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Modeling the phase-change processes in pulsed laser-irradiated InSb
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Both theoretical and experimental analyses of pulsed laser-induced phase-change processes in the near-
surface region of monocrystalline bulk InSb are treated in the paper. In the theoretical part, thermal equilibrium
and nonequilibrium models of melting, recrystallization, and evaporation are formulated to describe transport
phenomena in the material induced by laser irradiation. In the experimental part,~110! and~111! InSb samples
irradiated by ruby@694 nm, 80 ns full width at half maximum~FWHM!#, and ArF~193 nm, 10 ns FWHM!
lasers were studied. Time-resolved reflectivity measurements were performed in order to determine the melting
thresholds and surface-melt durations. Auger electron spectroscopy and low-energy electron diffraction meth-
ods were employed to monitor surface modifications. A combination of experimental measurements and
computer simulations reveals that, while for ruby laser the material remains crystalline after irradiation, for ArF
laser the InSb sample is amorphized; the amorphization threshold is estimated to be;4 –5 m/s. The decom-
position of InSb at temperatures close to its melting point was also observed, the decomposition temperature
being estimated within the range 900–950 K.@S0163-1829~99!09915-4#
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I. INTRODUCTION

Laser irradiation of semiconductors has been widely u
in connection with solid-phase epitaxy~following doping
with ion implantation! as an alternative technique to the co
ventional thermal heating, restoring the implanted region
single-crystal state.1 The process of pulsed-laser annealing
semiconductor surfaces provides a way of rapid adiab
melting, followed by liquid-phase epitaxial regrowth. Th
heating and cooling rates achieved in this way have hig
orders of magnitude, compared to more conventional m
ods. Furthermore, the results of many previous experime2

show that laser annealing can be used to produce atomi
clean surfaces with altered electronic and structural pro
ties. Silicon surfaces under pulsed laser irradiation have b
extensively studied using different surface sensitive te
niques, such as low-energy electron diffraction~LEED!,3

Auger electron spectroscopy~AES!,4 ultraviolet photoemis-
sion spectroscopy,5 scanning tunneling microscopy,6 and in-
verse photoemission.7 It was found by these methods th
laser annealing can produce geometric surface structu
which cannot be obtained by any annealing procedure
well-known example is the occurrence of a~131! LEED
pattern on the Si~111! and Si~100! surfaces.6,8,9 The detailed
structure is still unclear, but most of the data are consis
with a model showing an absence of long-range order
these~131! laser-annealed surfaces.

To illustrate the application of laser annealing on crys
faces of compound semiconductors, especially those
PRB 590163-1829/99/59~16!/10685~6!/$15.00
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which one of the components is volatile, the results obtain
from the low-index faces of GaAs can be used. The LEE
pattern obtained for the~100!, ~110!, and ~111! orientations
following irradiation at an energy density just above t
melting threshold was of basically low-quality~131!, sug-
gesting no long-range ordered reconstruction, as is norm
observed after conventional thermal annealing. These ob
vations are consistent with AES and Rutherford backscat
ing spectroscopy results, which indicate the existence of
cess Ga in some parts of an irradiated surface, and which
nonstoichiometric in the near-surface region. In accorda
with these very early studies of laser-pulse interaction w
III-V semiconductor surfaces,10 the alteration of the surface
stoichiometry has also been observed in the most recent s
ies. The resulting crystallographic quality of the process
surface was poor. However, it has been demonstrated
low-power pulsed-laser annealing that, in cases where
temperature is kept strictly below a certain critical value
any point within the irradiated area, the compound semic
ductors can be processed without decomposition of
surface.2

Recently, helium-atom scattering experiments have b
reported,11 showing InSb as a III-V candidate in order t
study laser-induced phase transformations~with the value of
the decomposition temperature being close to melting poi!.
Ion bombardment experiments indicated that the sputte
proceeded layer-by-layer, with no preferential removal
any element. Time-resolved reflectivity~TRR! measure-
ments on a related material GaSb~Ref. 12! have illustrated
10 685 ©1999 The American Physical Society
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the formation of two metastable liquid phases through
application of nanosecond laser pulses. This fact attra
our attention to this type of III-V compounds, and lead us
study the nonequilibrium phase diagrams.

Most theoretical studies of laser-induced melting, soli
fication, and ablation have been based on various phen
enological models dealing with one-component material13

Pioneering work on the crystallization of amorphous silic
has extended these kind of models to situations where
presence of two or more different phases exists. Lately, it
been applied to outline the segregation processes in
component semiconductor alloys.14

In the present paper, we will show experimental and
merical data concerning the dynamics of melting and sol
fication processes in InSb monocrystalline samples, as
duced by excimer and ruby-laser pulses. The melting tim
simulated by equilibrium and nonequilibrium models dev
oped for a one-component material, which also allows us
implement induced chemical and structural changes to
irradiated area. The resulting structure and stoichiometry
monitored by LEED/AES facilities. A combination of ex
perimental and theoretical data leads to the estimations o
amorphization threshold and the decomposition temperat

II. MATHEMATICAL MODEL

We will assume that InSb within a certain range of te
peratures~i.e., energy densities of the laser! can be consid-
ered as a one-component material. Thus, we will emplo
relatively simple thermal model, which we developed ear
for elemental semiconductors.13 We will summarize the main
features of the model here, for the convenience of the rea

The one-dimensional heat conduction in the mate
sample can be described in a general case, when both
and liquid phases are present, as follows:

rci

]T

]t
5

]

]xS Ki

]T

]x D1S~x,t !, i 5 l ,s, ~1!

whereT is the temperature,r the density,ci the specific heat,
Ki the thermal conductivity, and the heat source termS(x,t)
can be expressed as

S~x,t !5@12R~ t !#aI 0~ t !exp~2ax!,

I 0 being the power density of the laser,R the reflectivity, and
a the optical absorption coefficient. The indicesl ,s denote
the liquid and solid phase, respectively.

At the moving interfaceZ(t) between the solid and liquid
phases we can write the internal energy balance as

rL~TZ!Ż~ t !5Ks

]T

]xU
x5Z1

2Kl

]T

]xU
x5Z2

, ~2!

whereŻ(t) is the velocity of the moving boundary betwee
the solid and liquid phases, and the latent heat of fus
generally depends on temperature as follows:

L~TZ!5Leq1~TZ2Teq!~cl2cs!,
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whereTZ is the temperature of the interface.
In solving our Stefan-like problem, an additional cond

tion at the interface has to be formulated. It primarily de
pends on the choice of the type of the phase change mod

For an equilibrium model~EQ model in what follows! we
use the local thermodynamic equilibrium condition in th
form

TZ5Teq , ~3!

whereTeq is the equilibrium melting temperature.
For a nonequilibrium model~NEQ model in what fol-

lows! we replace~3! by an interface response function,

Ż~TZ!52C1 expS 2
Q

kBTZ
D H 12expF2

Lp

kB
S 1

TZ
2

1

Teq
D G J ,

~4!

whereQ denotes the activation energy for self-diffusion i
the liquid,Lp is the latent heat of fusion per particle, andC1
is a material constant. The other boundary and initial cond
tions are formulated in a common way:

]T

]x U
x501

50, ~5!

T~D,t !5T0 , ~6!

T~x,0!5T0 , ~7!

Z~0!50, ~8!

whereD is the thickness of the material sample.
As the sample is generally optically nonhomogeneous d

to the dependence of the complex refraction index on te
perature, we have to calculate the reflectivity using the fo
lowing formulas~see Ref. 15!:

R5~RTE1RTM!/2, ~9!

where RTE and RTM are the reflectivities of TE and TM
waves, respectively,

Ri5u r̂ i u2, i 5TE,TM, ~10!

r̂ TE5
~m̂111m̂12P̂3!P̂12~m̂211m̂22P̂3!

~m̂111m̂12P̂3!P̂11~m̂211m̂22P̂3!
, ~11!

r̂ TM5
~m̂112m̂12Q̂3!Q̂12~2m̂211m̂22Q̂3!

~m̂112m̂12Q̂3!Q̂11~2m̂211m̂22Q̂3!
, ~12!

@M #5F m̂11 m̂12

m̂21 m̂22
G5)

k51

N

@Mk#, ~13!
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@Mk#5F cos~k0n̂Dxk cosûk! 2 i P̂k
21 sin~k0n̂Dxk cosûk!

2 i P̂k sin~k0n̂Dxk cosûk! cos~k0n̂Dxk cosûk! G ~14!

for the TE wave, and

@Mk#5F cos~k0n̂Dxk cosûk! 2 iQ̂k
21 sin~k0n̂Dxk cosûk!

2 iQ̂k sin~k0n̂Dxk cosûk! cos~k0n̂Dxk cosûk! G ~15!
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for the TM wave, P̂j5pn̂j cosûj , Q̂j5q cosûj /n̂j , p

5Ae0 /m0, q51/p, the indices 1 and 3 ofP̂, Q̂ denote
optically homogeneous media within the space interv
(2`,0) and (D,1`), n̂ is the complex refraction index
Dxk is the thickness of a layer withn̂k5const., in thex

direction, k0 is the wave number, andû j is the angle of
incidence.

III. EXPERIMENT

InSb samples were prepared by being cleaved in air o
bar, along the~110! plane, or by being cut into a wafer wit
a mechanically polished~111! surface. The samples wer
irradiated, either in air or under UHV conditions (,10210

Torr, Omicron LEED/AES facility!. An ArF (l5193 nm, 10
ns at FWHM, Lambda EMG 100! and a ruby (l5694 nm,
80 ns at FWHM! laser were used for sample processin
Typical laser-spot dimensions produced on the surface w
1 – 232 – 4 mm. The energy density of the laser beam w
measured with the relative reproducibility between differe
experiments being about 5%. Absolute calibration was c
ried out using a standard value for the melting threshold o
Si~100! surface. By focusing the laser spot, energy densit
was varied between 10–400 mJ/cm2 for the ArF excimer
laser and between 50–1200 mJ/cm2 for the ruby laser.
Changes in the optical parameters of the surface during p
incidence were monitoredin situ by the TRR method, using
the HeNe cw laser (l5633 nm! ~Ref. 16! during processing
with the ArF laser and using the Nd:glass laserl
51.06 mm, 0.5 ms! ~Ref. 17! for irradiation with the ruby
laser.

IV. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the comparison of surface
melt durations determined both experimentally using
TRR measurements, and numerically using EQ and N
models. The agreement seems to be very good for the
laser and very poor for the ArF laser~for both EQ and NEQ
models!; the differences between the EQ and NEQ mod
being very small~up to 3.5%!. We tried first to find an ex-
planation for this discrepancy using the shape of TRR cur
shown in Figs. 2~a! and 2~b!. However, the differences ob
served are apparently due mainly to the different pu
lengths of applied ArF and ruby lasers. It should be m
tioned only that the increase in the TRR curves maxim
~with increasing energy density just above the melt
ls
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threshold! is not so pronounced here, as with Si and Ge, e
if the change in the reflectivity between the liquid and so
phases is of the same order of magnitude for all the th
materials. The origin of this effect has not yet been fu
understood, but it could be connected with structural a
concentration changes, which were found from the LEE
AES analyses~see further discussion!.

The AES spectra of ArF laser irradiated samples do
show any significant changes in the In/Sb intensity ra
(;1) at energy densities below and at the melting thresh
~60 mJ/cm2 on a virgin surface, which was not irradiate
before!. Figure 3 demonstrates the In/Sb intensity ratio pl
ted as a function of energy densities higher than the mel
threshold. It clearly indicates that the decomposition of In
begins at approximately 80 mJ/cm2 and is connected with a

FIG. 1. Surface-melt durations determined experimentally
TRR measurements and theoretically using EQ and NEQ mo
for ~a! ruby laser and~b! ArF laser.
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depletion in Sb from the topmost surface layers. The los
antimony has its sharpest peak at approximately 250 mJ/2

~where the atomic ratio of In/Sb is as high as eight!. At
higher energy densities the In/Sb ratio finally decreases
constant value of approximately;2.5. This value is not
changed by further irradiation of the layer, with the ener
density remaining the same as for the interval of the val
used in the experiments. The equilibrium phase diagram d
not show any significant feature at this particular concen
tion of both elements. Thus, the formation of the surfa
showing this In/Sb ratio can be considered as a produc
nonequilibrium solidification of the molten and decompos
InSb layer. The formation of the modified layer is probab
due to faster diffusion of In atoms in the melt towards t

FIG. 2. Examples of measured TRR curves for~a! ruby laser
and ~b! ArF laser.

FIG. 3. Summary of AES measurements of ArF laser-irradia
InSb samples.
of
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surface. The question remains if the depleted Sb atoms
evaporated into the vacuum, or if they segregate at liqu
solid interface during the melting and solidification proce
The modified layer was further investigated to determine
melting threshold. Measuring the melt duration as a funct
of applied energy density, we found that an already irra
ated surface showed a lower melting threshold of about
proximately 20 mJ/cm2.

Figure 4 shows the surface temperatures, as calcul
using both EQ and NEQ models for both types of process
lasers. Apparently, the comparison with the experimen
In/Sb ratio obtained with ArF laser irradiation sets the d
composition temperature of InSb somewhere in the rang
900–950 K for both models. The surface temperature for
particular energy density, as calculated using the EQ
NEQ models, differs as high as 30–35 K in the vicinity
the decomposition temperature. This difference could help
to resolve the degree of the deviation from the equilibriu
Nevertheless, this difference is experimentally hard to dis
guish, and results obtained by both types of models are
reasonable agreement with the previous experime
findings,11 which showed that InSb possesses decomposi
temperature very close to its equilibrium melting point
798 K.

To improve the simulation of the experimental TRR spe
tra for ArF laser irradiation, we considered the changes in
composition of a processed layer, as taken from the A
intensity ratio, and used the temperature of melting given
the equilibrium In-Sb phase diagram. This procedure did
lead to any significant improvement in the agreement
tween the theory and the experimental data for ArF la
irradiation. The calculated melt duration increased by onl
small fraction, giving considerably smaller values in com
parison with the experimental ones. We concluded that
InSb decomposition, and its subsequent deviation from
stoichiometry, is not the dominating mechanism determin
the melt duration.

A significant progress in the simulation was achieved
ter analysis of the LEED data taken on the surface dur
processing with the ArF laser. The LEED pattern cor
sponds to a~131! structure~which is natural on a cleaved
110 face! after irradiation with energy densities below, and
the melting threshold. The further increase in energy de
ties led both to an increase in the background and the di

d

FIG. 4. Maximum surface temperatures of InSb samples ca
lated using EQ and NEQ models.
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pearance of diffraction spots. This can be interpreted
amorphization of the irradiated layer. This interpretation
also supported by analysis of the overall shape of AES sp
tra. As shown in Fig. 5, the AES spectra, taken after A
laser irradiation, exhibit smoothing of the structure in In a
Sb peaks, as compared to its state before irradiation.
indicates an increasing structural and chemical disorder
can be expected from an amorphous material. Thus, we
cluded in our mathematical model estimated material d
for amorphous InSb, and repeated the mathematical sim
tion of the melt duration as a function of energy density. T
quantity, which considerably differs for amorphous and cr
talline phases of different semiconductors, represents
thermal conductivity. The reflectivity in the vacuum ultravi
let region does not change significantly at this phase tra
tion. Furthermore, the generally observed decrease in
melting point does not influence practically~in the case of
InSb! the value of the theoretical melt duration, as can
seen from the above calculations. Because the value of t
mal conductivity was not available~as far as we know!, we
used in the simulation the value that was found for ot
semiconductors, such as Si (;0.02 W/cmK, see Ref. 18!.
The model is further simplified—we suppose that the deco
position and amorphization processes do not change the
balance in the molten layer. This is not included implicit
into the model because the compound is treated as a
component material, which undergoes the melting and c
tallization phase transition. Because the data obtained
the ruby laser were successfully reproduced in this appr
mation, even if the decomposition temperature was reac
this shows that the process does not significantly contrib
to the heat balance. Figure 1~b! demonstrates this effec
Here, we achieved a reasonable agreement with the ex
mental melt duration for both EQ and NEQ models.

However, the question still remains why, with ruby-las
irradiation, the material crystallizes and the ArF excimer
ser pulses amorphize the processed layer. Generally, su
transition between the crystalline and amorphous phases
lowing laser irradiation is related to a threshold in the soli
fication velocity. If the solidification proceeds with highe
velocities, the laser irradiation leads to amorphization of
processed material. Its existence has been demonstrated
Si~111! surface. There are, in fact, two thresholds. First,
solidification with velocities close to the first threshold pr
duces the disordered top most layer, characterized b

FIG. 5. Example of AES spectra before and after ArF la
irradiation.
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~131! LEED pattern instead of~7x7!, corresponding to equi-
librium surface. The second, having a value of;15 m/s, is
connected with amorphization of the entire layer molten w
a single laser pulse. In the case of InSb we observed
absence of a LEED pattern, signalizing a structural disor
~at least in the three or four topmost layers!. The Auger peak
In/Sb intensity ratio demonstrates the presence of a chem
disorder to an identical depth as found by the LEED info
mation. In Fig. 6 we present the calculated maximum sol
fication velocities~using both EQ and NEQ models! for ir-
radiation by ruby and ArF lasers. The velocities observed
ArF laser irradiation are apparently significantly higher th
those for the ruby laser. Taking into account that the agr
ment between the experimental and theoretical time of m
ing for a ruby laser was obtained using a model where In
is treated as a one component, crystalline material, these
sults allow us to estimate the value of the velocity, cor
sponding to an amorphization threshold of;4 –5 m/s. If the
process of melting and solidification is a nonequilibriu
form of phase transition, the maximum solidification veloc
ties for the ArF laser~given by the NEQ model! differ by a
maximum as much as 1.3 m/s less than those resulting f
the EQ model.

To summarize the processing of InSb with ArF excime
laser pulses, irradiation with energy densities below
mJ/cm2 and above the melting threshold produces a surf
with an unchanged structure and chemical composition,
dominating mechanism of the solidification is the homoe
taxial growth. Higher-energy densities cause the decomp
tion of InSb, accompanied by strong chemical and structu
disorder during liquid phase. Solidification with velocitie
higher than;4 –5 m/s preserves the amorphous characte
the layer. For ruby-laser processing the decomposition t
perature is also reached during liquid phase but the solid
cation is slow enough to allow recovery of the original sta
of the irradiated layer. This result refutes to the interpretat
of changed In/Sb ratio as a result of Sb evaporation. Inste
it supports the idea of the existence of a gradient of b
elements, in the direction going from the surface towards
bulk of the sample.

V. CONCLUSIONS

The results of the theoretical simulation of the experime
tally found dependence of the melting time on the ene

r
FIG. 6. Maximum solidification velocities calculated using E

and NEQ models.
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density for InSb samples irradiated with ArF excimer a
ruby-laser pulses can be outlined as follows:~i! The InSb
decomposition temperatureTdc is very close to its melting
point ~798 K!, according to the numerical estimateTdc
P(900 K,950 K).~ii ! An amorphization threshold for InS
solidification velocity was estimated to be approximate
vA;425 m/s. During the amorphization process the s
ichiometry of the irradiated layer is changed, forming
stable or metastable alloy, which does not correspond to
significant point of the equilibrium phase diagram.~iii ! The
simplified, one-component EQ and NEQ models resulted
reasonable agreement with the experimental data for the
i

e

tt.

el

S

t-
-

ny

a
by

laser. With ArF excimer-laser irradiation, the change in t
thermal conductivity as a result of layer irradiation has to
supposed in order to fit the experimental values of the m
ing time.~iv! The significant differences in the NEQ and E
description of the melting and solidification process we
found for maximum surface temperatures close to the m
ing point, and for maximum solidification velocities.
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