF th-c51.0 kJ/m2 excites about 10% of the valenc
electrons to the conduction band corresponding to a ca
density of about 1022 cm23. The excited free carriers affec
both intraband and interband contributions to the dielec
function. First, free carriers affect the dielectric function v
free-carrier absorption of the probe, as described by
Drude model. Second, screening of the ionic potential
free carriers and electronic many-body effects change
band structure,25 which in turn affect the dielectric function
These free-carrier effects arise immediately after the exc
tion and dominate the changes ine(v) for up to a picosec-
3-7
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KIM et al. PHYSICAL REVIEW B 66, 245203 ~2002!
ond after excitation, before changes in the lattice beco
important. Later, heating and disordering of the lattice a
the dielectric function through changes in the allowed ene
states for free carriers.

Because the dielectric function is determined by the b
structure, its evolution provides information on the carr
dynamics such as interactions between carriers at spe
points in the Brillouin zone or scattering events from o
point in the Brillouin zone to another. Due to the lack
crystal symmetry, a Brillouin zone cannot be defined
a-GaAs and so the following discussion of carrier dynam
is limited to c-GaAs.

1. Low-fluence regime

At short pump-probe delays the most pronounced fea
in the dielectric function ofc-GaAs is the decrease an
broadening of theE1 peak in Im@e(v)# ~see Fig. 1!. TheE1
peak arises from 3-eV transitions in regions ofk space
around theL points and part way along theL-G axes of the
Brillouin zone~which we will refer to as the ‘‘L valleys’’ due

FIG. 9. Evolution of ~a! Re@e(v)# and ~b! Im@e(v)# when
pulses of 5.7F th-a excite a-GaAs, for positions of the time dela
stage near time zero. The nonlinear probe chirp is indicated a
top of each plot. The legend gives the time delay at 2.35 eV.
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to the curvature of the conduction band in these regi
around theL points!, and the pump-induced decrease in a
sorption is caused by the presence of excited carriers in thL
valley by a number of different effects. First, Pauli blockin
directly inhibits further absorption into the occupied stat
Second, because excitons account for a substantial amou
absorption in semiconductors,26,27 bleaching of the excitonic
absorption also contributes to decreasing the overall abs
tion. Both screening and exchange interactions bleach e
tonic absorption, and also the Coulomb enhancement of
excitonic absorption is reduced due to the excit
carriers.28,29All of these effects are strongest at points clo
to the wave vector of the excited carriers because of
uk12k2u21 dependence of the Coulomb potential. The red
tion in absorption around theE1 peak therefore indicates tha
carriers are present in theL valley. Because the 1.9-eV pho
tons in the pump beam excite the carriers into theG valley,
we can deduce theG-L scattering from the evolution of the
E1 peak. The curves in Fig. 10 represent the purely el
tronic contribution to changes in Im@e(v)# at theE1 peak, as
determined by subtracting the values for Im@e(v)# predicted
by exponential heating~see Figs. 1 and 2! from the measured
values. As expected, the difference is largest at higher
ences when more free electrons are excited. The initial
crease inD Im@e(3.0 eV)# indicates aG-to-L scattering time
of a few hundred femtoseconds, confirming previous exp
mental findings,30,31but contradicting other findings of a few
tens of femtoseconds.32 Theoretical work by Zollneret al.
partially reconciles the differences in the experimental
sults by introducing a temperature dependence of theG-L
scattering time.33 However, according to the theory there is
lower bound of about 150 fs for the scattering time, furth
supporting our findings.

Free carriers relax through a combination of phonon em
sion, Auger recombination, radiative recombination, and c
rier diffusion. The data in Figs. 1, 2, and 10 show that t
effects of free carriers one(v) subside within 4 ps, wherea
the lattice heats in 7 ps. This discrepancy in time sca

he

FIG. 10. Temporal evolution of the electronic contribution
Im@e(v)# at 3.0 eV for 0.20F th-c (d), 0.32F th-c (m), and 0.45F th-c

(j) obtained by taking the difference between the measured v
and the curves in Fig. 1. The curves are guides to the eye, and
data series is shifted down by 2.5 with respect to the previous
3-8
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ULTRAFAST DYNAMICS AND PHASE CHANGES IN . . . PHYSICAL REVIEW B66, 245203 ~2002!
suggests that Auger recombination is the dominant relaxa
mechanism in the first 10 ps. Auger recombination redu
the carrier density and hence the electronic effects one(v),
without affecting the total carrier energy. Because the av
age energy per carrier increases, however, each rema
carrier must emit more phonons to reach the band edge
creasing the energy relaxation time and hence the la
heating time. The lifetime of nonequilibrium LO phonon
generated by carrier relaxation, which was found to be 4
in earlier work,6 may also contribute to the delayed lattic
heating time observed. However, its role at high carrier d
sities is not clear because phonon dynamics are complic
by higher-order processes such as plasmon-phonon coup
phonon reabsorption, and phonon-phonon interactions.

Further evidence for delayed Auger heating can be
tained by comparing the energy density deposited by the
ser in the excited volume with the energy density requi
for the observed lattice heating to occur throughout the
cited region. These data are summarized in Table I for th
excitations in the low-fluence range. The deposited ene
density is

Eabsorbed5F~12R! a, ~1!

whereR50.23 is the~measured! reflectivity of the sample a
635 nm anda5@270 nm#21 the inverse of the absorptio
depth. The thermal energy density is

Etherm5r CV DT, ~2!

where r'5.3 g/cm3 is the mass density of GaAs at roo
temperature, andCV'250 mJ/g K is the specific heat at co
stant volume.24 There are two interesting points to note fro
Table I. First, the final lattice temperature increases non
early with fluence. Therefore, a greater portion of the
sorbed energy goes to lattice heating at higher fluences.
ond, the fraction of absorbed energy going into latt
heating is surprisingly high, because electrons excited fr
the valence band are initially only 0.5 eV above the bott
of the conduction band, which corresponds to only ab
25% of the laser photon energy.

This observed lattice heating behavior can be explai
by Auger recombination. In an Auger event, an excit
electron-hole pair recombines, transferring the entire 1.9
of excitation energy to an already excited electron~hole!,
pushing it higher in the conduction band~lower in the va-
lence band!. Auger recombination therefore makes it po
sible to transfer more than 25% of the absorbed laser en
to the lattice. Furthermore, the Auger rate increases with

TABLE I. Comparison of deposited laser energyEdep with ob-
served lattice heatingDTlatt in the low-fluence regime. The lattic
temperatures are the values measured at a pump-probe delay
ps.

F Edep (kJ/cm23) DTlatt ~K! rCVDTlatt (kJ/cm23)

0.20F th 0.48 175 0.32
0.32F th 0.80 425 0.77
0.45F th 1.13 .475 .0.87
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rier density,34 accounting for the increasing fraction of ab
sorbed energy going to lattice heating at higher fluences

The delayed Auger heating model of carrier relaxation
consistent with other experiments35 and with theoretical
predictions.34 For the carrier densities in our experimen
Auger recombination dominates radiative recombination36

and carrier diffusion is limited by carrier confinement.37 As-
suming a simple picture of Auger recombination where
density changes asdn/dt52Cn3,34 we determine the Auge
coefficient to beC510231 cm6/s. This is one order of mag
nitude lower than the result measured in previous lo
density experiments.36 However, screening is expected
limit the Auger rate at high carrier densities and our estim
of the Auger coefficient is consistent with the theoretic
prediction of Yoffa.34

In summary, we find the following picture of carrier sca
tering and relaxation in the low-fluence regime ofc-GaAs:
~1! the excited carriers undergo intervalley scattering with
a few hundred femtoseconds after excitation and~2! the
dominant relaxation mechanism is Auger recombinati
causing a delayed heating of the lattice and transferrin
large fraction of absorbed energy to lattice heating.

2. Medium- and high-fluence regimes

As the fluence increases above 0.5F th-c and the excited
carrier density exceeds 531021 cm23, the dielectric function
changes due to a combination of many-body effects an
Drude contribution toe(v). Kim et al.calculated the change
in band structure inc-GaAs caused by a high density of fre
carriers through two many-body terms:25 ~1! screening of the
ionic potential and~2! self-energy corrections arising from
exchange-correlation effects. Both of these terms broa
interband transitions and reduce energy gaps, consistent
the broadening and slight downward shift of theE1 peak that
we observe in the first 500 fs after an excitation of 0.7F th-c
~see Fig. 4!. The calculation of Kim and co-workers predic
large decreases in band gap with increasing carrier den
At an excited carrier density of about 231022 cm23, or 10%
of the valence electrons, theL valley minimum falls below
the valence band maximum atG, closing the gap completely
The calculated decrease in the gaps at L andX is consistent
with the observed decrease in bonding-antibonding gap f
4.75 eV to our spectral range of 1.7–3.4 eV above 0.8F th-c
~see Fig. 6!. It is worth mentioning that many-body effect
such as band gap renormalization have characteristic o
times on the order of the period of one plasma oscillation
the excited carrier distribution. For the excited carrier den
ties in our experiments these periods are less than 10
which is below the temporal resolution of our apparat
Thus the onset of such effects is instantaneous for all pra
cal purposes in our experiments.

B. Structural dynamics

1. Low-fluence regime

At low fluences the structural dynamics are simple: t
lattice heats in a few picoseconds and then cools due to t
mal diffusion. Conventional heating~in which a material re-

f 8
3-9
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mains in thermodynamic equilibrium at all times! causes
both expansion of the lattice and increased vibrational m
tion. Such a density change is necessary to maintain ther
dynamic equilibrium. Models of the dielectric function o
heated semiconductors suggest that during conventi
heating, the change ine(v) is mainly due to lattice vibra-
tions, not density changes.17,18 Does the observation tha
e(v) of laser-irradiatedc-GaAs at 4 ps matches that o
heatedc-GaAs imply that thermodynamic equilibrium occu
on this timescale? The information provided by tim
resolved x-ray diffraction addresses the issue of lat
expansion.38–40Chin et al. observe a delay of about 10 ps
the onset of lattice expansion in InSb. Lattice expans
nucleates at the surface and a strain wave propagates int
material at the speed of sound—approximately 5 km/s
InSb.39,40Thus, it takes 20 ps for the lattice to expand dow
to a 100-nm depth~the approximate skin depth of our probe!,
and thermal equilibrium cannot be reached within 20 ps a
excitation in our experiments. The ability to match the op
cal properties of laser-irradiated c-GaAs to those of conv
tionally heated c-GaAs for time delays as short as 4 ps po
to an interesting picture of nonthermal heating. The gene
tion of the acoustic phonons that cause lattice expansion
curs through decay of LO phonons and is delayed by
LO-phonon lifetime of several picoseconds.6 Four picosec-
onds after excitation, most phonons in the material are n
phonons that are emitted by hot electrons. It therefore
lows that a distribution of nonequilibrium LO phonons h
the same effect on the dielectric function of the material
an equilibrium distribution of phonons obtained by therm
heating would have. Future theoretical work could valid
this picture by repeating the calculations of Gopalanet al.18

while selectively considering the contributions of L
phonons and acoustic phonons to the changes in the di
tric function.

2. Medium-fluence regime

In the medium-fluence regime, the shape ofe(v) of ex-
cited c-GaAs in Fig. 4 is remarkably similar toe(v) of
a-GaAs, but the dielectric function is shifted to lower ene
gies as one would expect for heateda-GaAs. There are no
data fore(v) of heateda-GaAs in the literature. From the
low-fluence data forc-GaAs we infer that thee(v) of
a-GaAs at low excitation fluences is likely identical to th
dielectric function of thermally heateda-GaAs. As expected
for a hot material, these dielectric functions are shifted
lower photon energies relative to room-temperaturea-GaAs,
as shown in Fig. 3. Assuming that the density and spec
heat of a-GaAs are those ofc-GaAs ~Ref. 24! ~see Sec.
IV A 1 !, Eqs. ~1! and ~2! predict that the temperature o
a-GaAs should rise by 550 K after an excitation of 0.9F th-a ,
assuming that all of the absorbed energy is converted to t
mal energy within the excited region. The low-fluencee(v)
data for a-GaAs can therefore serve as data for therma
heateda-GaAs.

The dielectric function ofc-GaAs in the medium-fluence
regime closely matches that ofa-GaAs excited at low pump
fluences. Figure 11, for example, shows the excellent ag
ment betweene(v) for c-GaAs at F50.7F th-c and e(v)
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measured fora-GaAs atF50.9F th-a at a time delay of 4 ps.
This agreement confirms that, for medium fluences,c-GaAs
undergoes a transition to a heated disordered solid ph
similar to the heated amorphous phase.

Nonthermal disordering or ‘‘nonthermal melting’’ b
strong electronic excitation was first suggested in 1979
van Vechtenet al.41,42 Since then, nonthermal melting upo
irradiation with ultrashort laser pulses has been observed
number of experiments in a variety of materials, mainly
observing the reflected second-harmonic signal from
material.20,43–47

The experimental results were supported by theoret
work on lattice instabilities caused by strong electron
excitation.48–50 More recent findings report the observatio
of the onset of nonthermal melting by tracking the soften
of phonon modes due to a induced lattice instability.51 Our
results not only demonstrate a complementary technique
allows one to observe the nonthermal disordering proc
but also provide insight into the final state of the materia

We can estimate the crystallization energy of GaAs fro
the excitation conditions at whiche(v) of c-GaAs and
a-GaAs agree~cf. Fig. 11!. The crystallization energy—the
energy required to ordera-GaAs intoc-GaAs—is equal to
the difference between the energy required to disor
c-GaAs and the energy required to heata-GaAs to the same
heated disordered state. At 4 ps time delay, the dielec
function ofc-GaAs at 0.7F th-c and that ofa-GaAs at 0.9F th-a
are identical. Using the fact that a pump fluence of 1 kJ/2

corresponds to a deposited energy of about 16.4 kJ/
~counting both gallium and arsenic ions as individual atom!,
we determine the crystallization energy to be
63 kJ/mol. The error arises from uncertainty in the me
surement of absolute values of the pump fluence. Our re
is consistent with experimental and theoretical estimates
other tetrahedrally coordinated semiconductors. Dono
et al. reported values of 11.6 kJ/mol for Ge and 13.4 kJ/m
for Si.52

FIG. 11. Comparison of the dielectric function ofc-GaAs in the
medium-fluence regime with that ofa-GaAs in the low-fluence re-
gime, 4 ps after excitation. The curves showe(v) „solid line
5Re@e(v)#, dashed line5Im@e(v)#… for a-GaAs at room tempera
ture ~Ref. 15!.
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3. High-fluence regime

In the high-fluence regime, our data provide direct e
dence for nonthermal structural change. For bothc-GaAs and
a-GaAs we observe a transition to a metallic phase withi
few picoseconds. For both materials, the nonthermal tra
tion occurs more rapidly as the fluence increases.
a-GaAs at 14F th-a , the transition to the metallic state take
only 170 fs. Likewise, the crystalline phase undergoe
phase transition in about 260 fs when the excitation flue
is about 17 times the threshold for permanent change
c-GaAs. Although model calculations predict that the gap
c-GaAs disappears completely when 10% of the vale
electrons are excited,25 they cannot account for the time de
pendence of our data. If the band gap change were ca
only by free-carrier effects, the gap would be smallest imm
diately after excitation, when the carrier density is large
and would subsequently grow, as the carriers relax. Howe
for fluences above 0.8F th-c , we observe a gradual drop in th
zero crossing of Re@e(v)# over several picoseconds. On th
other hand, band structure modifications caused by ma
body effects depend on carrier temperature as well as
sity, and the carrier temperature changes with time. Theo
ical work by Zimmermann and others53,54 indicates that
band-gap renormalization is only weakly dependent on c
rier temperature at carrier densities of 1023 cm23. Thus we
conclude that electronic effects cannot be solely respons
for the observed decrease in the gap over several pico
onds; structural changes must be the dominant cause.

This is not to say that direct electronic effects do n
occur: effects such as screening of the ions and the s
energy correction due to carrier-carrier interactions
present.25 However, these direct electronic effects cannot
count for all the changes we observe. One might expect
above some fluence the numbers of carriers excited is s
cient to cause the band gap in GaAs to close due to electr
effects alone. Thus, it will be interesting to conduct expe
ments at even higher fluences than those reported her
search for a transition to the metallic state within the fem
second pump pulse duration. Such a rapid transition wo
be driven solely by electronic effects because the lat
structure cannot change on this timescale.

The observed structural changes are nonthermal bec
the semiconductor-to-metal transition occurs in less tha
ps, that is, before electrons have fully equilibrated with
lattice. The following mechanism has been proposed
femtosecond-laser-induced nonthermal structural change
semiconductors.41,48–50,55–57The laser excitation promote
electrons from bonding states in the valence bands to a
bonding states in the conduction bands. This weakens
lattice bonding and the atoms move to new equilibrium p
sitions. If the excitation is sufficiently strong, lattice instab
ity leads to deformation of the zinc blende structure and t
metallic transition.50,56 Stampfli and Bennemann estima
that an excitation of about 10% of the carriers is sufficien
cause a semiconductor-to-metal transition in GaAs or Si
agreement with our data. In recent work, Graves, Dumitr
and Allen use molecular dynamics simulations to pred
how the dielectric function ofc-GaAs changes during th
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transition following the excitation by a fs laser pulse.56,57

Their results are in qualitative agreement with our da
Within a few hundred femtoseconds, the simulations indic
lattice disordering and the calculated dielectric functi
matches the Drude model quite well. Furthermore, both
periment and simulation show a residual interband contri
tion around 2.5–3.0 eV after the semiconductor-to-me
transition has occurred. The simulations suggest that
contribution arises from some of the states in the valence
conduction bands which originally produced theE2 peak in
unexcitedc-GaAs, but which are much closer together as
result of the excitation and consequent band-gap collaps

Figures 12 and 13 show the evolution of the metallic st
for c-GaAs anda-GaAs in the high-fluence regime by track

FIG. 12. Plasma frequency as a function of time delay in
high-fluence regime forc-GaAs: 0.9F th-c (s), 1.2F th-c (d),
1.3F th-c (n), 1.6F th-c (m), and 2.1F th-c (h). The Drude-model fits
that produce these values ofvp all yield a relaxation timet
50.15 fs. The lines joining the data on the plot are guides to
eye.

FIG. 13. Plasma frequencyvp as a function of time delay for
different excitations in the high-fluence regime fora-GaAs: 3.2F th-a

(d), 5.7F th-a (n), and 14F th-a (j). The Drude-model fits to the
dielectric function data that produce the values ofvp all yield a
relaxation timet50.10 fs.
3-11
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ing the plasma frequency versus time. Two striking pheno
ena become apparent: first, the plasma frequency decre
over time, and second, the plasma frequency is lower
higher fluences. These patterns of behavior appear to be
versal. We observe nonthermal transitions to a metallic st
followed by a decrease in plasma frequency with time, a
lower plasma frequencies at higher fluences, for other se
conducting materials as well.58

The decrease in plasma frequency with time is most lik
due to diffusion of carriers into the material. Because
probe beam only probes the first 10 nm in the metallic st
carriers diffuse very rapidly out of the probed region. Taki
literature values for the diffusion coefficient inc-GaAs,59 the
carrier density of the probed region is reduced by half in
ps. An electron plasma expanding out of the material co
also cause a decrease in plasma frequency. However
residual interband transitions in the dielectric function d
indicate that most of the probe reaches the sample and is
obscured by a plasma in front of the sample. Thus we c
clude that carrier diffusion into the sample causes the
served decline in plasma frequency over time.

The decrease in plasma frequency with increasing flue
is surprising because, once the band gap collapses, al
lence electrons should be free, independent of fluence. N
however, that the plasma frequency depends not only on
carrier densityN but also on the effective massesm of the
free carriers:22

vp5F Ne2

e0 mG1/2

. ~3!

Our data thus suggest that the effective masses of car
increase with fluence, causing a decrease of the plasma
quency. Future simulations might be able to calculate eff
tive masses and plasma frequencies at different fluence
order to elucidate the dynamics in Figs. 12 and 13.60

V. CONCLUSIONS

The time-resolved dielectric function provides a wealth
new information on the electron dynamics and the nature
structural changes in GaAs following femtosecond laser
citation of 1%–10% of the valence electrons. Forc-GaAs we
distinguish three regimes of behavior depending on the e
tation fluence. Below 0.5 kJ/m2, the excited free carriers
scatter from theG valley to side valleys within a few hun
dred femtoseconds. They relax by rapid Auger recombina
and subsequent phonon emission. Above 0.5 kJ/m2, the ini-
o

v
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tial electronic effects one(v) are larger but more difficult to
interpret. The excited carriers affect the dielectric functi
through a combination of free carrier absorption, band fi
ing, and changes in the band structure due to ionic scree
and other many-body effects. After a few picoseconds,
lattice disorders. These structural changes may be therm
nonthermal below the semiconductor-to-metal transit
threshold, 0.8 kJ/m2, but above this threshold the chang
must be nonthermal because they start before carrier re
ation is complete.

Our data show similarities in the response ofa-GaAs and
c-GaAs to intense femtosecond excitation. At low fluenc
we see evidence of heating ina-GaAs, as we observe fo
c-GaAs. For fluences above about 0.32 kJ/m2 ~or 3F th-a),
a-GaAs undergoes a transition to a metallic phase simila
that reached byc-GaAs. At 14F th-a , the transition to the
metallic state ina-GaAs takes just 170 fs, but is still lon
enough to indicate that the transition is structurally drive
Even at the highest available fluences, we do not obser
purely electronically driven band-gap collapse—a collap
within the duration of the pump pulse—in either the cryst
line or the amorphous material.

For both materials we observe a decrease in plasma
quency over time after the metallic phase appears, as we
lower plasma frequencies at higher pump fluences. Com
ing the dielectric function data for the crystalline and am
phous material we can estimate the crystallization energ
GaAs to be about 10 kJ/mol.

Finally it is worth noting that the boundary between t
low- and high-fluence regimes is nearly the same forc-GaAs
anda-GaAs~0.5 and 0.3 kJ/m2, respectively!, indicating that
the fluence needed to drive the semiconductor-to-metal t
sition is independent of the original structure of the mater
The threshold fluence for permanent damage, however,
fers by an order of magnitude—1 kJ/m2 for c-GaAs and
0.1 kJ/m2 for a-GaAs. This observation implies that an ord
of magnitude less energy is required to drive the crystalli
to-amorphous transition than the amorphous-to-amorph
transition in GaAs.
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