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Abstract—Extensive studies of Ge,Sb,Tes material are associated with the possibility of producing multilevel
nonvolatile elements for high-speed integrated optical functional circuits. The principle of multilevel record-
ing in such devices is based on the formation of partially crystallized regions with substantially different opti-
cal properties in Ge,Sb,Tes thin films. To predict the parameters of the effect initiating phase transformations
and to reliably provide a reversible transition between many logic states, it is necessary to have reliable data
on the optical characteristics of Ge,Sb,Tes thin films in states with different degrees of crystallinity and on
the conditions of attainment of such states. In the study, the influence of the phase state of Ge,Sb,Tes films
on the extinction coefficient and refractive index and variations in the optical band gap in relation to the tem-
perature of heat treatment are investigated. Ge,Sb,Tes thin-film samples are examined by means of atomic-
force microscopy, X-ray phase analysis, and energy-dispersive microanalysis to determine the film thickness,
morphology, phase state, and composition. By spectroscopic ellipsometry, the spectra of the ellipsometric
angles y and A (the amplitude and phase components of the light wave) are obtained, and the extinction coef-
ficient and refractive index are determined. The influence of the layer models and mathematical models on
calculation of the dispersions of the optical parameters of Ge,Sb,Tes films is considered. A substantial
increase in the extinction coefficient and refractive index at the wavelength 1550 nm on heat treatment at tem-
peratures higher than 200°C is established. It is shown that the optical band gaps of Ge,Sb,Tes thin films in
the amorphous and crystalline states are 0.71 and 0.47 eV, respectively. It is found that the dependences of the
extinction coefficient, refractive index, and band gap on the degree of crystallinity of Ge,Sb,Tes thin films
are close to linear.

Keywords: multilevel devices, nanophotonics, phase-change memory, thin films, Ge,Sb,Tes, ellipsometry,
refractive index, extinction coefficient, optical band gap, crystallization, degree of crystallinity
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INTRODUCTION

Over the last five years, nonvolatile electric phase-
change memory (PCM) devices based on chalco-
genide semiconductor compounds of the Ge—Sb—Te
system have been successfully used as storage-class
memory (SCM) units [1]. Electric PCM devices pro-
duced by the Intel corporation on the basis of materi-
als of the Ge—Sb—Te system by the 3D-Xpoint, Intel
Optane, technology possess a 1000-times higher oper-
ating speed compared to that of NAND flash memory
[2] and a 4.5-times higher information-recording den-
sity compared to that of dynamic random access

memory (DRAM) manufactured by the 20-nm tech-
nology.

As the amorphous state transforms into the crystal
state upon exposure to laser-radiation pulses [3] or
under the action of current [4], a substantial change in
the optical properties of Ge—Sb—Te thin films is
observed. The possibility of forming intermediate,
partially crystallized states [S] opens up wide prospects
for creating multilevel-cell (MLC) nonvolatile ele-
ments of high-speed integrated optical functional cir-
cuits that allow the recording of more than two logic
states [6]. The engineering of nonvolatile nanopho-
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Fig 1. Spectra of the extinction coefficient and refractive index for (a, b) the amorphous and (c, d) crystalline Ge,Sb,Tes thin

films [13, 14, 16, 18—21].

tonic elements capable of providing a multilevel
change in the parameters of optical signals is of partic-
ular importance for the further development of nano-
photonics and integrated optics as well as for the cre-
ation of more efficient computing neural networks [7].

The principle of operation of reconfigurable multi-
level nanophotonic PCM devices is based on the pro-
cesses of crystallization and amorphization and, cor-
respondingly, the different relationships between two
phases for functional regions of thin-film materials of
the Ge—Sb—Te system. These processes can be initi-
ated by exposure to a high temperature [8], by laser
radiation [3], or by an electric current [4]. By varying
the parameters of the initiating effect, it is possible to
form totally amorphous or totally crystalline (face-
centered cubic (FCC) and hexagonal close-packed
(HCP)) states as well as states with different volumes
of amorphized and crystallized materials (partial crys-
tallization) in the functional region. It is the possibility
of forming states with different degrees of crystallinity
and the considerable contrast between the optical
properties of these states that allow the creation of a
multilevel system with a reasonable signal-to-noise
ratio. To date, it has been demonstrated that, in prin-
ciple, it is possible to create an efficient 5-bit nonvol-

atile full-optical-memory element that can store more
than 34 nonvolatile states in one cell [9].

When producing multilevel memory elements, one
encounters a number of unsolved problems. Most
studies are concerned with the optical properties of
totally amorphous or totally crystalline Ge,Sb,Te;
films; these properties define the maximum attainable
optical contrast [10, 11]. Analysis of the results
obtained for amorphous and crystalline samples by
spectrophotometry [12] and ellipsometry (Fig. 1)
shows a considerable spread of the data. Such a spread
can be caused by the specific features of the produc-
tion of Ge,Sb,Tes films, different conditions of crys-
tallization, and different approaches and models used
in the stage of processing of the experimental results;
for example, the Tauc—Lorentz [13, 14], Cauchy [15],
and Cody—Lorentz [16] models of the dispersion of
optical constants are used.

To predict the parameters of the effect initiating
phase transformations and to reliably provide a revers-
ible transition between many logic states, it is neces-
sary to have verifiable and reliable data on the optical
parameters of Ge,Sb,Te; films in states with different
degrees of crystallinity and on the conditions of pro-
duction of such films. At the same time, measure-
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Fig 2. AFM results: (a) image of the stepwise surface, (b) the cross-section profile of the step (with indication of the film thick-
ness), and (c) the surface morphology of the as-deposited Ge,Sb,Tes thin film.

ments should be performed under identical condi-
tions, which allows one to exclude additional errors
associated, for example, with the thermal-optical
effect [17].

The results of studying the optical properties of
partially crystallized Ge,Sb,Tes films by spectropho-
tometry are reported in [12]. The ellipsometry tech-
nique allows one to determine the ellipsometric angles
v and A that describe the elliptical polarization of light
reflected from the interfaces of a multilayer sample.
Then, with the use of an appropriate model, one can
quickly determine the optical parameters (refractive
index and extinction coefficient) of thin films formed
on nontransparent substrates. This procedure is dis-
tinguished by a high sensitivity to surface features.
Compared to the spectrophotometric methods, this
technique provides a higher accuracy, since there is no
need to measure the transmittance and reflectance of
highly absorbing Ge,Sb,Te; thin films.

The purpose of this study is to investigate the
optical properties of amorphous, partially crystal-
lized, and crystalline Ge,Sb,Tes thin films by means
of ellipsometry.

EXPERIMENTAL

We studied Ge,Sb,Tes thin films formed by the
magnetron-assisted sputtering of a polycrystalline tar-
get. During deposition, the argon pressure was 5.7 -
10~! Pa, and the power was 100 W. For substrates, we
used n-Si:B wafers with a resistivity of p = 12 Q cm.

The testing of as-prepared Ge,Sb,Tes thin-film
samples with a Solver P47-Pro atomic-force micro-
scope (AFM) shows that the thickness of all of the
films under study is ~101 nm and the root-mean-
square (rms) roughness is no larger than 1 nm (Fig. 2).
From the results of studies with an FEI Titan Themis
200-80 transmission electron microscope (TEM) with
an attachment for energy-dispersive microanalysis, it
is established that the deposited films feature a uni-
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form distribution of composition throughout the
thickness and a distribution close to that in Ge,Sb,Te;
films. The structure of the Ge,Sb,Te; films was stud-
ied by X-ray phase analysis (Rigaku SmartLab). The
X-ray diffraction patterns of the as-prepared amor-
phous Ge,Sb,Tes films show a characteristic amor-
phous halo, which suggests a noncrystalline phase of
the films. At the same time, heat treatment of the thin
films at a temperature of 250°C brings about the
appearance of reflections, whose position is charac-
teristic of cubically structured NaCl-type Ge,Sb,Te;
films.

In order to determine the temperature region of
crystallization and to choose the heat-treatment tem-
perature facilitating the formation of partially crystal-
lized samples, we studied the temperature depen-
dences of the resistivity of Ge,Sb,Tes thin films in an
argon flux, using a hardware—software complex sys-
tem based on a Linkam HFS600E-PB4 heating table.
The current was measured at a field strength of
0.77 V/cm with a rate of 1 point/s in the temperature
range from room temperature to 300°C; the heating
rate was 5°C/min. From Fig. 3, it can be seen that the
phase transition from the amorphous state to the crys-
talline state is accompanied by a decrease in the resis-
tivity of the Ge,Sb,Tes thin film and occurs in the
temperature range 170—200°C. With regard to these
data, we selected 11 values of the heat-treatment tem-
perature for further investigation of the samples (see
Fig. 3). Heat treatment consisted in heating of the
samples to one of the chosen temperatures, with sub-
sequent cooling in an argon flux with the rate
5°C/min. No holding of the samples at the maximum
temperature reached upon heating was performed.

The spectra of the ellipsometric parameters /. and
I, which determine the characteristics of a light wave
after being reflected from the sample were recorded
with a Horiba Uvisel 2 spectroscopic ellipsometer in
the wavelength range 200—2100 nm with a wavelength
step of 5 nm; the tilt angles of the polarizer and ana-
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Fig 3. Dependence of the resistivity of the Ge,Sb,Tes thin
film on the annealing temperature. (Open squares and cir-
cles correspond to the annealing temperatures chosen for
studies of the optical properties.)

lyzer were 70°. Using the parameters /I, and I, we
determined the spectra of the ellipsometric angles
and A, the refractive indices n, the extinction coeffi-

cients k, the optical band gaps E,"", and the film thick-
nesses. Controlling the operation of the ellipsometer
during measurements and subsequent determination

of the results by simulation were conducted with the
use of DeltaPsi2 (Horiba) software.

RESULTS AND DISCUSSION

The spectra of the ellipsometric angles y and A
were obtained for samples in the amorphous state and
after heat treatment at the temperatures chosen. As an
example, Figure 4 shows the results of measurements
for the as-prepared amorphous sample and the sample
subjected to heat treatment at a temperature of 250°C.

Using the spectral characteristics obtained with the
ellipsometer and an appropriate model of the disper-
sion of optical constants, we can obtain the spectra of
the complex refractive index and extinction coeffi-
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cient, calculate the complex dielectric function, and
estimate the layer thicknesses for the samples. The
choice of models of the optical constants is diverse and
depends on the type of the material, the spectral
region, etc. To interpret the results of the ellipsometry
measurements for amorphous thin films, including
Ge,Sb,Tes films, the Tauc—Lorentz [13, 14] and
Cody—Lorentz [16] models are used most often.

The Tauc—Lorentz model was developed by Jelli-
son and Modin on the basis of the Tauc density of
states and the Lorentz oscillator [22]. If the photon
energy E exceeds the optical band gap, the imaginary
part of the dielectric function, &,(FE), can be deter-
mined in this model from the relation

AEC(E — EX™) 1
(E*-E;)) +C’E’E’
E > E™.

ex(E) = T(E)L(E) =

IfE < E;”, &(E) =0.

The Cody—Lorentz model was proposed by Fer-
lauto et al. [23]. The specific feature of application of
this model to the calculation is inclusion of the Urbach
energy that describes the extent of the density of local-
ized states of band tails in the mobility gap of an amor-
phous semiconductor. The functional form of the
model is defined by a system of two relations

e (E):EIG(EI)L(EI)CX E-E . 0<E<E,
2 E p £ t
u

E_Eopt 2
SZ(E)=G(E)L(E)={ ( 2 ) }

opt\2 2
(E-E) +E;

y AE,TFE
(E> - E)) +T°E’
Using the Cody—Lorentz model, one can obtain
seven parameters, including the energy FE, that sepa-

rates the prevailing contribution of the absorption at
localized states of the Urbach tail at 0 < £ < E, from the

} E>E.
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Fig. 4. Spectra of the ellipsometric angles ¢ and A for (a) the amorphous and (b) crystalline samples.
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contribution of fundamental absorption at interband
transitions, the energy E;, that describes the transition

from absorption at E < (E, + E,”) to absorption at

E > (E, + E,") described by the Lorentz model, and
the Urbach energy E|,.

Figure 5 shows the dependences of the imaginary
part of the dielectric function on the photon energy
and explains the principle of determination of the fol-

lowing parameters: the optical band gap E,", the
maximum of the absorption intensity A, the energy
corresponding to the peak of the density of states £,
and the peak broadening factor C [24].

Apart from the mathematical model, the layer
model of the sample substantially influences the
results. The simplest case is the use of two-layer
model I. In this model, the sample consists of a Si*
substrate and the Ge,Sb,Tes thin film to be studied.
However, in model I, the adjacent layers, e.g., oxides
formed in air are disregarded, and it is assumed that
the film surface is ideally smooth. For this reason, we
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compare several layer models to judge the effect of
individual layers on the result of simulation. In
model 11, account is taken of a surface layer that sim-
ulates the roughness of the Ge,Sb,Tes thin film. This
layer is specified as a mixture of air and Ge,Sb,Tes
material in the ratio 1:1. In model III, it is assumed
that the surface of the Ge,Sb,Tes film is ideally
smooth, but account is taken of the natural silicon-
oxide layer sandwiched between the Ge,Sb,Tes film
and the Si* substrate. Model IV takes into account all
of the above-listed layers and can be represented by
the Si*/Si0,/Ge,Sb,Tes/(Ge,Sb,Tes + air (1:1))
structure.

Using the above-described layer models and the
Tauc—Lorentz model, we obtained the dependences
shown in Fig. 6a and the simulation output parameters
listed in Table 1.

The results of simulation are substantially influ-
enced by the layer model, especially by consideration
for the surface layer of the Ge,Sb,Tes film with air (1:1).
The calculated dispersions of the optical parameters
can be conventionally divided into two groups, of
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Table 1. Comparison of the output parameters obtained by simulation using different layer models

Model Egm, eV A C Ey, eV hy, nm h,, nm h3, nm nys50 kiss0
I 0.58 97.4 3.80 2.46 — 104.1 — 4.075 0.181
11 0.73 127.0 4.10 2.74 - 104.0 4.6 4.053 0.018
11 0.57 96.5 3.82 2.47 2.6 105.6 - 4.078 0.188
v 0.71 120.6 2.64 3.95 3.0 106.5 3.5 4.049 0.031

hy, hy and h3 are the thicknesses of the SiO,, Ge,Sb,Tes, and Ge,SbyTes + air (1:1) layers, respectively, and k559 and nys5 are the
extinction coefficient and refractive index obtained at the emission wavelength 1550 nm.

Table 2. Simulated output parameters obtained for the amorphous sample

Model Egpt’ eV A c/r Ey, eV | E;, meV| h,nm | hy,nm | Az, nm | nyss kiss0
Tauc—Lorentz 0.71 120.6 2.64 3.95 - 3.0 106.5 3.5 4.049 | 0.031
Cody—Lorentz 0.77 108.8 6.73 3.37 142.5 2.0 103.2 6.0 4.03 0.03

which one (models I and III) takes into consideration
the layer simulating the roughness and the other
(models IT and I'V) disregards this layer. A difference is
obtained between the dispersions of the optical
parameters and between the output parameters of sim-
ulation. For example, the optical band gaps of
Ge,Sb,Te; films can differ by more than 15% (see
Table 1). To perform further calculations, we chose
model IV which gives results closest to those obtained
by other methods, e.g., by spectrophotometry [12].

It should be noted that we observe a difference
between the thickness obtained for the Ge,Sb,Te;
layer with air (1:1) from the ellipsometry data by sim-
ulation in the context of model IV and the film rough-
ness measured by atomic-force microscopy (<1 mm).
This difference arises from the use of physically differ-

Table 3. Simulated output parameters obtained for the sam-
ples after annealing at different temperatures

T, o E;™, 4 Ey, C hy, | hy, | hs,
°C eV eV nm | nm | nm
— | — 10.71] 120.6 | 2.64|3.95| 3.0 |106.5 | 3.5
160 — |0.69]| 124.3 |2.60|3.93| 1.0 |106.0 | 3.5
170 0 |0.69| 120.0 | 2.61 | 3.85| 3.0 |104.7 | 3.5
180 | 0.24 | 0.66 | 200.0 | 170 |2.56 | 4.0 |103.0 | 3.5
184 10.3310.59| 190.0 | 1.68 | 2.55| 3.0 |102.0 | 3.5
186 | 0.4210.57 | 195.4 | 1.63 | 2.46 | 3.0 |102.0 | 3.52
188 10.49(0.55| 190.0 | 1.64 |2.49 | 3.0 | 101.0 | 3.7
192 | 0.61 | 0.53| 186.0 | 1.65|2.47 | 4.0 | 101.0 | 4.0
195(0.68 | 0.53 | 191.3 | 1.66 | 2.47 | 4.0 | 100.5 | 4.3
200 {0.76 | 0.50 | 186.5 | 1.68 | 2.48 | 2.0 | 101.0 | 4.4
210 | 0.83]0.50 | 187.7 | 1.62 | 2.38 | 3.0 | 99.0 | 4.5
250 1.00 | 0.47 | 193.0 [ 1.59|2.29| 3.0 | 98.0 | 4.5

ent measurement methods as well as from the addi-
tional contribution of a natural oxide layer formed at
the surface of the Ge,Sb,Te; film to the results of sim-
ulation. According to the results of secondary-ion
mass spectrometry [15] and low-energy ion scattering
spectroscopy [26], the thickness of this layer is ~5 nm.

Figure 6b shows the results obtained for the as-pre-
pared amorphous Ge,Sb,Tes thin films in the context
of the Tauc—Lorentz and Cody—Lorentz models. For
the refractive index, the results obtained in these two
models are practically the same; there are small dis-
crepancies near the peak and at long wavelengths.
However, for the extinction coefficient, there is a more
substantial discrepancy at wavelengths shorter than
500 nm. The Tauc—Lorentz model gives a more linear
variation in the extinction coefficient in the range
600—1300 nm. Table 2 lists the output parameters of
the simulation with the use of the Tauc—Lorentz and
Cody—Lorentz models for the amorphous sample.

Despite the similarity of the spectra of the refrac-
tive index and extinction coefficient, there are sub-
stantial differences between the output parameters.
Such a discrepancy between the parameters was also
observed in [23]. However, the optical band gaps
obtained in the Tauc—Lorentz model closer correlate
with the previously reported data and the results
obtained for the amorphous sample by spectropho-
tometry [12]. For this reason, in further studies, we use
the Tauc—Lorentz model.

Figure 7 shows the spectra of the refractive index
and extinction coefficient for samples subjected to
heat treatments at different temperatures (see Fig. 2).
Table 3 lists the output parameters of simulation for
the amorphous Ge,Sb,Tes thin-film sample and the
samples subjected to heat treatment at different tem-
peratures.

Analysis of the data shows that heat treatment at a
temperature higher than 180°C induces a substantial

SEMICONDUCTORS  Vol. 54 No. 13 2020
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increase in the refractive index and extinction coeffi-
cient and a shift of their peaks to longer wavelengths.
As the annealing temperature is elevated, these
parameters increase as well, but not so sharply. It
should be noted that, upon variations in the optical
parameters, i.e., the refractive index and extinction
coefficient, the spectra of amorphous and totally crys-
tallized samples exhibit trends similar to those of the
spectra shown in Fig. 1. At the same time, as the
annealing temperature is elevated, we detected a
decrease in the thickness 4, of the Ge,Sb,Tes thin film
from 106.5 to 98 nm (by 7.98%). This effect can be
attributed to an increase in the density of the material
by approximately 7.27%, when it transforms from the
amorphous state (5.87 g/cm?) to the cubic NaCl-struc-
tured crystalline state (6.33 g/cm?) [27].

Figure 8 shows how the annealing temperature
influences the refractive index and extinction coeffi-

SEMICONDUCTORS Vol.54 No.13 2020

cient of Ge,Sb,Tes thin films at the telecommunica-
tion wavelength 1550 nm and their optical band gap.

From Fig. 8a it can be seen that heat treatment
results in a noticeable increase in the refractive index
and extinction coefficient. In this case, in the tem-
perature range 170—200°C, we observe a sharp change
in the optical parameters, which is due to crystalliza-
tion of the Ge,Sb,Tes thin film. Upon heat treatment
at temperatures higher than 200°C, these parameters
increase further, which can be due in particular to an
increase in the grain size in the polycrystalline struc-
ture. Figure 8b shows the results of calculation of the
optical band gap. The temperature range of the phase
transition correlates with the dependences shown in

Fig. 8a. A decrease in E;p‘ from 0.71 to 0.47 €V is
observed upon heating of the sample from room tem-
perature to 250°C.
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We calculated the degree of crystallinity o [28] and
assessed its effect on the optical parameters of
Ge,Sb, Te; thin films:

_ Inc —Ing,

Inc, — Inc,’

a

where ¢ is the conductivity of the thin film under
study and ¢, and G, are the conductivities for the
totally amorphous and totally crystalline states,
respectively.

For the totally amorphous state, we used the con-
ductivity at the temperature corresponding to the
onset of the phase transition; this temperature was
determined from the temperature dependence of the
resistivity by the first derivative method [29]. For the
conductivity of the totally crystallized material, we
chose the value obtained for the thin film at 250°C. As
a result, the degree of crystallinity, i.e., the proportion
of the crystallized material varies from zero (100%
amorphous state) to unity (100% crystalline state).
The dependences of the optical parameters on the
degree of crystallinity are shown in Fig. 9.

Within the temperature range of crystallization of
the Ge,Sb,Te;s layer from 170°C to 250°C, the depen-
dences of the refractive index and extinction coeffi-

cient on the degree of crystallinity are close to linear.
This result correlates with a nearly linear dependence
of the optical band gap on the degree of crystallinity.
These results show that the degree of crystallinity of
the Ge,Sb,Te; films influences their optical properties
through variations in the optical band gap. In combi-
nation with the substantial change in the optical prop-
erties at the phase transition, such linear interrelation
between the optical properties and the degree of crys-
tallinity will make it possible to reliably record the
intermediate states in phase-change memory cells.

CONCLUSIONS

Ellipsometry study of the optical properties of
Ge,Sb,Te; thin films subjected to heat treatment at
different temperatures gives a number of results briefly
summarized below.

The optical parameters and their dispersion deter-
mined in the study are influenced by the use of differ-
ent layer and mathematical models. At the phase tran-
sition, the refractive index and extinction coefficient
substantially increase. The optical band gap decreases
from 0.71 to 0.47 eV upon transition from the amor-
phous state to the crystalline state. The dependences
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of the refractive index, extinction coefficient, and
optical band gap on the degree of crystallinity are close
to linear.
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