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Amorphous thin films of GeTe were exposed to excimer-laser pulses of fluences between 3 and 27
mJ/cm . Transient reflectivity and conductivity were simultaneously recorded during the laser in-
teraction with a time resolution of a few nanoseconds. A rapid increase in R and o. due to 1aser-
induced heating is observed. This is followed by a decrease of these parameters at a slower rate due
to cooldown. During the cooldown process and within a certain temperature interval nucleation and
growth are possible and experimentally observed. The cooling rate in this interval is a function of in-
cident fluence and determines the degree of crystallization induced by laser irradiation. Above a
fluence of 22 rnJ/cm the films crystallize to a large degree within 200 ns (25%%uo and greater than
90% at 23 and 27 mJ/cm, respectively). Between 15 and 22 mJ/cm' the crystallization is less than
a few percent (frustrated crystallization), and application of a subsequent pulse leads to an extremely
fast crystallization (50 ns). Below 15 mJ/cm the irradiated films remain amorphous. A model
describing transient R and cr in terms of cooling, nucleation, and growth is presented and compared
with the measured transient profiles.

I. INTRODUCTION

GeTe and ternary alloys based on GeTe are currently
of interest for reversible optical storage due to their
structure-dependent optical properties. ' Amorphous
GeTe is a semiconductor with a band gap of 0.8 eV and a
low electrical conductivity o. at room temperature [10
(Qcm) ', see Bahl and Chopra ]. As typical for semi-
conductors, the temperature coefficient of resistivity
(TCR) is negative. The room-temperature reflectivity R
at 633 nm is 40% (our measurements; see also Fisher and
Spicer ). The liquid state, although structurally related to
the amorphous state, has an electrical conductivity of
about (2—3) && 10 (0 cm) ' at the melting point (see
Tschirner et al. , Valiant and Faber, or Glazov ), with
increasing metallic character at higher temperatures.
Near the melting point (1000 K), the TCR is approxi-
mately —0.7 pQ cm/K (Refs. 4 and 7) consistent with the
Mooij correlation which states that the TCR is negative
for disordered metallic phases with resistivities exceeding
150 pQcm [o ~6000 (Qcm) ']. For higher tempera-
tures (above 1200 K), the TCR of liquid GeTe increases
to zero (or even to a small positive value). The
reflectivity at 633 nm is estimated to be 50—60% based
on data for liquid Te (Ref. 9) (47%) and liquid Ge (Refs.
10 and 11) (65—70%). Crystalline GeTe is a semiconduc-
tor with a very small band gap (0.1 eV) and an almost
metallic conductivity of 3)& 10 (fl cm) ' at room temper-
ature [our measurements on oven-crystallized films and
literature values ' range (3—5) X 10 (0 cm) ']. The
TCR at room temperature is positive, ' which is typical
for metals. The reflectivity at 633 nm is 65% (our mea-
surements on oven-crystallized films; see also Fisher and
Spicer ).

The amorphous and the crystalline states of GeTe can
be easily distinguished by reAectivity, R, and conductivity,

~, measurements. Time-resolved measurements of laser-
irradiated chalcogenide semiconductors offer an opportun-
ity to study the transformation kinetics between different
phases' ' in real time. In this paper we report studies on
crystallization of amorphous GeTe thin films (200 nm) in-
duced by excimer-laser irradiation. Of particular interest
is the degree of crystallization obtained as a function of
laser fiuence. In contrast to amorphous Si, no first-order
phase transition is involved in the transformation from the
liquid to the amorphous GeTe state. Thus, concepts such
as melt velocity and melt front, which are appropriate for
amorphous Si laser studies' ' are not suitable for amor-
phous GeTe. Rather, we must consider a smooth (al-
though steep) change from "glassy" to "liquid" ordering
with a smooth change of the electronic properties. This
distinction has an important consequence for the fluence
dependence of the transient R and o. profiles. Generally
speaking, crystalline films show a distinct threshold be-
havior at high Auences, indicating the discontinuous
change from the crystalline to the liquid state, while the
amorphous films undergo a smoother change at lower
fluences.

The purpose of this paper is to study the transient
changes of the electronic properties of amorphous GeTe
films irradiated with 12-ns laser pulses. From these mea-
surements, cooling and crystallization rates may be ob-
tained. These quantities are —among others —the limit-
ing factors for high-speed read and write optical memory
application.

II. EXPERIMENTAL PROCEDURE

Amorphous thin films of GeTe were prepared by va-
por deposition onto glass substrates (for x-ray measure-
ment we also used sapphire substrates) in a vacuum
better than 10 mbar. ' ' The GeTe layer was deposit-
ed with a thickness of 200 nm and in the shape of
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elongated stripes (1 mmX 5 mm) with Al contacts on
both sides. Figure 1 shows the experimental setup used
for the transient reflectivity and conductivity measure-
ments. The annealing laser is a KrF excimer laser (248
nm), providing 12-ns pulses with fluences up to 70
mJ/cm . In this experiment the incident laser fluence is
varied by a variable attenuator and is monitored by a py-
roelectric detector and a storage oscilloscope. A con-
stant bias voltage (10 V) is applied to the sample using a
specially designed solid Cu sample holder. The current
is a function of the resistance of the sample and is mea-
sured as a voltage drop across the 50-0 input resistor of
a 500-MHz bandwidth transient digitizer. ' The mea-
sured voltage U is related to the (overall) conductivity of
the film by the following equation (for a full description
of the technique and the derivation of the conductivity
values see Pamler and Marinero' and Thompson
et al. ")

surements. The absolute errors of reflectivity and fluence
are estimated to be 2% and 1 mJ/cm, and the relative er-
ror of conductivity to be 10%%uo.

In addition, optical and electron microscopy and x-ray
analysis of the laser-irradiated films were also performed,
as well as measurements of the overall changes in R and
rr following the laser exposure (equilibrium values).

III. RESULTS AND DISCUSSION

1000
2——0.4
U

where cr and U are in (II cm) ' and V, respectively.
Since the measurement is not a four-point measurement,
contact resistance must be taken into account. The con-
tact resistance was estimated to be 10 0 and corrections
were included; however, typical resistances measured in
this work exceed 200 0 and thus one can neglect contact
resistivities. The Ohmic character of the contacts was
guaranteed using a sufficiently high bias voltage (10 V).
The reflectivity was measured using a He-Ne laser in
combination with a fast photodiode and a storage oscillo-
scope. The signal on the scope is directly proportional to
the reflectivity of the sample in percent (in our case 19
mV per %). The photodiode signal was filtered with a
narrow-band notch filter to suppress the 500-MHz modu-
lation produced by mode competition in the He-Ne laser.
A second fast photodiode is placed near the exit window
of the excimer laser to detect stray light in order to pro-
vide a trigger signal for the digitizer and the scope. The
irradiated area was chosen to be slightly larger than the
sample size and all the experiments were single-shot mea-
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FIG. 2. Typical transient reflectivity and conductivity profiles

of GeTe thin films for fluences of 17 [(a) and (b)] and 22 mJ/cm

[(c) and (d)]. For comparison, the temporal development of the

laser pulse is included.
FIG. 1. Experimental setup for simultaneous time-resolved

optical and electrical studies in GeTe thin films.

Time-resolved reflectivity and conductivity profiles for
fluences of 17 and 22 mJ/cm are shown in Fig. 2 [the
conductivity is given as a voltage signal U according to
Eq. (1)]. The complex transient profiles observed mirror
the physical transformations induced. As indicated in
Fig. 2, the evolution of the transformation occurs after the
termination of the annealing laser pulse. The shapes of
the transient profiles strongly depend on the incident
fluence and may be grouped into four fluence regimes.
These regimes are as follows: (1) below 5 mJ/cm (very
low fluence); (2) 5 —15 mJ/cm (low fluence); (3) 15—22
mJ/cm (intermediate fluence); and (4) above 22 mJ/cm
(high fluence). Permanent changes of R and o are small
in regimes (1)—(3) and large in regime (4); the ablation
limit is 26 mJ/cm . Figure 3 summarizes this behavior,
showing the most salient features. The values given on
the vertical axes are typical for the corresponding regimes.

As shown in Fig. 3, at very low fluences (regime I ), a
slight reflectivity increase (a few tenths of a percent) can
be seen, which is proportional to the fluence. The con-
ductivity change is below our detection limit [2
(II cm) ']. Photogeneration of carriers and/or simple
heating may account for the reflectivity increase. No ma-
jor modification of the material occurs in this regime and
it thus will not be of main interest in this work.

In regime 2 (5 —15 mJ/cm ) a large reflectivity peak on
top of the small feature mentioned in regime 1 can be ob-
served. A similar peak appears in conductivity. This be-
havior indicates that the films undergo major structural
and electronic modifications ("melting, " see Sec. I). For
both the conductivity and the reflectivity, the magnitude
of the peak first increases linearly with the fluence. The
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FIG. 3. Fluence dependence of reflectivity and conductivity
profiles of GeTe thin films. Typical profiles for the fluence re-

gimes 1 —4, as described in the text, are given.

reflectivity peak begins to saturate at around 8 mJ/cm
and attains a constant value of 50% above 12 mJ/cm .
On the other hand, the conductivity peak only appears to
saturate for fluences near the ablation limit (26 mJ/cm ).
This obvious difference demonstrates that. above 8
m J/cm the laser-induced structural modification has
reached the skin depth of He-Ne light [estimated to be
20—30 nm (Ref. 18)]. With increasing laser fluence the
modification goes deeper into the material as shown by
the further increase in conductivity, while these changes
are no longer detected optically. It is noted that even
near the ablation point (26 mJ/cm ) the peak conductivity
immediately following laser irradiation is approximately a
factor of 4 times lower than that expected for a fully mol-
ten film. Since the conductivity of liquid GeTe increases
with temperature (negative TCR, see Sec. I), this effect
cannot be accounted for by overheating of the liquid
above the melting temperature. We thus infer that the
laser-heated volume does not attain the properties of a ful-

ly liquified structure. We also mention that small per-
manent reflectivity changes (3% or less) occur in regimes
1 and 2. These changes might be caused by surface
modifications and/or structure relaxation (i.e., reaching of
another amorphous configuration) induced by short laser
irradiation.

In regime 3 (15—22 mJ/cm ) a broad second peak ap-
pears on the falling (cooling) edge of both the conductivity
and the reAectivity profile. The appearance in time in-
creases with Auence from 80 to 120 ns, indicating that the
process associated with this peak is temperature initiated.
This new structure in the profile (second peak) is inter-
preted in terms of nucleation and growth of the crystalline
phase as follows.

The temporal development of the first peak indicates
the point at which the material has reached its maximum
overall temperature. The falling edge marks the subse-
quent cooldown of the film. The nucleation and growth
rates of crystallites' have a maximum at a certain tem-
perature T„:it is zero both at very high (thermodynamic
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FIG. 4. Reflectivity changes of GeTe thin films at various
fluences induced by {a}a single pulse and (b) a subsequent pulse
of the same fluence.

limit) and at very low temperatures (kinetic limit). Fast
crystallization is possible in a temperature interval y
around T„.' The degree of crystallization reached
during the cooldown process depends on the time t~ dur-
ing which the film temperature is between T —y/2 and
T+y/2. If the cooling rate in this temperature interval
is too high, no crystalline material is formed. If it is too
low, complete crystallization may occur. In laser anneal-
ing, the cooling rate at a fixed temperature decreases with
Auence. Thus, at intermediate fluences the cooling rate
at T„canallow a small degree of crystallization which re-
sults in a small increment in R and o about 100 ns after
the temperature maximum. This gives rise to the second
broad peak evident in Fig. 3.

A few differences in the appearance of the second tran-
sient peak may be noted for the conductivity as compared
to the reflectivity profiles (see Figs. 2 and 3). In the form-
er profiles, the peak is more pronounced and develops at
relatively higher Auences. It is still present at fluences for
which the change in reflectivity has become permanent.
This is again explained by the fact that reflectivity moni-
tors only processes in the skin depth. Further, the con-
ductivity of a material containing conducting crystallites
embedded in an isolating matrix is governed by the per-
colation process which shows threshold behavior at a
critical volume fraction of conducting crystallites (percola-
tion threshold). This will be further discussed in Sec. IV.

Evidence for frustrated crystallization is provided in

Fig. 4 in which we present transient reflectivity changes
hR obtained when two subsequent pulses of the same
fluences are applied onto the same spot [4(a) first pulse;
4(b) second pulse]. For low fluence the first and second
profiles are almost identical. For intermediate fluences
the crystallization process initiated by the second pulse is
accelerated by the presence of small crystallite nuclei
formed after the first pulse. This implies that the laser-
heated volume does not liquify completely. Thus, ex-
tremely fast crystallization is observed while the laser still
delivers energy to the samples, and is complete within 50
ns following the maximum temperature rise. For high
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fluences complete crystallization (at least throughout the
skin depth at 633 nm) has occurred after the first pulse
and the second pulse has no influence. For very high
fiuences of the second pulse (above 35 mJ/cm ) melting of
the crystallized film is observed.

Since this regime appears to be the most interesting re-
gime for the crystallization kinetics of GeTe, reflectivity
measurements were also performed on nonstoEchEometric
films (45 and 55 at. % Ge). Long-range atomic diffusion
is required for crystallization and we expect the crystalli-
zation process to slow down. This is, in fact, observed for
the Te-rich films: the transient profiles obtained after a
few subsequent laser pulses are similar to each other and
all show the characteristic second peak. This demon-
strates that only a small degree of crystallization is ac-
complished by each single pulse. After a sufficient num-
ber of pulses complete crystallization can be obtained.
For Ge-rich films, the second peak, characteristic for frus-
trated crystallization, is also observed, however, the cry-
stallization process induced by the second pulse is as fast
as for stoichiometric films and complete crystallization [at
least throughout the skin depth at 633 nm] is readily ob-
tained. We thus infer that excess of Ge does not decrease
the crystallization velocity and that partitionless crystalli-
zation may still be possible. We also note that between 45
and 55 at. % Ge the viscosity decreases with Ge content,
as opposed to many other Te alloys, for which the liquid
assumes maximum viscosity at the composition of the cor-
responding compound.

Corroboration that the optical and electrical changes
observed during laser annealing are due to crystallization
of amorphous GeTe is given by x-ray diffraction studies of
comparable samples (Ge5qTe45 on sapphire) that are sub-
jected to the fluence regimes previously discussed. In Fig.
5, x-ray analysis of an as-deposited sample [Fig. 5(a)] is
compared to laser-exposed films [Figs. 5(b) and 5(c)] as
well as to a fully crystallized film, obtained by oven heat-
ing of an amorphous sample to 520 K for I h [Fig. 5(d)].
Only the characteristic sample background is evident in
5(a) whereas in the case of 5(c) and 5(d) prominent
diffraction peaks corresponding to crystalline GeTe can be
seen. Following laser exposure of 15 mJ/cm (Ref. 26)
only traces of these peaks are apparent in Fig. 5(b). This
indicates that both the number density and the size of the
crystallites generated in this fluence regime are small. We
estimate that for this fluence, based on the resolution of
the x-ray diffractometer, the crystalline size is between
100 and 200 A (or, if the grains are larger, there are very
few of them, less than 5% of the film). We note that in
the regime of frustrated crystallization the size of the gen-
erated crystallites depends on fluence, film composition,
and substrate material. However, significant nucleation
occurs as a consequence of this single-pulse irradiation
and thus, when the same area is exposed to a subsequent
pulse, rapid crystallization takes place, as evident in Fig.
5(c). It is apparent that the difFraction patterns for the
laser-annealed 5(c) and oven-annealed samples 5(d) show
differences. A preliminary analysis of the phases indicates
that during laser annealing a slightly distorted rhom-
bohedral structure is obtained, whereas oven annealing
leads to an orthorhombic phase (or mixture of phases).

(c)

(020)

(-220)

After
2 puIse

(-222)
(-13~1)

{020) (-220)

Oven
annea]ed

(-131) {-222)

20
I

30

2(9 (degrees)

I

50 60

FIG. 5. X-ray analysis of Ge55Te45 thin films as deposited on
sapphire (a), exposed to (b) one and (c) two pulses of 15 mJ/cm
(see Ref. 26). In (d) the diffraction pattern of an oven-annealed
sample is shown for comparison.

This will be further investigated.
Additional evidence for frustrated crystallization is pro-

vided by transmission electron microscopy (TEM)
analysis of samples (Geq5Te45 on glass) exposed to single
and to two consecutive laser pulses. To this aim, the glass
substrate was first chemically etched and then ion milled
to yield specimen thicknesses suitable for plan-view TEM
analysis. Figure 6(a) shows an area within the region ex-
posed to a single laser pulse of 13.5 mJ/cm . Substan-
tial nucleation and growth have taken place within the
amorphous matrix (other areas within the exposed region
show different grain sizes due to inhomogeneous irradia-
tion). It is noted that selected area diffraction (SAD)
analysis of the as-deposited sample reveals only an amor-
phous structure, at least within the resolution of the in-
strument (30 A). The polycrystalline grains in Fig. 6(a)
exceed 400 nm (film thickness of 200 nm), indicative that
the kinetics of crystallization in this material is extremely
rapid to permit substantial growth during the cooldown.
In Fig. 6(b), the image of an area irradiated with two sub-
sequent pulses of the same fluence is shown. Full cry-
stallization is induced by the second pulse and the SAD
pattern corresponds to crystalline GeTe. No remnant
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FIG. 6. TEM analysis of Ge»Te4. & thin films exposed to (a) one and (b) two pulses of 13.5 mJ/cm (see Ref. 26). Significant grain

growth is observed in (a) whereas (b) shows complete crystallization of the irradiated area.

amorphous material can be observed and the grain size is
large (1000 A). We thus infer that the first laser pulse
leads to significant nucleation and, depending on fluence,
to grain growth. The nuclei are small and are probably
distributed within the laser-excited volume that exceeded
the temperature T„for a critical time period (see Sec. IV).
Applying a second pulse of the same fluence, leads to ex-
tremely fast growth of the seeded area resulting in the op-
tical and electrical changes reported in this work.

The small shoulder which develops after the main peak
of the transient reflectivity profile of GeTe [see Figs. 2(a)
and 2(c)] appears to be correlated to the crystallization
process, since it can be seen only in regimes 3 and 4. For

the Te-rich films which crystallize after repeated irradia-
tions, the shoulder can be seen after every pulse. For
Ge-rich films this shoulder is very small. The origin of
this small structure is not clear. We might speculate that
it marks the formation of nonstoichiometric crystallites in
the presence of excess of Te. We also note that a similar
shoulder is reported for the surface temperature of Si, as
calculated by Baeri and Campisano. The observation
that the shoulder does not appear in the conductivity may
be explained by the fact that the process resulting in the
shoulder either remains below the percolation threshold
or is a mere surface effect.

Finally, in regime 4 (& 22 mJ/cm ) the second peak in
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the transient profiles does not decay in time: large per-
manent changes in reflectivity and conductivity occur
after about 200 ns. This is shown in Fig. 7. In the case
of R, equilibrium values (taken at t & 1 ps) are given; these
values are about 2% larger than the transient values ob-
tained after 200 ns (end of crystallization) due to the nega-
tive temperature coefficient of reflectivity (see Baleva' ).
In the case of o, the equilibrium and the transient values
(taken at t=200 ns) are given. The equilibrium values are
about a factor of 4 smaller due to stress cracks (see
below). Literature data as well as our own measurements
of oven-crystallized films are also included for compar-
ison. Above 23 mJ/cm for R and 27 mJ/cm for o., the
values obtained are comparable to those for crystalline
GeTe. We thus infer from Fig. 7 that films irradiated
with fluences of 23 and 27 mJ/cm have crystallized to a
degree of approximately 25% and & 90%, respectively.
The onset of reflectivity changes occurs at lower fluences
than for conductivity. This is due to the fact that
reflectivity is surface sensitive whereas conductivity must
also obey percolation laws. Permanent changes of con-
ductivity are not observed below a fluence of 23 mJ/cm .
This demonstrates the dependence of conductivity to for-
mation of interconnecting crystallites at the percolation
threshold. The apparent discrepancy, as mentioned
above, between the permanent conductivity and that ob-
tained after 200 ns arises from the following reason: we
have observed that above 23 mJ/cm stress cracks develop
in the material. These cracks are probably caused by the
7% volume change upon crystallization and the thermal
stress induced by the rapid cooldown after the laser pulse.
Since cracking is not observed upon irradiation of very
thin amorphous (75 nm) as well as of 200-nm oven-
crystallized samples at comparable and higher fluences,
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we infer that an unmolten amorphous layer at the bottom
of the film is required for cracking. Figure 8, which illus-
trates the transient conductivity obtained for a case that
led to stress cracking, indicates that the onset of cracking
is not driven by temperature but rather by crystalline
growth. We infer that the onset of cracking occurs ap-
proximately 300 ns after the temperature maximum —as
evidenced by discontinuous and nonreproducible conduc-
tivity changes.

In the next section we present a model for the experi-
mentally measured transient conductivity and reflectivity
profiles based on simple thermodynamic and kinetic as-
sumptions. We will show that all the experimental
profiles can be reproduced by the model in a consistent
manner.

IV. MODELING OF THE REFLECTIVITY
AND CONDUCTIVITY

FICx. 8. Transient conductivity profile of a GeTe thin film for
a fluence of 26 mJ/cm . Note the irregular pattern at 300 and
400 ns. Microscope examination revealed stress cracking follow-
ing laser exposure.
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FIG. 7. (a) Reflectivity and (b) conductivity changes of
single-laser-exposed GeTe thin films as a function of fluence (~,
equilibrium values, taken at t ~ 1 ps; ~, transient values, taken
at t=200 ns). Data for polycrystalline GeTe from the literature
and from our measurements (see Sec. I) are included for compar-
ison: R„o.T, o.T refer to reflectivity, conductivity at 460 K
(crystallization temperature), and conductivity at room tempera-
ture, respectively.

The irradiated amorphous film is rapidly heated up
during the pulse and cools down at a slower rate after the
pulse. However, no first-order phase transition is in-
volved and there is never a real melt front but only a
"hot" amorphous material. The film can be more glass-
like or more liquidlike depending on temperature. The
peak temperature T,

„
is a function of the incident laser

fluence f and the thermodynamic properties of the amor-
phous film. A calibration of T,„(f)is obtained using re-
sults for crystalline GeTe films exposed to laser pulses. '

For such films, the fluence at which the surface begins to
melt was determined to be 23 mJ/cm (approximately 35
m J/cm for melting throughout the skin depth). Taking
the lower thermal conductivity of the amorphous materi-
al ' into account, the threshold for reaching the melting31,32

temperature (1000 K) may be expected at 15—20 mJ/cm .
These values belong to regime 3 and are thus consistent
with the observation that crystallization occurs in this re-
gime.

Laser irradiation-induced crystallization is described by
a time-dependent crystalline volume fraction U, (t). Disre-
garding the fact that both T and U, have a distribution in
thickness we use overall values for the whole film [tem-
perature variations in thickness are shown to be less than
20 K after a few ns (Ref. 24)). The thermodynamic part
of the model is based on two assumptions.
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First assumption: the sample (film + substrate) is a
homogeneous infinite solid and linear heat flow takes
place. Since the thermal diffusivity ~ of the GeTe film, as
calculated from the thermal conductivity and the specific
heat, is larger than (or at least equal to) that of the glass
substrate used [0.005 cm /s (Ref. 33)], the cooldown rate
is mainly determined by the substrate and we neglect the
influence of the film. Analytical solutions for the time
dependence of the temperature T(t) are given by Baeri
and Campisano and Carslaw and Jaeger. For t&20
ns, where the condition V at is greater than the film thick-
ness is satisfied and T(t) is reduced to (all temperatures in

K)

T(t) =300+(T,„—300+ 6, T)
&met

(2)

T—T
u, (T)=v exp

y/2
(3)

The nucleation and growth frequency' v= VI, where I
is the specific frequency (in cm s ') and V is the
volume of the sample (10 cm ), enters as an adjustable
parameter. The time needed for complete crystallization
at the temperature T„is 1/v. Using the equations given
by Turnbull the nucleation rate for GeTe assumes its

where T, the maximum temperature of the film, is a
parameter that depends on the incident laser fluence,
is the thermal diffusivity of the glass substrate, and d is
the film thickness. The correction term AT accounts for
the latent heat of crystallization. The use of a correction
term AT (for ease of computation b, T is considered as a
small perturbation) added to the temperature T(t) is a
rough approximation. For a more detailed analysis see
Carslaw and Jaeger. AT is assumed to be zero before
the onset of crystallization (no latent heat produced) and
then to increase linearly with time. After the end of cry-
stallization AT is assumed to remain constant at the value
u tpt AHc /cp where u„,is the total volume fraction of crys-
talline material produced during the crystallization pro-
cess, b,H, is the heat of crystallization from the glass
[heat of "devitrification, " 20 cal/g (Ref. 37)], and c~ is the
specific heat of glassy GeTe [approximately 0.1 cal/gII
(Ref. 38)]. With these values u„,hH, /c~ becomes
u«t &200 K. In order to simplify the calculation utpt the
total volume fraction of crystalline material produced
upon irradiation, is approximated by vt~, where t~ is the
time interval during which the crystallization process ac-
tually occurs (see Sec. III), and v is the nucleation and
growth frequency' [see Eq. (3)].

Second assumption: the rate of crystallization as a
function of temperature is assumed to be a Gaussian
curve (peak at T„and width y, see Sec. III). Above
T„+y/2 it is too hot (thermodynamic limit, small driving
force) and below T„—y/2 it is too cold for crystallization
(kinetic limit, slow kinetics). At T„optimum conditions
allow fast crystallization. We note that the nucleation
rate in a supercooled liquid, as well as the crystalline
growth velocity, have bell-shaped temperature depen-
dences. Thus, as a phenomenological approach, we
write for the increase of volume fraction of crystalline ma-
terial as a function of temperature T

2

maximum value at a reduced temperature (the tempera-
ture divided by the melting temperature) of approximately
0.65 corresponding to T, =650 K. For y, an upper limit
of approximately 150 K is given by the fact that below the
glass temperature Tg the crystallization rate must be zero
and we thus choose y=100 K. If the temperature T
varies with time the volume fraction u, (t) as a function of
time is given by

u, (t) = J u, (T(t'))dt',
0

(4)

4

R = (0.65 —R, ) +R, ,
V +A

(5)

where R, and 65% are the reflectivities of the hot amor-
phous and the crystalline material, respectively. Since the
main contribution to the temperature dependence of R in
our films arises from the temperature dependence of the
amorphous material and from the degree of crystalliza-
tion, we neglect the small temperature coefficient of the
crystalline reflectivity [from the slope of R (t) after cry-
stallization we estimate —0.01%%uo per K; see also
Baleva' ]. The shape parameter a was chosen to be 0.5.
Equation (5) could be further improved by using the actu-
al thickness distribution of v, and the effective medium
theory (EMT). However, since the thickness distribu-
tion of u, is not known and knowledge of the complex
dielectric function is required for EMT, we use (5) as a
simple numerical approximation to a complex
phenomenon.

As mentioned before, in the case of the conductivity we
have to take percolation into account: below a certain
threshold v,„,of the volume fraction, the conducting crys-
tallites form isolated islands and do not contribute to the
overall conductivity o.. Above v,„tpercolation sets in.
We thus write o. as a sum of a percolation and a back-
ground conductivity

( uc ucrit ) 1 uc
Oc+

u crit u crit

~a ~ Vc & ucrit

Oa~ Vc & ucrit

(6)

where T(t') is defined by Eq. (2). u, (t) increases, of
course, with time and it may reach the value 1 (film has
completely crystallized) if the film temperature remains at
T, sufficiently long. Values for v, larger than 1 are not
reasonable and the integral is clipped at that value. The
time dependences of T and u, [Eqs. (2) and (4)] define the
thermodynamic and structural state of the material in
time on the basis of two parameters: T „,the maximum
temperature of the film, and v, the nucleation and growth
frequency. '

We must now connect u, with the measured quantities
R and 0.. For the reflectivity R as a function of v„the
volume fraction of crystalline material, we choose the fol-
lowing intuitive approach: R is assumed to change from
the amorphous to the crystalline value obeying a smooth
step function. This takes into account that the reflectivity
assumes the crystalline value when a planar crystallization
has occurred throughout the skin depth but not necessari-
ly throughout the whole film. We thus write
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where a, and o., are the conductivities of the hot amor-
phous and the crystalline material, respectively, and P is
the percolation exponent (1.5 near v, =U,„,and 1 near
v, = 1). Since the main contribution to the temperature
dependence again arises from the amorphous material and
from the degree of crystallization, we assume a constant
value of 3000 (0 cm) ' for o, , neglecting the temperature
dependence (the TCR is reported to be positive at room
temperature, and negative at elevated temperatures ' ).
The critical volume fraction v,„-,is assumed to decrease
linearly with time (from 0.3 at 300 K to 0. 1 at 700 K) in
order to take the following effects into account: (1) in-
creased conductivity of the amorphous background due to
latent heat of crystallization, leading to percolation at
volume fractions below the nominal threshold, and (2)
modifications of the crystal structure" ' during the
cooldown process.

As a last step we need the temperature dependence of
R, and o. of the hot amorphous material. Experimental
data is not yet available. The main problem is that static
measurements are almost impossible since crystallization
can hardly be suppressed when a glassy material is slowly
heated or a liquid is slowly cooled. Transient temperature
measurements of GeTe will be performed in the future.
In this work we used simple linear temperature depen-
dences. The reflectivity R, of the hot amorphous material
is written as

60—
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FIG. 9. Computed transient R and o. profiles utilizing the
model described in the text and the parameters given in Table I.
The curves are numerically smoothed with a resolution of 25 ns.

RI —0.4
R, = (T —Tg)-+0.4, T) Tg

Tl Tg

R, =0.4, T (Tg
(7)

where Ti is the melting temperature [1000 K (Ref. 1)] and
RI is the reflectivity at TI. This was determined to be
50% from the saturation value of the height of the melt-
ing peak in the transient reflectivity profiles (see Sec. III).
Tg is approximated by the crystallization temperature
[460 K (Ref. 1)] and the room-temperature amorphous
reflectivity at 633 nm is 40%.

Analogously, the conductivity is written as (all temper-
atures in K)

G'a =0, T (Tg
where cr~ is the conductivity at TI. Its value was deter-
mined to be 630 (0 cm) ' from the height of the first
peak in the transient conductivity profiles at the highest
possible fluence (just below ablation). It is an average
over the film thickness and smaller than the equilibrium
liquid conductivity, as discussed in Sec. III (regime 2).

Inserting Eqs. (7) and (8) into (5) and (6), we find R and
cr as functions of temperature and degree of crystallization
following laser exposure. Using the time dependences of
these variables [Eqs. (2) and (4)) we obtain analytical ex-
pressions for R and o. as a function of time. These ex-
pressions contain the parameters T,„and v [described
after Eqs. (2) and (3), respectively]. Since the threshold
fluence for reaching the melting temperature (see above) is
between 15 and 20 mJ/cm, 1000 K is a reasonable value

for T,
„

in fluence regime 3 (intermediate fluence). T,
„

increases with fluence. For the nucleation and growth fre-
quency' v a value of approximately 10 s ' (within a fac-
tor of 3) is estimated from both the nucleation frequency
(Turnbull ) and the regrowth velocity (Pamler and Mar-
inero' ). Although v is defined at a fixed film temperature
T„[seeEq. (3)], we may expect v to increase with fluence
due to the different thermal history for different fluences.

Calculated time-resolved R and o. profiles using the pa-
rameters of Table I are shown in Fig. 9. Comparing these
results to the experimental data of Fig. 3, it can be seen
that the calculations generate all the characteristic features
in the measurements. We note that the values for tz, the
time interval during the cooldown for which the film tem-
perature is between 600 and 700 K, as determined using
Eq. (2), are 40, 95, and 125 ns for curves 1, 2, and 3 of
Fig. 9. At a threshold value for t~ of approximately 50
ns, the second peak (frustrated crystallization) appears in
the calculated transient reflectivity profiles. We thus
might argue that 600—700 K for at least 50 ns is required
to seed nuclei in laser-irradiated GeTe. Further theoreti-
cal refinement of the model would allow curve fitting to

13
18
25

800
1000
1100

5

5

6.7

Curve 1

Curve 2
Curve 3

TABLE I. Values for the parameters used in the calculation
of the transient reflectivity and conductivity profiles shown in
Fig. 9.

Fluence Typical fluence T,„v
regime (mJ/cm ) (K) (10 s ') Curve in Fig. 9
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extract accurate numerical values for the parameters.
Nevertheless, in spite of the approximations inherent in
the model, the qualitative agreement supports the idea of
frustrated crystallization in laser-irradiated GeTe films.

V. CONCLUSION

The laser-induced phase transformation from the amor-
phous to the crystalline state in GeTe has been studied.
Utilizing time-resolved optical and electrical probes, we
have directly measured for the first time the onset of cry-
stallization during material eooldown. It is determined
that a maximum cooling rate must not be exceeded for
nucleation and growth to occur. Permanent changes in
reflectivity and conductivity mirror the degree of crystalli-
zation upon laser irradiation. Conductivity changes are
controlled by percolation phenomena (grain interconnec-
tion).

The temporal evolution of the optical and electrical
changes are successfully modeled by including simple
analytical expressions for the time dependence of the film
temperature as well as of the temperature dependences of

R, cr, and the crystallization rate. The calculations indi-
cate that the film must be maintained at 600—700 K for at
least 50 ns in order to induce significant nucleation.

Time resolution of R and o confirm that partitionless
crystallization from the amorphous phase in TeGe fiIms is
very rapid (200 ns for complete transformation). Presence
of nuclei (seeded by laser exposure) leads to even faster
rates as demonstrated in experiments in which a second
laser pulse was applied to an area exhibiting frustrated
crystallization. In this case, complete transformation of
the laser-heated volume was observed within 50 ns and in-
itiated before the sample attained its peak temperature.
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