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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(tanga.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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[. INTRODUCTION electronic configuration as well as on the structure of the
material. A direct comparison of the crystalline and amor-
Ultrafast electron and lattice dynamics in semiconductorghous phases leads to insights into the nonthermal phase
have been studied extensively since the availability of femiransition each of the materials undergoes upon laser irradia-
tosecond laser pulsé$.Many experiments and theories have tion.
increased our knowledge of semiconductors ranging from
estimates of fundamental quantities such as electron-phonon
scattering times to the generation and detection of Bloch Il. TECHNIQUE
oscillations in superlatticeSNot only has this research led to
a deeper understanding of fundamental semiconductor phy;
ics, but it has also enabled widespread applications such
high-speed optical modulatots.
Most experiments to date have concentrated on a specif
process such as the scattering time of an excited electr
with a LO phonon in gallium arsenidé&aAs.® In order to

All the dielectric function data presented in this paper
Were obtained using femtosecond-time-resolved
ae?lipsometry‘?'lO This technique allows direct measurement
of the real and imaginary parts of the dielectric function of a
{faterial with fs time resolution over a broad energy range
0('i’rom 1.7 eV to 3.4 eY. We combine multiangle
ellipsometry! with a white-light pump-probe measuremént.

observe such specific processes it is necessary to choose gv performing broadband time-resolved reflectivity experi-

appropriatg optical si_gnaturg. A variety c_)f detection 9€0Mnants at two different angles under the same excitation con-
etries ranging from differential transmission setups to four-

- . ts h b dt ditions, we obtain two reflectivity values for each wave-
wave mixing experiments nave been used o measure SpF‘e’ngth and time delay. We account for the chirp of the white
cific ultrafast processes in semiconductorkr order to

inimize th ise due to oth i th light by measuring the chirp in an independent measurement
minimize the noise dué 1o othér competng processes Mesg 4 ;o shifting the reflectivity data accordingly. If the two
experiments are usually carried out at relatively low carrie

r ) . .
. g % angles are chosen appropriately, one can uniquely invert the
densities (.1&_101 cm ). . Fresnel reflectivity formulas to obtain the real and imaginary
Only a limited amount of work has been done in the re

. . . . o> o o “parts of the spectral dielectric functiaifw).®*°
gime of _hlghl_y exc!ted carrier densities (£61C°2 cm ). For the experiments otGaAs we used an amplified dye-
This regime is an interesting one for the study of ultrafas

) ) ; tIaser system producing 70-fs, 100} pulses at a repetition
processes in semiconductors because many different scattelz . ' 10 Hz and a spectral energy of 1.9 eV. The pump
ing phenomena occur, challenging researchers to identify th ' '

fieam wasp polarized with an angle of incidence on the
dominant processes that drive the electron and lattice dynang— b g

) ) ) . . ) o ample of 43°. For the experiments afGaAs we used an
ics. It is also increasingly important in modern applications

For example, injection currents in high-power laser diode'amplified Ti:sapphire laser system producing 50-fs, 0.5-mJ
create high carrier densities on the order oft®igm-3. Spulses at a repetition rate of 1 kHz and a spectral energy of

Also, micromachining using femtosecond lasers, which in-.1'5. eV; the pump beam was polarized with an angle of
volvés creating extremely high carrier densit(geea,ter than incidence of 50°. The angles of the probe beams were 58°
o 3 4 : . . . and 76° forc-GaAs and 53° and 78° fa-GaAs.
102cm™3), is rapidly moving into commercial
application€ To optimize such applications it is necessary to
understand the carrier and lattice dynamics at excitation den-
sities close to and beyond the damage threskaldund
10?2 cm 3 in GaAs. We used a commercially availabteGaAs (100 sample
In this paper we present femtosecond-time-resolved medCr doped,p>7x10° Q) m). Thea-GaAs sample was cre-
surements of the dielectric function of crystalline GaAsated by three stages of ion implantation with Kr ions into a
(c-GaAs and amorphous GaAf{GaAs at carrier densities  crystalline wafer.
below and above the threshold for permanent damage. The The total dose of X 10'° ions per cm constitutes less
spectral dielectric functios(w) of a material is an excellent than 1% of the atoms in the amorphized region of the mate-
guantity to measure because it contains information on theal. After implantation the material is amorphous down to a

IIl. RESULTS
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depth of 600 nm, which is greater than the optical penetrasus temperatures:** For clarity we have omitted the error

tion depth of our probe pulse. bars for the dielectric function data in this and the following
The response of-GaAs anda-GaAs to excitation by a graphs. In most of the graphs, the error bars are on the order

femtosecond pulse varies strongly with incident excitationof the marker sizé&®

fluenceF. Above a certain threshold fluence, the samples are

permanently damaged, as observed under an optical micro- 1000
scope. Measured in terms of the peak fluence at the center of .
the Gaussian profile, the threshold forGaAs is Fy. g 8
=1.0 kJ/nt and fora-GaAs isF,,=0.1 kJ/nt. S
L 400
A. Low-fluence regime 3
1. Crystalline gallium arsenidgF<<0.5F;,_c) L 200 [~ g%
S .
Figure 1 shows the evolution of the dielectric function of F | | |
0

c-GaAs after excitation by a pulse of peak fluence o 2 15 i 55
0.32 kJ/nt, representative of the low-fluence regime for this
material. In addition to the data from the broadband probe,
the figure includes data points from a separate measurement F|G. 2. Laser-induced lattice heating ®GaAs for three differ-
of the dielectric function at 4.4 ¥ The solid and dashed ent excitations in the low-fluence regime: 020 (@), 0.3F,
curves in each of the panels represent the real and imaginap), and 0.4%,, (M). The fitted exponential curves yield a com-
parts of the dielectric function of unexcitedGaAs at vari-  mon rise time of about 7 ps.

time delay (ps)
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For the first 500 fs after excitation, the peak offktw)]  0.20Fy, and 0.3E,, yield a rise time of about 7 ps. These
falls by about 15%—-20% in amplitude and broadens slightlyexponential fits can be used to determine the lattice tempera-
The dispersive “wiggle” in Rge(w)] flattens out, as ex- tures at times less than 4 ps, when electronic effects also
pected from the Kramers-Kronig relations. Although the di-contribute to the dielectric function. In each of the panels
electric function partly recovers after about 1 ps, the data dga)—(d) of Fig. 1, the curves represent the published dielec-
not indicate a return to the original state of the material. ThQriC functionl4 for c-GaAs at a lattice temperature determined
data at 4 and 8 ps agree well with cw-ellipsometric data ofn this fashion. The difference between the data and the
the dielectric function ofc-GaAs at 473 K and 732 K, curves is due to electronic effects. We shall make use of
respectively;’ as indicated in Figs.(®) and Xf). The lattice  these difference spectra in Sec. IV A 1 to study the electron
heating after 4 ps, indicated by the fits in Fig. 1, is typical ofdynamics.
the low-fluence regime.

Figure 2 shows the lattice temperature versus time delay
for three different excitation fluences, obtained from matches
such as those in Figs.(d and 1f). As expected, higher We confirmed in a separate measuremémit shown
excitation fluences lead to higher lattice temperatures. Up tbere that the dielectric function of oua-GaAs sample
3 ps, the dielectric function of laser-excitadGaAs still  agrees with that of an amorphous GaAs sample generated by
shows contributions due to the excited free carriers and is ndiombardment with 270-keV Asions!® Figure 3 shows the
solely altered by lattice heating. In addition, we cannot de-evolution of the dielectric function cé-GaAs following an
termine the temperature at 8 and 16 ps for B4®ecause excitation of 0.%,. Within the first few hundred femtosec-
measurements of the dielectric functionceGaAs have only onds, Inje(w)] rises and Res(w)] falls for frequencies at
been reported up to 884 K. Exponential fits to the data athe lower end of the spectral range.

2. Amorphous gallium arsenidéF <1.7F ,.,)
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The peak in IMe(w)] shifts below its initial position of photon energies up to 2.7 eV. Over several picoseconds, we
3.35 eV, reaching 2.8 eV at 50 ps. [Réw)] also shifts to observe the development of a single broad peak in
lower frequency with time. Such a redshift is expected whenm[ e(w)], its center shifting towards lower energy. After 4
a semiconductor heats tp.*®We cannot determine the tem- ps the peak has moved to about 2.8(@&em its initial value
perature as a function of time delay because the linear opticagf 3.1 eV) and its full width at half maximum is greater than
properties of ho-GaAs have never been measured. How-2 8 eV (compared to 0.7 eV initially Meanwhile, the real
ever, the evolution of(w) in Fig. 3 indicates that lattice part develops a negative slope across most of the frequency
heats for tens of picoseconds, then starts to cool again on@pge.
time scale of several hundred picoseconds, with the dielectric The dielectric function at these times is similar to that for
function moving back to higher photon energies. The coolingymorphous GaAs at room temperatiftas demonstrated in
is due to thermal diffusion, and the time scale of several 10G-jgs. 4d)—4(f), but the data are shifted towards lower ener-
ps is consistent with theoretical estimates for heat diffusionyies as might be expected because the laser-excited material

over tens of nanometetS. is heated well above room temperature. Measurements of
second-harmonic generatfdn and of the second-order
B. Medium-fluence regime susceptibility indicate that GaAs becomes centrosymmetric

) ) ) (on length scales shorter than or equal to the probe wave-
1. Crystalline gallium arsenide(0.5 i c<F <08 in.c) length % few picoseconds after exc(]:itation in tﬁis fluence
As the data obtained at @5 in Fig. 4 show, the range. Because it is not possible to form a centrosymmetric
changes ire(w) in this fluence regime are more pronouncedcrystalline phase in GaAs, these data imply a loss of ordering
than in the low-fluence range. The drop in the real part duren length scales up to 500—1000 nm. Our experiments on
ing the first few hundred femtoseconds is lar¢et Fig. 1), amorphous GaAs provide further evidence that supports
and there is a dramatic increase in the imaginary part foamorphization, as we will show in Sec. IV B 2.
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2. Amorphous gallium arsenidgF=~1.7Fy, ;) dielectric function becomes negative over the entire observed

For a-GaAs we do not observe a clearly distinct interme-SPectral range, and the photon energy at whicheRe) ]
diate region. Instead we present data obtained Fat Crosses zero decreases with time delay, as shown in Fig. 6.
=1.7F,.a, ON the border between the low- and high-fluenceThe zero crossing of the real part of the dielectric function
regimes. Figure 5 shows the evolution ef{w) at F coincides with the main resonance in a material—that is, the
=1.7F 4. The initial electronic effects are greater than attransition in the system with the dominant oscillator
0.9 ,». After 2 ps, the peak value of [n(w)] has in-  strength?® In c-GaAs this transition corresponds to thg
creased to a value of 30, and both the peak dfdfw)] and  peak in Inje(w)] which is due to the large joint density of
the zero crossing of Re(w)] have moved to lower photon states around thX valley in the Brillouin zon€* The loca-
energy. The zero crossing of R¢w)] continues to drop in  tion of E, approximately gives the value of the average
frequency over the following picoseconds, while[k(w)]  ponding-antibonding splitting of GaAS. Thus, Fig. 6a)
takes on a Drude-like shafAfter 16 ps, Ree(w)] IS shows that, aF =1.60F ., most of the oscillator strength
negative across the entire spectral range. Althoudke(m) ] oves from an initial value of 4.75 efRef. 13 to below 3.2
§tiII has a peak around 2.4 eV, the dielectric function looksg\; \yithin 250 fs. By 4 ps, the zero crossing of the real part
like one produced by the Drude model for a free-electronnas shifted to well below 2 eV. The curves in panels(f)
gas. of Fig. 6 show fits to a Drude model. All fits have a relax-
ation time of 0.18 fs and plasma frequencies of 13.0, 12.0,
and 10.5 eV, respectively. A plasma frequency of 10 eV cor-

1. Crystalline gallium arsenide(F>0.8F t1.c) responds to a free carrier density Nf=0.73x 10°° cm 2.

Above 0.8F,., the evolution ofe(w) is very different  Given that the total density of all valence electrons in

from that in the lower-fluence regimes. The real part of thec-GaAs is 1.1 10?* cm™3, the value we find for the plasma

C. High-fluence regime
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frequency indicates that the band gap is completely closed
and that a semiconductor-to-metal transition has occurred.
We observe this semiconductor-to-metal transition at all
fluences above OR,,.. Figure 7 shows the drop in the zero 5
crossing of Ree(w)] versus time at different fluences, track- k\' N LR L L
ing the collapse of the bonding-antibonding gap. Once the ~ S~
, . S SS~~ c-GaAs
zero-crossing photon energy goes below 2 eV, it is difficultto @ 4 - ENGN -
determine where the crossing occurs because the data are o NN ~
often noisy at the edges of the probe continuum. o 3l N Q*.O\Q |
Although the Drude fits are excellent, a peak centered at © RN ¢
2.75 eV is visible in Figs. @)—6(f). This peak implies a 2 Mg N 09Fn
contribution due to interband transitions, even after the band § 2 1.6 Fpy @“ e @ .
gap has collapsed. The same phenomenon occurs in copper, § 13F \1 1E.
whose dielectric function is well described by a Drude model @ | chth T
except for interband transitions above 2 eV that are respon- N
sible for the characteristic color of copper.
0 il Ll Ll L
2. Amorphous gallium arsenid€F >3.2F y,_,) 0.01 0.1 ) 1 10 100
time delay (ps)

Figure 8 shows the evolution ef ) for a pump fluence

of 5.7Fy,,; the response of the dielectric function is similar  FIG. 7. Photon energy at which R€w)]=0 as a function of
at other fluences above &g, . At 500 fs the data already time delay forc-GaAs: 0.F . (O), 1.1F 4. (#), 1.3F 4. (A),
show a Drude-like metallic behavior, indicating the materialand 1.6, (A). The dashed curves are guides to the eye.
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has undergone a nonthermal semiconductor-to-metal trandiransition proceeds smoothly from the semiconducting state

tion. The free parameters used in the Drude fit are the plasma the metallic one, beginning at50 fs and ending at 170

frequencyw,=19.0 eV and the relaxation time=0.10 fs.  fs on the chirp(upper horizontalaxis for a total duration of

Between 1 ps and 16 ps, the relaxation time remains consta@R0 fs. This duration is between that atFl4, (170 f9 and

at 0.12 fs while the plasma frequency decreases—to 16.0 e¥.2F;,, (380 fs.

at 2 ps and 14.0 eV at 8 ps. At 16 ps, the best-fit value of

decreases to 0.10 fs, while, remains at 14.0 eV. By this

time, the material is in thermal equilibrium and the dielectric IV. DISCUSSION

function is that of the liquid phase. Between 50 ps and 400

ps, enough heat diffuses from the surface layer to cause re-

solidification, which is visible in the dielectric function at  Assuming linear absorption, a pump pulse at the threshold

400 ps. fluence ofFy,.= 1.0 kd/nt excites about 10% of the valence
Figure 8b) shows that the transition to the metallic state electrons to the conduction band corresponding to a carrier

is complete within 500 fs. To determine the duration of thedensity of about 1% cm™3. The excited free carriers affect

semiconductor-to-metal transition, we plot five sets of dielechboth intraband and interband contributions to the dielectric

tric function data at 5F,, around zero time delay without function. First, free carriers affect the dielectric function via

correcting for the probe chirfsee Fig. 9. The earliest probe free-carrier absorption of the probe, as described by the

data set {667 fs) matches the dielectric function@GaAs Drude model. Second, screening of the ionic potential by

because all probe wavelengths arrive before the pump pulséfee carriers and electronic many-body effects change the

In the latest data s¢667 f9, the probe arrives more than 500 band structuré® which in turn affect the dielectric function.

fs after the pump, so metallic behavior is observed at allfhese free-carrier effects arise immediately after the excita-

wavelengths. The data set marked “0O fs” shows that thetion and dominate the changeséfw) for up to a picosec-

A. Carrier dynamics
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g 0 v §z' o 667 fs N directly inhibits further absorption into the occupied states.
8-‘ A -333 fs Second, because excitons account for a substantial amount of
vofs absorption in semiconductof$?’ bleaching of the excitonic
0 o 333 fs absorption also contributes to decreasing the overall absorp-
b © 667 fs tion. Both screening and exchange interactions bleach exci-
(b) | | | tonic absorption, and also the Coulomb enhancement of the
_1(1’_5 20 25 3.0 35 excitonic absorption is reduced due to the excited

photon energy (eV)

carriers?®2° All of these effects are strongest at points close

to the wave vector of the excited carriers because of the
FIG. 9. Evolution of (8) Ree(w)] and (b) Im[e(w)] when |k, —k,| * dependence of the Coulomb potential. The reduc-
pulses of 5.Fy,, excite a-GaAs, for positions of the time delay tjon in absorption around thg, peak therefore indicates that
stage near time zero. The nonlinear probe chirp is indicated at thgyrriers are present in thevalley. Because the 1.9-eV pho-
top of each plot. The legend gives the time delay at 2.35 eV. tons in the pump beam excite the carriers into Ehealley,

o , ) we can deduce thE-L scattering from the evolution of the
ond after excitation, before changes in the lattice becom%1 peak. The curves in Fig. 10 represent the purely elec-
important. Later, heating and disordering of the lattice altet. .- -oniribution to changes in [ra(w)] at theE, peak, as
the dielectric function through changes in the allowed energy;.tarmined by subtracting the values for| k)] predic’ted

states for free carriers. ; : .
: . o . y exponential heatin¢see Figs. 1 and)Zrom the measured
Because the dielectric function is determined by the band; ,es As expected, the difference is largest at higher flu-

structure, its evolution provides information on the carrierences when more free electrons are excited. The initial de-
dynamics such as interactions between carriers at Spedfl?rease im\ Im[ (3.0 eV)] indicates d -to-L scattering time
points in the Brillouin zone or scattering events from ONe s 4 few hundred femtoseconds confirming previous experi-
point in the Brillouin zone to another. Due to the lack of mental findings®3but Contradiciing other findings of a few
crystal symmetry, a Brillquin zone cannot be. defined fortens of femtoséconcl'g.Theoretical work by Zollneret al.
a-GaAs and so the following discussion of carrier dynamicsyia|ly reconciles the differences in the experimental re-
is limited to c-GaAs. sults by introducing a temperature dependence ofltHe
scattering time® However, according to the theory there is a
lower bound of about 150 fs for the scattering time, further
At short pump-probe delays the most pronounced featurgupporting our findings.

in the dielectric function ofc-GaAs is the decrease and  Free carriers relax through a combination of phonon emis-
broadening of thé&e; peak in Infe(w)] (see Fig. L TheE; sion, Auger recombination, radiative recombination, and car-
peak arises from 3-eV transitions in regions lofspace rier diffusion. The data in Figs. 1, 2, and 10 show that the
around thel points and part way along tHe-I" axes of the effects of free carriers oa(w) subside within 4 ps, whereas
Brillouin zone(which we will refer to as the L valleys”due  the lattice heats in 7 ps. This discrepancy in time scales

1. Low-fluence regime
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TABLE I. Comparison of deposited laser energye, with ob- rier densitﬁ4 accounting for the increasing fraction of ab-
served lattice heatind T, in the low-fluence regime. The lattice sorbed energy going to lattice heating at higher fluences.
temperatures are the values measured at a pump-probe delay of 8 The delayed Auger heating model of carrier relaxation is
ps. consistent with other experimefitsand with theoretical
predictions®* For the carrier densities in our experiments,

F Eqep (KI/cm™®)  ATgq (K)  pCyAT g (ke ®) Auger recombination dominates radiative recombinatfon,
0.26F,, 0.48 175 0.32 and .carrier Qiffusion is limited by carrier cqnfineméﬁt&s—
0.3F,, 0.80 425 0.77 suming a simple picture of AugéaAr recombmz_mon where the
0.45F,, 113 ~475 ~0.87 density changes atn/dt= — Cn?,** we determine the Auger

coefficient to beC=10"3! cmf/s. This is one order of mag-
nitude lower than the result measured in previous low-

suggests that Auger recombination is the dominant relaxatioflensity experiment€. However, screening is expected to
mechanism in the first 10 ps. Auger recombination reducelimit the Auger rate at high carrier densities and our estimate
the carrier density and hence the electronic effects(as), of the Auger coefafjlment is consistent with the theoretical
without affecting the total carrier energy. Because the averPrediction of Yoffa™ o .

age energy per carrier increases, however, each remaining In summary, we find the following picture of carrier scat-
carrier must emit more phonons to reach the band edge, id€fing and relaxation in the low-fluence regime@GaAs:
creasing the energy relaxation time and hence the latticel) the excited carriers undergo intervalley scattering within
heating time. The lifetime of nonequilibrium LO phonons & few hundred femtoseconds after excitation a@y the
generated by carrier relaxation, which was found to be 4 pfominant relaxation mechanism is Auger recombination,
in earlier work? may also contribute to the delayed lattice Causing & delayed heating of the lattice and transferring a
heating time observed. However, its role at high carrier denlarge fraction of absorbed energy to lattice heating.

sities is not clear because phonon dynamics are complicated

by higher-order processes such as plasmon-phonon coupling, 2. Medium- and high-fluence regimes

phonon reabsprption, and phonon-phonon in;eractions. As the fluence increases above B5. and the excited
Further evidence for delayed Auger heating can be ob-

. . _ : carrier density exceeds&107! cm™ 3, the dielectric function
tame_:d by comparing the energy density deposngd by th_e ! changes due to a combination of many-body effects and a
ser in the excited vqlume W!th the energy density require rude contribution te(w). Kim et al. calculated the change
for the observed lattice heating to occur throughout the eXq pand structure it-GaAs caused by a high density of free

cited region. These data are summarized in Table | for threg_ i < through two many-body terrfit1) screening of the

S)éﬂ;i;'/oigs in the low-fluence range. The deposited ENer9%nic potential and(2) self-energy corrections arising from

exchange-correlation effects. Both of these terms broaden
_ interband transitions and reduce energy gaps, consistent with
F(1-R 1 . . .
Eabsorned™F(1-R) a, D the broadening and slight downward shift of tagpeak that
whereR=0.23 is the(measuregreflectivity of the sample at we observe in the first 500 fs after an excitation offQ,z
635 nm anda=[270 nm ! the inverse of the absorption (see Fig. 4 The calculation of Kim and co-workers predicts

depth. The thermal energy density is large decreases in band gap with increasing carrier density.
At an excited carrier density of about2L0?? cm™ 3, or 10%
Ehem=p Cy AT, 2 of the valence electrons, thevalley minimum falls below

_ . . the valence band maximum Ef closing the gap completely.
where p~5.3 g/cn? is the mass density of GaAs at room The calculated decrease in the gaps at L Arid consistent

temperature,fmde 250 mJ/g Kis th.e speqﬁc heat at con- with the observed decrease in bonding-antibonding gap from
stant volumé’ There are two interesting points to note from 4.75 eV to our spectral range of 1.7-3.4 eV aboveF(,8
Table I. First, the final lattice temperature increases non"”(éee Fig. . It is worth mentioning .that .many-body eﬁécts
early with fluence. Theref_ore, a greater portion of the ab'such as band gap renormalization have characteristic onset
sorbed energy goes to lattice heating at hlgher flgences. .Seffr'nes on the order of the period of one plasma oscillation of
ond,. th? fractlc.)n. of at_)sorbed energy going into Iattlcethe excited carrier distribution. For the excited carrier densi-
heating is surprisingly high, because electrons excited from..¢ i\ our experiments these periods are less than 10 fs,
Myhich is below the temporal resolution of our apparatus.
OUfhys the onset of such effects is instantaneous for all practi-
8al purposes in our experiments.

of the conduction band, which corresponds to only ab
25% of the laser photon energy.

This observed lattice heating behavior can be explaine
by Auger recombination. In an Auger event, an excited
electron-hole pair recombines, transferring the entire 1.9 eV B. Structural dynamics
of excitation energy to an already excited electibiole),
pushing it higher in the conduction baridwer in the va-
lence bangl Auger recombination therefore makes it pos- At low fluences the structural dynamics are simple: the
sible to transfer more than 25% of the absorbed laser enerdgttice heats in a few picoseconds and then cools due to ther-
to the lattice. Furthermore, the Auger rate increases with camal diffusion. Conventional heatin@n which a material re-

1. Low-fluence regime
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mains in thermodynamic equilibrium at all timesauses 30 T T T
both expansion of the lattice and increased vibrational mo- GaAs ® 0 c-GaAs: 0.7 Finc
tion. Such a density change is necessary to maintain thermo- " t=4ps m 0 a-GaAs: 0.9 Fina
dynamic equilibrium. Models of the dielectric function of
heated semiconductors suggest that during conventional
heating, the change ia(w) is mainly due to lattice vibra-
tions, not density changé§!® Does the observation that
e(w) of laser-irradiatedc-GaAs at 4 ps matches that of
heatedc-GaAs imply that thermodynamic equilibrium occurs
on this timescale? The information provided by time-
resolved x-ray diffraction addresses the issue of lattice B
expansiort®~*’Chin et al. observe a delay of about 10 ps in
the onset of lattice expansion in InSb. Lattice expansion
nucleates at the surface and a strain wave propagates into the
material at the speed of sound—approximately 5 km/s in
InSb3°4Thus, it takes 20 ps for the lattice to expand down  FIG. 11. Comparison of the dielectric function ofGaAs in the
to a 100-nm deptlithe approximate skin depth of our probe medium-fluence regime with that efGaAs in the low-fluence re-
and thermal equilibrium cannot be reached within 20 ps aftegime, 4 ps after excitation. The curves shafw) (solid line
excitation in our experiments. The ability to match the opti-=R€g e(w)], dashed line Im[ e(w)]) for a-GaAs at room tempera-
cal properties of laser-irradiated c-GaAs to those of conventure (Ref. 15.

tionally heated c-GaAs for time delays as short as 4 ps points

to an interesting picture of nonthermal heating. The generas,aasured for-GaAs atE =0 % ;. at a time delay of 4 ps
Fiha .

tion of the acoustic phonons that cause lattice expansion OGrhis agreement confirms that, for medium fluenceGaAs

curs through_ dgcay of LO phon_ons and is delayed by th(Elndergoes a transition to a heated disordered solid phase
LO-phonon lifetime of several picosecorfti&our picosec- similar to the heated amorphous phase

onds after excitation, most phonons in the material are new . . .
P Nonthermal disordering or “nonthermal melting” by

phonons that are emitted by hot electrons. It therefore fol- . L ) .
lows that a distribution of nonequilibrium LO phonons has Strond electronic excitation was first suggested in 1979 by

4142 o ;
the same effect on the dielectric function of the material a¢/@n Vechteret al. ™" Since then, nonthermal melting upon
an equilibrium distribution of phonons obtained by thermaliradiation with ultrashort laser pulses has been observed in a
heating would have. Future theoretical work could validate'Umber of experiments in a variety of materials, mainly by
this picture by repeating the calculations of Gopatarall® ~ observing the reflected second-harmonic signal from the
while selectively considering the contributions of LO material?°'43“.‘7 .
phonons and acoustic phonons to the changes in the dielec- The experimental results were supported by theoretical
tric function. work on lattice instabilities caused by strong electronic

_ _ excitation?®=°° More recent findings report the observation
2. Medium-fluence regime of the onset of nonthermal melting by tracking the softening

In the medium-fluence regime, the shapee(®) of ex- of phonon modes due to a induced lattice instabifitpur
cited c-GaAs in Fig. 4 is remarkably similar ta(w) of  results not only demonstrate a complementary technique that
a-GaAs, but the dielectric function is shifted to lower ener-allows one to observe the nonthermal disordering process,
gies as one would expect for heatadzaAs. There are no but also provide insight into the final state of the material.
data fore(w) of heateda-GaAs in the literature. From the ~ We can estimate the crystallization energy of GaAs from
low-fluence data forc-GaAs we infer that thee(w) of  the excitation conditions at whicle(w) of c-GaAs and
a-GaAs at low excitation fluences is likely identical to the a-GaAs agregcf. Fig. 11). The crystallization energy—the
dielectric function of thermally heateatGaAs. As expected energy required to ordes-GaAs into c-GaAs—is equal to
for a hot material, these dielectric functions are shifted tothe difference between the energy required to disorder
lower photon energies relative to room-temperats@aAs, ¢-GaAs and the energy required to heaBaAs to the same
as shown in Fig. 3. Assuming that the density and specifitieated disordered state. At 4 ps time delay, the dielectric
heat of a-GaAs are those ot-GaAs (Ref. 24 (see Sec. function ofc-GaAs at 0.F, . and that ofa-GaAs at 0.y, ,
IVA1), Egs. (1) and (2) predict that the temperature of are identical. Using the fact that a pump fluence of 1 kJ/m
a-GaAs should rise by 550 K after an excitation ofB,9,, corresponds to a deposited energy of about 16.4 kJ/mol
assuming that all of the absorbed energy is converted to thefeounting both gallium and arsenic ions as individual atoms
mal energy within the excited region. The low-fluendes) ~ we determine the crystallization energy to be 10
data fora-GaAs can therefore serve as data for thermally*3 kJ/mol. The error arises from uncertainty in the mea-
heateda-GaAs. surement of absolute values of the pump fluence. Our result

The dielectric function ot-GaAs in the medium-fluence is consistent with experimental and theoretical estimates for
regime closely matches that afGaAs excited at low pump other tetrahedrally coordinated semiconductors. Donovan
fluences. Figure 11, for example, shows the excellent agreet al. reported values of 11.6 kJ/mol for Ge and 13.4 kJ/mol
ment betweene(w) for c-GaAs atF=0.7Fy. and e(w)  for Si>

20

dielectric function
I

0
15 2.0 25 3.0 35
photon energy (eV)
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3. High-fluence regime 20 T T T

In the high-fluence regime, our data provide direct evi-
dence for nonthermal structural change. For im@®aAs and
a-GaAs we observe a transition to a metallic phase within a
few picoseconds. For both materials, the nonthermal transi-
tion occurs more rapidly as the fluence increases. For
a-GaAs at 1#, ., the transition to the metallic state takes
only 170 fs. Likewise, the crystalline phase undergoes a
phase transition in about 260 fs when the excitation fluence
is about 17 times the threshold for permanent change in
c-GaAs. Although model calculations predict that the gap in c-GaAs
c-GaAs disappears completely when 10% of the valence
electrons are excited,they cannot account for the time de- 0 5 10 15 20
pendence of our data. If the band gap change were caused
only by free-carrier effects, the gap would be smallest imme-
diately after excitation, when the carrier density is largest, FIG. 12. Plasma frequency as a function of time delay in the
and would subsequently grow, as the carriers relax. Howevehigh-fluence regime forc-GaAs: 0.%F 4. (O), 1.F4. (@),
for fluences above ORg;,., we observe a gradual drop in the 1.3F ¢ (A), 1.6y (A), and 2.F 4 (O). The Drude-model fits
zero crossing of Re(w)] over several picoseconds. On the that produce these values of, all yield a relaxation timer
other hand, band structure modifications caused by many= 0.15 fs. The lines joining the data on the plot are guides to the
body effects depend on carrier temperature as well as def?Y®:
sity, and the carrier temperature changes with time. Theoret-
ical work by Zimmermann and other®* indicates that transition following the excitation by a fs laser puP§’é3.7
band-gap renormalization is only weakly dependent on carTheir results are in qualitative agreement with our data.
rier temperature at carrier densities oP16m 3. Thus we  Within a few hundred femtoseconds, the simulations indicate
conclude that electronic effects cannot be solely responsibligttice disordering and the calculated dielectric function
for the observed decrease in the gap over several picosematches the Drude model quite well. Furthermore, both ex-
onds; structural changes must be the dominant cause. periment and simulation show a residual interband contribu-

This is not to say that direct electronic effects do nottion around 2.5-3.0 eV after the semiconductor-to-metal
occur: effects such as screening of the ions and the selfransition has occurred. The simulations suggest that this
energy correction due to carrier-carrier interactions arecontribution arises from some of the states in the valence and
present® However, these direct electronic effects cannot acconduction bands which originally produced thg peak in
count for all the changes we observe. One might expect thatnexcitedc-GaAs, but which are much closer together as a
above some fluence the numbers of carriers excited is sufffesult of the excitation and consequent band-gap collapse.
cient to cause the band gap in GaAs to close due to electronic Figures 12 and 13 show the evolution of the metallic state
effects alone. Thus, it will be interesting to conduct experi-for c-GaAs anda-GaAs in the high-fluence regime by track-
ments at even higher fluences than those reported here, to
search for a transition to the metallic state within the femto- 25
second pump pulse duration. Such a rapid transition would
be driven solely by electronic effects because the lattice __ a-GaAs
structure cannot change on this timescale.

The observed structural changes are nonthermal because
the semiconductor-to-metal transition occurs in less than 2
ps, that is, before electrons have fully equilibrated with the
lattice. The following mechanism has been proposed for
femtosecond-laser-induced nonthermal structural changes in
semiconductor&:*8-5055-5"The |aser excitation promotes
electrons from bonding states in the valence bands to anti-
bonding states in the conduction bands. This weakens the '14,:th
lattice bonding and the atoms move to new equilibrium po-
sitions. If the excitation is sufficiently strong, lattice instabil- T "'1' —— ";'0 E—
ity leads to deformation of the zinc blende structure and to a ’ time delay (ps)
metallic transitior?®® Stampfli and Bennemann estimate y
that an excitation of about 10% of the carriers is sufficientto g, 13. Plasma frequenay,, as a function of time delay for
cause a semiconductor-to-metal transition in GaAs or Si, ifjifferent excitations in the high-fluence regime &6GaAs: 3.,
agreement with our data. In recent work, Graves, Dumitrica(@), 5.7, (A), and 14, (B). The Drude-model fits to the
and Allen use molecular dynamics simulations to predictdielectric function data that produce the valuesegf all yield a
how the dielectric function ot-GaAs changes during the relaxation timer=0.10 fs.

15 00.9F;, |
12F,
1.3F,
10 1.6 A
2.1 F,

plasma frequency (eV)

time delay (ps)

eV

20 -

cy

15| - -
A 5.7F,

plasma frequen

245203-11



KIM et al. PHYSICAL REVIEW B 66, 245203 (2002

ing the plasma frequency versus time. Two striking phenomtial electronic effects or(w) are larger but more difficult to
ena become apparent: first, the plasma frequency decreasaterpret. The excited carriers affect the dielectric function
over time, and second, the plasma frequency is lower fothrough a combination of free carrier absorption, band fill-
higher fluences. These patterns of behavior appear to be uriirg, and changes in the band structure due to ionic screening
versal. We observe nonthermal transitions to a metallic stat@and other many-body effects. After a few picoseconds, the
followed by a decrease in plasma frequency with time, andattice disorders. These structural changes may be thermal or
lower plasma frequencies at higher fluences, for other semnonthermal below the semiconductor-to-metal transition
conducting materials as wef. threshold, 0.8 kJ/f but above this threshold the changes
The decrease in plasma frequency with time is most likelymust be nonthermal because they start before carrier relax-
due to diffusion of carriers into the material. Because theation is complete.
probe beam only probes the first 10 nm in the metallic state, Our data show similarities in the responseagfaAs and
carriers diffuse very rapidly out of the probed region. Takingc-GaAs to intense femtosecond excitation. At low fluences,
literature values for the diffusion coefficientiGaAs>the  we see evidence of heating ®mGaAs, as we observe for
carrier density of the probed region is reduced by half in 4c-GaAs. For fluences above about 0.32 K/far 3Fy,.),
ps. An electron plasma expanding out of the material couldh-GaAs undergoes a transition to a metallic phase similar to
also cause a decrease in plasma frequency. However, thieat reached by-GaAs. At 14, the transition to the
residual interband transitions in the dielectric function datametallic state ina-GaAs takes just 170 fs, but is still long
indicate that most of the probe reaches the sample and is nehough to indicate that the transition is structurally driven.
obscured by a plasma in front of the sample. Thus we conEven at the highest available fluences, we do not observe a
clude that carrier diffusion into the sample causes the obpurely electronically driven band-gap collapse—a collapse
served decline in plasma frequency over time. within the duration of the pump pulse—in either the crystal-
The decrease in plasma frequency with increasing fluenckne or the amorphous material.
is surprising because, once the band gap collapses, all va- For both materials we observe a decrease in plasma fre-
lence electrons should be free, independent of fluence. Notguency over time after the metallic phase appears, as well as
however, that the plasma frequency depends not only on thewer plasma frequencies at higher pump fluences. Compar-
carrier densityN but also on the effective massasof the  ing the dielectric function data for the crystalline and amor-

free carriers”? phous material we can estimate the crystallization energy of
2112 GaAs to be about 10 kJ/mol.
o= N 3) Finally it is worth noting that the boundary between the
P legm low- and high-fluence regimes is nearly the samecf@aAs

Our data thus suggest that the effective masses of carrie e fluence needed to drive the semiconductor-to-metal tran-

increase with fluence, causing a decrease of the plasma frsition is independent of the original structure of the material
guency. Future simulations might be able to calculate effec: P 9 ;

; . ; The threshold fluence for permanent damage, however, dif-

tive masses and plasma frequencies at different fluences, Fﬁ .
: SR ers by an order of magnitude—1 kJnfor c-GaAs and

order to elucidate the dynamics in Figs. 12 and™33. 0.1 kJ/nt for a-GaAs. This observation implies that an order

of magnitude less energy is required to drive the crystalline-
to-amorphous transition than the amorphous-to-amorphous

The time-resolved dielectric function provides a wealth oftransition in GaAs.
new information on the electron dynamics and the nature of
structural changes in GaAs following femtosecond laser ex-
citation of 1%—10% of the valence electrons. EdeaAs we ACKNOWLEDGMENTS
distinguish three regimes of behavior depending on the exci- We gratefully acknowledge Dr. C. W. White of Oak Ridge
tation fluence. Below 0.5 kJ/n the excited free carriers National Laboratory for providing the-GaAs sample. We
scatter from thd” valley to side valleys within a few hun- thank Professor R. E. Allen, Professor M. J. Aziz, Dr. L X.
dred femtoseconds. They relax by rapid Auger recombinatio®enedict, and Professor H. Ehrenreich for fruitful discus-
and subsequent phonon emission. Above 0.5 kJthe ini-  sions.
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