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Abstract—Using transmission electron microscopy it is demonstrated that the annealing of amorphous
Ge2Sb2Te5 films deposited by vacuum thermal evaporation at 250°C leads to the formation of a hexagonal
phase with a peculiar block structure. Herewith, island defects are formed on their surface representing the
cubic modification of Sb2O3. The sizes of these defects and portion of the surface area occupied by them are
estimated using images of scanning electron microscopy. The formation of antimony-oxide crystallites can
be attributed to enrichment of the surface area of the initial film with antimony which is oxidized during
annealing. Due to the formation of defects, the film composition in adjacent local areas varies and becomes
close to the stoichiometric values for Ge3Sb2Te6.
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INTRODUCTION
Phase change memory (PCM) based on Ge–Sb–

Te (GST) chalcogenide semiconductors is a promising
type of data storage [1]. The principle of Boolean logic
is implemented on the basis of various material phase
states (amorphous and crystalline), the transition
between which is performed under the impact of an
optical or electric pulse. Among the numerous GST
compounds Ge2Sb2Te5 (GST225) material attracts the
greatest attention due to a combination of functionally
significant properties: time of phase transition, num-
ber of rewriting cycles, melting point determining the
power consumption [2].

The most popular production methods of GST
films are magnetron sputtering [3], vacuum thermal
evaporation (VTE) [4], gas-phase deposition [5], as
well as molecular-beam epitaxy [6]. The epitaxial pro-
duction methods of GST layers with a perfect crystal-
line lattice are highly promising for studying funda-
mental processes which occur upon phase transitions
in PCM materials. The advantages of vacuum thermal
evaporation are the relatively simple technology and
cost efficiency as well as the possibility of varying the
chemical composition of the sputtered film, which
interest in using this method to produce GST films,
especially at the stage of technology adjustment.

Among the numerous methods of studying GST
thin films, transmission electron microscopy (TEM)
[7, 8] and energy-dispersive X-ray spectroscopy

(EDS) [9] which allow the investigation of local varia-
tions in the structure and composition occurring upon
solidification including the formation of various
phases [9–11], play a special role. With their help, it
was revealed that the described phase separation can
be attributed to an increase in the density of GST
material by 7–9% upon solidification and, respec-
tively, a decrease in the cell volume [12]. The relax-
ation of stresses that arise leads to segregation [9].

Using SEM and TEM as well as atomic-force
microscopy surface formations (defects) have been
detected in chalcogenide systems [5, 6, 13]; the causes
of their formation have been barely studied. Such
defects in the form of truncated tetrahedrons with the
sizes reaching several hundreds of nanometers can
lead to the degradation of PCM devices. It should be
mentioned that the thin films studied in [5, 6, 13] were
grown by epitaxial methods, whereas for films pro-
duced by VTE such defects have not been studied yet.

This work is devoted to structural and analytical
studies of the influence of annealing at 250°C on
GST225 thin films produced by VTE; heat treatment
of these films results in their phase transition from the
amorphous to crystalline state. The structure and
chemical composition of GST films as well as surface
defects formed after annealing are studied by TEM
and EDS. The average sizes of these defects and por-
tion of the surface area occupied by them are deter-
mined by the digital processing of SEM images.
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Fig. 1. TEM image of the initial GST film and diffraction
pattern (insertion) of the area highlighted by a dashed line
evidencing its amorphous structure. Protective layers
deposited upon the production of the thin foil by electron
and ion beams are denoted as Ptel and Pti. The  axis shows
the direction of film growth.
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AND EXPERIMENTAL FACILITIES

GST225 Thin-Film Formation
Initial polycrystalline Ge2Sb2Te5 powder was syn-

thesized by fusing materials of the corresponding ele-
ments in vacuum quartz ampoules [11]. Thin films were
formed on thermally oxidized silicon substrates by vac-
uum thermal evaporation of the synthesized powder
under a residual pressure of less than 4 × 10–5 mm Hg. A
quartz crucible with a narrow neck was used as an
evaporator with a heating coil around its periphery.
Two stage heating was applied for evaporation. During
the first stage aimed at degassing the evaporated pow-
der, it was heated from ambient temperature to 300°С
at an average rate of 25 K/min with subsequent hold-
ing for 10 min. During the second stage, the electric
current passing across the heater sharply increased and
the temperature in the quartz ampoules exceeded
750°C. The synthesized powder was evaporated in the
so called “explosive” mode. The substrate tempera-
ture during deposition did not exceed 50°C which
facilitated the production of thin films in the amor-
phous state. The film thickness was monitored by ref-
erence samples using an Alpha-Step D-120 stylus pro-
filer and approximately equaled 150 nm. The amor-
phous films were annealed in a PL-20 convection
furnace at 250°C for 15 min, homogeneous heating to
this temperature at a rate of 15 K/min was supported
by a proportional–integral–derivative (PID) control-
ler. The substrates were cooled naturally in the con-
vection furnace after it was switched off.

Experimental Facilities
The structure and composition of the GST thin

films were analyzed at an accelerating voltage of
200 kV in a Titan Themis 200 transmission electron
microscope equipped with a Super-X energy-disper-
sive spectrometer. Thin foils for TEM were prepared
by means of focused ion beam according to the stan-
dard procedure In-Situ Lift-Out [14, 15] in a Helios
NanoLab 650 electron ion microscope equipped with
an injector of C9H10Pt organometallic compound for
the local deposition of platinum and a Kleindiek
MM3A-EM micromanipulator [16]. The surface
morphology of the GST films was studied using the
microscope’s electron column at an accelerating volt-
age of 1 kV and a beam current of 100 pA. The best res-
olution of secondary-emission images was obtained by
the immersion mode of an objective lens. The digital
processing of experimental microimages was per-
formed using Matlab software.

RESULTS AND DISCUSSION
Initial GST film

TEM analysis of the transverse cross section of the
grown film demonstrated that its structure is homoge-
neous both on the direction of growth along the z axis
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
and in the lateral direction (Fig. 1). The amorphous
state of the film was evidenced by a diffraction pattern
formed using a selector aperture in order to obtain
structural data only for the GST area highlighted by
the dashed circle in the TEM image (Fig. 1).

The concentrations of germanium, antimony, and
tellurium obtained by EDS and averaged across the
entire thickness of the GST film deviated by no more
than 2 at % from the stoichiometric values for the
GST225 compound. In addition, the concentration
profiles along the growth direction determined by
averaging their 2D distributions evidenced the signifi-
cant gradient of Sb and Te concentrations in GST. As
seen in Fig. 2a, during layer growth the antimony con-
tent increased from about 6 to 60 at %, and the tellu-
rium content decreased from 75 to 30 at %; herewith,
the Ge content varied to a lesser degree and was in the
range of 12–26 at %.

The film-surface morphology analyzed by SEM
prior to preparation of the transverse cross section for
TEM demonstrates that the film surface was rather
smooth (without any visible defects).

The detected heterogeneity of the chemical com-
position of the GST film could be attributed to a sig-
nificant difference in the pressures of vaporized Sb
[17], Te [18], and GeTe [19] and Sb2Te3 [20], which
could be formed at the evaporation point as a conse-
quence of GST225 decomposition. Hence, upon
evaporation of the synthesized powder the composi-
tions of the vapor phase and, respectively, growing
film varied over time. At first the fraction enriched
with Te was predominantly deposited characterized by
higher pressure of vapors. The fraction enriched with
Sb and characterized by the lowest vapor pressure was
deposited in the final stage of film growth.
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 5  2019
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Fig. 2. Concentration profiles for Ge (solid line), Sb
(dashed line), Te (dotted line) for the initial (a) and
annealed (b) films along the growth direction. Horizontal
lines correspond to stoichiometric concentrations of Ge
and Sb (22.2 at %) as well as Te (55.6 at %) for GST225
compound.
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Fig. 3. HREM image of the GST film after annealing with
a peculiar crystalline block structure. One block is high-
lighted by white rectangle. 

[0001]

5 nm

A

B

1 1 12 2 2 2 2 2 2 2 2 23
GST Film Structure and Composition after Annealing
The electron microscopic study of a heat-treated

GST225 film demonstrated that annealing at 250°C
leads to a phase transition from the amorphous to
crystalline state as illustrated in Fig. 3 showing a high-
resolution electron microscopic image (HREM).
According to [7, 8, 21] the visualized block structure is
peculiar for the GST hexagonal phase; herewith, the
blocks are separated by so called van der Waals gaps
which are formed in the (0001) planes. The distance
between two adjacent gaps determines the lattice con-
stant  of the real GST compound. The maximum size
of the blocks reaches 3 nm; herewith, 17 atomic planes
are positioned between two adjacent gaps [21]. The
GST composition in the block is described by the gen-
eral formula GexSb2Te3 + x, whereas in the [0001]
direction the tellurium atomic planes alternate with
planes filled with atoms of germanium and antimony
in various ratios [8].

In the HREM image of the annealed GST film
(Fig. 3) the van der Waals gaps indicated by arrows
have dark contrast. The sizes of the GST blocks deter-
mined upon image analysis and equaling the lattice
constant c for most blocks equaled 2 nm, which corre-
sponds to Ge3Sb2Te6 (GST326) (blocks marked by 2 in
Fig. 3). In addition compounds with lattice constants
of 1.7 and 2.4 nm were detected (1 and 3 in Fig. 3),

c
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which can correspond to GST225 and Ge4Sb2Te7. A
peculiar feature is comprised of variations in the block
size in the (0001) plane leading to local displacement
of the van der Waals gap as illustrated in the insert
(Fig. 3).

The chemical composition in the film local area is
determined by the combination of constituent GST
blocks which made it possible to estimate the varia-
tions that occurred upon film annealing. The forma-
tion of numerous GST326 blocks in the film with stoi-
chiometry in the initial amorphous phase close to
GST225 evidences a trend toward a decrease in the
antimony content in the film upon annealing.

The HREM results correlate with the EDS data
according to which, in local areas of the film located
near surface defects (see below), the following con-
centrations were obtained: 28.9 for Ge, 17.6 for Sb, and
53.5 at % for Te, which is close to the theoretical values
for GST326. In other areas annealing did not lead to
variations in the average chemical composition of the
film, the concentrations of elements corresponded to
stoichiometry of the GST225 compound.

The gradient in the average distributions of Sb and
Te along the growth direction revealed in the initial
amorphous film remained after annealing, though the
differences in the concentrations of antimony and tel-
lurium in the top and bottom areas of the GST layer
decreased (Fig. 2b).

Surface Defects
Annealing of the GST film also resulted in signifi-

cant variations in the surface morphology revealed by
SEM (Fig. 4). Defects were formed on it as arbitrarily
located island formations of complex shape, quite
often close to truncated tetrahedrons and octahedrons.
Their lateral sizes varied in the range of 0.3–1.4 μm;
some defects are indicated by arrows in Fig. 4.
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 5  2019
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Fig. 4. SEM image of the GST film after annealing with
surface defects indicated by arrows. The insert illustrates a
TEM image of the transverse cross section of the film
taken along the dashed line with defects A and B. Letter C
denotes a cavity between the defects.

A

A

100 nm

2 μm

B

B

C
GST

Pt

Fig. 5. HREM image of the area of defect A in the orienta-
tion (110) highlighted by a dashed line in Fig. 4 and its
Fourier transform (insertion). 
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In order to estimate the average area of surface
defects of the GST film, SEM images were digitally
processed using Matlab software. During the first
stage experimental microimages were binarized using
a histogram of the intensity distribution. Its analysis
made it possible to detect the range of intensity corre-
sponding to surface defects. In the next stage the
obtained binary image was used to highlight the contours
of certain defects using the method of coupled compo-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
nents with a connectivity criterion based on eight neigh-
bors [22], then their areas were calculated. In the last
stage using a selection of about 650 defects it was estab-
lished that their average area was about 0.1 μm2 and the
part of surface area occupied by them was about 1%.

Analysis of the structure and chemical composition
of surface defects using the procedure of In-Situ Lift-
Out was performed with an electron microscopic sam-
ple which contained one thin foil transverse cross sec-
tion along the direction shown in Fig. 4 by the dash
and dot line. Due to such an approach it was possible
to compare the SEM and TEM images of some defects
(indicated by A and B in Fig. 4) and to establish that
the height of surface formations which could reach
several hundreds of nanometers is comparable with
their lateral sizes and significantly exceeds the thick-
ness of the GST film.

In order to reveal the structure of defects, HREM
images were acquired and their Fourier analysis was
performed. Such an image for a defect in the orienta-
tion (110) is exemplified in Fig. 5 with the respective
Fourier transform in the insert. It follows that the
defect is characterized by a cubic lattice with the con-
stant  nm. Chemical analysis in the region
illustrated in the insert (Fig. 4), revealed that the
defects contain about 41 at % antimony and 59 at %
oxygen; their ratio corresponds to the stoichiometry of
antimony oxide Sb2O3. The absence of germanium
and tellurium in the defects evidences that they are not
the GST material.

The results of the analysis of HREM images and
EDS data make it possible to conclude that the surface
formations which resulted from annealing are crystal-
lites of senarmontite Sb2O3 with a cubic lattice [23,
24]. They are similar to Sb2O3 crystals of cubic modi-
fication described in [23, 25] occurring on the surface
of antimony oxide after heat treatment and having a
shape close to a tetrahedron or octahedron.

The formation of the revealed Sb2O3 crystallites
could be attributed to the heterogeneous distribution
of chemical elements in the GST film, the top part of
which is enriched with antimony. As a consequence of
oxidation during annealing defects containing Sb are
formed on its surface [26]. Herewith, the antimony
concentration in the bulk of the GST layer decreases
which agrees with the TEM and EDS data, according
to which its average composition in local areas in the
vicinity of surface defects becomes close to the stoichi-
ometry of GST326 with a lower antimony concentra-
tion in comparison with the initial amorphous film
corresponding on average to the GST225 compound.

CONCLUSIONS
The structure and composition of both initial Ge–

Sb–Te thin films and those annealed at 250°C were
studied using SEM and TEM as well as X-ray spectral
microanalysis. It has been revealed that the initial
GST film was in the amorphous state, its average com-

1.11a =
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position was the same as that of GST225, however, in
the growth direction it is characterized by a significant
increase in the Sb content and a decrease in the Te
content which could be attributed to the peculiarities
of film formation by vacuum thermal evaporation.
During annealing the film material was solidified with
the formation of a block structure peculiar for the
GST hexagonal phase, defects were formed on its sur-
face with a shape close to a truncated tetrahedron or
octahedron and the average chemical composition in
local areas adjacent to defects varied and corre-
sponded to GST326.

Using the digital processing of SEM images it has
been determined that the sizes of surface defects varied
in the range of 0.3–1.4 μm, its average surface area was
about 0.1 μm2, and the portion of surface occupied by
them equaled 1%. Using high-resolution electron
microscopic images and X-ray microanalysis it was
demonstrated for the first time that such defects are
crystallites of senarmontite: a cubic modification of
antimony oxide Sb2O3 with the lattice constant

 nm. Their occurrence can be attributed to
enrichment of the surface layer of the initial amor-
phous film with antimony, the oxidation of which
under the action of annealing leads to the occurrence
of Sb containing island formations and modification
of the average chemical composition of the film.
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