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Time-resolved infrared transmittance and reflectance of a propagating melt in GaAs
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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 reflectancérobed from the side opposite to the incident optical radiatatisplays 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 mofi©0163-18209)01440-X

The study of laser-induced phase transitions in semiconprobe also enables a reflectance measurement of the liquid-
ductors has been a topic of considerable interest for both theolid interface as it propagates deep into the sarfgaen-
basic physics and for the materials engineering applicationgared to the relevant skin depih$his fact becomes particu-
The physics of the laser-induced phase transition is believelrly useful for pump fluences intense enough that explosive
to be strongly dependent on the intensity and time duratiofyaporization of surface material renders front probes inad-
of the pump pulsé-3 The important time scale is associated equate. For these intense pump pulses, the back reflectance
with the time it takes for the electron-hole plasma excited byforms a plateau which can last several hundred nanoseconds.
the optical laser to transfer its energy to the lattice via lon-The dependence of the plateau’s height on the FEL wave-
gitudinal optical phonon emission, which is about 2 psec inlength appears to be consistent with the Drude free-carrier
the case of GaA$ Experiments which have used femtosec-model.
ond pulses to observe melting before the carriers have had The IR probe measurement used a single FEL macro-
time to relaX observe a direct electronic melting processpulse, i.e., a 3—5usec train of about 10 00fnicropulses
for which thermal melting models are not relevant. Alterna-Each micropulse has a full width at half maximyfWVHM)
tively, if the melting process requires more than a few pico-0f 1 psec and the separation between the micropulses is 350
seconds to commence, it has been established, after sorpgec:> This provides a 2.86 GHz micropulse repetition rate
controversy, that the melting process is well described byvhich reduces considerably the amount of heating of the
thermal melting model®-® Several laser melting studies melt by the probe while enabling the motion of the liquid-
have also showh'! that the frequency dependence of thesolid interface to be monitored in real time. The optical ra-
dielectric function of molten silicon and germanium are con-diation is provided by a Nd:YAGyttrium aluminum garnet
sistent with the Drude free-carrier model. The dielectriclaser frequency doubled to a wavelength of 532 nm, which is
properties of molten GaAs, however, have been more diffiincident 4.5° to the surface normal and focused to a 4.3 mm
cult to determine. One of the challenges in studying the opdiameter spot size. The FWHM of the optical pulse is 10
tical properties of molten GaAs has been its tendency taisec, but the pulse is not Gaussian in time or space. The
form a gallium-rich surface due to rapid arsenicpulse consists of many optical modes designed to give a
evaporatiort:'>1® Early experiments using IR radiation at “flat-top” spatial profile. Timing electronics synchronize
1.064 um and 1.9 um observed that the front reflectivity of and center the 10 nsec Nd:YAG pulse inside one 3g$ec
molten GaAs increases with increasing probe frequéficy, FEL macropulse Beam splitters are used to split each
which is the opposite behavior one would expect if thes-polarized FEL pulse into a reference pulse and two probe
Drude free-carrier model were applicable. More recent workpulses which were focused to a 2Q0m diameter spot size.
has focused on measuring the dielectric function of GaAs orl he back-probe pulse was incident on the side of the sample
ultrafast time scales using photon energies that are greatepposite to the optical pump pulse and 16° to the surface
than the band-gap enerdyRelatively few studies of molten normal (Fig. 1). This pulse was used to measure the trans-
GaAs have used infrared probes. mittance(T) as well as the back reflectandg,. The second

In the work discussed here, infrared radiation provided byprobe pulse was used to measure the front reflectaRge (
Vanderbilt's Mark Il free-electron laséFEL) (Ref. 13 was  and was incident on the same side as the pump pulse and 40°
used to perform time-resolved transmittance and reflectande the surface normal. The FEL macropulse energy is kept
measurements on both sides of an undoped 400 thick  below 15 wJ, yielding an average micropulse fluence of less
(100 GaAs wafer simultaneously. The picosecond pulsedthan 6 wJ/cnt. Each set of transmission/reflection curves
2.86 GHz repetition rate IR radiation from the FEL allows requires only one pump pulse and one probe macropulse.
the formation and propagation of the melt to be monitored onThe sample was translated after every optical pulse to ensure
thermal time scales. The propagating melt produces a ddhat data were taken only on fresh material. Four photoelec-
structive interference pattern which can be used to determingomagnetic detectoréBoston Electronics PEM-LJ3with
the melt thickness and velocity. The use of an infrared bacld.2 nsec response times were used to simultaneously mea-
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FIG. 1. Schematic of the experimental setup. The sample i:¢0.6—
pumped on the front surface with the 10 nsec optical-laser puls
(not shown and the transmittancg front reflectancdr;, and back 0.4 —
reflectanceR,, are probed with the train of infrared micropulses 02 -
from the FEL. The black region represents the propagating mel ’ '
and, for clarity, is not to scale. 0.0 =

o 0 100 200 300 400 0 50 100 150
sureT, R¢, Ry, and a reference pulse used for normalization. Time (nsec) Time (nsec)
The traces were recorded using a Hewlett-Packard four chan-
nel oscilloscopgHP 54845A Infinium which has less than a FIG. 2. The measuredeft column and calculatedright col-
700 psec response time for each channel. The experimenmn T (dotted ling, R; (thin black ling, Ry, (thick black line, and
was performed both with and without collection optics, with absorbancé (gray ling at a FEL wavelength of 7.7.m for dif-
the same results. ferent optical-pump fluencesh. Subthreshold for melting: mea-

The left column in Fig. 2 shows a typical set of measure-sured(@ and calculatedb) ®=0.204 J/crf. Just above the melt-
ments forT’ Rf, Rb, and the absorbanc@\é 1— Rb_T) at Ing threshold: meaSUred:) $=0.29+0.04 J/Cfﬁ and calculated
a FEL wavelength of 7.7um. In Fig. 2a), the optical-pulse (d) ®=0.24 J/cm. Well above the melting threshold: measured
fluence is below the calculated melting threshold ( (€ ©=0.85+0.22 J/cr and calculatedf) at ®=0.5 J/cnt.
=0.21 J/cm). Both R, andR; display a decrease induced
by the 10 nsec optical pulse which strikes the sample at
~0. At this energy level it is unlikely that much melting has
occurred; the decrease Ry and R, can be attributed to a
free-carrier plasma whose plasma frequency is less than t
probe frequency (2810 Hz). This can be understood
from the Drude contribution to the dielectric function,

reflectance as the sample cools and the melt front recedes
back to the surface. The back reflectariRg in Fig. 2(c)
displays an unusual oscillatory behavior, two minima sepa-
Hgted by a local maximum. Unlike the front reflectance, how-
ever, whether this local maximum reaches or surpasses the
initial, unpumped value oR,, depends on how far the melt
propagates into the sample. Furthermore, as the sample be-

w2 gins to cool, the back reflectance goes through a second
do)=e|1——P 1 minimum att~58 nsec before increasing monotonically to
w(w—ilT the initial, unpumped value dR,. Finally, for an optical-

where 7 is the relaxation time ané,, is the crystalline di- PUmP fluence substantially above the melting threshig.
electric constant at the GaAs melting temperat@sL 1 K). 2(e)] we see thaR, reaches a maximum and forms a plateau

The plasma frequency is given by, = Jne% e eom andn, that can Ia?t for several hglndred nanoseqondi. A
is the charge density. From the Drude free-carrier model one ' © develop a more detailed understanding of the measure-

would expect to observe a dramatic increase in the refledN€Nts shown in Fig. 2, we used a thermal melting mivdel
tance once melting has been induced. This is verified in Fi to calculate the temperature as a function of distance into the

2(c) for a pump pulse just above the melting threshold. BothS2MP!e a}nd as a fuhnction Or: time. A (iaussian pulﬁ,e with f‘
R; andR, decrease immediately after excitation, correspond WHM of 10 nsec that reaches its peak power on the sample

ing to a plasma frequency, which is less than the probe surface att=0 d_rives the heating process. The calculatgd
frequencyw. Once meltingp has occurred, the plasma fre-temperature profiles are then used as input for a calculation

quency jumps from a value that is less than the probe freg)f the tim_e evolutior_1 of the optical properties using a stan-
guency to a value that is greater than the probe frequencﬁ?rd multilayer matrix approacti.A 14-20 pm su_rface re-
5000 layers and the dielectric function

After the initial decrease, a sudden increasRjris observed gion is divided into~ . .
att~10 nsec. The rapid increase R} signals the onset of Of theith layer was taken to be = e(w)L;+€(T;)(1-L;),
melting and the formation of the highly reflective molten Where e(T;)=e..[(1—9.0)x107°T;] is the dielectric func-
surface layer which expands into the sample. This is foltion of a crystalline layer at a temperature less than 1511 K.
lowed by a monotonic decrease to the initial value of thel,=L,/L,,is the ratio of latent heat absorbed by tttelayer
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to the latent heat of meItingi.i is a parameter for the melting 0.7
transition of theith layer and is O for no melting and 1 for 0.6
complete melting. An important assumption in the model is
that the dielectric function of a layer that has completed the o, (.5 -
melting processe(w), can be described by the Drude free- 2
carrier response in Edl). The values oh, and r are ob- g 0.4
tained from dc conductivity measurements of molten ©

. 3 73 716 E0'3 lIII|IIIIIIIIl|lllIIIIII|IIIIIIIIl]IIlIIIIII|IIII|IIII|I|I||
GaAs; these are 1X910° cm and 1.5<10 sec, 30'7_ Theory Increasing FEL

respectively:*18 . _ _ v, (b) wavelength
The results of the calculation are shown in the right col- & ¢ ¢ |

umn of Fig. 2 for three different fluence levels. At a fluence @ ™
level of ®=0.204 J/crh [Fig. 2(b)], no single layer com- 0.5
pletes the melting process. At=19 nsec, the fraction of
latent heat of melting absorbed by the surface layerQ)

reached_; =0.90, the closest the sample came to melting. It 0.3 R e
should b_e noted that the calculat&q sho_vvn in Fig. 2b) _ -100 0 100 200 300 400 500
actually increases as a result of the optical pump pulse, i Time (nsec)

contradiction with the experimental result shown in Fig)2

This is because the calculations only take into account F|G. 3. The measureth) and calculatedb) R, at FEL wave-
changes in the dielectric function as a result of melting andengths of 2.7, 6.45, and 7.zm (increasing wavelength corre-
not the initially excited charge carriers which act to reducesponds to increased reflectanc€he optical-pump fluence for the
the real part of the dielectric constant. The comparison beealculation wasb=0.85 J/cri.

tween Figs. £a) and Zb) suggests that even when the sample

comes very close to melting.e., L;=0.90), it is still in the  free-carrier model, as shown in Fig. 3. Figut@3hows the
crystalline state. The thermal model presented here gives measure®,, at 2.7, 6.45, and 7.7um compared to the cal-
more accurate description of the optical processes once meltulation in Fig. 3b). The qualitative agreement between the
ing has been induced. This can be seen in Figh.&nd 2f).  theory and experiment is quite good, but there are a couple
Figure 2d) reproduces the oscillations in the back reflectiv-of notable discrepancies. First, the time scales in the calcu-
ity observed in the experimefiFig. 2(c)]. lation at low pump fluences appear to be too short compared
It is interesting to note that the amount of radiation re-to the experiment. The average time between the minima in
flected from the backurfaceof the sample is not affected by R, for three data sets similar the one in Figci2is 39
the pump pulse and remains constant throughout the mea=6 nsec, compared to 21.5 nsec in the calculafibiy.
surement(see Fig. 1L The initial, unpumped value d®, is  2(d)]. Some of this discrepancy may be explained by the fact
0.46. This consists of the constant contribution from the backhat significant arsenic evaporation begins to occur at
surface, 0.30, and an additional 0.16 from multiple reflec-~900 K (Refs. 5,8,12, and }33and results in the formation
tions inside the sample. Initially, the multiple reflections only of a thin gallium residue on the sample surface. Arsenic
occur between the front and back surface of the sampleevaporation, the ejection of material, and the charge carriers
When the melt forms, the back reflectance begins to decreascited directly by the optical laser were not included in the
due to destructive interference and absorption. The melbptical part of the calculation. What is perhaps more impor-
layer both absorbs radiation and provides a Fabry-Perot-likeant, however, is that the “flat-top” spatial profile of the
cavity. The minima inR, occur when the melt thickness Nd:YAG laser does not provide ideal, uniform illumination.
reaches=8 nm, which is much less than a quarter wave-Thirteen data sets whose time between the two back-
length \/4(142 nm), as well as the optical skin depth reflectance minimagt,,,, fell in the range 225-323 nsec
(=45 nm). Nevertheless, the contributionRg from mul-  were averaged to obtain 28@2 nsec. These data sets had
tiple reflections drops from 0.16 to zero at this thickness. Naan average pump fluence of 0:88.22 J/cm. For compari-
IR radiation is reflected by the melt at the minima, but radia-son, at a YAG fluence of 0.85 J/énthe calculation gives
tion is still transmitted. The reflective properties of the mol-299.5 nsec between the reflectance minima shown in Fig.
ten layer in this model are independent of wavelength wher3(b). The large standard deviations in the measured fluence
the melt thickness is less than the skin depth. The resultare due to large fluctuations in the spatial profile of the YAG
shown in Figs. &) and 2d), for example, are independent of pulse, which were clearly visible using a two-dimensional
IR wavelength. The maximum melt thickness of 37 nm wasdetector array. The spatial nonuniformities in the YAG pulse
reached at~13 nsec in Fig. &). fluence will result in thickness nonuniformities which could
When the melt thickness propagates beyond the skimlso explain some of the broadening around the reflectance
depth of the IR radiation, very little of the back-probe radia-minima observed in the experiment and the fact that the mul-
tion reaches the front surface of the sample and destructivigple reflections are not completely suppressed at the back-
interference starts to have a negligible effect. As this occurgeflectance minima. If the multiple reflections were com-
Ry, reaches a maximum that can last several hundred nanpietely suppressed, the value of the minimeéRpwould be
seconds[Figs. 4e), 2(f), and 3. The back-reflectance 0.30(see Fig. 3. The reflectance maxima obtained from the
maxima obtained from the average value on the plateausxperiment also appear to be damped by melt thickness non-
have a wavelength dependence consistent with the Drudeniformities, as can be seen in Figs. 3 and 4. The maximum

Increasing FEL
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The spatial fluctuations in the pump pulse would account
for discrepancies in the calculated and measured melt veloci-
ties. The average resolidification velocity, for example, can
be estimated from the distance the liquid-solid interface trav-
els in the time between the trailing edge of the plateau and
._' the second minimum iRy, shown in Fig. 3. At a FEL wave-

! ..,.-" length of 7.7 um, the distance the melt travels in this time
c'.. [ )

® Data
0,66 . esssee Best ﬁt

0.64-4 —— Calculation

0.62
0.60
0.58 1
0.56 1

was determined from the calculation to be 112 nm. The cor-
responding resolidification velocities are 1 m/sec for the
measuremengFig. 3@] at a FEL wavelength of 7.7um
and 1.5 m/sec for the calculatipRig. 3(b)]. The rounding in
RUPS the plateaus due to melt thickness nonuniformities would
0.54 - .,.-"' account for most of the difference.
3.,.-“ ® It should be mentioned that the front reflectaitealso
0.527 % ‘ | , | I approaches a maximum at the higher fluence levels as shown
3 4 5 6 7 in Fig. 2e), but no clear freque_ncy de_pendence was ob-
served. Furthermore, for only slightly higher fluences than
FEL Wavelength (um) for the data shown in Fig.(8), the front reflectance would
_ ) actually decrease by at least 50% before recovering in sev-
FIG. 4. The back-reflectance maximum as a function of FELgrg| hundred nanoseconds. This is indicative of severe dam-
wavelength. The points are measured values of the back reflectan e to the surface, which may include the ablation and ex-
when a plateau is formed for several measured traces. The dottgﬁjsive vaporization of material. The back reflectance for the
line is the best fit to the data and the solid line is the calculation. higher fluence levels, however, appears relatively insensitive
, .to the violent surface reactions.
value of the back reflectance is plotted versus wavelength in |, conclusion, picosecond pulsed, 2.86 GHz repetition
Fig. 4 for FEL wavelengths of 2.7, 4.5, 6.45, and 7uM. | ata infrared radiation from an FEL has been used to moni-
The solid line is the calculation and the dotted line is a fit 10y, the formation and propagation of an optical-laser-induced
the data. The wavelength dependence of the back-reflectangyt on thermal time scales. The back reflectance displays a
maximum is consistent with the Drude free-carrier model,geiryctive interference pattern as the melt expands into the
but there is a clear offset between the calculation and th%ample and again as the melt front recedes back to the sur-
data points. At a FEL wavelength of 7.4m, for example,  face when the sample cools. When the melt thickness ex-
the maximum inR,, obtained from the average value on the y5n4s heyond the penetration depth of the infrared radiation,
plateau is 0.62 compared to the calculated value of 0.66. Thg \yayvelength dependence of the back reflectance is revealed.
fact that the reflectance values at the maximum and thgpis wavelength dependence is consistent with the Drude
minima disagree with the calculation by roughly the samegee_carrier model. The results discussed here suggest a
amount is consistent with melt thickness nonuniformities. Inyethod of monitoring the effects of laser annealing of buried
fact, for the melt to behave as a well defined reflecting SUrayers as the melt expands deep into a sample and then re-

face or to observe destructive interference, it is likely that thg.gges to the surface analogous to methods used to study
optical radiation must have a shallow penetration depth ir}amorphous silicor?

order to prevent the melt thickness nonuniformities from be-

ing too large. The penetration depth of 532 nm radiation in We would like to thank the staff of the W. M. Keck Free-
crystalline GaAs is 128 nm, compared to 820 nm in silicon.Electron Laser Center. This research was supported by the
We were unable to observe similar interference patterns or RoD MFEL Program under Contract No. ONR N00014-94-
back-reflectance maximum in silicon. 1023.
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