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The change in the local order of amorphous sputter deposited GeTe thin films irradiated with Ge+ ion and its
influence on the subsequent thermal induced crystallization has been investigated by means of micro-Raman
spectroscopy and in situ time-resolved reflectivity. A reduction in the Ge-rich tetrahedral species and an
enhancement of the crystallization kinetics occurred in the irradiated amorphous samples. The rearrangement
of the amorphous network is suggested to be related to thermal spikes effects rather than to the defects
produced by the ions in the collision cascade.

DOI: 10.1103/PhysRevB.80.245205 PACS number�s�: 61.43.Dq, 78.30.�j, 61.80.Jh, 64.70.�p

I. INTRODUCTION

The GeTe system belongs to IV-VI compound semicon-
ductor and it is characterized by fast crystallization1 and high
stability of the amorphous phase.2 GeTe is the basic ingredi-
ent of a class of materials, GeTe-Sb2Te3 ternary alloys,3 em-
ployed as the active medium in optical and electrical data
storage devices.4 In these materials, the phase change data
storage concept is based on the huge change in the optical
and electrical properties associated to the reversible amor-
phous to crystal transition induced by laser or electrical cur-
rent pulse. In both cases, the energy pulse locally melts the
processed material to write an amorphized region by fast
quench or heats it above its crystallization temperature but
below the melting temperature to crystallize the material
�erase�. The crystallization time of the phase change material
is the data-rate limiting factor. One of the main issue that has
to be stated for the development of data storage devices is
the link between the local order in the amorphous phase and
its stability. In fact, it is known that, for a given alloy com-
position, several amorphous states exist, and each one is
characterized by a different crystallization velocity. For ex-
ample, crystallization of a melt-quenched Ge2Sb2Te5 �GST�
amorphous is an order of magnitude faster than that of the
sputter deposited amorphous.5 Differences in the crystalliza-
tion velocity have been observed in amorphous relaxed by
low-temperature annealing.6 It is known that ion implanta-
tion is a tool to modify in a controlled way the amorphous
state,7 and it has been recently reported a faster crystalliza-
tion in ion-irradiated amorphous GST films with respect to
the unirradiated samples.8,9 Moreover, it has been shown that
ion implantation in GST layers causes a densification of the
structure.9

The different, if any, local order of the amorphous struc-
tures, which may be responsible for the different crystalliza-
tion speed is quite difficult to identify and quantify experi-
mentally in ternary alloys because of the variety of
parameters that can play a role in the analysis and in the
comparison with simulation. For this reason, the binary GeTe
system is of interest since it could be taken as a model for the
more complex ternary and higher-order alloy compositions.

In this work, we examine the effect of ion irradiation and
thermal annealing on the local order of amorphous GeTe thin
films, mainly by means of micro-Raman spectroscopy.

II. EXPERIMENTAL PROCEDURE

GeTe amorphous films, 40 nm thick, were prepared by rf
sputter deposition at room temperature �RT�, from a stoichi-
ometric target, over oxidized Si wafers. Samples were irra-
diated at RT with 130 keV Ge+ ions at several fluences in the
range between 1�1013–1�1015 ions /cm2. The beam cur-
rent was kept constant to 100 nA to avoid heating of the
sample. The ions projected range, by SRIM �Ref. 10� calcula-
tions, is �54 nm ��RP�24 nm�. The dose and the beam
energy were chosen in such a way to avoid any appreciable
change in the stoichiometry of the sample and to provide a
nearly uniform energy loss ��1.35 keV ion−1 nm−1� in
nuclear encounters, across the sample. Some samples were
implanted at the liquid-nitrogen temperature �LN2� to ascer-
tain the influence of irradiation-induced defects recombina-
tion. Moreover, some implants were performed through a
mask to make more reliable the comparison between irradi-
ated and unirradiated zones. Room-temperature unpolarized
micro-Raman spectra were recorded in a backscattering ge-
ometry using a single spectrometer. The GeTe samples were
excited with a He-Ne laser ��=633 nm�, focused to �2 �m
using a microscope objective lens. The incident laser power
was adjusted to 2 mW in order to minimize heating effects in
the illuminated sample region. In particular, according to our
experimental setup we estimate for a-GeTe a temperature
increase �T�40 °C for 300 s acquisition time. The crystal-
lization of unirradiated and irradiated amorphous films was
followed by in situ time-resolved reflectivity �TRR� using a
low power He-Ne laser probe during annealing at 163 °C at
a pressure of about 10−3 Torr. The heating rate was
10 °C /min and the settled temperature was constant within
�0.1 °C. The chemical composition of the amorphous and
annealed GeTe films has been evaluated by 2.0 MeV He+

Rutherford backscattering spectrometry. The stoichiometry
resulted Ge0.54Te0.45 ��1% of Ar contamination� and re-
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mained practically unchanged after implantation and/or an-
nealing.

In order to obtain complementary information related to
the crystallization process, transmission electron microscopy
�TEM� analyses in plan-view configuration, were performed
on partially crystallized preirradiated amorphous GeTe films,
using a JEOL JEM 2010F TEM/STEM equipped with a 200
kV Schottky field emission electron gun and an ultrahigh-
resolution objective lens pole piece. The morphology of im-
planted GeTe samples was investigated by atomic force mi-
croscopy �AFM� analyses using a Digital Instruments
Microscope Dimension 3100 in high amplitude mode with
ultrasharpened Si tips.

III. RESULTS AND DISCUSSION

The Raman spectrum of the as-deposited amorphous
GeTe is reported in Fig. 1�a� �open circles�. The fit of the
spectrum �continuous line� required six main Gaussian con-
tributions, denoted A, B, C, D, E, and F, visible in the same
figure �dashed lines�. The fitting parameters �peak position,
width, and normalized area� of the raw Raman data are sum-
marized in Table I. The positions of the Gaussian curves are
in a good agreement with the Raman bands previously ob-
served for GeTe compounds.11,12 The presence in the spec-
trum of an additional band at �139 cm−1 �G peak� has been
attributed to the aging of the sample. In fact, our samples
suffered considerable oxidation, during intermediate periods
of exposure to air and the G band becomes more intense in
dated samples. All the measurements reported in this work
have been performed within one month from the film depo-
sition.

It has been reported that the tetrahedral species of the type
GeTe4−nGen �n=0,1 ,2 ,3 ,4� are the main building blocks of
the GeTe glass structure.11 Assuming that the concentration
of the tetrahedral species follows a purely statistical rule as
described by the random bonding model,13 the distributions
of these types of tetrahedral, for the measured sample sto-
ichiometry, consist of 4.1% GeTe4, 20% GeTe3Ge, 36.75%
GeTe2Ge2, 30% GeTeGe3, and 9.15% GeGe4. On the basis
of previous investigation,11,12 focused on the analysis of the
temperature-reduced Raman spectra, the Raman bands of the
amorphous GeTe phase have been assigned. The broad A
band can be attributed to the overlap between the bending
modes of the tetrahedra11 and the disordered Te chains.14 The
B band and the C band correspond to vibrational bands of
corner-sharing tetrahedral units GeTe4−nGen with n=0,1
�Te-rich� and n=2,3 �Ge-rich� tetrahedral species,
respectively.12 The higher intensity of the C band compared
to the B band is probably due to the distributions of these
types of tetrahedra with proportions �66.75% and 24.1%,
respectively. The strong intensity and amplitude of the D
band might result from several contributions. One of them12

could be the edge sharing of the GeTe4 unit. However, the
low abundance ��4.1%� of the GeTe4 unit cannot account
for the high intensity of the D band and a contribution from
a further mode must be considered. The D band is very close
to those observed in amorphous GeTe by coherent phonon

FIG. 1. �Color online� �a� Raman spectrum of amorphous GeTe
thin films �open circles� and representative fitting �red curve� with
seven Gaussian distributions �dashed lines�. The G band, centered at
139 cm−1, was employed in the fitting procedure to increase the
quality. �b� Spectral deconvolution �red curve� of the crystalline
GeTe Raman spectrum �open circles�.

TABLE I. Peak parameters �peak position, width, and normalized area�, as determined through fits of the
experimental data of as deposited, irradiated, and �unirradiated� partially crystallized amorphous GeTe.

Sample As deposited Irradiated Partially crystallized

Peak identity
Peak position

�cm−1�
FWHM
�cm−1� Norm. peak area

FWHM
�cm−1� Norm. peak area

FWHM
�cm−1� Norm. peak area

A 86 25.5 20 25 17.5 25 18

B 110 14 13 15.5 12.5 15.5 12.5

C 125 12 13.5 14.5 10.5 14 10.5

D 156 36 34 40 35 40 34.5

E 211 49 17.5 53 22 53 22

F 270 22 2 25 2.5 25 2.5
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spectroscopy15 and it was interpreted as a mode due to small
percentage of disordered Te chains. Moreover, partial radial
distribution functions of amorphous GeTe films revealed that
GeTe samples have striking long-range correlations of Te
atoms16 up to 10 Å. We propose that the D band includes the
vibrational density of states of a disordered arrangement of
long Te chains since the proper characteristic energy for vi-
brations of the Te chains in amorphous tellurium14 is
�157 cm−1. The large E band may be assigned to antisym-
metric stretching modes of the tetrahedra.11 Finally, the F
band is consistent with the signal from Ge-Ge bonds in
amorphous Ge.11

The spectrum of the crystalline GeTe, reported in Fig.
1�b�, shows two main contributions of similar intensities at
86 cm−1 �A�� and 118 cm−1 �B��, respectively. The crystal-
line GeTe was obtained by annealing at 163 °C for 2 h. The
fit of the spectrum, in the 50–200 cm−1 range �red curve�,
required an additional Gaussian �C�� centered at 134 cm−1.
This band is likely due to the Te chain vibration whose en-
ergy shifts from 155 cm−1 in amorphous GeTe to lower fre-
quencies in the crystalline phase because of the long-range
interactions between ordered chains.14

The Raman spectrum of amorphous GeTe irradiated with
Ge ions at fluence 1�1014 cm−2 is reported in Fig. 2 �open
squares�. The spectrum of the unirradiated amorphous is
shown for comparison �open circles�. The experimental data
of the irradiated sample was fitted �red line� with the six
bands indicated in Table I. The fit was obtained assuming an
increase in the full width at half maximum of about 10% for
each Gaussian contribution. The spectrum of the irradiated
amorphous GeTe shows remarkable changes in the relative
intensity of the strongest Raman bands ascribed to the
GeTe4−nGen tetrahedral units. In particular a decrease in the
lighter Ge-rich �n=2,3� tetrahedral species could be the
cause of the reduction in the C band. These modifications are
associated to a reduction in the amorphous stability as de-
tected by in situ TRR measurements during annealing at
163 °C.

Figure 3�a� shows the reflectivity signal during the an-
nealing, for as-deposited unirradiated �open circles� and irra-
diated amorphous GeTe films at fluence of 1�1014 cm−2 at

room �open triangles� or liquid-nitrogen temperature �open
squares�. The zero of the time scale is the time at which the
settled temperature is reached. In the unirradiated GeTe the
reflectivity remains initially constant up to about 15 min.
After this transient it increases abruptly and saturates at the
crystalline value when the crystallization is complete and the
polycrystalline phase is formed. A similar trend occurs in the
irradiated samples although the overall transformation time
is considerably reduced. Therefore, TRR measurements indi-
cate that the crystallization process is faster in the implanted
amorphous layer with respect to the unirradiated film. The
temperature during irradiation does not affect the crystalliza-
tion kinetics as can be inferred from the TRR curves shown
in Fig. 3�a� relatives to samples implanted under the same
conditions at different temperatures �77 and 300 K�. More-
over, amorphous layers implanted at liquid-nitrogen tempera-
ture show the same local order as observed after irradiation
at room temperature �Fig. 3�b��. This unambiguously demon-
strates that any dynamic annealing process occurring during
the implantation does not change the density of the defects
responsible for the crystallization enhancement and that the
main effect of irradiation is associated to the prompt regime
of the collision cascade and not to the delayed effect, influ-
enced by the movement of the displaced atoms.

Figure 4 reports the incubation time � as a function of the
irradiation fluence in preirradiated amorphous GeTe films �in

FIG. 2. �Color online� Comparison between the Raman spectra
of the unirradiated �open circles� and irradiated amorphous �open
squares� GeTe. The latter was fitted �red curve� assuming seven
Gaussian distributions �dashed lines�.

FIG. 3. �a� Reflectivity vs annealing time at 163 °C for as-
deposited amorphous �open circles� and Ge+ irradiated amorphous
films at a fluence of 1�1014 at. /cm2 performed at room �open
triangles� or liquid-nitrogen temperature �open squares�. �b� Raman
spectra of Ge+ irradiated amorphous GeTe films, at a fluence of 1
�1014 at. /cm2, performed at room �open triangles� and liquid-
nitrogen temperature �open squares�.
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the range between 1�1013–1�1015 ions /cm2�, measured
during annealing at 163 °C by means of TRR analysis. The
incubation time, necessary to establish a steady-state nucle-
ation, is here assumed to be the elapsed time until the reflec-
tivity signal increases by 10% of its initial value. The incu-
bation time of preirradiated amorphous films is dramatically
enhanced compared to the unirradiated GeTe sample. In par-
ticular, by increasing the irradiation fluence � exhibits an
abrupt decreases until a saturation value for an implantation
fluence of 1�1014 ions /cm2. To directly compare unirradi-
ated and irradiated amorphous, some samples were prepared
implanting 130 keV Ge+ ions at the saturation fluence of
1014 ions /cm2 through a mask consisting of a copper grid,
with holes and bar width of 36 and 25 �m, respectively,
placed at the sample surface. In this way selectively im-
planted regions next to unimplanted areas were formed. Fig-
ure 5 shows a sequence of bright-field TEM image of the
film surface after anneal at 163 °C for several times. At this
temperature, crystallization occurs mainly inside the ion-
irradiated area and only at later time grains nucleate in the
unirradiated region. Even the growth velocity is enhanced in
the irradiated regions, the growth stops at the boundary with
the unirradited area �see Fig. 5�c��. The effect of the irradia-
tion on the film density has been evaluated by measuring the

step height �by atomic force microscopy� in a sample im-
planted through the mask grid. The AFM image of the irra-
diated region, shown in Fig. 6, indicates that the ion beam
induces a reduction in the film thickness observed as a de-
pression, of about 3 nm �i.e., 7%�, with respect the surface of
the unirradiated regions. This vertical shrinkage is compa-
rable to that occurring during the crystallization of GeTe due
to the different density of the deposited amorphous and crys-
talline phases �not shown�. In the crystalline phase Ge atoms
are reported to switch from tetrahedrally coordinated to oc-
tahedrally coordinated sites.17 In fact, an octahedral coordi-
nation requires a lower volume than a fourfold tetrahedral
coordination. The densification of the amorphous generated
by the ion irradiation reduces considerably the mechanical
stress during the phase change in line with the enhancement
of the crystallization measured in the implanted samples. No
densification effect was observed in implanted amorphous
Ge samples for an irradiation fluence of 1�1014 Ge /cm2.

To get more insights in the role played by the GeTe4−nGen
tetrahedral species on the mechanism of the amorphous to
crystal GeTe phase transition, we measured the Raman spec-
trum of amorphous regions in a partially transformed sample
in which the crystalline fraction �detected by TRR� amounts
to 20%. The optical micrograph reported in the inset of Fig.
7, shows that the annealed sample consists of crystalline is-
lands �white regions� embedded in an amorphous matrix
�gray area�. Crystalline and amorphous areas are clearly vis-
ible due to the large optical contrast between the two phases.
Micro-Raman measurements were performed on both crys-
talline and amorphous regions, of the partially crystallized
layer. The resulting spectra are reported in Fig. 7. The spectra
of the white regions �open circles� is typical of the crystalline
GeTe film reported in Fig. 1�b�. Vice versa, the spectra col-
lected in gray regions �open squares� differ from that of the
as deposited and are similar �Table I� to the Raman spectrum
of the irradiated amorphous films shown in Fig. 2, indicating

FIG. 4. Incubation time � versus implantation fluence in preir-
radiated amorphous GeTe films. The samples were annealed, after a
constant heating rate, at 163 °C. The incubation time was experi-
mentally measured as the elapsed time until the reflectivity signal
increases by 10% of its initial value during the thermal treatment.

FIG. 5. TEM plan-view micrographs of as-deposited amorphous
GeTe films, implanted with 130 keV Ge+ ions at 1�1014 at. /cm2,
after �a� 15 min, �b� 16 min, and �c� 17 min anneal performed at
163 °C. The presence, during implantation, of a copper mask
placed on the sample surface has produced selectively implanted
areas next to not-implanted areas.

FIG. 6. �Color online� Representative AFM images for as-
deposited amorphous GeTe films implanted, through a mask grid,
with 130 keV Ge+ ions at 1�1014 Ge /cm2. Irradiated regions are
depressed of 3 nm compared to those not exposed to the ion beam.
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that appreciable structural rearrangements took place in the
amorphous network at the early stage of the phase transition.
In order to exclude the presence of submicrometric crystal-
line grains in the amorphous regions, the same partially
transformed sample was analyzed by transmission electron
microscopy �not shown�. No crystalline regions could be de-
tected in the 200 �m2 sampled amorphous area, being 30
nm the minimum detectable crystalline size.

IV. PHENOMENOLOGICAL MODELING

It is known that the fraction of the tetrahedral species that
constitute the glass structure of GeTe film progressively
changes, during the heating, in such a way to form Te-rich
tetrahedra at the expense of Ge-rich tetrahedra.11,17 The in-
creased number of Te atoms in the first coordination cell of
Ge facilitate the formation of GeTe6 octahedra that are the
basic units of the crystalline GeTe. Similarly, in the irradi-
ated amorphous samples, the reduction in Ge-rich tetrahedra
with respect to the Te-rich tetrahedral, promotes the system
to a state closer to the crystalline structure. This intermediate
state, prior to the crystallization process, is probably
achieved by ion-induced thermal spike effects. In dense col-
lision cascade at the end of the displacements spike, the en-
ergy is dissipated as lattice vibration or heat. The duration of
the thermal spike can be estimated as t�r2 /4DT, where r is
the dimension of the collision cascade and DT the thermal
diffusivity of the target ��3.2�10−2 cm2 /s� �Ref. 18�. As-
suming as an order of magnitude a radius r of about 10 nm,
characteristic of the collision cascade lateral extension at the

adopted projectile mass and energy and target composition,
the quenching time or duration of the thermal spike amounts
to �10−11 s. The typical crystallization times in several
chalcogenides �GST, GeTe� run from hours at low tempera-
tures ��150 °C� to few hundredth nanoseconds at tempera-
tures below the melting point. The process is thermally acti-
vated with an energy of about 2 eV. These values imply a
huge pre-exponential factor19 in all the rate �nucleation rate,
crystal growth�, orders of magnitude higher than that ob-
served in semiconductors. The same factor might be invoked
to justify the ion-induced effect here reported. For diffusion
limited crystallization, the grain growth velocity u is related
to the atomic diffusivity D in the amorphous by u= fS6D /�,
where � is the average interatomic distance and fs	1 is the
fraction of sites where a new atom can be incorporated. The
measured grain growth velocity of the GeTe, by Lu and Lib-
era �Ref. 20� gives u=5.9��0.5��1023 �nm /s�exp�
−1.77 eV /kBT�. Assuming that a local bond rearrangement
from the Ge-rich tetrahedra to the Te-rich tetrahedra, requires
a diffusivity of 0.5 nm during the lifetime of the thermal
spike, a temperature of �870 K is needed. The melting
point of GeTe �Ref. 21� is 1003 K, well above the previous
estimate. A general feature of the crystallization process of
amorphous �deposited or Ge implanted� chalcogenides is that
the extremely high growth velocity implies an atomic-
diffusion coefficient on the order of 10−4 cm2 /s. A value
typical of diffusivity in the liquid is unlikely for a solid ma-
terial and this could be an indication that collective atomic
rearrangement plays a key role in the crystallization of these
materials.

V. CONCLUSIONS

In conclusion, we have analyzed by micro-Raman spec-
troscopy and TRR measurements the effect of ion irradiation
and thermal annealing on the local order of amorphous GeTe
thin films. A correlation between the amorphous GeTe phase
stability and the percentage of Ge-Te bonds has been pre-
sented. The structure of GeTe, as determined by Raman spec-
troscopy, shows interesting alterations after irradiation, simi-
larly to that observed in partially crystallized GeTe samples,
with a strong decrease in the contribution of Ge-rich tetrahe-
dra and the formation of an intermediate structural order be-
tween the amorphous and the crystalline phases.
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