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Formation of two liquid phase states was observed when GaSb and InP were exposed to 
nanosecond laser pulses. In the case of GaSb one of these states was an equilibrium liquid phase 
and the other was metastable. In the case of GaAs the metastable state of the melt did not form 
even when picosecond pulses were used. The optical characteristics of liquid GaSb and InP were 
investigated in both states. In each of these states the GaSb and InP melts were metallic and their 
optical properties were described satisfactorily by a model of "almost-free" electrons. Possible 
structural differences between the metastable and stable liquid phases of binary compounds were 
analyzed. A study was made of the influence of the state of the melt on the properties of the 
material crystallizing from it. 

1. INTRODUCTION 

Interaction of semiconductors with nanosecond and pi- 
cosecond laser pulses results in extremely fast (of order lo9- 
1014 K/s) heating and cooling of the crystal lattice. The 
phase transitions (melting and crystallization) then occur 
under highly nonequilibrium conditions. For example, in 
the case of nanosecond pulses the velocity of the melting 
front can reach hundreds of meters per second, whereas the 
crystallization front can travel at tens of meters per sec- 
o n d . ' ~ ~  It is therefore not surprising that even in the case of 
elemental semiconductors such as silicon the experiments 
demonstrate that the kinetics of phase transitions considered 
over short time intervals differs from the traditional quasie- 
quilibrium picture2; in particular, the kinetic melting and 
crystallization coefficients are asymmetric in the case of in- 
teraction with nanosecond laser pulses. 

One of the most important distinguishing features of 
fast phase transitions is the possibility of forming intermedi- 
ate metastable phases at some stage of the transition. A strik- 
ing example of a metastable state is a crystal heated above its 
melting point. Significant overheatilig of crystalline semi- 
conductors before melting, reaching 200-300 K above the 
melting point in the case of nanosecond pulses and 500-1 500 
K in the case of picosecond pulses, can be achieved only if 
short laser pulses are used (for a detailed discussion of this 
topic see Ref. 3 ) .  Another example is the formation of an 
amorphous phase during solidification of semiconductor 
materials from the melt created by picosecond laser pulses 
(see Ref. 4 and the literature cited there). 

It should be pointed out that the amorphous phase is the 
most common example of a metastable state. The feasibility 
of formation of a crystal overheated above its melting point 
has been discussed frequently in the literature, but it has 
been observed experimentally as a result of interaction with 
laser pulses only quite recently. The possibility of formation 
of metastable states of the liquid phase when laser pulses 
interact with semiconductors is much less trivial. The latter 
possibility was pointed out in Ref. 5, where the postulated 
properties of one of such states were described: this state is a 
semiconductor liquid with a tetrahedral atomic environ- 
ment typical of the crystalline and amorphous phases of 
group IV semiconductors and 111-V compounds. 

A recent investigation of the kinetics of melting of crys- 
talline InP as a result of interaction with nanosecond laser 
pulses revealed%nomalous behavior of the optical charac- 
teristics of the melts of this semiconductor: two very differ- 
ent intensities of the reflected light used to probe the surface 
of the melt during irradiation were observed at different en- 
ergy densities. This behavior was attributed tentatively to 
the formation, over intervals of - lo-' s, of a new metasta- 
ble state of a liquid metallic phase of InP typical of binary 
semiconductors. Unfortunately, because of the lack of infor- 
mation on the properties ofan equilibrium melt of InP, it was 
not possible to identify reliably the two states of the liquid 
phase observed experimentally. Therefore, a search was 
made for a material which would, on the one hand, manifest 
properties similar to those of InP and, on the other, would 
permit a comparison with the results obtained under equilib- 
rium conditions. This model material was found to be GaSb, 
because-as in the case of InP-two different intensities of 
the reflected light used to probe the melt were recorded for 
gallium antimonide.' 

Our aim was to carry out a comparative investigation of 
the conditions of the formation and the properties of two 
states of the liquid phase created by interaction of nanosec- 
ond laser pulses with crystalline samples of GaSb and InP. 
As a diagnostic we used the reflection coefficient of light to 
probe the surface of the semiconductor while the laser was 
acting. Full identification of the states created as a result of 
such phase transitions required probing of the surface at 
three wavelengths. 

The paper is organized as follows. A brief description of 
the experimental methods is given in Sec. 2. The results of 
determining the reflection of a probe beam while the laser 
was acting are presented in Sec. 3. A comparative analysis is 
made of the experimental data demonstrating the existence 
of two different states of liquid GaSb and InP. These states 
are identified in Sec. 4; it is shown there that one of them is 
metastable. The main properties of metastable states are giv- 
en. The influence of the state of the melt on the properties of 
the material crystallizing from it is demonstrated. Section 5 
deals with the optical characteristics of metastable and sta- 
ble states of liquid GaSb and InP, and it is shown that the 
optical properties of the melt in either state can be described 
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by a model of almost-free electrons. An analysis of all the 
experimental results is used in Sec. 6 to discuss possible char- 
acteristics of the structure of the metastable states of liquid 
binary semiconductors. 

2. EXPERIMENTAL METHOD 

Our samples were chemically polished InP ( 100) and 
GaSb ( 11 1 ) plates cut from single crystals grown by the 
Czochralski method. These semiconductor crystals were ir- 
radiated with pulses of the second harmonic of a Q-switched 
YAG:Nd7 laser (A, = 532 nm, TEM,,,, mode, pulse dura- 
tion r, = 20 ns at half-height). A typical diameter of a re- 
gion recrystallized after irradiation was 1.0-1.5 mm. The 
range of the energy densities E used in these experiments was 
10-500 mJ/cm2. 

The surface of a semiconductor was probed during the 
interaction of a pulse; this was done using three wavelengths 
emitted by a cw He-Ne laser (A = 0.63, 1.15, and 3.39 p m ) .  
The angle of incidence of the probe radiation (with the s 
polarization) on the sample was 20" relative to the normal. 
The diameter of the probe beam was --, 80 pm.  The ratio of 
the diameters of the heating and probe beams ( - 15:l)  en- 
sured that the relative error in the determination of the ener- 
gy density at the point of interaction of the probe beam was 
less than 3%. The position of the point of incidence of the 
probe beam relative to the boundary of a recrystallized re- 
gion was determined with the aid of a television camera. 
When the semiconductor was transparent to the probe radi- 
ation incident on its surface, the rear face of the plate was 
subjected to a roughening treatment to produce a matt sur- 
face so as to avoid interference effects. The reflected light 
was recorded with a fast-response photodiode; the time reso- 
lution of the recording system was -2 ns. 

The same optical system was used to determine the re- 
flection coefficient of a crystalline semiconductor before 
studying the reflection of a probe beam. The values of the 
reflection coefficient R determined under kinetic conditions 
were then calibrated against the reflection coefficient of the 
crystalline material before irradiation. The error in a single 
measurement of R was less than 2%. When the maximum 
values of the reflection coefficient were determined, statisti- 
cal analysis of the results reduced the error to 0.5%. 

3. KINETICS OF MELTING OF SEMICONDUCTORS BY 
NANOSECOND LASER PULSES 

The behavior of the reflection coefficient of a beam 
probing the surface of crystalline Si and Ge during interac- 
tion with nanosecond laser pulses has been investigated quite 
t h o r ~ u g h l y . ~  At energy densities slightly above the melting 
threshold the time dependence of the reflection coefficient 
R ( t )  is dome-shaped due to the formation of nuclei of the 
liquid metallic phase, their growth on arrival of further opti- 
cal energy in the semiconductor, and disappearance after the 
end of a laser pulse. The rise of the reflection coefficient 
associated with the onset of melting coincides in time with 
the fall of the intensity of the heating pulse, which corre- 
sponds to the maximum increase in the temperature of the 
semiconductor. When the optical energy densities increase, 
the proportion of the molten material rises until the surface 
layer of the semiconductor melts completely. The amplitude 
of the reflection peak thus rises and then reaches a steady- 

state value governed by the reflection coefficient of the ho- 
mogeneous molten material. When the energy density of the 
incident radiation is increased, the onset of melting is shifted 
toward earlier times, reaching the leading edge of the heating 
laser pulse. 

Much less information is available on 111-V semicon- 
ductor compounds, However, the data9 available for GaAs 
demonstrate that its behavior is similar to that of Si and Ge. 
A direct comparison of these results with those obtained for 
GaSb and InP can be made by considering the maximum 
value of the reflection coefficient R,, reached in the course of 
a nanosecond interaction9 as a function of the energy density 
E (curve 1 in Fig. 1 ). The rise of R,,, in the range E 5 0.2 
J/cm2 is, as already mentioned, due to an increase in the 
proportion of the molten material in the surface layer of the 
semiconductor. The steady value of R, in the range E 2 0.2 
J/cm2 represents reflection from a homogeneous melt. It 
should be pointed out that this behavior of the dependence 
R, ( E )  is retained when laser pulses of picosecond duration 
are used,'0." as demonstrated by curve 2 in Fig. 1 (the shift 
of the melting threshold toward lower energy densities is due 
to both a reduction in the pulse duration and a transition to a 
shorter wavelength of the interacting light). 

Our experiments on crystalline GaSb and InP revealed 
a completely different behavior of the reflection coefficient 
of the probe beam when nanosecond laser pulses interacted 
with the semiconductors. Figure 2 shows the time depend- 
ence of the reflection coefficient of the surface of GaSb at 
probe wavelengths A = 0.63 and 1.15 pm,  which were ob- 
tained at different energy densities. The curves labeled 1 
( E  = 50 mJ/cm2) represent heating of the crystalline mate- 
rial without melting. Since the reduced density of states in 
GaSb for interband transitions at the wavelength A = 1.15 
p m  increases with temperature, whereas at the wavelength 
A = 0.63 p m  this density decreases with temperature, it fol- 
lows that heating of a crystal at these wavelengths can result 
in an increase and a reduction in the reflection coefficient of 
the probe beam, respectively. At energy densities 
E> E, = 55 mJ/cm2 (curves labeled 2 )  a dome-shaped 
peak, coinciding in time with the fall of the intensity of the 
heating pulse, appears superposed on the temperature-de- 
pendent reflection coefficient. This peak is manifested par- 

FIG. 1. Dependence of the maximum reflection coefficient of molten 
GaAs on the heating energy density: 1) 7, = 12 ns, A, = 0.69 ,urn, 
A = 0.63 pm, angle of incidence of the probe beam 0 = 45" (unpolarized 
radiation)'; 2 )  T, = 20ps,A, = 0.53,um,/l = 1.06,um, 8= 26" (ppolar- 
ization); delay time T = 3 ns (Ref. 11). 
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titularly clearly at the probe wavelength A = 0.63 pm, 
which is preceded by a reduction in the reflection coefficient 
associated with the heating of the crystal. The reason for the 
appearance of a reflection peak is partial melting of the sur- 
face layer of the semiconductor. A further increase in the 
energy density (curves 3 and 4 )  to E,-- 150 mJ/cm2 increases 
the fraction of the molten material and, consequently, en- 
hances the amplitude of the reflection peak. By analogy with 
GaAs we could expect that in the range E >  150 mJ/cm2 the 
amplitude of the reflection peak would cease to rise and 
reach a level representing reflection by a homogeneous liq- 
uid phase. However, the experiments revealed a completely 
different picture, an increase in the energy density from 
E = 160 mJ/cm2 (curves labeled 5)  to E = 190 mJ/cm2 
(curves labeled 6 )  did not cause saturation of the amplitude 
of the reflection peak, but reduced it. 

In order to show this effect more clearly, we used the 
R ( t )  curves to plot the maximum reflection coefficient R, 
vs the density E of the heating radiation energy. The depen- 
dences are plotted in Fig. 3 [which includes also the values of 
the reflection coefficient of the heated crystal recorded at the 
A = 0.63 pm wavelength at the reflection minimum of the 
R ( t )  curve]. It is clear from Fig. 3 that, in contrast to GaAs, 
Si,and Ge, in the case of GaSb there were two different levels 
or intensities of reflection from the molten semiconductor. 
In the range 150 < E 5 180 mJ/cm2 the value of R, reached 
0.79 at A = 0.63 pm and 0.82 at A = 1.15 pm, whereas in the 

FIG. 2. Time dependence of the reflection coefficient 
( 8=  20", s polarization) of light probing the surface of 
GaSb: a )  A =  0.63 pm;  b)  A = 1.15 pm. Heating energy 
density (mJ/cm2): 1) 50; 2) 65; 3)  75; 4 )  130; 5 )  160; 
6 )  190; 7 )  profile of the heating pulse. 

range E 2  180 mJ/cm2, the coefficient R, fell to 0.73 for 
0.63 pm and 0.76 for 1.15 pm. The transition from one value 
of the reflection coefficient to the other was abrupt and it 
occurred when the energy density reached a critical value 
E, = 180 mJ/cm2. 

Analogous behavior of the reflection coefficient of the 
probe beam was observed also in the case of nanosecond 
heating laser pulses interacting with crystalline InP. Figure 
4 shows the dependence R ,  (E) obtained for InP at the 
probe wavelengths A = 1.15 and 3.39 pm [as in the case of 
GaSb, R ,  (E) was plotted from the R ( T )  curves]. Clearly, 
two different levels of reflection from the melt were observed 
also in the case of InP, but in contrast to GaSb the difference 
between these levels or intensities was considerably greater. 
In the energy density range 145 < E 5 170 mJ/cm2 the reflec- 
tion coefficient reached 0.77 at A = 1.15 pm and 0.86 at 
II  = 3.39 pm. In the range E> 170 mJ/cm2 the value of R,, 
fell to 0.55-0.56 at II = 1.15 p m  and 0.67-0.73 at A = 3.39 
pm. As in the case of GaSb, the transition from one value of 
the reflection coefficient to the other was abrupt and oc- 
curred at a critical energy density E, = 170 mJ/cm2. 

We thus found that, in contrast to GaAs, both GaSb 
and InP exhibited different levels of reflection of the probe 
beam by the liquid phase at different energy densities. The 
molten GaSb and InP exhibited metallic properties in each 
of the energy density intervals, but the reflection coefficient 
increased as a function of the probe wavelength. 

FIG. 3. Dependence of the maximum value of the reflection 
coefficient of light probing the surface of GaSb on the heating 
energy density ( 8  = 20", .Y polarization). Probe wavelength: 
a )  0.63 p m ;  b)  1.15 pm. 1)  Reflection from the crystalline 
material; 2 )  reflection from the melt in the case of partial and 
complete melting of the surface layer. 
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4. FAST FORMATION OF METASTABLE STATES OF THE 
LIQUID PHASE OF BINARY SEMICONDUCTORS 

The behavior of the optical characteristics of molten 
GaSb and InP described in the preceding section shows that 
two different states of the liquid phase are formed in differ- 
ent energy density intervals. This effect had not been ob- 
served for GaAs (Fig. 1 ) . Investigations of 111-V semicon- 
ductors under steady state conditions (see Refs. 12 and 13 
and the literature cited there), including studies of the phase 
diagrams of GaAs, GaSb, and InP (Ref. 14) show that the 
materials melted, forming a single equilibrium liquid phase. 
Therefore, the observation during the initial moments of two 
states of molten GaSb and InP was unexpected. Below we 
show that in the case of GaSb the available experimental 
data indicate directly that one of these states is metastable. 
In the case of InP the subsequent analysis of the experimen- 
tal results is difficult because the information on the proper- 
ties of its equilibrium liquid phase is incomplete. Therefore, 
in the present section we shall give additional information on 
the luminescence characteristics of InP crystallized from 
different states of the melt. 

The liquid phase states can be identified by comparing 
the optical characteristics of the melt created by interaction 

FIG. 5. Spectral dependence of the reflection coefficient of liquid GaSb 
( 0  = 20", s polarization) calculated using the model of almost-free elec- 
trons at different temperatures of the melt: I )  To = 985 K; 2) T,, + 200 K; 
3 )  T,, + 400 K. Curve 4 is calculated assuming that w,, = 2.2X 10'" s -  ' 
and r = 3.5X 10- '' s. Experimental results: *) stable liquid phase; 0) 
metastable liquid phase. 

FIG. 4. Maximum value of the reflection coefficient of 
light probing the surface of InP as a function of the heat- 
ing energy density ( 0  = 20", s polarization). Probing 
wavelength: a )  1.15 pm; b) 3.39 pm. 

with laser pulses and those obtained under steady-state con- 
ditions. In the case of GaSb the optical properties of the melt 
could be reconstructed from the data on the electrical con- 
ductivity of the liquid p h a ~ e ' ~ . ' v t h e  reconstruction proce- 
dure is described in detail in Sec. 5 ). 

Figure 5 shows the spectral dependence of the reflection 
coefficient of liquid GaSb calculated using a model of al- 
most-free electrons with parameters deduced on the basis of 
the dataI2," on the electrical conductivity of the melt (the 
calculation method and the validity of the model are dis- 
cussed in Sec. 5 ) .  Curve 1 represents liquid GaSb at its melt- 
ing point To = 985 K, whereas curves 2 and 3 represent the 
liquid phase overheated above To by 200 and 400 K, respec- 
tively. This figure includes experimental results on the kinet- 
ics of the reflection coefficient of the melt recorded in the 
energy density ranges 150 < E 5 180 mJ/cm2 and E 2 180 
mJ/cm2. The optical properties of molten GaSb formed in 
the range E k 180 mJ/cm2 are consistent with the properties 
of the liquid phase. On the other hand, the values of the 
reflection coefficient recorded in the range 150 < E 5 180 
mJ/cm2 were located well above the curves plotted for the 
equilibrium liquid phase. Therefore, the state of the melt 
created by laser pulses with energy densities 150 < E 5 180 
mJ/cm2 was unstable. 

We now consider the main properties of the metastable 
state of molten GaSb. It is clear from Fig. 3 that this state is 
formed in a narrow energy density range lying directly above 
the melting threshold of the semiconductor. The transition 
to the stable state of the liquid phase, observed at the critical 
energy density E, = 180 mJ/cm2, is abrupt. It is possible 
that this may be due to an instability of the metastable phase 
at  energy densities E > E, . For E 5 E, , decay of the metasta- 
ble state with time and formation of a stable state of liquid 
GaSb are observed in some cases (curves labeled 5 in Fig. 2 ) .  
However, it should be pointed out that directly after the de- 
cay of the metastable state the R ( t )  curve exhibits a steep fall 
of the reflection coefficient due to arrival of the crystalliza- 
tion front' on the semiconductor surface. The superposition 
of these two effects makes it difficult to interpret them reli- 
ably. 

Unfortunately, the properties of liquid InP have hardly 
been investigated under steady-state conditions. Therefore, 
in the case of this material we cannot compare directly the 
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optical characteristics of the melt created by nanosecond 
pulses and those of the equilibrium liquid phase. However, a 
comparison of Figs. 3 and 4 demonstrates that the R,, ( E )  
curves of GaSb and InP behave identically. Using this analo- 
gy, we assume that in the energy density range 145 < E 5 170 
mJ/cm% metastable state forms in liquid InP and that this 
state has a higher reflection coefficient, whereas in the range 
E 2 170 mJ/cm2 the liquid phase of this semiconductor is 
stable ( a  liquid formed in the range E 2 170 mJ/cm2 exists in 
a wide range of energy densities right up to the damage 
threshold of the InP surface, demonstrating once again that 
this phase is stable). 

The reflection coefficients of liquid GaSb and InP are 
very different in the metastable and stable states. This is par- 
ticularly striking in the case of InP when the difference be- 
tween the reflection coefficients of the stable and metastable 
phases AR,, reaches -0.2 at the wavelength of /E = 0.63 
pm. Since molten GaSb and InP are metallic in each of these 
states, such a large difference between the optical character- 
istics of the metastable and stable states could be due to a 
considerable structural modification of the liquid phase 
(discussed in greater detail in Sec. 6 ) .  

Although no data are available on the properties of the 
equilibrium melt of InP, additional information can be ob- 
tained by studying the properties of the material crystallized 
from the melt. Investigations of the photoluminescence of 
laser-recrystallized semiconductor lasers showed that the 
properties of the material formed from the metastable and 
stable liquid phases were quite different and the behavior of 
InP (Ref. 15) differed considerably from the behavior of 
GaAs (Ref. 16), which did not exhibit a metastable melt. 

Figure 6 shows the intensity of the edge photolumines- 
cence I,, of recrystallized GaAs and InP as a function of the 
energy density ofthe heating radiation (in this case the lumi- 
nescence signal was normalized to the value of the intensity 
of the luminescence emitted by the unirradiated material 
and the energy density of the heating radiation was mea- 
sured in arbitrary units). In the case of GaAs immediately 
after the melting threshold E, was exceeded, the ability to 
emit photoluminescence was seen to fall abruptly, indicating 
the formation of a large number of point defects as a result of 
faster crystallization of the melt.16 In the case of InP such 
degradation occurred only at high energy densities (region 
labeled 3 in Fig. 6b). There was also a narrow energy interval 
(region 2)  where this degradation of the radiative properties 
was absent. It is clear from Fig. 6b that immediately after the 
melting threshold of InP there was a region 1 where the ra- 

diative characteristics of this material became degraded by 
recrystallization. An increase in the laser pulse lengths and 
the wavelength of the heating radiation destroyed this re- 
gion. Degradation in region 1 was due to suppression of epi- 
taxial crystallization during rapid cooling of the melt. 

The trace plotted in Fig. 6b was obtained for IriP irra- 
diated with heating pulses characterized by A, = 0.69 ,um 
and r, = 50 ns. The difference in the behavior of the photo- 
luminescence signal in regions 2 and 3 was observed also 
after the semiconductor was irradiated with pulses charac- 
terized by A, = 0.53 p m  and 7, = 20 ns, but in the latter 
case this effect was less striking because of the considerable 
overlap of regions 1 and 2. A comparison of the results of 
these luminescence measurements and the results of an opti- 
cal investigation of the kinetics of melting of InP demon- 
strated that crystallization from the stable melt created a 
material with a large number of defects, whereas crystalliza- 
tion from the metastable melt did not produce defects in a 
number sufficient to cause significant degradation of its ra- 
diative (photoluminescence) properties. In the case of crys- 
talline GaAs the metastable state of the liquid phase did not 
form as a result of laser irradiation so that the degradation of 
the radiative properties of this compound occurred immedi- 
ately after the melting threshold was reached. 

5. OPTICAL PROPERTIESOF LIQUID SEMICONDUCTORS IN 
STABLE AND METASTABLE STATES 

The experimentally observed behavior of the reflection 
coefficient of liquid GaAs and InP (Secs. 3 and 4) was fairly 
complex. Interpretation of the results obtained required 
comparison of the optical properties of the melt formed dur- 
ing the first few moments with the properties of the equilibri- 
um liquid phase. However, published information on the 
properties during steady-state melting is available only for 
Ge (Ref. 17) and Si (Ref. 18 ). There is no information at all 
on the optical constants of liquid 111-V semiconductors. 

The optical characteristics of an equilibrium melt can 
however be deduced from the electrical conductivity of the 
liquid phase.".'3 In fact, it is shown in Refs. 17 and 18 that 
the optical properties of Ge  and Si melted under steady-state 
conditions can be described satisfactorily by the model of 
almost-free electrons. I Y  According to this model the spectral 
dependence of the permittivity is given by the expression 

where o is the frequency of light; T is the electron momen- 

FIG. 6. Dependence of the intensity of the edge photo- 
luminescence of GaAs ( a )  and InP ( b ) ,  recrystallized 
by nanosecond pulses ( r ,  = 0.69 pm, T ,  = 50 ns), on 
the heating energy density. 
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TABLE I. Plasma frequencies a,, and the momentum relaxation times r o f  electrons in molten 
group IV semiconductors and 111-V compounds (calculated using the model of almost-free 
electrons). 

*Comparison of the data deduced from the electrical conductivity and optical measurements is 
difficult because in the first series of experiments the temperature of the liquid phase was not 
normally determined. In the second series of experiments we quote the values at two tempera- 
tures showing how o,,, and r vary as T increases. 
**These results were obtained from dynamic experiments; the error in the determination of the 
maximum value of the reflection coefficient in this case was 0.5%. 

tum relaxation time; w,, = ( 4 m q 2 / m  ) 'I' is the plasma fre- 
quency of the electron gas; q is the electron charge; m is the 
effective mass of an electron in the melt usually assumed to 
be equal to the mass of a free electron. The electron density n 
in liquid Ge and Si is close to four electrons per 

In the case of irradiation with laser pulses the optical 
characteristics of liquid Ge are practically the same as those 
obtained under equilibrium  condition^.^^ However, in the 
case of Si there is a discrepancy between the conclusions 
reached by different authorsx'-" about the relationship be- 
tween the optical properties of the melts melted in a very 
short time and under steady-state conditions. A comparison 
of the analysis of these papers shows, however, that the opti- 
cal properties of liquid Si are most probably the same under 
equilibrium and strongly nonequilibrium conditions. 

According to the results of the Hall-effect measure- 
ment~,". '~ the electron density in molten InAs, GaAs, InSb, 
GaSb, and AlSb is close to four per atom. Knowing the den- 
sity of these semiconductors in the liquid phase,"." we can 
find the electron bulk density n and use it to calculate w,. 
The electron momentum relaxation time can be d e d ~ c e d " . ' ~  
from the electrical conductivity of the liquid phase 
( T  = 4 ~ u / w ;  ). Using the values of w, and T found in this 
way, we can then apply Eq. ( 1 ) to calculate the permittivity 
of the melt corresponding to the light frequency w. 

This procedure for the determination of the optical con- 
stants was checked against a calculated reflection coefficient 
of unpolarized light of the A = 0.63 p m  wavelength incident 
at an angle of 6 = 45" to the surface of molten GaAs. The 
value R = 0.64 obtained in this way was in good agreement 
with the reflection coefficient R,,, = 0.61 found experimen- 
tally in Ref. 9. Therefore, using the results of Refs. 17 and 18, 
we concluded that the above procedure for reconstructing 
the optical constants of liquid semiconductors of group IV 
elements and of 111-V compounds from their electrical con- 
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ductivity gives values in reasonable agreement with the ex- 
perimental data. Parameters w, and r found in this way for 
some 111-V semiconductor compounds are presented in Ta- 
ble I. 

We now return to the experimental data obtained for 
GaSb (Fig. 5 )  and discuss them in greater detail. A calcula- 
tion of the spectral dependence of the reflection coefficient 
was made at the melting point To and at  temperatures ex- 
ceeding To by 200 and 400 K. Allowance was made for the 
influence of temperature on the density and electrical con- 
ductivity of molten GaSb (Refs. 12 and 13). I t  is clear from 
Fig. 5 that a study of the kinetics of the reflection coefficient 
of a stable melt yielded a curve" similar to that correspond- 
ing to To + 200 K.  This was not surprising in view of the fact 
that a stable state of liquid GaSb did not form immediately at 
the melting threshold, but at a higher energy density 
E, = 180 mJ/cm2. The results obtained for a metastable 
state of the melt did not fit the curves calculated for the 
equilibrium liquid phase. However, they agreed well with 
the spectral dependence deduced from Eq. ( 1 ) by substitut- 
ing the parameters a, = 2.20 x 10" s- ' (representing the 
value of w, for the equilibrium liquid phase) and r 
= 3.50 X 10- s. 

As pointed out already, there is no information at all on 
the carrier density and electrical conductivity of the equilib- 
rium liquid phase of InP. Therefore, we determined the opti- 
cal constants of molten InP in the stable and metastable 
states using the experimental values of the reflection coeffi- 
cient obtained at different wavelengths. The results obtained 
at  the probe wavelengths ofA = 0.63, 1.15, and 3.39pm are 
plotted in Fig. 7. The following procedure was adopted to 
test whether these results were in agreement with the almost- 
free-electron model. The electron density in the melt was 
assumed to be four electrons per atom. Using the crystal 
densityp = 5.05 g/cm3 (Ref. 25) ,  we found that in the case 
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FIG. 7. Spectral dependence of the reflection coefficient of liquid InP 
(6 = 20", s polarization) calculated using the model of almost-free elec- 
trons with the following parameters: 1 )  w,, =2.3X101h s- ' ,  
7 =  0 . 6 ~  10-Ih S; 2) up, = 2 . 3 ~  10'" s-I, T = 2.2X 1 0 I h  S. Experimen- 
tal data: e) stable liquld phase; 0) metastable liquid phase. 

of liquid InP the density was nz 1 . 6 7 ~  1 0 2 ' c m - '  
(a,  = 2.3X 1016 s-I) .  The relaxation time r was found by 
ensuring the best agreement between the values of the reflec- 
tion coefficient calculated with the aid of Eq. ( 1 ) and the 
experimental data (the values of r obtained in this way are 
listed in Table I ) .  The results of calculations of the spectral 
dependence of the reflection coefficient of liquid InP were 
plotted in Fig. 7. The optical properties of liquid InP were 
thus found to be described reasonably well by the model of 
almost-free electrons. Therefore, in spite of the extreme sim- 
plicity of the model, it could be used to describe the proper- 
ties of liquid Ge, Si, and GaAs and also of the two liquid 
phases of GaSb and InP. In the case of InP, for which infor- 
mation on the electrical conductivity of the equilibrium liq- 
uid phase was missing, we were able to compare the experi- 
mental data with the one-parameter spectral dependence of 
the permittivity (this one free parameter was the relaxation 
time 7, the value of w, was determined independently). I t  
was found that the values of r for the stable and metastable 
states of molten InP differed approximately by a factor of 4. 

It should be pointed out that among all the 111-V semi- 
conductors the compound InP is distinguished by an anoma- 
lously short electron momentum relaxation time in the sta- 
ble liquid state (Table I). For this reason the absorption 

FIG. 8. Dependence of the thickness of the molten InP layer on the heat- 
ing energy density, reconstructed from the results of measurements of the 
reflection of a probe beam during irradiation. 

length for the /Z = 1.15 and 3.39 p m  probe beams is fairly 
large and comparable with the depth of the layer melted by 
laser pulses. We could therefore expect that the dependence 
R,, ( E )  could be influenced by interference effects in the re- 
gion of appearance of the stable state of the liquid phase. 

In fact, at the wavelength II = 1.15 p m  the function 
R,, ( E )  obtained for E Z E, was of the smoothly falling type, 
whereas at the wavelength II = 3.39pm the value of R,, first 
increased with increasing energy density, then fell, and 
reached saturation (Fig. 4) .  This effect could be described 
using the values of w, and T found above and calculating the 
dependence of the reflection coefficient of the probe beam 
(A = 1.15 and 3.39pm) on the thickness of the molten layer 
d. A comparison of the calculations with the experimental 
results (Fig. 4) made it possible to reconstruct the depend- 
ence d ( E ) ;  the results of this procedure are plotted in Fig. 8. 
The values of the reflection coefficient corresponding to this 
dependence are represented by continuous curves in Fig. 4. 

In the case of the metastable state of molten InP the 
absorption length of the probe beam was considerably less 
than the depth of the molten layer at all the wavelengths used 
in our investigation. Therefore, the interference effects were 
not observed. 

6. POSSIBLE STRUCTURE OF STABLE AND METASTABLE 
STATES OF LIQUID Ill-V SEMICONDUCTORS 

The considerable difference between the optical charac- 
teristics of the two states of liquid InP and GaSb formed as a 
result of interaction with nanosecond laser pulses and the 
influence of the state of the melt on the properties of the 
material crystallized in the case of InP demonstrated that 
the metastable and stable liquid phases were structurally dif- 
ferent. 

In the case of binary compounds the structure of the 
liquid phase can be described by the coordination number 
(representing the number of the nearest neighbors of a given 
ion2') and by the degree of correlation in the relative posi- 
tions of ions of different kinds. A quantitative measure of the 
correlation is the difference between the partial structure 
factors of the liquid for identical ions and for ions of different 
kinds." We shall consider the likely influence of each of 
these factors on the optical properties of the liquid phase and 
on the properties of the material which crystallizes from it. 

We start with the optical characteristics of molten semi- 
conductors. Under equilibrium conditions the coordination 
number of liquid Si, Ge, and 111-V compounds is 6-8 near 
the melting point and increases to 8-10 when the liquid 
phase is heated by several hundred kelvin. ''3" However, the 
associated change in the optical properties of the melt (esti- 
mated, for example, from the electrical conductivity data 
such as those given in Refs. 12 and 13 ) is small compared 
with the change observed in our case in the transition from 
the metastable to the stable state. It should be noted that the 
reduction in the electron density in molten GaSb and InP 
cannot account either for the experimentally observed re- 
duction in the reflection coefficient. In fact, estimates ob- 
tained using the model of almost-free electrons indicate that 
the carrier density has to be reduced by at least two orders of 
magnitude in order to alter the reflection coefficient by 10- 
15%. Such a change in the carrier density is possible only if 
the nature of the chemical binding in the liquid phase is 
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modified. The experimental data are in conflict with this 
hypothesis: they demonstrate that strong metallic properties 
are exhibited by each of the liquid states of GaSb and InP. 

On the other hand, it is knowni9 that the scattering of 
electrons by the ionic potential in liquid metallic alloys is 
very sensitive to a change in the microscopic structure of the 
liquid in the first coordination sphere. The reason for this is 
the strong effect of the interference between electron waves 
scattered by the nearest neighbors on the total scattering 
probability. Therefore, the appearance of a correlation in the 
relative positions of ions of different kinds can significantly 
alter the conditions for the scattering of electrons in the melt, 
which in the final analysis is manifested by a major change in 
the relaxation time r. 

Therefore, if we assume that the metastable state of liq- 
uid GaSb and InP is characterized by a correlated distribu- 
tion of ions of different kinds, whereas the stable state is 
characterized by a random distribution, we find we can ex- 
plain the change in the reflection coefficient in the transition 
from one state to the other. 

The nature of the possible correlation is undoubtedly 
important. In the case of binary semiconductors we can dis- 
tinguish two cases: in one case the ions of the element A are 
surrounded mainly by the ions of the element B, whereas in 
the other case we have the converse when around the ion A 
(or B) there are mainly identical ions A (or B) . The latter 
case is typical of eutectic alloys in which the interaction of 
ions in the liquid phase is repulsive. It is also known that the 
components of A"'B" compounds tend to form associates of 
the AB type in the liquid phase." This means that molten 
GaSb and InP may exhibit correlations of the first type. 

We shall now turn to the problem of the influence of the 
structure of the liquid phase on the properties of the material 
crystallizing from it. We shall begin by noting that a change 
in the coordination number in the liquid should not signifi- 
cantly affect the number of defects in the crystal, because the 
changes occurring in the semiconductor during crystalliza- 
tion (such as the formation of the tetrahedral environment 
and a change in the type of binding from metallic to cova- 
lent) are much stronger than the changes in the liquid phase 
itself, associated with a reduction on increase in the coordi- 
nation number. On the other hand, the results of the lumi- 
nescence measurements obtained for InP and GaAs (see 
Sec. 4 )  can easily be explained by the above hypothesis on 
the structure of the two states of the liquid phase of binary 
semiconductors. 

The important point is that crystallization ofa semicon- 
ductor which is melted in -lo-' s can be characterized by 
an additional defect-formation channel. In fact, in the case 
of nanosecond laser pulses the motion of the crystallization 
front occurs at velocities of the order of several meters per 
second. Under these conditions an additional defect-forma- 
tion channel appears in the crystal, due to the possibility of 
capturing local fluctuations of the composition of the molten 
semiconductor by the phase boundary. We now take a brief 
detour from our topic. 

When ions of different kinds are distributed at random 
in a melt, fluctuations should give rise to regions with a 
modified (nonstoichiometric) composition. If we assume 
that fluctuations are thermodynamic, we can estimate the 
mean-square deviation n in a certain selected volume V: 
<'a n/V.  Fluctuations of the composition in the melt are 

dispersed by diffusion in a time r ,  cr R 2 / D ,  where R = V ' I3  

is the characteristic size of a fluctuation and D is the self- 
diffusion coefficient of a given component in the liquid 
phase. The crystallization front moving at a velocity v 
crosses the selected volume in a time r,R /u. If r,, < rD,  then 
fluctuations of the composition are not dispersed in the 
available time and are "frozen in" in the solid phase. This 
requires velocities v > D ( 6  2/n) 'I3. Substituting typical val- 
ues D- 10W4 cm2/s and n z 5  X loZ2 c m ' ,  we find that at 
crystallization front velocities in excess of 0.2-1 m/s the sol- 
id phase contains trapped microinclusions with deviations 
from stoichiometry amounting to 6- 10'9-1020 cm-'. Char- 
acteristic sizes of the microinclusions are on the order of (n/ 
6') 'I3, i.e., 100-500 A. This level of deviation from stoichi- 
ometry in 111-V semiconductors must be manifested in the 
experimentally observed state of the defect structure of the 
crystallized material and, in particular, it may be responsible 
for degradation of the radiative properties (photolumines- 
cence) . 

Going back now to our case we note that the above 
mechanism can be effective in the case of a random distribu- 
tion of ions of different type in the liquid phase and can be 
suppressed by the presence of correlations of the above type 
in the melt. Therefore, a semiconductor crystallizing from 
the melt with a random distribution of ions of a different type 
(stable liquid phase) should contain more defects. On the 
other hand, crystallization from the metastable liquid phase 
does not increase significantly the concentration of defects in 
the irradiated material. 

It follows that the above hypothesis about the structure 
of the metastable and stable states of liquid GaSb and InP is 
in agreement with the results of the optical investigations of 
the kinetics of melting and with the results of measurements 
ofthe luminescence emitted by recrystallized InP and GaAs. 

"It is necessary to point out that these data cannot be used to determine 
reliably the temperature of the melt at which a stable state is formed, 
especially as at temperatures T> T,, + 200 K the temperature depend- 
ence of the reflection coefficient becomes weaker (Fig. 5 ) .  
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