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Time-resolved infrared transmittance and reflectance of a propagating melt in GaAs

Brian J. Keay, Marcus Mendenhall, and Glenn S. Edwards
Department of Physics and Astronomy and the W.M. Keck Free-Electron Laser Center, Vanderbilt University, Nashville, Tenness

~Received 23 July 1999!

The time-resolved infrared transmittance and reflectance of a melt induced by a 10 nsec optical-laser pulse
has been observed in an undoped crystalline GaAs wafer. Picosecond pulsed, 2.86 GHz repetition rate, infrared
radiation from a free-electron laser was used to study the formation and propagation of the melt in real time.
The back reflectance~probed from the side opposite to the incident optical radiation! displays interference
oscillations as the melt propagates in the sample. The measurements are in agreement with model calculations
which describe the melt with the Drude free-carrier model.@S0163-1829~99!01440-X#
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The study of laser-induced phase transitions in semic
ductors has been a topic of considerable interest for both
basic physics and for the materials engineering applicatio
The physics of the laser-induced phase transition is belie
to be strongly dependent on the intensity and time dura
of the pump pulse.1–3 The important time scale is associat
with the time it takes for the electron-hole plasma excited
the optical laser to transfer its energy to the lattice via lo
gitudinal optical phonon emission, which is about 2 psec
the case of GaAs.4 Experiments which have used femtose
ond pulses to observe melting before the carriers have
time to relax2,3 observe a direct electronic melting proce
for which thermal melting models are not relevant. Altern
tively, if the melting process requires more than a few pic
seconds to commence, it has been established, after s
controversy, that the melting process is well described
thermal melting models.5–8 Several laser melting studie
have also shown9–11 that the frequency dependence of t
dielectric function of molten silicon and germanium are co
sistent with the Drude free-carrier model. The dielect
properties of molten GaAs, however, have been more d
cult to determine. One of the challenges in studying the
tical properties of molten GaAs has been its tendency
form a gallium-rich surface due to rapid arsen
evaporation.8,12,13 Early experiments using IR radiation a
1.064 mm and 1.9 mm observed that the front reflectivity o
molten GaAs increases with increasing probe frequenc14

which is the opposite behavior one would expect if t
Drude free-carrier model were applicable. More recent w
has focused on measuring the dielectric function of GaAs
ultrafast time scales using photon energies that are gre
than the band-gap energy.3 Relatively few studies of molten
GaAs have used infrared probes.

In the work discussed here, infrared radiation provided
Vanderbilt’s Mark III free-electron laser~FEL! ~Ref. 15! was
used to perform time-resolved transmittance and reflecta
measurements on both sides of an undoped 400mm thick
~100! GaAs wafer simultaneously. The picosecond puls
2.86 GHz repetition rate IR radiation from the FEL allow
the formation and propagation of the melt to be monitored
thermal time scales. The propagating melt produces a
structive interference pattern which can be used to determ
the melt thickness and velocity. The use of an infrared b
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probe also enables a reflectance measurement of the liq
solid interface as it propagates deep into the sample~com-
pared to the relevant skin depths!. This fact becomes particu
larly useful for pump fluences intense enough that explos
vaporization of surface material renders front probes in
equate. For these intense pump pulses, the back reflect
forms a plateau which can last several hundred nanoseco
The dependence of the plateau’s height on the FEL wa
length appears to be consistent with the Drude free-car
model.

The IR probe measurement used a single FEL mac
pulse, i.e., a 3–5msec train of about 10 000micropulses.
Each micropulse has a full width at half maximum~FWHM!
of 1 psec and the separation between the micropulses is
psec.15 This provides a 2.86 GHz micropulse repetition ra
which reduces considerably the amount of heating of
melt by the probe while enabling the motion of the liqui
solid interface to be monitored in real time. The optical r
diation is provided by a Nd:YAG~yttrium aluminum garnet!
laser frequency doubled to a wavelength of 532 nm, which
incident 4.5° to the surface normal and focused to a 4.3
diameter spot size. The FWHM of the optical pulse is
nsec, but the pulse is not Gaussian in time or space.
pulse consists of many optical modes designed to giv
‘‘flat-top’’ spatial profile. Timing electronics synchroniz
and center the 10 nsec Nd:YAG pulse inside one 3 –5msec
FEL macropulse. Beam splitters are used to split eac
s-polarized FEL pulse into a reference pulse and two pro
pulses which were focused to a 200mm diameter spot size
The back-probe pulse was incident on the side of the sam
opposite to the optical pump pulse and 16° to the surf
normal ~Fig. 1!. This pulse was used to measure the tra
mittance~T! as well as the back reflectance (Rb). The second
probe pulse was used to measure the front reflectanceRf)
and was incident on the same side as the pump pulse and
to the surface normal. The FEL macropulse energy is k
below 15 mJ, yielding an average micropulse fluence of le
than 6 mJ/cm2. Each set of transmission/reflection curv
requires only one pump pulse and one probe macropu
The sample was translated after every optical pulse to en
that data were taken only on fresh material. Four photoe
tromagnetic detectors~Boston Electronics PEM-L-3! with
0.2 nsec response times were used to simultaneously m
10 898 ©1999 The American Physical Society
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sureT, Rf , Rb , and a reference pulse used for normalizati
The traces were recorded using a Hewlett-Packard four c
nel oscilloscope~HP 54845A Infinium! which has less than a
700 psec response time for each channel. The experim
was performed both with and without collection optics, w
the same results.

The left column in Fig. 2 shows a typical set of measu
ments forT, Rf , Rb , and the absorbance (A512Rb2T) at
a FEL wavelength of 7.7mm. In Fig. 2~a!, the optical-pulse
fluence is below the calculated melting threshold (F
50.21 J/cm2). Both Rb andRf display a decrease induce
by the 10 nsec optical pulse which strikes the samplet
'0. At this energy level it is unlikely that much melting ha
occurred; the decrease inRf and Rb can be attributed to a
free-carrier plasma whose plasma frequency is less than
probe frequency (2.531014 Hz). This can be understoo
from the Drude contribution to the dielectric function,

e~v!5emS 12
vp

2

v~v2 i /t!
D , ~1!

wheret is the relaxation time andem is the crystalline di-
electric constant at the GaAs melting temperature~1511 K!.
The plasma frequency is given byvp5Anee

2/eme0m andne
is the charge density. From the Drude free-carrier model
would expect to observe a dramatic increase in the refl
tance once melting has been induced. This is verified in
2~c! for a pump pulse just above the melting threshold. B
Rf andRb decrease immediately after excitation, correspo
ing to a plasma frequencyvp which is less than the prob
frequencyv. Once melting has occurred, the plasma f
quency jumps from a value that is less than the probe
quency to a value that is greater than the probe freque
After the initial decrease, a sudden increase inRf is observed
at t'10 nsec. The rapid increase inRf signals the onset o
melting and the formation of the highly reflective molte
surface layer which expands into the sample. This is
lowed by a monotonic decrease to the initial value of

FIG. 1. Schematic of the experimental setup. The sampl
pumped on the front surface with the 10 nsec optical-laser p
~not shown! and the transmittanceT, front reflectanceRf , and back
reflectanceRb are probed with the train of infrared micropulse
from the FEL. The black region represents the propagating m
and, for clarity, is not to scale.
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reflectance as the sample cools and the melt front rece
back to the surface. The back reflectanceRb in Fig. 2~c!
displays an unusual oscillatory behavior, two minima se
rated by a local maximum. Unlike the front reflectance, ho
ever, whether this local maximum reaches or surpasses
initial, unpumped value ofRb depends on how far the me
propagates into the sample. Furthermore, as the sample
gins to cool, the back reflectance goes through a sec
minimum att'58 nsec before increasing monotonically
the initial, unpumped value ofRb . Finally, for an optical-
pump fluence substantially above the melting threshold@Fig.
2~e!# we see thatRb reaches a maximum and forms a plate
that can last for several hundred nanoseconds.

To develop a more detailed understanding of the meas
ments shown in Fig. 2, we used a thermal melting mode6–8

to calculate the temperature as a function of distance into
sample and as a function of time. A Gaussian pulse wit
FWHM of 10 nsec that reaches its peak power on the sam
surface att50 drives the heating process. The calculat
temperature profiles are then used as input for a calcula
of the time evolution of the optical properties using a sta
dard multilayer matrix approach.16 A 14–20 mm surface re-
gion is divided into'5000 layers and the dielectric functio
of the i th layer was taken to bee i5e(v)L̂ i1e(Ti)(12L̂ i),
wheree(Ti)5e`@(129.0)31025Ti # is the dielectric func-
tion of a crystalline layer at a temperature less than 1511 K17

L̂ i5Li /Lm is the ratio of latent heat absorbed by thei th layer

is
e

lt

FIG. 2. The measured~left column! and calculated~right col-
umn! T ~dotted line!, Rf ~thin black line!, Rb ~thick black line!, and
absorbanceA ~gray line! at a FEL wavelength of 7.7mm for dif-
ferent optical-pump fluences,F. Subthreshold for melting: mea
sured~a! and calculated~b! F50.204 J/cm2. Just above the melt-
ing threshold: measured~c! F50.2960.04 J/cm2 and calculated
~d! F50.24 J/cm2. Well above the melting threshold: measure
~e! F50.8560.22 J/cm2 and calculated~f! at F50.5 J/cm2.
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to the latent heat of melting.L̂ i is a parameter for the meltin
transition of thei th layer and is 0 for no melting and 1 fo
complete melting. An important assumption in the mode
that the dielectric function of a layer that has completed
melting process,e(v), can be described by the Drude fre
carrier response in Eq.~1!. The values ofne and t are ob-
tained from dc conductivity measurements of molt
GaAs; these are 1.931023 cm23 and 1.5310216 sec,
respectively.14,18

The results of the calculation are shown in the right c
umn of Fig. 2 for three different fluence levels. At a fluen
level of F50.204 J/cm2 @Fig. 2~b!#, no single layer com-
pletes the melting process. Att'19 nsec, the fraction o
latent heat of melting absorbed by the surface layer (i 50)
reachedL̂ i50.90, the closest the sample came to melting
should be noted that the calculatedRf shown in Fig. 2~b!
actually increases as a result of the optical pump pulse
contradiction with the experimental result shown in Fig. 2~a!.
This is because the calculations only take into acco
changes in the dielectric function as a result of melting a
not the initially excited charge carriers which act to redu
the real part of the dielectric constant. The comparison
tween Figs. 2~a! and 2~b! suggests that even when the sam
comes very close to melting~i.e., L̂ i50.90), it is still in the
crystalline state. The thermal model presented here giv
more accurate description of the optical processes once m
ing has been induced. This can be seen in Figs. 2~d! and 2~f!.
Figure 2~d! reproduces the oscillations in the back reflect
ity observed in the experiment@Fig. 2~c!#.

It is interesting to note that the amount of radiation
flected from the backsurfaceof the sample is not affected b
the pump pulse and remains constant throughout the m
surement~see Fig. 1!. The initial, unpumped value ofRb is
0.46. This consists of the constant contribution from the b
surface, 0.30, and an additional 0.16 from multiple refl
tions inside the sample. Initially, the multiple reflections on
occur between the front and back surface of the sam
When the melt forms, the back reflectance begins to decr
due to destructive interference and absorption. The m
layer both absorbs radiation and provides a Fabry-Perot-
cavity. The minima inRb occur when the melt thicknes
reaches'8 nm, which is much less than a quarter wav
length l/4(142 nm), as well as the optical skin depth
('45 nm). Nevertheless, the contribution toRb from mul-
tiple reflections drops from 0.16 to zero at this thickness.
IR radiation is reflected by the melt at the minima, but rad
tion is still transmitted. The reflective properties of the m
ten layer in this model are independent of wavelength w
the melt thickness is less than the skin depth. The res
shown in Figs. 2~c! and 2~d!, for example, are independent o
IR wavelength. The maximum melt thickness of 37 nm w
reached att'13 nsec in Fig. 2~d!.

When the melt thickness propagates beyond the s
depth of the IR radiation, very little of the back-probe rad
tion reaches the front surface of the sample and destruc
interference starts to have a negligible effect. As this occ
Rb reaches a maximum that can last several hundred n
seconds @Figs. 2~e!, 2~f!, and 3#. The back-reflectance
maxima obtained from the average value on the plate
have a wavelength dependence consistent with the D
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free-carrier model, as shown in Fig. 3. Figure 3~a! shows the
measuredRb at 2.7, 6.45, and 7.7mm compared to the cal
culation in Fig. 3~b!. The qualitative agreement between t
theory and experiment is quite good, but there are a cou
of notable discrepancies. First, the time scales in the ca
lation at low pump fluences appear to be too short compa
to the experiment. The average time between the minim
Rb for three data sets similar the one in Fig. 2~c! is 39
66 nsec, compared to 21.5 nsec in the calculation@Fig.
2~d!#. Some of this discrepancy may be explained by the f
that significant arsenic evaporation begins to occur
'900 K ~Refs. 5,8,12, and 13! and results in the formation
of a thin gallium residue on the sample surface. Arse
evaporation, the ejection of material, and the charge carr
excited directly by the optical laser were not included in t
optical part of the calculation. What is perhaps more imp
tant, however, is that the ‘‘flat-top’’ spatial profile of th
Nd:YAG laser does not provide ideal, uniform illuminatio
Thirteen data sets whose time between the two ba
reflectance minima,dtmin , fell in the range 225–323 nse
were averaged to obtain 280622 nsec. These data sets h
an average pump fluence of 0.8560.22 J/cm2. For compari-
son, at a YAG fluence of 0.85 J/cm2 the calculation gives
299.5 nsec between the reflectance minima shown in
3~b!. The large standard deviations in the measured flue
are due to large fluctuations in the spatial profile of the YA
pulse, which were clearly visible using a two-dimension
detector array. The spatial nonuniformities in the YAG pu
fluence will result in thickness nonuniformities which cou
also explain some of the broadening around the reflecta
minima observed in the experiment and the fact that the m
tiple reflections are not completely suppressed at the ba
reflectance minima. If the multiple reflections were com
pletely suppressed, the value of the minima inRb would be
0.30 ~see Fig. 3!. The reflectance maxima obtained from th
experiment also appear to be damped by melt thickness
uniformities, as can be seen in Figs. 3 and 4. The maxim

FIG. 3. The measured~a! and calculated~b! Rb at FEL wave-
lengths of 2.7, 6.45, and 7.7mm ~increasing wavelength corre
sponds to increased reflectance!. The optical-pump fluence for the
calculation wasF50.85 J/cm2.
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value of the back reflectance is plotted versus wavelength
Fig. 4 for FEL wavelengths of 2.7, 4.5, 6.45, and 7.7mm.
The solid line is the calculation and the dotted line is a fit
the data. The wavelength dependence of the back-reflecta
maximum is consistent with the Drude free-carrier mode
but there is a clear offset between the calculation and
data points. At a FEL wavelength of 7.7mm, for example,
the maximum inRb obtained from the average value on th
plateau is 0.62 compared to the calculated value of 0.66. T
fact that the reflectance values at the maximum and
minima disagree with the calculation by roughly the sam
amount is consistent with melt thickness nonuniformities.
fact, for the melt to behave as a well defined reflecting su
face or to observe destructive interference, it is likely that t
optical radiation must have a shallow penetration depth
order to prevent the melt thickness nonuniformities from b
ing too large. The penetration depth of 532 nm radiation
crystalline GaAs is 128 nm, compared to 820 nm in silico
We were unable to observe similar interference patterns o
back-reflectance maximum in silicon.

FIG. 4. The back-reflectance maximum as a function of FE
wavelength. The points are measured values of the back reflecta
when a plateau is formed for several measured traces. The do
line is the best fit to the data and the solid line is the calculation
er
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The spatial fluctuations in the pump pulse would acco
for discrepancies in the calculated and measured melt ve
ties. The average resolidification velocity, for example, c
be estimated from the distance the liquid-solid interface tr
els in the time between the trailing edge of the plateau
the second minimum inRb shown in Fig. 3. At a FEL wave-
length of 7.7 mm, the distance the melt travels in this tim
was determined from the calculation to be 112 nm. The c
responding resolidification velocities are 1 m/sec for t
measurement@Fig. 3~a!# at a FEL wavelength of 7.7mm
and 1.5 m/sec for the calculation@Fig. 3~b!#. The rounding in
the plateaus due to melt thickness nonuniformities wo
account for most of the difference.

It should be mentioned that the front reflectanceRf also
approaches a maximum at the higher fluence levels as sh
in Fig. 2~e!, but no clear frequency dependence was o
served. Furthermore, for only slightly higher fluences th
for the data shown in Fig. 2~e!, the front reflectance would
actually decrease by at least 50% before recovering in s
eral hundred nanoseconds. This is indicative of severe d
age to the surface, which may include the ablation and
plosive vaporization of material. The back reflectance for
higher fluence levels, however, appears relatively insensi
to the violent surface reactions.

In conclusion, picosecond pulsed, 2.86 GHz repetit
rate, infrared radiation from an FEL has been used to mo
tor the formation and propagation of an optical-laser-induc
melt on thermal time scales. The back reflectance displa
destructive interference pattern as the melt expands into
sample and again as the melt front recedes back to the
face when the sample cools. When the melt thickness
pands beyond the penetration depth of the infrared radiat
a wavelength dependence of the back reflectance is reve
This wavelength dependence is consistent with the Dr
free-carrier model. The results discussed here sugge
method of monitoring the effects of laser annealing of bur
layers as the melt expands deep into a sample and the
cedes to the surface, analogous to methods used to s
amorphous silicon.19
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