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We study the optical properties and the band structures of �GeTe, Sb2Te3� pseudobinary compounds experi-
mentally and theoretically by using spectroscopic ellipsometry and density functional calculations. We measure
the dielectric functions of �GeTe, Sb2Te3� pseudobinary thin films—GeTe, Ge2Sb2Te5, Ge1Sb2Te4, Ge1Sb4Te7,
and Sb2Te3—by using spectroscopic ellipsometry. We anneal the thin films at various temperatures. According
to x-ray diffraction, the as-grown thin films are amorphous and the annealed films have metastable and stable
crystalline phases. By using standard critical-point model, we obtain the accurate values of the energy gap of
the amorphous phase as well as the critical-point energies of the metastable and stable crystalline thin films.
The optical gap �indirect band gap� energy of the amorphous �crystalline� thin films is estimated by the
equation, ��E�1/2=A�E−Eopt�ind��. As the Sb-to-Ge atomic ratio increases, the optical �band� gap energy of
amorphous �crystalline� phase decreases. Standard critical-point model analysis shows several higher band
gaps. The electronic band structures, the dielectric functions, and the absorption coefficients of the thin films
are calculated by using density functional theory �DFT� and are compared to the measured ones. The band-
structure calculations show in stable phase that GeTe, Ge2Sb2Te5, and Ge1Sb2Te4 have indirect gap whereas
Ge1Sb4Te7 and Sb2Te3 have direct gap. The band gaps of metastable phase have similar behavior. The mea-
sured indirect band-gap energies are compared to those of the electronic band-structure calculations. The
experimental critical-point energies of the pseudobinary compounds, especially GeTe, match well to those of
theoretical calculation. The DFT calculations show that the stable and metastable phases have similar dielectric
functions and absorption properties, etc., because of the similarity between the lowest-energy crystal structures
for both the stable and metastable phases. However, experimental results show that there exist important
differences between those of the stable and metastable phases. We discuss the discrepancy in terms of insuf-
ficient ordering of vacancies in the real materials of metastable phase.

DOI: 10.1103/PhysRevB.80.115209 PACS number�s�: 78.20.Ci, 78.66.Li, 78.40.Fy, 71.20.Nr

I. INTRODUCTION

Phase change materials such as the ternary �GeTe,
Sb2Te3� �GST� compounds are widely used for rewritable
optical storage applications, e.g., compact disk, digital ver-
satile disk, and Blue-ray disks. Beyond of those applications,
the GST compounds have been considered as a natural can-
didate for nonvolatile memory applications. These applica-
tions rely on a fast and reversible phase transition between
the crystalline and amorphous �AM� GST phases and due to
resistance difference between the crystalline and amorphous
phases, which yields a different optical contrast between
both phases.1,2 The recording and erasing processes in optical
and electrical storage devices employing thin GST films is
obtained upon short irradiation by a laser beam and a joule
heating of a very short electronic pulse, respectively.1,2 The
popular use of GST in optical storage applications have mo-
tivated a large number of experimental and theoretical stud-
ies of this class of compounds. However, as we will show
below, several questions remain open and are under intense
debate.

Recent experimental and theoretical studies have provided
a deep atom-level understanding of the structure properties

of the crystalline and amorphous phases. The GST com-
pounds crystallize into different phases, namely, stable and
metastable crystallines �s-GST and m-GST�, and amorphous
phases �a-GST�, which can be obtained by different anneal-
ing temperature. The s-GST phase crystallizes in hexagonal
structures with space groups P3̄m or R3̄m in which the Ge,
Sb, and Te atoms are stacked along of the c axis. The intrin-
sic vacancies originated from Sb2Te3 only separate the GST
building blocks. The m-GST phase crystallizes in rocksalt-
type �RS-type� structures in which the Ge, Sb, and intrinsic
vacancies occupy the cation 4b-type sites and the Te atoms
occupy the anion 4a-type sites. Recent first-principles calcu-
lations reported by Da Silva et al.3 found that at the lowest-
energy structures, the intrinsic vacancies form ordered layers
perpendicular to the c axis and hence the GST building
blocks are connected by weak binding interactions of few
meV. However, at nonequilibrium structures, the intrinsic va-
cancies might be randomly distributed in the cation sites.
Furthermore, they reported that lower energy structures can
be identified by maximizing the number of Te atoms sur-
rounded by three Ge and three Sb atoms �called the 3Ge-Te-
3Sb rule�. The amorphous phase has been widely studied and
a consensus has been achieved in a few points. For example,
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the majority atoms show covalent bonding and the coordina-
tions around the majority atoms of Ge, Sb, and Te satisfy 8-N
rules.4 The present knowledge of the atomic structure pro-
vides the path to obtain a better understanding of the optical
contrast between the crystalline and amorphous phases.
However, it is important to point out that the mechanism that
drives the phase transition from the metastable crystalline to
amorphous phases is still under intense debate. There are a
large number of studies on the phase-transition mechanism
between the crystalline and amorphous phases,5–11 as well as
on the electronic properties that determine the large differ-
ences in resistivity between both crystalline and amorphous
phases.12–14 Although those studies have provided a great
contribution to obtain an atomlike picture of the figures of
merit of GST compounds, in particular, Ge2Sb2Te5, a com-
plete picture that include other compositions is still contro-
versial. The GST compounds form three phases such as
amorphous, metastable, and stable phases as annealing tem-
perature increases.15–17 For example, in the case of
Ge2Sb2Te5, amorphous phase is transformed into metastable
RS phase at 140 °C and subsequently to stable hexagonal
�HEX� structure at 250 °C with increasing annealing
temperature.18,19 One end-point binary GeTe, which has only
stable crystalline phase, has a slightly distorted RS structure
stretched along �111� direction below 430 °C for unit cell
and can be described as HEX for conventional cell.16 The
other end-point binary Sb2Te3 has only rhombohedral �RH�
structure in crystalline phase and can be also described as
HEX for conventional cell.20 We note that the amorphous
phases are characterized by locally ordered motifs and long-
range disorder with the volume expansion of 6% compared
with the crystalline phases.21

The optical and electronic properties of �GeTe, Sb2Te3�
thins films have been studied by several groups.4,22–25 The
optical estimate of the optical gap energy of amorphous
phase and the lowest band gap of crystalline phase for
Ge2Sb2Te5 has been done by using the linear extrapolation of
the absorption coefficients.22 The optical properties and elec-
tronic structural properties of �GeTe, Sb2Te3� pseudobinary
thin films with increasing Sb/Ge atomic ratio were reported
for amorphous and stable phases by Park et al.26 Wełnic and
co-workers presented ab initio calculations of the optical
properties of GeTe and Ge1Sb2Te4 in the amorphous and
metastable phases and compared those properties to experi-
mental data. They reported the correlation between local
structural changes and optical properties as well as the origin
of the optical contrast in these materials. They attributed the
optical contrast between the two phases to the significant
changes in the transition matrix elements. According to
Shportko et al.,27 the dielectric functions of GST pseudobi-
naries in the infrared and visible energy range reveal that the
optical dielectric constant ���� is 70–200 % larger for the
crystalline than that of the amorphous phases. This difference
is attributed to a significant change in bonding between the
two phases, that is, the covalent bonding of the amorphous
phase and the resonant bonding of the crystalline phase. In
order to predict promising phase-change materials, Lencer et
al.28 went further in this resonant bonding model and devel-
oped a quantitative method, which is based on the ionic and
the covalent bonding characteristics. Thus, most of the stud-

ies have been done for the Ge2Sb2Te5 and so far there are
few reports on the systematic comparison between the opti-
cal properties and the electronic properties of �GeTe, Sb2Te3�
pseudobinary thin films of all three phases. For example, a
combined experimental and theoretical study of electronic
band structures of GST compounds as a function of Sb/Ge
ratio has not been reported as well as the fundamental gap
energies, the dielectric functions, and absorption coefficients
for all possible phases of amorphous, metastable, and stable
phases.

The information on the critical-point �CP� energies is ba-
sic to understand the electronic band structures of the chal-
cogenides, where CP is a symmetry point in E�k� band dia-
gram where the slopes of Ec�k� and Ev�k� are parallel.29 The
electronic band structures of the pseudobinaries are impor-
tant to understand the optical and electronic properties of the
chalcogenides. By using standard critical-point �SCP� model
analysis on the dielectric function spectrum, we can deter-
mine the CP energies experimentally, which can be com-
pared to the band-structure calculations.

In this work, we combine experimental ellipsometric tech-
niques with density functional theory �DFT� calculations to
obtain insights on the optical and electronic properties of
Ge2Sb2Te5, Ge1Sb2Te4, and Ge1Sb4Te7. Furthermore, for
comparison we study also the parent compounds of GeTe
and Sb2Te3. By using parametric optical constant �POC�
model, we estimated the dielectric functions ��=�1+ i�2
=N2= �n+ ik�2� for the amorphous and crystalline phases. The
optical �indirect band� gap energy of amorphous �crystalline�
phase was determined by the linear extrapolation of the ab-
sorption coefficients. We compared the dielectric functions
of the five GST compounds in amorphous, metastable, and
stable phases. This work shows how the dielectric functions
transform as the Sb-to-Ge atomic ratio increases and also as
the phase change occurs. By applying the SCP model on the
second derivative of the best-match dielectric functions, we
estimated the CP energies. From the DFT calculations we
calculated the electronic band structures, dielectric functions,
absorption coefficients, and CP energies. Those results are
discussed in comparison to experimental data.

II. EXPERIMENTS

The thin films of GeTe, Ge2Sb2Te5, Ge1Sb2Te4,
Ge1Sb4Te7, and Sb2Te3 pseudobinary thin films were grown
on SiO2�100 nm� /Si substrate at room temperature. By us-
ing radio-frequency sputtering of single GST targets, amor-
phous layers were prepared at RT with base pressure less
than 1.0�10−8 Torr. The compositions of as-prepared and
annealed GST layers were checked by inductively coupled
plasma atomic emission spectroscopy �Shimadzu ICPS-
8100�. The films are in the order of increasing Sb content and
the nominal thickness was about 100 nm. The films were
annealed either at 160 °C or at 250 °C for 5 min in the N2
gas ambient by using rapid thermal annealing for crystalliza-
tion.

Microstructures and crystal orientations were determined
by using a conventional x-ray diffractometer �MacScience
Model M18XHF, maximum power 18 kW�. We measured the
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ellipsometric angles �� and �� of the thin films by using the
spectroscopic ellipsometry �VASE model, J.A. Woollam Inc.�
at room temperature at various angles of incidence of 65°,
70°, and 75°. In order to improve the accuracy of the dielec-
tric function measurements, we employed autoretarder. A
conventional transmission electron microscopy study shows
the polycrystalline property and a very sharp interface be-
tween SiO2 and Ge2Te2Sb5 �not shown here�.

III. EXPERIMENTAL RESULTS

A. X-ray diffraction

Figure 1 shows the x-ray diffraction spectra of �a� as-
grown, �b� 160 °C-, and �c� 250 °C-annealed films. It can be
seen clearly that as-grown thin films are AM while the an-
nealed thin films show that the crystals are polycrystalline. In
Fig. 1�a�, we have broad peaks near 27° and 48° for AM
phase instead of sharp x-ray diffraction peaks. In the case of
160 °C annealing, GeTe mainly shows RS phase mixed with
a slight portion of AM phase, Ge2Sb2Te5, and Ge1Sb2Te4
shows RS phase, Ge1Sb4Te7 shows HEX phase, and Sb2Te3
shows RH phase. At 160 °C, GeTe appears to compose of a
major RS phase and a minor AM phase because a broad and
weak peak originating from AM phase exists between 26°
and 29°. In Fig. 1�b�, the metastable phase �RS phase� struc-
ture of the GST compounds has two main diffraction peaks
of �2,0,0� at 29.8° and �2,2,0� at 42.8° with a small �1,1,1�
peak at 26.7° while the stable phase �HEX phase� has

�1,0 ,−3� peak at 28.6° instead of 29.8° with a new peak of
�1,0 ,−6� at 39.0° as shown in Fig. 1.17,30 In the case of
250 °C-annealed films, GeTe has RS phase, GST com-
pounds have HEX phase, and Sb2Te3 has RH phase. We note
that the end-point binaries GeTe and Sb2Te3 films have RS
and RH structures, respectively, whether at 160 °C or at
250 °C. The Ge1Sb4Te7 thin film is known to have a RS
phase between 120 and 150 °C although we did not confirm
here.18 Based on the x-ray diffraction data, we can neglect a
possible residual AM phase for 250 °C-annealed films.

In summary, we found by using x-ray diffraction that the
as-grown thin films were amorphous and the thin films after
annealing at 160 °C showed distorted RS structure for GeTe,
Ge2Sb2Te5, and Ge1Sb2Te4, HEX structure for Ge1Sb4Te7
and RH structure for Sb2Te3. After annealing at 250 °C, the
thin films showed the same structures as those of 160 °C
annealing for GeTe, Ge1Sb4Te7, and Sb2Te3, respectively,
whereas the thin films showed HEX structure for Ge2Sb2Te5
and Ge1Sb2Te4.

B. Ellipsometry

Figure 2 shows the raw �discrete symbols� and the best-
match �solid lines� ellipsometric angles �� and �� for �a�
as-grown, �b� 160 °C-annealed, and �c� 250 °C-annealed
Ge2Sb2Te5 thin films. The angle of incidence was varied as
65° �circle�, 70° �triangle�, and 75° �rectangle�. The ellipso-
metric angles for other thin films are not shown here for
simplicity.

FIG. 1. �Color online� The �-2� scan spectra of x-ray diffraction of �a� amorphous, �b� 160 °C, and �c� 250 °C-annealed thin films of
GeTe, Ge2Sb2Te5, Ge1Sb2Te4, Ge1Sb4Te7, and Sb2Te3.
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We assumed four phase model of surface roughness
��10 nm�, main GST layer ��100 nm�, SiO2 layer �107
nm�, and Si substrate and estimated the layer dielectric func-
tions of the GST thin films by using POC model as shown in
Table I. We employ the POC model developed by Johs et
al.,31,32 which can provide a Kramers-Kronig-consistent
model dielectric function and has been successfully applied
to the dielectric functions of polymers as well as to crystal-
line and amorphous semiconductors. We note that a point-by-
point fitting provided the same layer dielectric functions as
those of POC model for most of the thin films. We adopted
an isotropic layer model even for HEX phase because they
are polycrystals.

We note that the amorphous �as grown�, 160, and 250 °C
thin films studied in our work were grown as the different

batch of samples and were grown a couple of months apart
from each other. Therefore, accurate comparison of the film
thicknesses, i.e., density change, due to phase transformation
is not possible in our work. In order to compare the change
in densities due to amorphous-to-crystalline phase transition
exactly, we have to compare the same film in different
phases. For example, we have to measure the thickness of an
amorphous film and then remeasure the thickness of the
same sample after annealing. The estimated roughness thick-
ness of amorphous and crystalline Ge2Sb2Te5 thin films in
our work is 4.2 nm �amorphous� and 7.4 nm �RS�, which is
consistent with literature values of, for example, 6 nm �amor-
phous� to 7.5 nm �fcc� for Ge2Sb2Te5 in Table I from Orava
et al.33 Lee et al.24 also noted that the best match of their
ellipsometric data was obtained with the estimated surface

FIG. 2. �Color online� The raw �discrete symbols� and fitted �solid lines� ellipsometric angles �� and �� for �a� as-grown, �b�
160 °C-annealed, and �c� 250 °C-annealed Ge2Sb2Te5 thin films. The angle of incidence was varied as 65° �circle�, 70° �triangle�, and 75°
�rectangle�.

TABLE I. The thin-film thickness of �GeTe, Sb2Te3� pseudobinary compounds estimated by the ellipsometry and the crystal structure of
the thin films determined by x-ray diffraction. The total layer thickness is the sum of those of the surface roughness layer and the main layer.
The uncertainty of the total layer thickness was about 0.4 nm with 95% reliabilities. We note that the surface roughness layer includes oxide
layer. Here, AM, RS, HEX, and RH denote amorphous, rock-salt, hexagonal, and rhombohedral phases, respectively.

Phase, thickness
�nm� GeTe Ge2Sb2Te5 Ge1Sb2Te4 Ge1Sb4Te7 Sb2Te3

As grown AM AM AM AM AM

116.5 �7.3/109.2� 137.3 �4.2/133.1� 112.6 �4.7/107.9� 162.1 �5.7/156.4� 159.7 �17.8/141.9�
160 °C annealed Mixture of RS and AM RS RS HEX RH

127.4�7.4/120.0� 111.1�9.8/101.3� 150.0�11.1/138.9� 170.0�22.3/147.7�
250 °C annealed RS HEX HEX HEX RH

101.4 �18.1/83.3� 109.5 �5.9/103.6� 96.0 �7.6/88.4� 137.0 �9.0/128.0� 151.3�26.6/124.7�
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layer thickness of 6 nm �RS� for Ge2Sb2Te5. Orava et al.33

also noted that the ellipsometric measurement may exagger-
ate the roughness thickness compared to the atomic force
microscopy measurement because ellipsometry cannot dis-
cern the surface roughness from the oxide overlayer. Indeed,
the estimated roughness thickness include oxide thickness as
well as true surface roughness. For group IV and III-V semi-
conductors, Aspnes and Studna34 have shown that spectro-
scopic ellipsometry cannot differentiate the surface rough-
ness from oxide overlayer. It has been reported that GST
ternary compounds may be subject to long-time oxidation.35

In the case of Si, the oxide thickness grows very slowly after
a rapid initial oxidation of 2 or 3 nm thickness. However, the
oxygen atoms seems to penetrate the GST thin films gradu-
ally and persistently for GST thin films although detailed
mechanism of the oxidation is not verified yet. However, in
the case of GeTe and Sb2Te3, the roughness estimated in our
study is somewhat large. Especially, one of the end-point
binary, Sb2Te3 has roughness thickness as large as 20 nm
whether as grown or annealed. Therefore, GeTe as well as
Sb2Te3 thin films may have either large roughness or sub-
stantial oxidation more severe than GST alloys.

Figure 3 shows the best-match dielectric functions ��1 and
�2� of various phases �AM, RS, HEX, and RH� by using
POC model for �a� GeTe, �b� Ge2Sb2Te5, �c� Ge1Sb2Te4, �d�
Ge1Sb4Te7, and �e� Sb2Te3. The amplitude of dielectric func-
tion increases in amorphous phase as Sb content increases.
We find a large change in the amplitudes between the dielec-
tric functions of amorphous and crystalline phases except
that of Sb2Te3. Furthermore, we also find a large change of
dielectric functions between RS and HEX phases for those of
Ge2Sb2Te5 and Ge1Sb2Te4.

Figure 4 is the plot of the absorption coefficients ��� of
various phases for �a� GeTe, �b� Ge2Sb2Te5, �c� Ge1Sb2Te4,
�d� Ge1Sb4Te7, and �e� Sb2Te3, which were derived from Fig.
3. The absorption coefficient � can be obtained from the
equation �=4�k /	, where k is the extinction coefficient and
	 is the wavelength. The absorption coefficients increase in
the order of AM, RS, and HEX. For Ge2Sb2Te5 and
Ge1Sb2Te4, the values of � for RS phase are in the middle of
those of AM and HEX in the spectral range between 2 and 3
eV.

IV. DENSITY FUNCTIONAL THEORY CALCULATIONS

Our band-structure calculations are based on the all-
electron projector augmented wave method36,37 and DFT
within the generalized gradient approximation of Perdew et
al.38 as implemented in VASP �Vienna ab initio simulation
package�.39,40 For all calculations, the Ge 3d states were con-
sidered as part of the valence, which implies 14 valence elec-
trons while for Te and Sb we considered six valence elec-
trons. For the band structures, dielectric functions, and
absorption properties, we employed a cutoff energy of 288
eV while the Brillouin-zone integration was performed using
a �18�18�6� k-point Monkhorst-Pack grid �202 k points in
the irreducible Brillouin zone of GeTe in the conventional
hexagonal cell�. The same k-point density was employed for
all other calculations. For the crystalline phases of GeTe,

GST, and Sb2Te3, we employed the structure models and
equilibrium lattice parameters reported in Ref. 3, which are
shown in Fig. 5 and Table II. Those structures were obtained
by a full relaxation of the volume, shape, and atomic posi-
tions of the unit cell to minimize the quantum-mechanical
stresses and forces. We note that the RS and RH crystal
structures are studied in the conventional HEX unit cell for
DFT calculations. The procedure used to obtain those crys-
talline �c-� GST structures as well as the structure mecha-
nisms derived from those DFT calculations are discussed in
details in Ref. 3. For the a-GST phase, we will employ the
a-GST structure models reported in Ref. 43, which were ob-
tained by first-principles molecular-dynamics simulations at
high temperatures using the same approach adopted in pre-
vious a-GST studies.6,44,45 For the electronic structure analy-
sis, all results were averaged over three model structures for
each composition in order to improve the quality of our
analysis by taking into account that different a-GST struc-
tures yields slightly different electronic properties. One
model crystal structures for each GST composition are
shown in Fig. 5 for visualization, however, its structure de-
tails will not be discussed in this work, as they are discussed
in Refs. 3 and 43.

V. DISCUSSION

As the c-GST compounds are described by hexagonal lat-
tices, the band structures of the GeTe and Sb2Te3 compounds
were calculated using also their conventional hexagonal lat-
tices even though their primitive rhombohedral cells are one
third smaller. Figure 6 shows the electronic band structures
of metastable and stable phases for GST compounds. Except
for the electronic band structure of quasi-isotropic GeTe,
those of other chalcogenides are very complex. We found
that GeTe has an indirect band gap, Eg, of 0.66 eV in which
the valence-band maximum �VBM� is located near the 

point while the conduction-band minimum is located at the L
point. The band gap at L point is 0.75 eV, i.e., only 0.09 eV
larger than the indirect band gap. Furthermore, in the valence
band the A point is higher by about 0.18 eV than the 
 point.
In contrast to the GeTe system, we found a direct band gap
of 0.17 eV for Sb2Te3 located at the 
 point. In the valence
band, the 
 point is higher by about 0.20 eV than the A point,
which is opposite to the GeTe in which the A point is higher
in energy.

In the combined GeTe and Sb2Te3 systems, i.e.,
�GeTe�m�Sb2Te3�n, we would predict that the electronic fea-
tures of both phases would be present, which is in fact ob-
tained in our calculations. We want to point out that our
results for the GST compounds in both metastable and stable
phases are based on calculations for the lowest-energy struc-
tures in which all intrinsic vacancies are ordered in planes
perpendicular to the c axis in the hexagonal lattice while at
real conditions the intrinsic vacancies in the metastable
phase might be randomly distributed. We found that the na-
ture of the band gap, i.e., indirect or direct, depends on the
composition. For all compositions, we found a larger band
gap for the metastable phase, e.g., 0.41 eV �stable� and 0.51
�metastable� eV for Ge2Sb2Te5, 0.43 eV �stable� and 0.55 eV

OPTICAL PROPERTIES OF PSEUDOBINARY GeTe, Ge… PHYSICAL REVIEW B 80, 115209 �2009�

115209-5



�metastable� for Ge1Sb2Te4, and 0.34 eV �stable� and 0.51
eV �metastable� for GeSb4Te7. In Table III, we summarized
the band gaps for GST pseudobinary compounds.

Our results for the nature of the band gap, i.e., direct or
indirect, should be taken with caution due to the small dif-
ferences between the indirect and direct band gaps as shown
in the band-structure diagram in Fig. 5. For example, let us
discuss the band gaps of stable phase. For Ge1Sb2Te4, our
results indicate an indirect band gap of 0.43 eV slightly away
from the A point, however, the direct band gap at the A point
is 0.46 eV, i.e., a difference of 0.03 eV. Furthermore, the
valence-band values at the 
 and A points differ by only

about 0.05 eV. We found a direct band gap for Ge1Sb4Te7
located at the 
 point, which is similar to Sb2Te3. This is
expected if we take into account that Ge1Sb4Te7 is composed
by one GeTe formula unit and two Sb2Te3 formula units.
Thus, even though we calculated only three compositions,
our results appear to indicate that GST compounds have a
slightly indirect band gap for high GeTe compositions and
direct band gap for high Sb2Te3 compositions for both stable
and metastable phases, which is consistent with the results
obtained for the end-point binaries, GeTe and Sb2Te3. That
is, GeTe, Ge2Sb2Te5, and Ge1Sb2Te4 have indirect gap, and
Ge1Sb4Te7 and Sb2Te3 have direct gap for stable phase.26,47

FIG. 3. �Color online� Best-match dielectric functions ��1 and �2� of various phases �AM, RS, HEX, and RH� by using POC model for
�a� GeTe, �b� Ge2Sb2Te5, �c� Ge1Sb2Te4, �d� Ge1Sb4Te7, and �e� Sb2Te3. Lines and lines with symbols denote dielectric functions of
amorphous and crystalline phases, respectively. Unfilled circular and triangle symbols denote the real and imaginary dielectric functions of
RS phase, respectively. Filled circular and triangle symbols denote the real and imaginary dielectric functions of HEX phase, respectively.
Finally, unfilled rectangular and diamond symbols denote the real and imaginary dielectric functions of RH phase, respectively.
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Figure 7 shows how to estimate the optical �indirect� gap
energies for �GeTe, Sb2Te3� pseudobinary thin films by the
linear extrapolation of the measured absorption coefficients.
The optical gap energy of the amorphous and the indirect
band-gap energy of crystalline thin films are estimated by the
equation ��E�1/2=A�E−Eopt�ind��.24 Figure 8 shows the esti-
mated optical �indirect band� gap energies for �GeTe,
Sb2Te3� thin films for various phases. In crystalline phase,
the indirect band-gap energy is about 0.5–0.6 eV whether in
RS, HEX, or RH phase. The band-gap energy of RS phase is
slightly smaller than those of HEX phase for Ge2Sb2Te5 and
Ge1Sb2Te4 whereas the band-structure calculations show the
opposite. The magnitude of our calculated band gaps are in
good agreement with experimental results taken into account
the well-known deficiencies in plain DFT to describe band

gaps in semiconductors systems. Even though the estimated
optical �indirect� gap energies are below our spectral range,
we could estimate them by using linear extrapolation
method.

The calculated fundamental band-gap energies decrease
as the Sb contents increases and the band-gap energies are
GeTe �0.66 eV�, Ge2Sb2Te5 �0.41 eV�, Ge1Sb2Te4 �0.43 eV�,
Ge1Sb4Te7 �0.34 eV�, and Sb2Te3 �0.17 eV� for stable phase.
The decrease in the indirect band gap for stable phase with
increasing Sb composition is consistent with the experimen-
tal results shown in Fig. 8. The calculated direct band-gap
energy for Ge1Sb4Te7 �0.32 eV� and Sb2Te3 �0.14 eV� is
below the experimental spectral energy range and therefore
they could not be compared to experimental values. Note
that in the literature the optical gap and band-gap energies of

FIG. 4. �Color online� Absorption coefficients ��� of various phases for �a� GeTe, �b� Ge2Sb2Te5, �c� Ge1Sb2Te4, �d� Ge1Sb4Te7, and �e�
Sb2Te3, which were derived from Fig. 3. They are plotted in the same scale.
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Sb2Te3 were reported to be 0.55–0.8 eV and 0.15–0.22 eV,
respectively, and are consistent with the measured optical
gap energy �0.52 eV� and the calculated band-gap energy
�0.14 eV� in our work.46

In Fig. 8, the experimental band-gap energy of RS phase
is slightly smaller than those of HEX phase for Ge2Sb2Te5
and Ge1Sb2Te4 whereas the band-structure calculations show
the opposite. In Table III, at the average, we found a smaller
band gap for the stable phase by 0.13 eV, whereas experi-
mental results found smaller band gaps for the metastable
phase, i.e., about 0.06 eV. This phenomenon may arise pos-

sibly because vacancies are not well ordered in real meta-
stable phase in contrast to the theoretical model.

In our data, the optical gap energy of the AM phase and
the indirect band-gap energy of RS and HEX band-gaps val-
ues of Ge2Sb2Te5 are 0.80, 0.50, and 0.57 eV, respectively, in
contrast to the calculations of 0.51 eV �RS, metastable� and
0.41 eV �HEX, stable� as shown in Table III and Fig. 8.24,44

These values match well with literature. For example, Lee et
al.24 reported that the optical gap energy for Ge2Sb2Te5 in
AM phase is 0.7 eV whereas that of RS �and HEX� phase is
0.5 eV. Kato and Tanaka35 reported for Ge2Sb2Te5 that the
optical gap energy is 0.74 eV for AM phase and the indirect-
gap energy is 0.5 eV for both RS and HEX phases. Lee et
al.48 measured the VBM of Ge2Sb2Te5 by using photoemis-
sion spectroscopy and reported that the VBM increases for
amorphous-to-RS structural transition whereas no change for
RS-to-HEX transition.

In order to compare to the experimental dielectric func-
tion in Fig. 3, we calculated the dielectric functions �real and
imaginary parts� by using the longitudinal pseudopotential
approach as implemented in VASP,49,50 which has been used
in the study of semiconductors.51 In this approach, the tran-
sition matrix elements between the valence and conduction
bands are used to derive the imaginary part of the dielectric
function while the real part of the dielectric functions is ob-
tained from the imaginary part through the Kramers-Kronig
relations.52 In order to obtain consistent and accurate dielec-
tric functions, the number of states in the conduction band
�empty bonds� was set to half of the number of valence elec-
trons in each supercell as a rule. For example, for GeTe, we
have 240 electrons in the conventional hexagonal cell, which
implies 120 empty states in the conduction band. Due to the
hexagonal lattice of the c-GeTe, c-GST, and c-Sb2Te3 com-
pounds, there are two different components for the dielectric
functions, i.e., parallel and perpendicular components, which
are averaged ��=

��+2��

3 � in the present work and will not be
discussed separately.

Figure 9 shows the calculated real and imaginary parts of
the dielectric function for amorphous, metastable, and stable
phases for GST compound thin films. In the case of stable
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FIG. 5. �Color online� Crystal structures for �GeTe, Sb2Te3�
pseudobinary compounds for metastable and stable phases.

TABLE II. Lattice parameters of the GeTe, GST, and Sb2Te3 compounds. a0 is given per �1�1�1� unit
cell while c0 is given per number of building blocks in the �1�1�1� hexagonal cell. The numbers in
parentheses are obtained using the lattice constants of GeTe and Sb2Te3. The experimental results for the
metastable phase are obtained from the averaged a0

RS-type.

Stable hexagonal GST structures Metastable rocksalt GST structures

a0

�Å�
c0

�Å�
a0

�Å�
c0

�Å�

GeTe 4.23 4.17a 3.64 3.54a

Ge2Sb2Te5 4.27 4.22b 17.89 17.24b 4.27 4.26b 18.36 17.40b

Ge1Sb2Te4 4.31 4.27c 14.04 13.90c 4.30 4.27c 14.38 13.96c

Ge1Sb4Te7 4.32 24.42 4.30 25.26

Sb2Te3 4.34 4.26d 10.43 10.15d

aExpt. Ref. 16.
bExpt. Ref. 19.
cExpt. at 873 K, Ref. 41.
dExpt. Ref. 42.
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phase, in accordance with the experimental dielectric func-
tion spectra in Fig. 3, the main peaks of the imaginary di-
electric functions are located between 1 and 2 eV, and the
amplitudes of pseudobinary compounds are larger than those
of the end-point binaries.23,27 In Fig. 9 we found small dif-
ference between the stable and metastable phases, which re-
flects their minor structure differences �Te stacking� as the
intrinsic vacancies form ordered structures perpendicular to
the c axis in both cases at their lowest-energy structures in

theoretical model.3 However, experimentally we found large
difference between the dielectric functions between meta-
stable and stable phases as is shown in Fig. 3.

We found clear differences between the crystalline and
amorphous phases both experimentally and theoretically,
which can provide insights into the electronic structure dif-
ferences between both phases. For example, the real part of
the dielectric function at the zero energy limit has different
values for both phases. In particular, the amorphous phase

FIG. 6. Electronic band structures of metastable and stable phases for �GeTe, Sb2Te3� pseudobinary thin films.

TABLE III. Interband transition and band-gap energy of �GeTe, Sb2Te3� pseudobinary thin films calculated by using DFT.

Amorphous phase Metastable phase Stable phase

Optical gap energy
�eV� Interband transition

Band-gap energy
�eV� Interband transition

Band-gap energy
�eV�

GeTe 0.80a Kv-
v↔
c Eind=0.66 �0.61a�
Ge2Sb2Te5 0.80a,0.7b,0.74c 
v↔
c away Eind=0.51 �0.5a,b,c� 
v↔
c away Eind=0.41 �0.57a, 0.5b,c�
Ge1Sb2Te4 0.71a Av↔Ac away Eind�dir�=0.55 �0.49a� Av↔Ac away Eind=0.43 �0.55a�
Ge1Sb4Te7 0.70a Av↔Ac �
v↔
c� Eind=0.51 Av↔Ac Edir=0.34

Sb2Te3 0.52a,0.55–0.8d 
v↔
c Edir=0.17 �0.15–0.22d�
aExpt. in this work.
bExpt. Ref. 24.
cExpt. Ref. 35.
dExpt. Ref. 46 and references therein.
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has a smaller dielectric function for all compositions, which
is also consistent with recent experimental results by
Shportko et al.27 Furthermore, we can see in Fig. 9 that it is
composition dependent, i.e., large difference for Ge2Sb2Te5
and smaller for Ge1Sb4Te7. The calculated dielectric constant
values �� are summarized in Table IV along with reported
experimental results.27 Clearly, our results are overestimated
compared with experimental results, which is a simple con-
sequence of the underestimation of the band gap for the
amorphous phase, in particular. However, the trends are cor-
rectly described.

In order to obtain further insights, we also calculated the
absorption coefficients from the imaginary and real parts of
the dielectric functions.53 Figure 10 shows the calculated ab-

sorption coefficients for amorphous, metastable, and stable
phases for various GSTs. As expected, we obtained small
differences between the crystalline stable and metastable
phases in contrast to the substantial difference of experimen-
tal data in Fig. 4. For all compositions and phases, we do not
obtain strong absorption for energies below 1.0 eV due to the
weak transitions for energies below the band gap. For the
crystalline phases we observe a substantial increasing in the
absorption for energies above 1.0 eV up to about 2.5–3.0 eV,
from which the absorption drops slowly. However, a differ-
ent behavior is observed for the amorphous phase. For the
amorphous phase, the absorption increases almost linearly up
to about 3.0 eV.

The small difference of both the calculated dielectric
functions and the absorption coefficients between RS and
HEX phases for GST compounds in Figs. 9 and 10 are in
contrast to the substantial difference of those of the experi-
mental data for Ge2Sb2Te5 and Ge1Sb2Te4 in Figs. 3 and 4.
For the metastable phase, as we noted in Sec. III, the distri-
bution of the intrinsic vacancies depends on the growth/
annealing conditions, and hence, this effect is not taken into
account by our calculations where the metastable phase has a
complete ordering of voids. The DFT calculations shows that
the both stable and metastable phases have similar absorp-
tion and dielectric functions, etc, because of the similarity
between the lowest-energy structures for both the stable and
metastable phases. However, the experimental results in

FIG. 7. �Color online� Estimate of the optical �indirect� gap
energies for �GeTe, Sb2Te3� pseudobinary thin films by the linear
extrapolation of absorption coefficients.

FIG. 8. �Color online� The best-match optical �indirect� gap en-
ergies for �GeTe, Sb2Te3� pseudobinaries by using linear extrapola-
tion of absorption coefficients. The uncertainty was about 0.01eV.
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FIG. 9. �Color online� Calculated �a� real and �b� imaginary
parts of the dielectric function for amorphous, metastable, and
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TABLE IV. Dielectric constant �� of GeTe, GST, and Sb2Te3.
The s-GST, m-GST, and a-GST indicate stable, metastable, and
amorphous GST. Note. The numbers in parentheses are experimen-
tal results from Ref. 27.

s-GST m-GST a-GST

GeTe 39.28�33.2�
Ge2Sb2Te5 45.75 40.85�33.3� 28.82�16.0�
GeSb2Te4 45.46 39.15�36.2� 26.97�16.6�
GeSb4Te7 44.99 36.59 32.53

Sb2Te3 45.36
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Figs. 3 and 4 show that there exist important differences
between those of the stable and metastable phases. This phe-
nomenon may occur because the intrinsic vacancies of the
real thin films are not ordered as in the lowest-energy meta-
stable structures. Thus, these results imply that the structure
of the metable phase depends on the experimental prepara-
tion. We empathize that we use the lowest-energy structures
for metastable phases for theoretical model. Therefore we
need equilibrium structure for a particular temperature in
which the vacancies are disordered. The difference and simi-
larity between metastable and stable phases has been inves-
tigated by Matsunaga et al.19 They, indeed, noted that the
stable phase has no vacancy in the Ge/Sb layer, whereas the
metastable phase have vacancies in the layer. The dielectric
functions and the band-gap energies of amorphous and crys-
talline phases were also studied by using optical spectros-
copy, DFT, and resonant bonding model by others; Ref. 23
only considered the dielectric functions of amorphous and
metastable phase of GeTe and Ge1Sb2Te4. Reference 27
measured the dielectric functions and band gaps of several
GST pseudobinary compounds and explained the large en-
hancement of polarizability of crystalline phase over amor-
phous phase in terms of resonant bonding model.

The SCP model assumes simple parabolic dispersion re-
lations for the valence and conduction bands for semicon-
ductors. The SCP line shape equation is given by29

��E� = C − Aei��E − Eth + i
�n, �1�

where the CP is described by the amplitude A, the threshold
energy Eth, the broadening 
, and the excitonic phase angle
�. The exponent n takes the values of −1 /2 for one-
dimensional, 0 �logarithmic, i.e., ln�E−Eth+ i
�� for two-

dimensional, and 1/2 for three-dimensional CPs. Discrete ex-
citons are represented by n=−1. Here the excitonic phase
angle � represents a coupling between the discrete exciton
states and continuum band states or a mixture between two
CPs. To remove the background contribution, we fit the sec-
ond derivative of the dielectric function with respect to en-
ergy �d2� /dE2� by using the SCP model. The SCP model is a
generalization of Lorentzian oscillator and has been success-
fully applied to polymers as well as semiconductors.54 By
using SCP model, we obtained the accurate values of the
optical transition energy of the amorphous thin films as well
as the CP energy of the crystalline thin films.29 In the case of
amorphous semiconductors, the SCP model can be still ap-
plied as a phenomenological model even though the band
picture is not applicable.

Figure 11 shows the second derivative spectra of the di-
electric functions, �=�1+ i�2= �n+ ik�2 of Fig. 3. We denoted
the CP energies as Ea ,Eb ,Ec ,Ed , . . . in the order of increasing
band-gap energy. In Fig. 11, the Ea CP energy decreases after
crystallization except for Ge1Sb2Te4. This is consistent with
the fact that the indirect-gap energy of the crystalline phase
is smaller than the optical gap energy of the amorphous
phase.23,24 The main optical structure arises between 1 and 2
eV regions. Figure 11 also shows that several optical struc-
tures appear as a result of crystallization. In Fig. 11, we
found that the excitonic fitting was the best compared to
one-, two-, and three-dimensional CP fitting for both amor-
phous and crystalline phases. We attribute the exciton best
match to the localization of the electronic wave function both
in the crystalline and amorphous phases of �GeTe, Sb2Te3�
pseudobinaries. The localization of wave functions can lead
to strong interactions among electrons.29 The thin films are
disordered by defects of various kinds, which can lead to the
localization of electronic wave functions. Even the end-point
binary GeTe has substantial intrinsic vacancies.55 GST
pseudobinaries have intrinsic vacancies because of the im-
balance between the number of cations and that of anions.
Sb2Te3 has antisites as main defects.20 Table V shows the
measured CP energies for various �GeTe, Sb2Te3� pseudobi-
nary thin films. Note that GeTe has a very large dielectric
constant ���=36� and thus the Coulomb interaction between
electrons can be strongly screened. Therefore the exciton
best match in the spectra of the dielectric function may sug-
gest a deeply localized character of electronic wave functions
for the chalcogenides.56 This argument can be generalized to
other GST compounds. In the case of delocalized wave func-
tions associated with band-to-band transition, the CP can be
fitted by one-, two-, or three-dimensional line shape in the
SCP model. The coexistence of localization and band-
structure aspects in optical spectra was discussed in detail by
Toyozawa et al.57 One can derive a line shape expression of
an optical spectra in which exist the both aspects, namely, the
metastable excitons �or quasilocal modes� on the one hand
and the Van Hove singularities on the other hand.57 Excitons
can survive even with increasing disorder associated with
AM phase. For example, reflectance spectra of solid and liq-
uid xenon showed that excitons can persist even with the
lattice disorder associated with liquid state.58

We can also obtain the CP energies of the uniaxial GST
compounds from the electronic band structure in Fig. 6. The
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pseudobinary thin films.
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direct comparison of the measured and the calculated CP
energies was difficult because the band structures are very
complex except that of GeTe due to the large unit-cell sizes
and the thin films were polycrystalline rather than single
crystalline. However, the experimental values of the indirect
band gap and the CP energy of the polycrystalline phase
provide rough estimate of the electronic band structure of the
single-crystalline films. In the case of Si, the CP energy val-
ues of polycrystalline phase are similar to those of single-
crystalline phase. Of course, the CP energy values of the
uniaxial GST single crystals differ depending on whether the
field direction is along the ordinary or the extraordinary axis.

Critical points can be easily found for GeTe from Fig. 6 of
the calculated band structure because of quasi-isotropic crys-
tal structure. We get 0.7, 1.2, 1.7, 2.0, 2.3, 3.3, and 3.8 eV for
CP energies, where bold font numbers match well with ex-
perimental ones in Fig. 11. Experimentally the measured CP
energies are only a subset of calculated ones because the
experimental data are a sort of weight-averaged dielectric
function of the anisotropic dielectric function. We also found
that the experimentally determined the CP energies of other
GST compounds are subset of those estimated by the band
calculations. They are not shown here because there are so

FIG. 11. �Color online� Second derivative spectra of the dielectric functions, �=�1+ i�2= �n+ ik�2 of �a� GeTe, �b� Ge2Sb2Te5, �c�
Ge1Sb2Te4, �d� Ge1Sb4Te7, and �e� Sb2Te3 from Fig. 3. Circular and triangle symbols denote the real and imaginary parts of the second
derivative spectra of the dielectric functions, respectively. The lines denote the best-match curves by using the SCP model. We denoted the
band-gap energies as Ea, Eb, Ec, Ed, and Ee in the order of increasing band-gap energy. The uncertainty was about 0.05 eV with 95%
reliabilities.

PARK et al. PHYSICAL REVIEW B 80, 115209 �2009�

115209-12



many calculated CP energy values for other GST com-
pounds.

VI. CONCLUSION

We measured the dielectric functions of �GeTe, Sb2Te3�
pseudobinary thin films—GeTe, Ge2Sb2Te5, Ge1Sb2Te4,
Ge1Sb4Te7, and Sb2Te3—by using spectroscopic ellipsom-
etry. In the case of the amorphous thin films, the amplitudes
of the complex refractive indexes increased as the Sb-to-Ge
atomic ratio increases. In the case of the annealed HEX thin
films, the amplitudes of Ge-containing thin films increased
significantly compared to those of the amorphous thin films,
whereas that of Sb2Te3 increased slightly. By using SCP
model, we obtained the accurate values of the energy gap of
the amorphous phase as well as the CP energies of the crys-
talline films. These band-gap energy values are compared to
those determined by the method of linear extrapolation of the
optical absorption. As the Sb-to-Ge atomic ratio increased,
the optical gap energy of amorphous phase decreased from
0.8 to 0.52 eV and the indirect band-gap energy of crystalline
phase decreased from 0.61 to 0.5 eV. The second derivative
spectra of the dielectric functions with SCP model analysis
show several higher band gaps. The electronic band struc-
tures, dielectric functions, and absorption coefficients of the
thin films are calculated by using DFT and are compared to
the measured ones. The band-structure calculations show that
the crystalline phase of GeTe, Ge2Sb2Te5, and Ge1Sb2Te4
have indirect gap whereas that of Ge1Sb4Te7 and Sb2Te3

have direct gap. The experimental CP energies of the pseudo-
binary compounds, especially GeTe, match well to those of
theoretical calculation. The measured indirect band-gap en-
ergies are compared to the electronic band-structure calcula-
tions. The stable phase of GST compounds has a smaller
band gap of 0.13 eV in band-structure calculations, whereas
experimental results found smaller band gaps for the meta-
stable phase, i.e., about 0.06 eV. Moreover, experimentally
there are large differences between the dielectric functions
and absorption coefficients of both the metastable and stable
phases in contrast to the predicted small differences of those
properties from the DFT calculations. We attributed the dis-
crepancy to the insufficient ordering of vacancies in the real
materials of metastable phase. In this work, we studied all
three phases �amorphous, metastable, and stable phases� for
�GeTe, Sb2Te3� pseudobinary compounds. We calculated the
full band structures, the band-gap energies, the CP energies,
the dielectric functions, and the absorption coefficients, and
finally compared those to the experimental data.
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