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Existence of Electronic Excitation Enhanced Crystallization in GeSb Amorphous Thin Films
upon Ultrashort Laser Pulse Irradiation
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The energy density crystallization threshold of amorphous GeSb films has been studied for the first
time as a function of the laser pulse duration in the range from 170 fs to 8 ns. The results obtained
provide evidence of the existence of enhanced crystallization upon irradiation with pulses shorter than
800 fs, which is most likely related to electronic excitation effects.

PACS numbers: 61.80.Ba, 42.65.Re, 61.43.Dq, 64.70.Kb
es
nin
ria
ni
ed
se
e
se
me
d-
it

he
tio

e
ca
an
a

tio
ad
ore
m

lai
po

thi
iz
ot
ria
se
4
tin
ed
th

on
se
th

ho
rg
lse
th

ed
the
n
ose
the

ck,
l-
Sb

ica,
tiv-
te
-
-

un-
e.
on
di-
o-
Si
tion

or-
he
ec-

in
he
-

ed
r-
a-

a
e
es-
f a
lse
-
ed
The study of the interaction of ultrashort laser puls
with solids has raised some important questions concer
the nature of the transformations occurring at the mate
surface in the presence of very strong levels of electro
excitation. The existence of electronic excitation induc
phase transitions has been already demonstrated in
eral materials (Si [1], GaAs [2–4], graphite [5]). In th
case of crystalline semiconductors, excitation with pul
shorter than the longitudinal optical phonon emission ti
[6] may lead to a structural instability of the lattice, lea
ing to the formation of a metastable transient phase w
(semi)metallic character. It is not clear, however, whet
the presence of such transient strong electronic excita
and/or transient phases may influence the final stat
structure induced since, once the energy of the excited
riers has been transferred to the lattice, the structural tr
formation path is thermal in nature. Different nontherm
mechanisms which could lead to enhanced crystalliza
and to crystal damage recovery upon pulsed laser irr
ation were proposed during the early 1980s [7,8]. M
recently, both photonic effects and electron-hole plas
induced network softening have been invoked to exp
structural changes induced in amorphous Si and Ge u
ns and ps laser pulse irradiation [9–11].

High Sb-content GeSb amorphous and crystalline
films have been shown to both crystallize and amorph
upon irradiation with subnanosecond laser pulses. B
processes show optical contrast [12] making this mate
a potential candidate for applications in ultrashort la
pulse driven phase change optical recording [13,1
These characteristics also make this material interes
for the study of possible high electronic excitation induc
and enhanced crystallization processes. The aim of
work is to elucidate whether the high electronic excitati
induced by irradiation with subnanosecond laser pul
can induce or enhance the crystallization process of
amorphous phase. Such an enhancement process s
lead to appreciable changes in the minimum ene
density required for crystallization as the laser pu
duration changes, according to the differences in
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excited carrier populations induced. We have perform
what we believe to be the first experiment to determine
minimum energy density required for crystallization of a
amorphous phase upon irradiation with laser pulses wh
durations extend over 3 orders of magnitude, covering
range 170 fs to 8 ns.

The samples used in the experiment were 50 nm thi
Ge0.07Sb0.93 films grown at room temperature in a mu
titarget magnetron dc sputtering system from Ge and
(99.999% purity) targets onto glass, carbon-coated m
and Si(100) substrates. In order to improve the sensi
ity of the material and to enhance the crystallization ra
upon pulsed laser irradiation, two different kinds of sam
ples were grown: (a) fully amorphous layers with the com
position Ge0.07Sb0.93 and (2) bilayered films formed by an
amorphous surface layer of similar composition and an
derlayer slightly richer in Sb and therefore polycrystallin
Since the bilayered films showed smaller transformati
times and improved sensitivity upon pulsed laser irra
ation with 10 ps laser pulses at 583 nm, they were ch
sen for the present work. The samples on mica and
were used, respectively, to prepare planar and cross-sec
transmission electron microscopy (TEM) specimens in
der to characterize film structure and composition. T
latter was determined by energy dispersive x-ray sp
troscopy on planar TEM specimens.

An ultrashort CPA laser pulse source (described
Ref. [15]) was used to irradiate the samples on glass. T
experimental configuration is shown in Fig. 1. A com
mercial fs Ti:Al2O3 oscillator providing 150 fs duration
pulses at a repetition rate of 82 MHz at 830 nm was us
to seed an Ar1 ion pumped Cr-LiSAF solid state regene
ative amplifier. Before seeding the amplifier, the oscill
tor pulses were stretched to approximately 300 ps with
diffraction grating pulse stretcher. After amplification th
pulses were recompressed with a grating pair compr
sor. The typical output of the laser system consisted o
10 kHz repetition rate pulse train with energies per pu
in the order of 5mJ. A second Pockels cell, synchro
nized to the one in the regenerative amplifier, was us
© 1996 The American Physical Society 2519
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FIG. 1. Experimental setup for pulsed laser irradiation. T
laser pulse source operates at 830 nm and may produce p
with durations ranging from 400 fs to 8 ns. The reflectivity
the sample at 633 nm is monitored before and after irradiati

to switch out pulses from the pulse train in order to p
form single-shot irradiation experiments, and to suppr
the low energy background signal of unamplified pulse
82 MHz in the amplifier output. By adjusting the stretc
ing and compression elements in the CPA system, the
put pulse duration could be varied from hundreds of fs
hundreds of ps. Additional irradiation experiments w
ns pulses were performed by blocking the seed pulse
the amplifier, which then acted as a conventionalQ-switch
ns pulsed laser.

The laser beam was focused on the sample surface
spot size of the order of 15mm by means of a NA 0.4
103 microscope objective. A set of energy calibrated f
detectors allowed both the pulse energy to be monito
and the energy deposited in the sample to be determi
Since crystallization is evidenced by significant chang
in the reflectivity of the surface, a cw HeNe (633 nm
laser beam arranged to be collinear with the irradiat
beam was used to monitor the reflectivity of the surfa
before and after irradiation. The HeNe laser beam w
expanded before overlapping in order to focus it to a s
of ø2 mm at the sample site and is therefore probing
nearly homogeneously irradiated region. After each sin
shot irradiation the sample was moved to a fresh regio

Figure 2 shows the evolution of the reflectivity chang
induced upon irradiation as a function of the pulse ene
for a fixed pulse length. It can be seen that for ve
low pulse energies the reflectivity of the surface rema
unchanged. There is a transformation threshold ab
which a positive reflectivity change is observed. Th
reflectivity increase has been previously reported up
irradiation of similar composition films with ns [13]
subnanosecond, and subpicosecond laser pulses [1
and is related to the crystallization of the amorpho
phase. The reflectivity change increases with the pu
energy as the depth of the induced crystalline ph
increases, until a saturation value of approximately
32% reflectivity change is reached. For higher energ
2520
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FIG. 2. Evolution of the reflectivity of the GeSb film
after irradiation with 400 fs laser pulses versus the pu
energy measured at the sample site. The induced reflect
changes have been normalized to the initial reflectivity of
sample. The arrow denotes the pulse energy threshold
crystallization.

surface ablation occurs, leading to a sharp decreas
reflectivity. Similar curves for the evolution of th
reflectivity versus the pulse energy have been obtai
for pulse lengths ranging from 400 fs to 8 ns. T
minimum energy required for surface crystallization h
been determined in these curves as the intersection o
linear extrapolation of the leading edge of the curve w
the horizontal axis (see the arrow in Fig. 2).

Since the pulses of different durations are produc
in the CPA system by adjusting the alignment of t
stretching and compression elements, some difference
the beam spatial profile may occur for different outp
pulse durations. These differences could lead to ap
ent changes in the crystallization threshold that are rela
to changes in the spatial distribution of energy in the sa
ple for different pulse lengths. In order to eliminate su
possible artifacts, the absolute energy density crystall
tion threshold was carefully determined as follows. Fo
Gaussian beam, the area over which the local energy
sity is above a given constant value scales linearly with
logarithm of the pulse energy. The slope of such a plo
M ­ pr2, wherer is the1ye beam radius of the distribu
tion. The maximum of the local energy density distrib
tion is then the pulse energy divided byM. For each pulse
length, the area of the crystallized surface was measu
and plotted as a function of the logarithm of the pulse
ergy, as can be seen in Fig. 3. The low energy region
the curve was then fitted by a straight line and the va
of M was determined. The variation of the energy de
sity crystallization threshold, calculated as the minimu
energy required for crystallization divided byM, is plot-
ted in Fig. 4 as a function of the pulse length. The er
bars included correspond to the cumulative effect of err
in the determination of the energy deposited at the sam
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FIG. 3. Area of the crystallized surface upon irradiation w
400 fs laser pulses as a function of the logarithm of the pu
energy. The dashed line corresponds to a linear fit of the
energy region.

sø5%d, crystallized surface area measurementss,10%d,
and linear fitting of the crystallized surface area versus
logarithm of the pulse energys,15%d. It is clear that a
significant increase in the threshold occurs when the i
diation pulse is in the ns time scale. For subnanosec
pulses, the energy density threshold remains approxima
constant within the experiment error and only for the sh
est pulse length (400 fs) can a clear decrease in the th
old be seen.

The origin of the increase in the energy dens
crystallization threshold for pulses in the ns time sc
is related to the existence of heat transfer to the subst
while the laser pulse is still being absorbed by the sam
For a light skin penetration depth smaller than the fi
thickness and assuming a carrier-network thermaliza

FIG. 4. Energy density crystallization threshold of the Ge
films versus pulse duration. The inset shows the evolu
obtained in an additional set of measurements with pu
durations in the range from 170 fs to 1 ps.
e
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time much shorter than the ns pulse length, the ti
required for heat to diffuse to the substrate can
estimated by assuming that the thermal diffusion len
l ­

p
Dt equals the film thickness (50 nm). In th

expressionD is the film thermal diffusitivity (D ­
kyrCp , k the thermal conductivity,r the density, andCp

the specific heat) andt is the time elapsed from the puls
onset. Since the Ge content of the film is very low, a
since it is known that Ge incorporates in the crystalli
lattice of Sb upon crystallization with short and ultrasho
laser pulses [13], we have used the thermal constant
bulk crystalline Sb (D ­ 0.16 cm2 s21 [16]) in order to
estimate a value oft ø 200 ps. This value is likely to
be an underestimation since it is well known that t
thermal conductivity of amorphous phases can be m
smaller than that of the corresponding crystalline mate
[17–19]. With a decreased thermal conductivity for t
amorphous phase, a value fort in the ns range is to be
expected. Obviously, for a pulse duration of the order
the thermal diffusion time or longer, heat is transferr
to the substrate, while the pulse is being absorbed by
film. Therefore the peak temperatures reached are sm
with a subsequent increase in the crystallization thresh

The absence of significant changes in the threshold va
for pulse durations in the 800 fs–550 ps interval and
decrease observed at 400 fs clearly demonstrates tha
enhanced crystallization can only occur for pulses sho
than 800 fs. This result also suggests that the time
energy transfer from excited carriers to the lattice has
be shorter than 800 fs. This value is reasonable sinc
is generally accepted that the energy transfer mechani
from excited carriers to the network in amorphous mate
als can be very efficient (in the 1 ps range or even shor
due to the relaxation of thek-vector selection rule [20] and
the presence of other phenomena like trapping [21].

The presence of a nonlinear absorption mechan
for large peak intensities could lead to an increase
the amount of pulse energy absorbed for the shor
pulses, giving rise to the observed decrease in the
ergy density crystallization threshold at 400 fs. This e
fect was investigated by measuring the film reflectiv
at 830 nm for pulse durations ranging from 100 fs to a
proximately 100 ps at several fluences below the trans
mation threshold. The observed reflectivity value rema
constant and equal to0.48 6 0.02 in all cases, which al-
lows us to discard nonlinear optical effects as respons
for the decrease observed for 400 fs laser pulses.

In order to further investigate the mechanism chan
occurring for pulse durations shorter than 800 fs, an
ditional set of measurements with pulse durations ra
ing from approximately 10 ps to 100 fs was performe
Since the initial experiment configuration does not allo
us to achieve pulse durations shorter than 400 fs, the
ond set was performed using a similar experimental se
but without stretching the pulses before amplification a
compressing them at the output of the second Pockels
2521
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(see Fig. 1). This leads to an improved beam quality a
reproducibility but also to a different (and bigger) pro
to pump beam size ratio at the sample site that does
guarantee that the region probed by the HeNe beam
homogeneously irradiated. Therefore the energy den
threshold values obtained are not absolute. The resu
this additional set of measurements can be seen as an
in Fig. 4. The evolution of the crystallization thresho
between 170 fs and 12 ps confirms further that the thre
old remains constant for pulses longer than 800 fs
evidences that there is a decrease as the pulse dur
is reduced down to 170 fs. This provides additional e
dence of the existence of enhanced crystallization u
irradiation of the amorphous phase with ultrashort la
pulses. Since nonlinear optical effects have been
carded as responsible for this behavior, the crystalliza
enhancement has to be most likely related to electro
excitation effects.

In conclusion, the energy density threshold for op
cally induced structural transformations (crystallizatio
in GeSb amorphous films has been studied for the
time for pulse durations ranging from 170 fs to 8 ns. T
results evidence the existence of appreciable heat
during the pulse absorption for ns pulses and demons
that enhanced crystallization occurs for pulses shorter t
800 fs, most likely related to electronic excitation effec
The absence of changes in the energy density crys
lization threshold for subnanosecond pulses longer t
800 fs suggests a carrier-lattice thermalization time in
hundreds of fs range.
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