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a  b  s  t  r  a  c  t

Using  in situ  atomic  force  microscope  (AFM)  and  Raman  spectroscopy,  the  real-time  crystallization  prop-
erties  of  Ge2Sb2Te5 films  at different  temperature  were  characterized.  The  given  AFM  topograph  and
phase  images  revealed  that the  structure  of amorphous  Ge2Sb2Te5 films  began  to change  at  a  tempera-
ture  of as  low  as  100 ◦C.  When  the  temperature  reached  130 ◦C,  some  crystal  fragments  had  formed  at
the  film  surface.  Heating  up  to 160 ◦C,  the  size  of the  visible  crystal  fragments  increased,  but  decreased
at  a  higher  temperature  of  200 ◦C.  When  the Ge2Sb2Te5 film  was  cooled  down  to  room  temperature  (RT)
eywords:
e2Sb2Te5

rystallization
FM
aman spectroscopy

from  200 ◦C,  the  crystal  fragments  divided  into  crystal  grains  due  to  the  absence  of  heating  energy.  The
Raman  spectra  at different  temperature  further  verified  the  structure  evolution  of the  Ge2Sb2Te5 film
with  temperature.  This  work  is of significance  for the preparation  of  Ge2Sb2Te5 films  and  the  erasing  of
data.

© 2011 Elsevier B.V. All rights reserved.

emperature control

. Introduction

Ge2Sb2Te5 ternary alloy is used as rewritable recording media
wing to its outstanding phase change characteristics [1,2]. The
istinct contrast of Ge2Sb2Te5 films in resistivity and reflectivity
etween crystalline and amorphous phases is fit for information
torage. The data can be recorded by writing amorphous dots on a
rystalline background with a short high-power pulse, and can be
rased through a continuous mild annealing.

The understanding of the crystallization process is of great
mportance for the preparation of Ge2Sb2Te5 films and the eras-
ng of data. The structure and morphology differences between
rystalline and amorphous phases of Ge2Sb2Te5 films have been
xtensively studied using X-ray diffraction (XRD), transmission
lectron microscopy (TEM), Raman spectroscopy, and atomic force
icroscope (AFM) [1,3–12].  Most of them detected the structure

nd morphology of crystalline Ge2Sb2Te5 films at room temper-
ture (RT). Through in situ TEM characterization, the nucleation
nd grain growth of amorphous Ge2Sb2Te5 films at elevated
emperature has been observed closely which provides valuable
nformation concerning the crystallization process [13–17].  How-

ver, for TEM study, the samples have to be thin enough, which
akes the sample preparation complicated, and the electron beam

sed for imaging would affect the crystallization process [16–18].
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For example, in Kooi and co-worker’s work, the influence of elec-
tron beam exposure on crystallization of SbxTe films was studied,
and found that the crystal growth velocity was  strongly increased
under an electron beam exposure [17].

The aim of this work is to examine the real-time crystalliza-
tion behavior of amorphous Ge2Sb2Te5 films, and focuses on the
morphology and structure variation at different temperature. AFM,
compared with TEM, can acquire nanoscale three-dimension mor-
phology information of Ge2Sb2Te5 films without heating effect
and complicated sample preparation. While Raman spectroscopy,
a powerful structure detector for its high information content
and simple sample preparation [19] is suitable for probing the
crystallinity of Ge2Sb2Te5 films. Therefore, AFM and Raman spec-
troscopy were combined together to monitor the morphology and
structure evolution of amorphous Ge2Sb2Te5 films at different tem-
perature.

2. Experiments

Amorphous Ge2Sb2Te5 films (Ge2Sb2Te5(50 nm)/Al(200 nm)/
BK7glass) were prepared by radio frequency magnetron sputter-
ing at RT using a stoichiometric target. During AFM and Raman
experiments, as-prepared Ge2Sb2Te5 films were placed on a
temperature-control sample stage, and were protected with nitro-

gen in a sealed sample chamber. The temperature of the samples
was controlled through a Lakeshore temperature controller (preci-
sion: ±0.1 ◦C) with a heating rate of 5 ◦C/min and kept constant for
10 min  before AFM and Raman survey.

dx.doi.org/10.1016/j.apsusc.2011.10.021
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:span@dlut.edu.cn
dx.doi.org/10.1016/j.apsusc.2011.10.021
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ing to the defects in the topograph image rather than the small
mounts (see Fig. 3).

Based on AFM imaging theory, different phase regions reveal
different mechanical property of sample surface [20]. Thus, the two
ig. 1. In situ AFM topograph (left) and phase (right) images of the as-prepared Ge2

ooled  to RT. The height-scale of topograph and phase images from (a) to (f) is (5.6 n
17.6◦), respectively.

The topograph and phase images of the Ge2Sb2Te5 films at
ifferent temperature were obtained with tapping-mode AFM (Agi-

ent PicoPlus) in situ. The crystallinity of the Ge2Sb2Te5 film was
etected using XRD (Bruker, D8-Discover). Raman scattering was
ispersed by a Renishaw inVia Raman spectrometer, and back scat-
ering light was collected with an air-cooled CCD array detector.
he spectra were recorded with an accumulation time of 100 s.
aser intensity (632.8 nm HeNe laser) was kept below 10 �W and
aser beam was defocused (about 20 �m in diameter) to reduce
nwanted heating effect.

. Results and discussion

The morphology evolution of the as-prepared Ge2Sb2Te5 film at
ifferent temperature is displayed in Fig. 1. It is observed in Fig. 1(a)
hat the Ge2Sb2Te5 film at RT exhibits an unordered surface struc-
ure and a uniform phase, which indicates that the as-prepared
e2Sb2Te5 film is typically amorphous. The small fluctuations in

he phase image were caused by the undulations of the film sur-
ace. XRD pattern of the as-prepared Ge2Sb2Te5 film (black line in
ig. 2, with only a small mountain centered at 2� ≈ 29◦) further con-
rms that its structure is amorphous. When the temperature was

ncreased to 100 ◦C, many small grains emerged in the topograph

mage of the Ge2Sb2Te5 film (Fig. 1(b)), though the phase image

as still uniform. Increasing the temperature to 130 ◦C, many small
ounts and “defects” emerged in the topograph image, and a lot

f bright specks appeared in the phase image (Fig. 1(c)). The whole
5 film at different temperature, (a) RT, (b) 100 ◦C, (c) 130 ◦C, (d) 160 ◦C, (e) 200 ◦C, (f)
.7◦), (3.8 nm, 4.0◦), (22.3 nm,  169.7◦), (30.9 nm,  155.4◦), (14.4 nm,  263.7◦), (17.6 nm,

phase image at 130 ◦C was  taken up with two  different parts (dark
region and bright specks), and the bright specks were correspond-
Fig. 2. XRD patterns of as-prepared (lower) and treated (upper, cooled to RT from
200 ◦C) Ge2Sb2Te5 films.
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ig. 3. Enlarged topograph (a) and phase (b) images of the Ge2Sb2Te5 film at 130 ◦C
he  height-scale of the topograph and phase images is (17.2 nm,  170.3◦).

hase distribution in Fig. 1(c) manifests that the Ge2Sb2Te5 film at
30 ◦C were consisted with two different components. It has been
eported that the density of face centered cubic (fcc) Ge2Sb2Te5
rystal is ∼6.8% bigger than that of the amorphous phase, and this
esulted in the slight sinking of the Ge2Sb2Te5 crystal compared to
he amorphous background [1].  Thus, it can be inferred from the
FM images that the bright specks (defects) were fcc crystals and

he dark region was amorphous background.
With further increasing the temperature (160 ◦C), the small

ounts and the bright specks (defects) got larger (Fig. 1(d)). How-
ver, when the temperature reached 200 ◦C, the small mounts and
he bright specks shrank (Fig. 1(e)). Fig. 1(f) shows the AFM images
f the Ge2Sb2Te5 film cooled to RT from 200 ◦C. It is observed
hat the bright specks disappeared, the two-phase distribution
ot obscure, and many spherical grains emerged in the topograph
mage. It is noticed that the height-scale of the phase image was still
s large as that at high temperatures (130–200 ◦C), indicating that
he surface of the Ge2Sb2Te5 film was still consisted of two phases
amorphous and crystalline). While XRD pattern of the Ge2Sb2Te5
lm cooled to RT from 200 ◦C is shown in Fig. 2, and five obvious
iffraction peaks verified that the major component of the film was
cc crystal.

According to the AFM images and the known crystallization
roperties of Ge2Sb2Te5 films [2,3,5,13,14,18], the crystallization
rocess of the Ge2Sb2Te5 film is described as follows. At RT,
he as-prepared Ge2Sb2Te5 film is amorphous (Fig. 4(a)) with
nordered structure. When the temperature reached 100 ◦C, some

mall spherical crystal nuclei formed (small grains in the topograph
mage of Fig. 1(b)), but could not grow into big crystal grains for
nsufficient energy supply, while the structure of the Ge2Sb2Te5
lm was sort of ordered and prepared for crystallization (Fig. 4(b)).
curves at the bottom are corresponding cross-section views of the green lines, and

According to previous works, amorphous Ge2Sb2Te5 films began
to crystallize in the range of 140–180 ◦C upon annealing, and the
structure of Ge2Sb2Te5 films in the phase transition region is a
mixture of three components (amorphous, crystal nucleus and
crystalline) [5,14].  In our research, some spherical crystal nuclei
had already grown into big crystal fragments at the film surface
at 130 ◦C (Fig. 4(c)), and this process also caused the appearance
of those small mounts (Fig. 1(c)). As the temperature got higher
(160 ◦C), the crystal fragments grew into bigger ones, and most of
the film surface was covered with crystalline phase (Fig. 4(d)). How-
ever, heating up to 200 ◦C, the visible crystal fragments at the film
surface got smaller (Fig. 1(e)). According to previous TEM works, the
uncapped Ge2Sb2Te5 films initially crystallized at the film surface,
and further proceeded by the growth of the crystals through the
thickness of the films [13,18]. Since AFM just detects the surface of
the sample, the sinking of crystal fragments due to its higher density
than amorphous phase may  cause that the visible crystal fragments
got smaller, even though the crystal fragments got larger beneath
the surface. When the Ge2Sb2Te5 film was  cooled to RT from 200 ◦C,
the crystal fragments divided into many big crystal grains due to
the absence of heating energy (Fig. 4(f)).

Above results revealed that the morphology and crystallinity of
the Ge2Sb2Te5 film varied at different temperature. Therefore, the
choice of annealing temperature is crucial to obtain superior crys-
talline Ge2Sb2Te5 films with smooth and well-crystallized surface.
Besides, the annealing time should be another important factor for
the preparation of crystalline Ge2Sb2Te5 films. But, the influence of

annealing time on the crystallinity of the Ge2Sb2Te5 film was not
discussed here for the following two reasons. (1), the increase of
the temperature inevitably caused the deformation of the sample
and the decrease of the tip-sample distance duo to heat expansion,
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ig. 4. Sketch of the crystallization process of the Ge2Sb2Te5 film at different tem
hese  images are top views, and the rights are cross-section views.

o avoid damaging the AFM tip, we withdrew the tip before the
emperature-rise. (2), the increase of the temperature also caused
he downshift of the resonance frequency of the AFM tip, the scan-
ing frequency of AFM tip must be reselected at a new temperature.
hereby, it took at least 10 min  to enter the scanning status for a
ew temperature, and this resulted in that the initial crystalliza-
ion process of the Ge2Sb2Te5 film at different temperature was

issed. Although the succeeding information was  available, the
iven AFM images (not shown here) revealed that the structure
f the Ge2Sb2Te5 film had got stable from then on. In a word, the
ynamic information concerning the initial crystallization process
f the Ge2Sb2Te5 film was  not obtained.

Fig. 5 shows the corresponding Raman spectra of the as-
repared Ge2Sb2Te5 film at different temperature. At RT, no any
aman peak was observed in our experiments which is different
rom the previous results (a broad peak around 150 cm−1 which
as attributed to the amorphous Te–Te stretching) [4,10].  As the

emperature reached 100 ◦C, a broad rectangular peak between 160

ig. 5. Raman spectra of the as-prepared Ge2Sb2Te5 film at different temperature,
rom the bottom: RT, 100 ◦C, 130 ◦C, cooled to RT, 160 ◦C, 200 ◦C, and the laser inten-
ity (632.8 nm HeNe laser) was kept below 10 �W and laser beam was  defocused
about 20 �m in diameter) to reduce unwanted heating effect.
re, (a) RT, (b) 100 ◦C, (c) 130 ◦C, (d) 160 ◦C, (e) 200 ◦C, (f) cooled to RT. The lefts of

and 190 cm−1 was  observed, and this is considered as an implica-
tion of the nucleation or the slight crystallization of the Ge2Sb2Te5
film. The intensity of the broad rectangular peak increased at higher
temperature (130 ◦C, 160 ◦C), which implied the Ge2Sb2Te5 film
was further crystallized. At 200 ◦C, the broad peak got stronger
tempestuously and divided into three small peaks (red triangles),
and another broad peak around 330 cm−1 appeared. Moreover, sev-
eral new peaks were observed (black stars), which suggested that
the Ge2Sb2Te5 film was  well crystallized. The Raman characteris-
tics of the Ge2Sb2Te5 film at 200 ◦C present evidence for the above
speculation that the crystal fragments got larger beneath the sur-
face though the visible crystal fragments at the film surface got
smaller (Fig. 1(e)). When the Ge2Sb2Te5 film was  cooled to RT
from 200 ◦C, the peak intensity decreased, but was still stronger
than that at 130 ◦C which manifests that the crystallinity of the
Ge2Sb2Te5 film cooled to RT from 200 ◦C is better than that at
130 ◦C. The above analysis of Raman data just reveals a small part
of the information concerning the crystallization process of the
Ge2Sb2Te5 film, while the identification and quantitative analy-
sis of the Raman spectroscopy are of great importance and are in
progress.

4. Conclusion

The real-time crystallization behavior of Ge2Sb2Te5 films at dif-
ferent temperature has been investigated by combining AFM with
Raman spectroscopy. This research presented that the structure
and morphology of the Ge2Sb2Te5 film cooled to RT was differ-
ent with that at high temperature. At 130–200 ◦C, there were many
crystal fragments exposed at the film surface, and the two-phase
distribution is clear. As the Ge2Sb2Te5 film was  cooled to RT from
200 ◦C, the crystal fragments divided into crystal grains, and the
two-phase distribution became obscure. Moreover, owing to the
crystallinity variation of the Ge2Sb2Te5 film with temperature, the
choice of annealing temperature is crucial to obtain superior crys-
talline Ge2Sb2Te5 films. To further understand the crystallization

process of the Ge2Sb2Te5 films, high-speed AFM imaging during
the initial crystallization process is necessary, and the identifica-
tion and quantitative analysis of the Raman spectroscopy are of
great importance.
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