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It is found by experiment that strong electromagnetic (laser) radiation produces in InSb at low 
temperatures (77-190 K )  a phase transition with formation of a metallic phase. This transition 
proceeds via an intermediate state characterized by production of a wurtzite phase. Since metallic 
phase is metastable under normal conditions, its properties can be determined and suggest that it 
has a8-Sn structure. A theoretical model points to an electron-stimulated mechanism for the 
phase transition. It is shown that the onset of excitation inhomogeneities can explain why the 
nonequilibrium carrier densities N,, needed for the phase transition are obtained even though the 
average density satisfies N,, < N,, . It is established that ordering of the excitation 
inhomogeneities, meaning a transition to a periodic structure, permits the phase transition to 
continue until a continuous layer of the new phase is formed. The diffractive redistribution of the 
radiation flux over the surface is such that it stimulates the phase transition. 

The possibility of nonequilibrium phase transitions, 
electron-stimulated in semiconductors by strong electro- 
magnetic (laser) radiation, was predicted the~retically.'.~ It 
was shown in Ref. 2, for the cases of Si and GaAs, that if the 
excitations (the nonequilibrium carriers) generated by the 
radiation have densities N2 10'' cm-3 the more closely 
packed nonequilibrium (metallic) phases become energeti- 
cally favored over the initial structure. 

Electron-stimulated phase transitions are of interest in 
view of the problem of mechanisms for semiconductor an- 
nealing by lasers, currently receiving considerable atten- 
t i ~ n . ~ . ~  It is known that the metal phases of most class IV 
semiconductors and 111-IV compounds, usually used in laser 
experiments, exist only at high pressures.' Drawing the anal- 
ogy between nonequilibrium carriers and the influence of 
pressure, it can be noted that electron-stimulated phase tran- 
sitions can be observed only under conditions of laser dy- 
namics, and large nonequilibrium-carrier densities are at- 
tainable in short laser pulses. This makes the task of 
observing laser-induced nonequilibrium phase transitions 
quite complicated, since the results of many high-time reso- 
lution investigation procedures are at present difficult to ob- 
tain and to interpret unambiguously, even for the already 
routine tasks of heating and melting by laser pulses4 

At the same time, another approach is possible for cer- 
tain semiconductors with nonequilibrium phases that are 
metastable under normal conditions. These include anti- 
monide (InSb), whose parameters6*' are close to those of 
metallic (high-pressure) phases in which a structure, say of 
the 8-Sn type, can be made metastable by fast quenching 
(T,  < 210 K )  This dictated the choice of indium antimon- 
ide for our investigations. Fast quenching was produced, in 
analogy with high pressure, by laser irradiation of the sam- 
ple at low temperatures. 

PROCEDURE 

The electromagnetic-radiation source was a 
YAG:Nd3+ laser emitting at A = 1.064pm with pulse dura- 
tion 7 = 10 ns. The samples were single-crystal InSb plates 

350-400 p m  thick with crystal orientation ( 1 lo) ,  (21 I ) ,  
and ( 1 1 1 ) . The sample surface had a class- 14 finish obtained 
by chemical and mechanical polishing. We used also poly- 
crystalline InSb films (500-1000 A thick) thermally sput- 
tered in vacuum on high-resistance Si substrates. The sam- 
ples chosen for irradiation were placed in liquid nitrogen or 
kept in a thermostat at T = 77-323 K. 

The principal procedure used to monitor the laser ac- 
tion was measurement of the reflection coefficient 
R(A = 0.6328 pm)  of the irradiated surface after the pas- 
sage of a radiation pulse; the accuracy of the procedure was 
0.5% (SR ). The laser beam covered sample-surface regions 
of 1 4  mm diameter, and the deviations from uniform sur- 
face-energy distribution were at most 5-8%. The He-Ne la- 
ser probing-beam diameter was less than 0.1 mm. The irra- 
diated-surface optical constants (the refractive index n and 
the absorption coefficient k) were measured by laser 
(A = 0.6328 pm)  ellipsometry. The measurement results 
were reduced using a simple one-layer model. The electro- 
physical properties of the irradiated InSb were determined 
by measuring the electric conductivity (by a four-point 
method). To exclude the shunting effect of the conducting 
substrate, the measurements were performed on InSb films 
sputtered on high-resistance Si substrates (R = 1.5. lop5 
fl.cm). 

A combination of methods was used for the physico- 
chemical measurements of the irradiated sample. The sur- 
face topography was investigated by raster electron micros- 
copy (with an S-800 microscope) and by 
high-depth-resolution profilometry (TALYSTEP profilo- 
meter). The chemcial composition and the element-distri- 
bution profile were investigated by Auger electron spectros- 
copy using layer-by-layer ion (Ar+)  surface etching 
(PHI-55 1 Auger electron spectroscope). Structure investi- 
gations were made by transmission electron diffraction 
(EG-100, 100 kW) and by x-ray structure analysis (using 
the Debye method) with glancing incidence of the beam 
(Cu, K, ); a thermostat maintained the sample temperature 
constant at 77K. 
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FIG. 1 .  Surface reflection coefficient vs radiation pulse energy; a-in liq- 
uid nitrogen, b--at initial temperatures To. 

RESULTS 

Irradiation of samples immersed in liquid nitrogen 
caused an appreciable increase of the surface reflection coef- 
ficient, to R ~ 6 0 %  (against the initial Ro = 46.2% ). The 
plot of R against the pulse energy W (Fig. 1 ) shows clearly 
that the onset of the highly reflecting phase has a threshold 
of W,,, = 0.06 J/cm2. After rising, the R ( W )  dependence 
saturates. Formation of a highly reflecting phase was ob- 
served also in laser-irradiated samples thermostatically con- 
trolled at T = 77-190 K. The character of the dependence of 
R on W changes gradually as T is raised (Fig. 1 b) . The 
threshold for the formation of the highly reflecting phase 
rises to 0.1 J/cm2, and the rising part of the R ( W) plot be- 
comes steeper. In the interval 150-1 90 K abrupt decreases of 
R from pulse to pulse are observed for larger W (i.e., the 
production of the highly reflecting phase is unstable; see the 

shaded regions of Fig. 1 b), and no increase of R is observed 
for T >  190 K. 

Ellipsometry of the highly reflecting phase (of a batch 
of samples) yielded its optical constants (n = 3.8 + 0.1, 
k = 3.25 0.15). Comparison of the obtained values with 
the properties of the initial InSb surface (no = 4.44, 
k, = 1.85) shows that the increase of R is due mainly to the 
substantial growth of the absorptivity of the irradiated sur- 
face. 

Formation of a highly-reflecting phase in single-crystal 
samples results only from the action of a series of pulses 
( i  > 1 ). The variation of R as a function of i (discrete scale) 
for different Wand T has a distinctive form (Fig. 2), name- 
ly, the formation of the highly reflecting phase is always 
preceded by a surface state with R lower than the initial R,. 
The difference AR = R, - R appears only at low tempera- 
tures ( AR = 2 4 %  for T = 77 K )  , and decreases with rise of 
temperature (AR ~0 for T >  250 K) .  It would be natural to 
assume that the decrease of R is due to surface damage, as 
well as to the known formation of a periodic structure9; this 
leads to diffuse scattering of the light or to a redistribution of 
the reflected-beam to form a diffraction pattern. However, 
detailed raster-electron-microscope investigations show 
that the surface remains planar without visible roughness 
(at a magnification up to 80 000). 

What is unique is that formation of a state with de- 
creased R is typical of experiments with single crystals. The 
reflection coefficients of laser-irradiated polycrystalline 
InSb films jump after the very first pulse to the maximum 
value corresponding to the given W (Fig. I ) ,  i.e., no stage 
with formation of a low-reflection state is observed. 

Interest attaches to the behavior of the highly reflecting 
phase after laser irradiation. A gradual decrease of R all the 
way to R, was established. Measurements at 288-323 K have 
revealed a strong temperature dependence of the lifetime on 
the highly reflecting phase (Fig. 3 ) .  The experimental val- 
ues of the relaxation time T, for fixed W, plotted with In T, 
and T - ' as coordinates, are well approximated by the rela- 
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FIG. 2. Reflection coefficient R vs the number of pulses (in liquid nitro- 
gen) for different values of W [J/cm2]; a--0.16, b--0.12, c-0.08, d- 
0.064. 

FIG. 3. a-Temperature dependence of the reflection-coefficient relaxa- 
tion: 1-293 K; 2-298, 3-303,4-308,5-313, 6 3 1 8  K, 7-323 K; 
&plot with coordinates In rand T - ' .  
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FIG. 4. Results of irradiated-surface profilometry: 1-h,, , 2-Ah. 

tion In r, [min] = - 52.6 + 1.7. 104T - '. The relaxation 
activation energy is thus AEa = 1.48 eV/molecule. 

Combination of the measurement of R with chemical 
etching of the highly reflecting phase, followed by profilo- 
metry of the etched surface, has made it possible to measure 
the thickness hph of the produced phase (etching was contin- 
ued until R decreased to its initial value). This yielded the 
dependence of hph on the energy W (Fig. 4, curve 1 ). The 
dependence of the thickness of the highly reflecting phase on 
the experimental conditions is well explained by the charac- 
ter of the curves in Figs. 1 and 3a, where the sections in 
which the reflection coefficient changes are apparently indi- 
cative of a change of the phase film thickness inside the skin 
layer (S), when R is insensitive to hph. Note that the pres- 
ence of local maxima on R on the relaxation curves (Fig. 3a) 
is obviously due to interference in the highly reflecting film 
when its thickness is close to S and the interference effects 
made an additional contribution to R. 

Profilometry of the InSb surface immediately after the 
laser action has shown that the irradiated section "caves in" 
below the initial surface to a depth Ah up to 120-150 A. The 
experimental dependence of Ah on W is shown in curve 2 of 
Fig. 4. Relaxation of the reflection coefficient (Fig. 3a) 
makes the surface planar. This fact is evidence of a reversible 
increase of the density in the layer of the product phase 
(p = pohph /(hph - Ah), wherep, is the density of the initial 
InSb). Puttingp, = 5.775 g/cm3 (Ref. 10) and taking the 
measurement error into account, we obtainp = 7.0 + 0.2 g/ 
cm3. 

The results of the profilometry and of the thickness 
measurement of the highly-conducting-phase film have 
made it possible to obtain information, by a four-point meth- 
od, on the resistivity of the new phase. To this end, the mea- 
surements were performed on polycrystalline InSb films of 
known thickness. Using the hph ( W )  dependence (Fig. 4, 
curve 1 ), a layer of given phase thickness was produced by a 
laser. The measurements have shown that the resistivity of 
the highly reflecting phase is substantially lower than that of 
the initial polycrystalline InSb ( R  = 1350 + 100pR.cm as 
against R, = 4100 + 300 p R  .cm). After the relaxation of 
R, the resistivity resumed a value close to the initial one. 

The measurement results show thus that action of a 
nanosecond laser on InSb at low temperature produces a 
phase transition in the irradiated layer. The next set of ex- 
periments was therefore devoted to ascertaining the nature 
of the observed phase transition, which can in general be due 
to both structural and chemical changes. 

Layer-by-layer Auger-electron spectroscopy (AES) re- 
vealed no change in the chemical composition, since the 

typical stoichiometric In-to-Sb density ratio (x,,, /x,, = 1 ) 
was preserved. Furthermore, there was no evidence of chem- 
ical interactions in the irradiated region or of formation of 
chemical compounds other than a thin (30-40 A )  layer of 
natural surface oxide always present on a real InSb surface.' 
Thus, AES has revealed no noticeable changes whatever ca- 
pable of explaining the observed formation of a metastable 
highly reflecting phase. On the other hand, data were ob- 
tained on structural changes in irradiated InSb. Transmis- 
sion electron diffractometry has revealed the presence of a 
number of reflections that differ from those obtained for the 
initial indium antimonide with sphalerite structure. The new 
system of reflections attests to a restructuring of the cubic 
lattice. The interpretation of the results, however, meets 
with the basic difficulty that the electron beam causes local 
heating of the analyzed section. 

In view of the strong temperature dependence of the 
stability of the highly-reflecting phase (Fig. 3), it can be 
stated that the electron diffraction patterns record not the 
structure of the metastable phase, but the "history" of its 
relaxation. An x-ray structural analysis by the Debye meth- 
od was therefore carried out. The measurements were made 
at 77 K on polycrystalline InSb films and on single-crystal 
samples, oriented in the direction of the cleavage planes rela- 
tive to the x-ray beam. The Debyegrams of the irradiated 
polycrystalline films had lines with interplanar distances 
2.91,2.82,2.65,2.04, and 2.02 A, in good agreement with the 
known data on the metallic phases of InSb."8.11 The relaxa- 
tion of R is accompanied by vanishing of this group of lines. 

The unconventional use of the Debye method to study 
single-crystal samples was prompted by the need to deter- 
mine the nature of the low-reflectivity state that set in after 
the first pulses (Fig. 2).  A strong (slightly blurred) reflec- 
tion was observed, corrsponding to an interplanar distance 
d,,, = 3.48 A, which can be attributed to formation, in the 
irradiated layer, of a wurtzite phase or of wurtzite stacking 
faults in the sphalerite lattice. The presence of a strong re- 
flection with d,,, = 3.48 A was recorded also for single- 
crystal samples after relaxation of the reflection coefficient. 
Thus, a low-reflectivity state not only precedes the appear- 
ance of a highly reflecting phase, but is also formed when the 
latter relaxes. This is confirmed by the appearance of the 
negative AR typical of the low-reflectivity state when re- 
laxed samples are cooled to 77 K. In addition, no decrease of 
R (on the i scale) occurs when the relaxed samples are again 
irradiated by a laser. It should be noted that irradiated poly- 
crystalline films do not go through a stage in which R de- 
creases, i.e., through an intermediate low-reflectivity state, 
which seems to indicate that a wurtzite phase is already pres- 
ent in the sputtered films; this agrees with known data.I2 

DISCUSSION 

The experimental results show that laser irradiation in- 
duces in InSb at low temperatures a phase transition from 
the basic sphalerite structure ( InSb I )  to a metastable metal- 
lic modification via an intermediate state characterized by 
presence of the wurtzite modification ( InSb 11). Since, how- 
ever, the structure parameters of metallic phase differ little, 
the product phase cannot be exactly identified. This holds 
also for other properties, such as the density of any of the 
metallic InSb modifications whose density p is in the range 
6.9-7.1 g/cm3 (Ref. 13). Yet a comparison of the behavior 
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features of the product phase with the propertiess of a meta- 
stable modification ofp-Sn type (InSb 111) shows a number 
of similarities. First, good agreement is observed between 
the results of the quenching required for metastability of 
InSb 111 and of the phase observed in our experiment, an 
agreement needed to achieve a metastable state, since the 
quenching temperatures are close (2 10 and 190-2 10 K, re- 
spectively). Furthermore, it is known from Ref. 8 that in the 
metastable state the InSb I11 phase is stable for T <  288 K, in 
good correlation with the stability temperature dependence 
obtained for the metallic phase produced by laser irradiation 
(Fig. 3b). Note the non-random character of the observed 
reverse transition from the metastable pha:e to a state char- 
acterized by the presence of the wurtzite modification of in- 
dium antimonide. It has already been reported that InSb I11 
does indeed undergo a phase transition into a mixture of the 
sphalerite and wurtzite modifications. 

The relation between the activation energies El and E2 
of the forward and reverse InSbeInSb I11 transitions is 
El = E, + SE,,, where 6E12 is the energy difference of the 
respective states. It is known from Ref. 6 that the activation 
energy for the InSb I -. InSb I11 transition under pressure, 
which proceeds via a homogeneous nucleation mechanism, 
is E ; = 2.0 eV/atom. In our experiment, however, recog- 
nizing that the metallic phase is produced and relaxes in a 
thin film, it is obviously necessary to consider a case with 
heterogeneous nucleation, for which the energy barrier 
should be lower. Using the close analogy6 between the tran- 
sitions InSb -+ InSb 111 and a-Sn +P-Sn and using the known 
relation E,/E; = 0.42 for the latter, we can estimate the 
phase-transition activation energy for antimony with heter- 
ogeneous nucleation to be El = 0.84 eV/atom. The forego- 
ing relation between El and E2 agrees well with the experi- 
mental E2 = 0.74 eV/atom (1.48 eV/molecule), in view of 
the knownI4 value6EI2 = 0.09 eV/atom (we ignore here the 
transition to the state with the wurtzite modification InSb I1 
which is close in energy to InSb I).  

Attempts are being made at present to use the thermal 
model," in view of its popularity, to explain many new ex- 
perimental results. These include some features of the dy- 
namics of laser action and also features of structural trans- 
formations such as am~rphizat ion. '~"~ The nonequilibrium 
phase transition we have observed does not accord with the 
well known premises of the thermal model. 

According to the latter, structural transformations pro- 
duced by short laser pulses are based mainly on the dynamics 
of recrystallization of the radiation-melted surface layer, 
which is sensitive to W (if W> Wm ) and to 7. This describes 
well the experimentally observed amorphization. The differ- 
ence of the initial and boundary conditions of laser action at 
low temperature from those at ordinary ( - 300 K )  tempera- 
ture should change the crystallization and cooling rates, 
thereby increasing the amorphization probability. In our 
present work, however, structure methods revealed no 
amorphization of InSb irradiated in a low-temperature bath. 
On the contrary, a new crystalline phase is formed. It is re- 
markable that even the outward manifestations of the ob- 
served effect, such as formation of a highly reflecting phase 
that is uniform over the irradiated sample differ radically 
from the unique irradiated-surface morphology observed in 
the case of laser a m ~ r ~ h i z a t i o n . ~  

The experimental regimes (A, r, W, To) of the laser 

FIG. 5. a-Results, for various temperatures, of numerical simulation of 
laser action (urn is the maximum crystallization rate, at /& 1 ,  the maxi- 
mum quenching rate in the solid phase, and Nm the maximum density of 
the nonequilibrium carriers); 1-liquid nitrogen, 2-77 K, 3-100, 4- 
125,5-150,6-175,7-200,8-295 K; b-W,,, (solid line) and W,,,, 
(dashed) vs T. 

action on InSb was mathematically simulated to show the 
role played by the low-temperature conditions. The calcula- 
tions were based on a simultaneous solution of the heat-con- 
duction and nonequilibrium-carrier diffusion" equations, 
using a numerical procedure developed for the case of heat 
transfer in liquid nitrogen and under initial conditions 
To = 77-300 K. The calculation results show that in the gen- 
eral case the maximum crystallization rate vm increases as 
the initial temperature decreases from 300 to 77 K (Fig. 5). 
At the same time, the ranges of vm for different temperatures 
are close to one another and overlap, i.e., close crystalliza- 
tion rates are realized under different initial conditions. The 
formation of the metallic phase, observed only at low tem- 
perature, is thus obviously not connected with the increase 
of vm as a result of the laser action on the cooled InSb. It 
must be added that experiment revealed no influence on the 
sample crystallographic orientation on the main laws gov- 
erning the formation of the highly reflecting phase (Figs. 1- 
4), as might be expected in the case of a thermal mechanism. 

It is seen from Fig. 5 that at low temperatures, especial- 
ly in liquid nitrogen, nonequilibrium carriers are generated 
more effectively. The reason is that at low temperatures the 
time at which the semiconductor surface layer melts 
( W> W,,,,,, ), which limits the growth of the maximum car- 
rier density Nm , is delayed by the extra time needed to heat 
the sample from To to TmeIt, and in liquid nitrogen also by 
the heat transfer to the medium. 

Note also the dependence, shown in Fig. 5, of the calcu- 
lated melting threshold W,,,, on the initial temperature, 
compared with the anlogous dependence for the threshold 
W,,, of formation of a new phase. As seen from Fig. 5, these 
dependences differ substantially. The value of W,,,, in- 
creases quite strongly with decrease of To, while W,,, , on the 
contrary, decreases, but to a lesser degree. Remarkably, the 
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calculated melting threshold W,,,, for InSb in liquid nitro- 
gen is 0.2 l/cm2, much higher than the experimental phase- 
transition threshold at this temperature (Fig. la). This is 
evidence that the detected phase transition occurs in the sol- 
id phase prior to the melting. 

The results seem thus to supply evidence of implemen- 
tation of the nonequilibrium-phase-transition mecha- 
ni~rn. ' .~  This pertains primarily to the metallic phase. 

Nonequilibrium phase-transition mechanism. A cause, 
other than heating, ofa phase transition into a metallic state, 
induced in a semiconductor by intense irradiation, is thus 
the following. When an electron is excited from the valence 
to the conduction band, i.e., goes over from a bonding to an 
anti-bonding state, the covalence-bond energy is decreased. 
The density N of the nonequilibrium electron-hole pairs is 
determined both by the irradiation intensity and by the car- 
rier lifetime. If the semiconductor in question has a metallic 
state of close energy or another semiconducting state having 
a substantially shorter lifetime, the system goes over into one 
of these states. 

The critical density N,, at which such a phase transition 
should take place was calculated for Si and GaAs in Ref. 2 by 
means of the pseudopotential method generalized to include 
a nonequilibrium case. The value of N,, turned out to be 
2 10'' cmV3, with a similar value for indium antimonide. 
The characteristic feature of such a phase transition was in- 
vestigated in Refs. 1 and 18 using a Peierls or an excitonic 
dielectric as a model. In these models one can discern the 
analogy between the considered transition and the transition 
of a superconductor into the normal state,19 but substantial 
differences are also present. The role of superconducting 
Cooper pairs in the semiconductor is played here by elec- 
tron-hole (covalent) pairs. 

Comparison of the calculated N,, with the experimen- 
tal values obtained under typical conditions of laser anneal- 
ing in silicon and germanium, in the range from nano- to 
femtoseconds, shows that the experimental value is several 
times or an order of magnitude lower, than the values neces- 
sary for the nonthermal phase-transformation mechanism. 
A similar situation obtains also under the conditions of our 
experiments with InSb. Nonetheless, this nonthermal mech- 
anism can take place if the excited electrons and holes tend to 
"condense." A similar mechanism is known (see Refs. 20 
and 21 ) to produce electron-hole droplets in Si with carrier 
density - 10'' cm-3 at an average density - 10'2-10'5 
~ m - ~ .  The cause of this condensation is the correlated inter- 
action of the excitations. Under the present conditions, N is 
of the order of loz0 ~ m - ~  and the interaction between the 
excited carriers can be neglected. At these densities, how- 
ever, in contrast to the situation with electron-hole droplets, 
the excitations begin to strongly influence the properties of 
the crystal itself and to decrease the covalent-bond energy 
and the bandgap Eg . In the Peierls- and excitonic-dielectric 
models the decrease of Eg is of the same order as that of the 
superconducting gap.I9 In addition, just as in superconduc- 
tivity, an inhomogeneous state sets in," i.e., the sample con- 
tains regions in which the excitation density exceeds the 
average value and the gap Eg is below average. 

This inhomogeneous state is caused by the lowering of 
the excitation energy of the excitations with increase of their 
density in some region, due to the decrease of the gap Eg, 
compensates for the increase of the kinetic energy. The de- 

crease of Eg with increase of N can thus play the role of the 
correlation energy in the problem of an electron-hole flu- 
id.20,21 

It is important to note that in the case of a phase transi- 
tion from one semiconducting phase having a gap Egl to 
another, likewise semiconducting, with a gap Eg2 , the main 
cause of the onset of the inhomogeneous state in the new 
phase is the difference between the values of the gaps and of 
the effective carrier masses m, in these phases. For each of 
the two phases (j = 1, 2) the excitation energy Ej takes the 
form (we assume for simplicity equal masses of the electrons 
and holes) 

Ah'"* 
El = - + BNEgj (0) (1-7jN) .  

mj 
(1) 

To determine the optimum density in the region of the onset 
of the new phase (j = 2) it is necessary then to find the mini- 
mum difference between the values of E, for phases 1 and 2: 

where SE,, is the difference between the equilibrium (in the 
absence of pumping) phase energies. If Eg, ( 0 )  <Eg, (0) 
and m2 < m,, a transition to the phase 2 corresponds to an 
excitation-energy gain due to the decrease of the gap. The 
lower effective mass, on the other hand, corresponds to an 
increased kinetic energy of the excitations; at high carrier 
densities this increase exceeds the energy gain due to the 
decreased gap. The function AB(N) (Fig. 6, curve 1 ) has 
therefore a maximum, just as in the case of an electron-hole 
fluid. It is this which causes the inhomogeneous formation of 
phase 2 even when the excitation density Nis lower than N,, . 

The phase transition observed in InSb, from the semi- 
conducting InSb I (sphalerite phase) to the metallic InSb I11 
with 6-Sn structure, proceeds apparently via the intermedi- 
ate semiconducting phase InSb I1 (wurtzite structure). It is 
probable that an inverse situation obtains here, i.e., 
E2(0) > Egl (0)  and m, > m,. At low densities, the transi- 
tion to the InSb I1 phase corresponds to an energy loss due to 
the increased gap. As the carrier density increases, however, 
the kinetic energy in phase 2 increases more slowly than in 
phase 1, and the difference A E  can reverse sign at large N. 
For inhomogeneous formation of the regions of phase 2 it is 
necessary that the average excitation density N,, exceed the 
maximum point N,,, (not to be confused with N,,, ) on the 
AE(N) curve (Fig. 6, curve 2).  Choosing reasonable limits 
(not yet determined experimentally) of Eg, , m,, and ;p., for 
the intermediate phase 2 we obtain N,,, - 1019 ~ m - ~ .  The 
increase of the excitation density in phase 2 at N >  N,,, is 
limited by the phase transition into the metallic state (phase 
3),  when the density in these regions reaches the value N,, . 

FIG. 6. Dependence of the energy difference AE of two states on the 
excitation density N; 1-E ( 0  E l  (0, m, < m ,; 2- 
Eg2 (0) >Es, (O), m2>m1. 
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To identify that part of the sample which goes over into the 
new phase, it must be borne in mind that the metallic phase is 
metastable, i.e., it can exist in the absence of excitations. 

Besides the above thermodynamic cause of the inhomo- 
geneous state, it must be recognized that the optical proper- 
ties are independent of N in the considered density range 
1020-1021 ~ m - ~ .  Account must therefore be taken of the 
electrodynamic origin of a structure with a period on the 
order of the radiation ~avelength.'~ 

The dependence of the dielectric constant of a semicon- 
ductor on the density N of the nonequilibrium electron-hole 
pairs causes a state that is homogeneous along the sample 
surface to become unstable in an electromagnetic-radiation 
field.' A periodic distribution N(x)  a cos(2?rx/d) is pro- 
duced in the surface layer. The period d is determined by the 
radiation wavelength. At normal incidence we have d a A  
and the wave vector of the structure is directed along the 
electric vector of the light field. 

The locations x,,, of the density maxima are natural 
places for the formation of the nonequilibrium metallic state 
described above. When the critical density is reached in the 
maxima, a periodic structure is formed and consists of me- 
tallic-phase strips on the semiconductor surface. Initially 
the ratio of the metal interlayer width to the structure period 
is determined by the ratio of N,, to N,, , and does not exceed 
0.1 in real experiments. 

Since the optical properties of the metal and semicon- 
ductor phases differ substantially, the appearance of metal 
interlayers alters radically the conditions under which the 
radiation penetrates into the sample. To determine the char- 
acter of the succeeding evolution of the system we must de- 
termine the electrodynamics of laser-radiation diffraction by 
such a structure. 

We solve the problem by using the integral formalism of 
the exact theory of diffra~tion.'~ The form of the investigat- 
ed structure is shown in the inset of Fig. 7. We neglect the 
deviation of the sample surface from a plane (the height of 
the relief due to the density differences between the metallic 
and semiconducting phases is less than 0.02pm in the exper- 
iment). We assume that the state of the substance at a sur- 
face point having the coordinate x is determined by local 
values P(x)  of the radiation flux through the sample surface. 
Our problem is thus to calculate P(x)  for different metallic- 
liner widths. 

P, arb. un 

FIG. 7.  Radiation-flux distribution along the surface for E, = - 7 + 13i, 
d = 0.981, h = 0.05R at different values of a (marked by arrows). 

The dielectric constant of semiconducting InSb at 
A = 1.06pm is E, = 1.75 + 2.5i (Ref. 5). We do not know 
the value of E for the metallic phase, but our present mea- 
surements yield a reflection coefficient R = 0.6. Calcula- 
tions have therefore been performed for the entire set of E, 

values that yield R = 0.6. Figure 7 shows a plot obtained for 
E, = - 7 + 13i (n, = 2 + 3.3i) and different a (h = 0.05A, 
d = 0.98A). In addition, calculations were performed for 
E, = - 5 + 4.91' (n, = 1 + 2.45i) and E, = - 5 + 221' 
(n, = 3 + 3.70. With a and h given, the P(x)  plots for var- 
ious E, differ relatively little. For all E,, a maximum flux P,,, 
is observed in the semiconductor region near the metallic- 
phase boundary ( see, e.g., Fig. 7 ). The position of the maxi- 
mum~,,, and the value of P,,, for different E do not change 
by more than several percent. The differences between P(0)  
and the maxima of P differ somewhat more near the bound- 
ary. Since we do not know the exact E,, the weak dependence 
of the results on E gives only a qualitative idea of the role of 
electrodynamic effects in the evolution of the structure. 

The mere presence of a flux maximum near the metal- 
semiconductor interface can increase the width of the metal- 
lic interlayer, since the region where P(x)  is a maximum is 
also the region where the nonequilibrium metallic phase is 
produced. The value of P,,, first increases as a function of a, 
and then decreases. For a < 0.4d the value of P,,, exceeds 
the flux Pa, = 1 - R,, = 0.6 into the homogeneous semi- 
conducting InSb phase. The probability of formation of a 
nonequilibrium phase in the region of the maximum can be 
substantially higher than the probability of formation of the 
initial interlayer. An increase of the interlayer width a alters 
the value of x,,, , thereby causing an increase of a. Positive 
feedback is produced and increases abruptly the width of the 
metallic strip, from an initial a, = N,, /N,, to a z 0.4. If the 
time of nucleation of a new phase is substantially shorter 
than the laser-pulse duration, this growth will occur within a 
single pulse, and in the opposite case the metallic strip will 
increase in width from pulse to pulse. 

It is seen from Fig. 7 that the diffractive redistribution 
of the flux in the structure causes the flux penetrating into 
the metal to exceed substantially the value 
P, = 1 - R, = 0.4 for a homogeneous transition into the 
metallic state. This leads to additional stabilization of the 
nonequilibrium magnetic state. Under certain conditions, 
the increase of the flux into the metal can cause melting. It is 
thus possible to produce molten regions on a surface at ener- 
gies lower than the melting threshold. Of importance here is 
the fact that the melting is preceded by formation of non- 
equilibrium metallic-state interlayers. 

The effects considered by us depend little on the period 
of the structure, in contrast to the resonant formation of a 
periodic distribution of N(x)  during the initial stage of the 
processes. The period of the produced metal-strip structure 
is therefore determined by the period of the N(x) distribu- 
tion. 

Thus, allowance for the flux distribution of the laser 
radiation diffracted by the evolving structure leads to the 
conclusion that even if N,, /N,, 4 1 the restructured sections 
can cover 50% of the surface when the critical energy corre- 
sponding to the density N,,, is reached (Fig. 6, curve 2). 
The fraction of the new phase is further increased by an 
abrupt increase of stimulating-radiation power, and is ac- 
companied by a change of the period of the str~cture. '~ If PC, 
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is significantly exceeded, the entire series of jumps can be 
produced within the time of one pulse. Observation of these 
jumps calls for a high-time resolution investigation of the 
dynamics of the laser action. 

The authors thank V. F. Degtyareva, Yu. 0. Mez- 
hennyi, and S. V. Zhuk for help with the experiments. 
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