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ABSTRACT

The crystallization process of melt quenched Ge-rich GeSbTe films, with composition optimized for memory applications, has been studied
by optical reflectance measurements. The optical properties have been related to the structure and composition by means of the effective
medium approximation. The compositional variations have been investigated by transmission electron microscopy and electron energy loss
spectroscopy. Amorphous materials prepared by melt-quenching with different laser energy densities have been studied. For the energy
density of 1.5 J cm−2, a uniform amorphous layer, with embedded Ge crystalline grains, is obtained. The film exhibits a crystallization
temperature of 275 °C and no relevant phase separation during crystallization. For a lower energy density of 1 J cm−2, only half of the film
thickness is quenched to the amorphous phase, with Ge depletion. The crystallization temperature of the Ge depleted film is 245 °C, and a
partial phase separation occurs.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023696

INTRODUCTION

One of the most promising non-volatile memory technologies
is based on phase change materials (PCMs). PCMs are the heart
of optical storage technologies since amorphous and crystalline
phases display strong optical contrast along with fast and reversible
switching between those two states. The large variation in optical
reflectivity is accompanied by an even larger variation in resistivity,
therefore enabling the realization of non-volatile memory.1,2 In
conventional devices, switching between the crystalline and amor-
phous states is obtained by applying a short, high-energy electrical
pulse that melts the PCM followed by a rapid thermal quench, pro-
ducing the amorphous phase (RESET operation). The crystalline
phase is formed via a longer, lower-energy electrical pulse, which
crystallizes the material (SET operation). The reading operation is

performed at a low voltage by reading the current and determining
the high (RESET) or low resistance (SET) state. This technology is
already in production in the 20 nm node and moves toward the
10 nm node. More recently, the technological importance of PCMs
dramatically increased since it has the potential to dominate the
storage class memory (SCM), an intermediate step between high-
performance DRAM and low-cost nonvolatile memory, combining
persistence and speed in the same device.3 However, several chal-
lenges still need to be addressed and solved. Among these, the
low data retention represents a crucial aspect, especially for auto-
motive applications. Indeed, the commonly adopted materials are
Ge–Sb–Te (GST) alloys, which exhibit crystallization temperature
around 150 °C. This means that operation at high temperatures
(>150 °C) for a long period, as required for the automotive market,
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cannot be guaranteed. Several PCMs working at a temperature
compatible with automotive applications have also already been
selected.4–6 Despite the introduction of different dopant species,
from nitrogen to carbon in GST,7,8 no ultimate solution to the
thermal instability of GST is currently available; this kind of issue
also involves the soldering reflow, during which the tendency to
crystallization at the process temperatures is critical for code integ-
rity; in this respect, a Ge-rich GST alloy featured by a crystallization
temperature of 370 °C has been reported, although the set speed is
decreased by a factor 3.7. Over the last few years, Ge-rich materials
have been optimized in terms of cyclability, drift, and speed.
However, their tendency to decompose still calls for investigation
on the basic mechanisms leading to element diffusion and compo-
sitional variations. In the particular case of Ge-rich GST, it has
been shown that during the initial seasoning procedure, Ge segre-
gates at the periphery of the liquid zone,5 impoverishing the melted
volume. Such a stoichiometry modification seems to occur only
during the initialization process, leading to a stable active cell. It
has been shown that the Ge segregation outside the liquid volume
is essentially due to the high Ge diffusion coefficient in the melted
material (of the order of 10−5 cm2/s),9 and it occurs even in the
absence of an applied electric field. Therefore, atomic diffusion,
with the subsequent stoichiometry variation, may be a factor
playing a relevant role in the endurance, especially when the device
is made by two different compositions and operates at high tem-
peratures. For this reason, the crystallization of the as deposited
amorphous film, characterized by the formation of pure Ge crystal-
line grains as studied recently,10 may be markedly different in the
case of melt quenched materials in which Ge atoms tend to segre-
gate outside the liquid zone.

In order to investigate the material stability, in this paper we
study the crystallization properties of Ge-rich films after laser
melting and quenching at different energy density, i.e., after
amorphization of different volumes of material, as well as different
degrees of Ge segregation. Correlation of the optical properties with
high resolution transmission electron microscopy and energy loss
spectroscopy gives the possibility to clarify the compositional varia-
tions upon crystallization by thermal annealing.

EXPERIMENTAL METHODS

Ge-rich GeSbTe films have been sputter deposited on 8 in. Si
(100) wafer using a Ge2Sb2Te5 (GST225) target together with a pure
Ge target in a mixture of Ar and N2 as sputtering gas. The addition
of nitrogen has the twofold aim of reducing the oxidation of the
PCM film during the fabrication since it bonds to Ge,11 which is the
core oxidizing species, and to enable a finer grain structure, which
has been shown to be beneficial for the device yield.12 The thickness
of the deposited film is 40 nm and the composition is equivalent to
a Ge2Sb2Te5 film with 45 at. % excess Ge and 4 at. % N. The film is
deposited in the amorphous phase and covered by a 5 nm thick Si
oxide layer. After deposition, annealing at 400 °C converted the film
in the crystalline structure. During this annealing, partial segregation
of the excess Ge occurs, with the formation of pure Ge crystalline
grains with a grain size of about 10 nm.5,9

The film was then irradiated by a 600 ns pulsed Yb-YAG laser
(515 nm) with a frequency of 10 kHz. A shot-by-shot stepping

approach is used to process the whole 8 in. wafer surface, employ-
ing a motorized chuck. The laser emits with a Gaussian shape but,
for our purposes, the optical path has been designed in such a way
to obtain a rectangular beam that shows a Gaussian shape on one
axis (x) and top-hat shape on the other one (y), obtained with
the use of a homogenizer. The short x axis, with a nearly
Gaussian profile, has a FWHM of 30.0 μm± 0.1 μm. The long y
axis, with top-hat shape, is higher than 98% in a region of
3.000 mm ± 0.001 mm. The geometry of the laser beam has been
monitored via software by a CCD camera mounted on the chuck
and the chuck scanning velocity has been chosen in order to
achieve uniform processing of the wafer. The laser power P on the
samples has been measured by a power-meter mounted on the
chuck. The corresponding energy density F is given by the power,
measured by the power-meter, divided by the beam area (0.03
× 3mm2) and by the number of pulses per second.

Two energy density values have been employed: 1 J/cm2 and
1.5 J/cm2. Below 1 J/cm2, no variation in the reflectivity signal has
been observed. Above 1.5 J/cm2, film ablation occurred.

As reported in previous work,9 irradiation using 1 J/cm2 as
energy density produces amorphization of a 20 nm thick surface
layer and outdiffusion of Ge from the liquid. As a consequence,
after melting and quenching, the bottom part of the film (20 nm
thick) is crystalline with a higher Ge content, while the upper part
(20 nm) is amorphous, with a lower Ge content. This sample will
be indicated in the following as L1.

Upon irradiation at 1.5 J/cm2, the entire film thickness is
melted and quenched, with the exception of the pure Ge grains
(because of the higher melting temperature of Ge). The Ge content
appears to be more distributed in the amorphous phase. This
sample is mentioned in the following as L2. A schematic of the
samples is shown in Fig. 1. On the right, a picture shows several
regions of the same wafer after irradiation at different fluences or in
the as prepared crystalline state. The melting and quenching is
associated with a decrease of the reflectivity, which makes the film
darker in the irradiated regions. In the L2 sample, the reflectivity
decreases more than in L1.

After melting and quenching, L1 and L2 samples were
annealed under 3 min isochronal anneals up to 300 °C, to deter-
mine the crystallization temperature. The reflectivity was measured
in situ, during annealing, using a laser with a wavelength of 790 nm
and a Si photodiode. The laser wavelength has been chosen to max-
imize the reflectivity contrast between amorphous and crystalline
phase. The incidence angle is 68°.

The structure and the composition of the film upon different
annealing temperatures have been studied ex situ by TEM and
STEM, coupled to EELS mapping, by using a JEOL JEM 2010F
electron microscope with a 200 kV accelerating voltage.

RESULTS AND DISCUSSION

Figure 2(a) shows the reflectivity obtained by measuring the
current of a photodiode upon reflection of the laser beam at the
Ge- rich GST sample surface. The reflectivity has been obtained
from the photocurrent by calibration using a gold mirror.
Measurements have been performed in situ, during subsequent
annealing treatments at increasing temperature, for 3 min.
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Sample L1, after melting and quenching at low fluences, has a
20 nm thick amorphous layer on top of 20 nm crystalline film and
exhibits a reflectivity higher than the sample L2. Upon annealing,
at temperatures higher than 230 °C, the reflectivity increases due to
the crystallization process.

The crystallization temperature can be evaluated as the
temperature at which the first derivative of the reflectivity vs
temperature exhibits a maximum. In this way, we obtain 245 °C
and 275 °C for the samples L1 and L2, melt quenched at low
(1 J/cm2) and high energy density (1.5 J/cm2), respectively.

MODELING

The reflectivity of inhomogeneous materials, as a Ge-rich GST
film, can be evaluated by considering the effective medium approx-
imation developed by Bruggeman,13 to describe the optical and

electrical properties of layers with two coexistent phases (either two
different compositions or crystalline and amorphous phase with
the same composition). Reference 14 describes how to calculate the
dielectric function εeff for various shapes of composite materials as
a function of the “dopant” (εd) and the host material properties
(ε0). In the case of materials made by spherical clusters embedded
in a matrix with different compositions,

εeff ¼ 1/4[2εp-ε
0
p þp

[(2εp-ε
0
p)

2 þ 8ε0εd], (1)

with εp = (1 – f )ε0 + f εd and ε’p = fε0 + (1 – f ) εd.
In the case of Ge-rich GST, the “dopant” is Ge and the host

matrix is GST225.
Since the film is deposited on Si(100) and coated by a thin

SiO2 layer, the reflectivity of the entire stack is the resultant

FIG. 1. Schematic of the samples. On the right, the optical picture of different regions of the same wafer irradiated at different fluences or in the as prepared crystalline
state. The reflectivity contrast upon amorphization is clearly visible.

FIG. 2. (a) Reflectivity vs temperature during isochronal annealing (3 min). (b) Derivative of the reflectivity vs temperature.
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reflectance, that can be obtained using the matrix approach

M ¼ MSiO2MGST: (2)

In general, Mj is a 2 × 2 matrix representing the jth film of the
system, with refractive index nj and thickness dj

Mj ¼
cos δ j

i
ηj
sin δj

iηj sin δj cos δj

0
@

1
A, (3)

where the effective optical thickness δj, for an angle of refraction
θj, is

δ j ¼ 2π
λ
njdj cos(θj): (4)

In Eq. (3), ηj is the effective refractive index of the layer, equal
to nj/cos θj for the p-polarization and to nj cos θj for the
s-polarization. The angle is determined by Snell’s law.

The reflectivity is R = |r|2, with

r ¼ nair(M11 þ nsubM12)� (M21 þM22nsub)
nair(M11 þ nsubM12)þ (M21 þM22nsub)

: (5)

The reflectivity has been calculated as the average between the
components parallel (p) and perpendicular (s) to the plane of
incidence.

Since the materials are absorbing, the complex refractive index
nj= n – ik has been considered. For the calculations, for each layer
of the system, we have evaluated the refractive index as n = Re{√ε}
and k = Im{√ε}. The values used in the calculations for the pure
materials are reported in Table I.

Starting from the dielectric function of pure materials, we
applied the effective medium approximation to evaluate the effec-
tive dielectric function according to Eq. (1). Figure 3(a) shows the
reflectivity vs excess Ge volume fraction, calculated using Eq. (3).
We considered a 40 nm thick crystalline film (black solid line), in
which both GST and Ge are crystalline, and a 40 nm amorphous
GST film within which Ge crystalline grains are embedded (red
solid line). These two cases correspond to the material before laser
irradiation and to the sample L2, after irradiation at 1.5 J/cm2,
respectively. The calculated values are in good agreement with
the reflectivity measured after amorphization in the L2 sample
[Fig. 2(a), red symbols].

For sample L1, in which after laser irradiation, there is 20 nm
of an amorphous film on top of a 20 nm thick crystalline film, the
matrix element adopted in the calculations is

M ¼ MSiO2MGST(am)MGST(cry): (6)

Since after melting and quenching, outdiffusion of Ge from
the molten region has been observed, as reported in previous
work,7 the amorphous layer at the surface exhibits a lower Ge
content, while the bottom crystalline film has a higher Ge fraction.
The effect of compositional variations upon melting and quenching
has been evaluated by starting with a 50% of excess Ge content
(as in the as prepared film) and considering a depletion X of Ge
in the amorphous, corresponding to the same increase X of Ge
in the crystalline bottom layer. Figure 3(b) shows the reflectivity
calculated by using Eq. (6) as a function of Ge reduction in the
amorphous layer, assuming a 20 nm amorphous film on 20 nm
crystalline film. For X = 0, there is no compositional variation
between amorphous and crystalline film (i.e., excess Ge 50%). As
the Ge content in the amorphous layer decreases, the reflectivity
increases. The reflectivity is maximum for the maximum depletion,
X = 50%, for which all the excess Ge in the amorphous film is seg-
regated into the bottom crystalline film, and, therefore, the corre-
sponding composition of the amorphous surface layer is GST225.

Once we have calculated the reflectivity as a function of excess
Ge in the amorphous film, either with or without Ge content
variation upon melting, we applied again the effective medium
approximation to describe the evolution of the reflectivity upon
crystallization, by considering the formation of GST225 crystalline
grains in the hosting amorphous matrix. In this case, the crystal
volume fraction is Xc and the effective dielectric function is

εcry eff ¼ 1/4f2εp � ε0p þ
p
[(2εp � ε0p)

2 þ 8ε0εd]g, (7)

with εp = (1 – Xc)εam_eff + Xc εcry and ε’p = Xc εam_eff + (1 – Xc) εcry,
where εcry is the dielectric function of GST225 in the rock salt
phase and εam_eff is the effective dielectric function of the amor-
phous phase, containing a given amount of excess Ge.

Figure 4 shows the reflectivity calculated as a function of the
crystalline fraction (y axis) and of the excess Ge in the amorphous
phase (x axis) for a 40 nm thick amorphous film [Fig. 4(a)] and for
a 20 nm amorphous layer on 20 nm crystalline film, with different
Ge amount (total excess Ge 50%) [Fig. 4(b)].

In the case of a uniform composition, Fig. 4(a) shows a calcu-
lated reflectivity of 0.42 for the amorphous phase. This value is in
good agreement with the experimentally measured reflectivity,
shown in Fig. 2(a) as red symbols, for sample L2, with 50% excess
Ge and no compositional variation. However, the calculated reflec-
tivity for the crystalline phase (0.54) is higher than experimentally
measured; this may indicate that only partial crystallization is
achieved upon annealing at 300 °C.

In the case of compositional variations upon melting,
as occurring in sample L1, the measured reflectivity, shown in
Fig. 2(a) as black symbols, is higher than that observed for the
uniform film, both in the amorphous and in the crystalline phase.
Such behavior is well predicted by the model: in Fig. 4(b), the

TABLE I. Parameters used in the calculations for all the involved materials.

Material ε (at 790 nm) Reference

SiO2 2.17 15
Si (crystalline) 13.8 + 0.057i 16
Ge (crystalline) 22.56 + 3.29i 16
Ge2Sb2Te5 (rock salt) 8 + 20i 17
Ge2Sb2Te5 (amorphous) 7 + 10i 18
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calculated reflectivity, taking into account for the compositional
variation, is higher than that in Fig. 4(a). Moreover, the reflectivity
value is modulated by the residual amount of Ge in the amorphous
layer. By comparing the calculated values with the experimentally
measured reflectivity, we may expect a residual excess Ge amount
in the amorphous film in the range of 20%. These observations
indicate that upon melting, even in the presence of a temperature
gradient, producing segregation of the excess Ge in the cold
regions, as in sample L1, the material still exhibits a good retention
ability, with a crystallization temperature larger than 240 °C, i.e.,
well above the typical crystallization temperature of the composi-
tion GST225 (around 150 °C).

In order to get more information on the compositional varia-
tion occurring not only after melting and quenching but also

during the crystallization, we performed TEM analyses on the
annealed samples. Figure 5(a) shows a TEM micrograph of sample
L2, after annealing up to 300 °C. In this case, the entire film thick-
ness was melted and quenched by laser irradiation. The film is
covered by a thin SiO2 layer. Pre-existing crystalline Ge grains,
formed during the first crystallization process, were not melted
during laser irradiation, since the melting temperature of GST
(∼620 °C) is lower than that of pure Ge (938 °C). Figure 5(b) is a
STEM micrograph in the dark field, showing the region that has
been analyzed by EELS for the determination of the composition.
The RGB image obtained by merging the elemental maps of Ge
(blue component), Sb (green), and Te (red) obtained by EELS is
shown in Fig. 5(c), with the corresponding extracted ternary phase
diagram [Fig. 5(d)]. The average excess Ge in the film is 50% ± 4%.

FIG. 3. (a) Calculated reflectivity as a function of excess Ge content in GST225 in the crystalline or in the amorphous phase, assuming no compositional variation upon
melting. (b) Calculations with compositional variations upon melting and quenching. The reflectivity increases upon decreasing of excess Ge in the amorphous phase.

FIG. 4. Calculated reflectivity as a function of excess Ge content in amorphous GST225 and of the crystalline fraction: (a) 40 nm with no compositional variation upon
melting. (b) 20 nm amorphous film with less Ge content than the 20 nm thick crystalline layer at the bottom.
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The crystalline sample exhibits small Ge-rich regions, appearing in
blue in Fig. 5(c), with a size of about 8 nm, corresponding to Ge
crystalline grains embedded in the GST alloy. The regions sur-
rounding the Ge grains may have composition Ge2 + xSb2Te5, with
x∼ 5, corresponding to excess Ge of 38%, compared to GST225, or
close to GeTe, with some Sb doping, shown in orange. Therefore,
in general, after crystallization, the material largely retains the
excess Ge, with a slight tendency to phase separation.

Figure 6(a) shows the TEM micrograph of sample L1, after
annealing up to 300 °C. Prior to the annealing, after melting and
quenching by laser irradiation, the bottom part of the film, close to
the interface with the Si substrate, was already crystalline and with
a higher Ge content, while only the upper part was amorphous,
with less Ge. Pre-existing crystalline Ge grains, not melted during
laser irradiation, tend to accumulate in the bottom part of the film.
Figure 6(b) shows the dark field micrograph of the same region

FIG. 5. TEM analysis in cross section of sample L2 after annealing up to 300 °C. (a) TEM micrograph in the bright field. (b) STEM micrograph of region in (a) the dark
field. (c) Stoichiometric map extracted from EELS spectra acquired in each pixel, obtained by merging the Ge map (blue), the Sb map (green), and the Te map (red). (d)
Extracted compositions in the ternary GeSbTe phase diagram.

FIG. 6. TEM analysis in cross section of sample L1 after annealing up to 300 °C. (a) TEM micrograph in the bright field. (b) STEM micrograph of region in (a) the dark
field. (c) Stoichiometric map extracted from EELS spectra acquired in each pixel, obtained by merging the Ge map (blue), the Sb map (green), and the Te map (red). (d)
Extracted compositions in the ternary GeSbTe phase diagram. The blue region, mainly in the bottom part of the film, contains a large amount of Ge, of the order of 80%.
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observed in Fig. 6(a), in STEM condition, used to perform the
EELS analysis for the determination of the composition. Several
regions have been analyzed by EELS, obtaining the elemental maps
of Ge, Sb, and Te. Figure 6(c) shows, as an example, the RGB
image obtained by the merging the elemental maps of Ge (blue),
Sb (green), and Te (red), obtained in the region shown in Fig. 6(b).
Compared to the GST225 composition, with 22% of Ge, the
average excess Ge content calculated across the entire film thickness
is 47% ± 3%. In contrast to the observations for sample L2, no clear
crystalline Ge grains can be distinguished in the upper part of
sample L1. This is mainly due to the Ge segregation in the bottom
part of the film, which occurred during melting and quenching. As
a consequence, the average Ge amount in the bottom part of the
film [regions in blue in Fig. 6(c)] is 85% ± 5%. Therefore, the
bottom part of L1 is mainly an almost continuous layer of Ge,
mixed with GST. On average, compared to GST225, in the bottom
part, the excess Ge after crystallization is larger than 60%. The
upper part, instead, has an average Ge amount on the order of
38% ± 3% and therefore with about 16% of excess Ge. Such a result
is in agreement with the expectation according to the reflectivity
measurements and modeling. Moreover, in the upper part, different
regions can be distinguished, corresponding to grains with different
compositions. In order to determine the distribution of the compo-
sitions, a ternary phase diagram has been extracted, as shown in
Fig. 6(d), and the compositions have been related to the colors
appearing in Fig. 6(c). Regions in blue in Fig. 6(c) correspond to
compositions GexSb2Te3 with a total Ge amount of about 80%.
Large grains, shown in orange, exhibit compositions Ge2 + xSbTe2,
with x = 0, 1, therefore suggesting the formation of GeTe, with
inclusions of Sb and Ge. Smaller regions, mainly at the edges of the
larger grains, shown in yellow/green, exhibit composition around
Ge2 + xSb2Te3, with x = 2,3. Although part of the excess Ge is segre-
gated outside the amorphous region and the remaining excess Ge is
only 16%, the crystallization temperature (245 °C), is considerably
higher than that of GST225. Such a difference seems to be related
to kinetic factors, since crystallization with phase separation
involves long range diffusion of atomic species (mainly Ge), as well
as to the formation of GeTe that, being characterized by high crys-
tallization temperature (300 °C), may be crucial to assure the good
data retention properties of Ge-rich GST alloys.

CONCLUSIONS

In conclusion, the crystallization process of Ge-rich GST thin
film, after melting and quenching, has been studied by optical
reflectance measurements and TEM. The optical properties can be
successfully related to the structure and composition by means of
the effective medium approximation. Two amorphization condi-
tions were investigated. The first, obtained by using a laser energy
density value able to melt the entire film thickness, preserves the
initial distribution of excess Ge, giving rise to an amorphous film
with excess Ge content of about 40%, compared to GST225 in
which some crystalline Ge grains are embedded. The measured
crystallization temperature is 275 °C and after crystallization only
small regions exhibit phase separation, with GeTe formation, while
the largest volume of the film is a Ge-rich GST225 alloy.

In the case of lower laser energy density, amorphization
occurs only in the upper part of the film, with Ge segregation in
the bottom crystalline region during melting. Despite containing a
reduced amount of excess Ge (about 16%), crystallization of such a
film occurs at 245 °C, with the formation of large grains with com-
position close to GeTe, surrounded by Ge-rich GST regions. The
long range diffusion of Ge atoms, required for the crystallization
process, seems to be key for the superior data retention properties
of Ge-rich GeSbTe alloys.
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