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Solène Comby-Dassonneville, Gabriele Navarro, Simon Jeannot, Thomas W. Cornelius,
Madeleine Han, Jaime Segura Ruiz, Martin Rosenthal, Yannick le Friec,
Roberto Simola, and Olivier Thomas

1. Introduction

Phase change materials (PCMs) are very promising candidates
for future nonvolatile memory applications.[1–4] The easy switch-
ing between the two phases (amorphous and crystalline) and the

differences in their physical properties
(resistivity, optical reflectivity, etc.) allow
the state of the memory to be modified
and read out. The most studied PCM is
the ternary compound Ge2Sb2Te5 (called
GST in literature), which has a crystalliza-
tion temperature of 150–170 °C. However,
this temperature is too low for data storage
in many applications such as automotive.
Ge-rich GST (GGST), in contrast, has a
crystallization temperature of 350 °C,[5]

making it an excellent candidate for embed-
ded memory applications.[6] In previous
work on N-doped GGST thin films, a
sequential crystallization process was
observed[7] based on synchrotron X-ray dif-
fraction (XRD) measurements during ther-
mal annealing (2 °Cmin�1). Ge was
observed to crystallize before GST, indicat-
ing a phase separation. Hence, crystalliza-
tion of GGST is related to spatial separation

of chemical elements, which directly influences the thermal sta-
bility and also affects PCM’s endurance.[8] Reducing the germa-
nium segregation can then improve the performance of the PCM
in a number of ways, and there are several parameters that can be
used to achieve this. The first option is to modify the composition
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Ge-rich Ge–Sb–Te alloy is a good candidate for future automotive applications
due to its high crystallization temperature, which allows good data retention at
elevated temperatures. Crystallization in this material is governed by elemental
segregation which is key to thermal stability and device performance. In this
work, elemental (Ge, Sb, Te) segregation is studied in situ during thermal
annealing of Ge-rich Ge–Sb–Te thin films using X-ray fluorescence microscopy at
ID16B beamline of ESRF with a beam size of 50 nm. Spatially resolved maps of
Ge, Te, and Sb fluorescence yield are monitored and statistically analyzed as a
function of temperature/time. In all investigated samples Sb appears to segregate
much less than Te and Ge, indicating a lower mobility of this element. In situ,
fluorescence mapping of samples doped with different amounts of carbon by ion
implantation shows that carbon delays Ge and Te segregation to higher tem-
peratures. Comparison with crystallization kinetics monitored by X-ray diffraction
shows a good correlation between the occurrence of spatially resolved chemical
inhomogeneities and the appearance of crystallized phases.
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of the underlayer (the layer under the Ge-rich GST film), as it
directly affects the Ge-rich GST crystallization mechanisms.
Doping (N, C, O, etc.) the GGST has also a strong influence
on the segregation process[9] through the preferential bonding
of the dopant with Ge, leading to an improved durability of

the PCM. This study will focus on the effect of doping on elemen-
tal segregation. The aim of the present study was to investigate
phase separation in a spatially resolved manner using X-ray fluo-
rescence (XRF) microscopy on a synchrotron beamline. We first
describe the experimental method developed at ID16B-ESRF
beamline. Maps of fluorescence yield for the three elements
(Ge, Sb, Te) are measured in situ as a function of temperature
or time. A statistical treatment of these maps is developed to
quantify the element-dependent evolution of segregation. This
strategy is applied to GGST thin films with different levels of car-
bon doping and the obtained results are compared with similar
studies in the literature.[10]

2. Results and Discussion

Figure 1 shows an XRF spectrum with the contributions of Ge,
Sb, and Te highlighted. By scanning the sample under the beam,
it is possible to record (x,y) maps where each of the points con-
tains a complete spectrum. The raw spectra are first normalized
to the incident intensity monitored by the diode placed directly in
front of the sample. In the second step, background fitting and
subtraction followed by the numerical integration of the XRF
peaks within the relevant region of interest, were performed,
depending on the species selected. These regions of interest

Figure 1. Typical XRF spectrum recorded with a 33 keV nanobeam
(60 nm� 80 nm) on a 45 nm GGST film. Characteristic fluorescence lines
for Ge, Sb, and Te are highlighted.

Figure 2. a) Fluorescence maps of germanium, b) antimony, and tellurium c) on a carbon-doped (C2) sample annealed at 200 °C with a 33 keV nanobeam
(60 nm� 80 nm). The maps are 2 μm� 2 μmwith a step of 50 nm and a counting time of 30ms. The color bar on the right-hand side corresponds to the
fluorescence intensities.
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are shown in Figure 1 with color bars and represent the area
surrounding the fluorescence line of the element of interest.
The germanium Kα is roughly in the range of 9.5 to 10.20 keV,
the antimony Kα of 26 to 26.50 keV, and finally the tellurium Kα
is in the range of 27 to 27.8 keV.

The resulting, pixelwise Ge, Sb, and Te fluorescence intensities
are shown in Figure 2 and 3 in the form of (x,y) maps. Each fluo-
rescence map in Figure 2 and 3 is 2 μm� 2 μm with a step of
50 nm and a count time of 30ms. While Ge Kα, Te Kα, and Sb
Kα maps show spatially homogeneous fluorescence yields in pris-
tine samples, as in Figure 2, clear variations appear after annealing
at 420 °C, as shown in the fluorescence maps in Figure 3, indicat-
ing elemental segregation. Furthermore, in the annealed state,
Ge-rich areas correlate with Te-poor areas and Sb-poor areas.

To study the segregation of the three elements in a more quan-
titative way, histograms of the Ge, Sb, and Te yields were
extracted from each map. By analyzing the moments of these dis-
tributions as a function of temperature or time, it is possible to
characterize the kinetics of Ge, Sb, and Te segregation. As shown
in Figure 4, the histogram is strongly influenced by the elemental
segregation: after annealing at 420 °C, the conditions yielding a
highly segregated sample (Figure 3b) show a histogram of the Ge
distribution that is spread out on the left-hand side. The histo-
grams shown in Figure 4 have 50 intensity bins, the intensity
range for each bin in Figure 4a is 3.53 a.u., in Figure 4b, it is
4.46 a.u., in Figure 4c, it is 2.6 a.u., in Figure 4d, it is 3.04 a.u.,

in Figure 4e, 3.29 a.u., and in Figure 4f, it is 5.84. a.u. This dis-
persion of the histogram can be easily quantified by the standard
deviation σ of the distribution which is considered as an indicator
of the elemental segregation. In the following, σ is the parameter
chosen to monitor the temperature (or time) evolution of Ge, Te,
and Sb segregation. To successfully extract the standard deviation
from the fluorescence maps, the Numpy library[11] was used as it
contains functions well suited for calculating standard deviations
for arrays.

To evaluate the influence of carbon doping on elemental seg-
regation, we conducted in situ XRFmapping experiments during
annealing on a product of reference sample (POR, no C-doping)
and two C-doped samples (C1 and C2: C1 [E keV, D cm�2],
C2[0.6*E keV, D/4 cm�2]). Figure 5 shows the standard devia-
tions for germanium, tellurium, and antimony as a function
of temperature (from 300 °C to 420 °C at 2 °Cmin�1) and helps
to understand the dynamics of elemental segregation. For the
POR sample, the behavior of Te and Ge is similar. However,
for the two doped samples, germanium tends to segregate less
than tellurium. Above an approximate temperature of 380 °C
(POR), 390 °C (C1), or 350 °C (C2), there is a rapid increase in
the standard deviation, which is the signature of an increasing
elemental segregation with the annealing temperature.
Furthermore, the trend for all samples indicates that Te segrega-
tion is stronger than Ge segregation when carbon doping is pres-
ent. Interestingly, the observed Ge and Te segregation contrasts

Figure 3. a) Fluorescence maps of germanium, b) antimony, and c) tellurium on a carbon-doped (C2) sample annealed at 420 °C with a 33 keV nanobeam
(60 nm� 80 nm). The maps are 2 μm� 2 μmwith a step of 50 nm and a counting time of 30ms. The color bar on the right-hand side corresponds to the
fluorescence intensities.
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with the absence of significant Sb segregation. This low Sb
mobility is surprising given its low melting point, but it is con-
sistent with recent findings on the diffusion of Ge, Te,
and Sb in GST.[12] Similarly, the observed mobility hierarchy
(Te>Ge>Sb) is consistent with published works.[12]

As a continuation of the ramp anneal, the temperature was
maintained at 420 °C for a duration of 30 to 70min depending

on the sample. The standard deviations of each element were
then plotted as a function of time, here against each sample
for each element, as the system is already highly segregated this
helps to compare the effect of carbon doping on segregation.
(Figure 6).

Figure 6 shows that the samples are already highly segregated.
This explains why the dynamics of elemental segregation is low.

Figure 4. a) Fluorescence maps of germanium in a carbon-doped C2 sample at 204 °C and b) 420 °C, c) antimony C2 sample at 204 °C and d) 420 °C, and
e) tellurium C2 sample at 204 °C and f ) 420 °C with a 33 keV nanobeam (60 nm� 80 nm). The maps are 2 μm� with a step of 50 nm and a counting time
of 30ms. The color bar on the right-hand side corresponds to the fluorescence intensities. The histograms are associated with the distribution of fluo-
rescence intensities.
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It is observed that Te segregates faster than Ge and Sb. The non-
doped POR sample exhibits the highest level of segregation.
On the contrary, carbon doping reduces segregation, this inhibi-
tory effect possibly being caused by the preferential C─Ge bond-
ing shown by photoelectron spectroscopy in C-doped GST
samples.[10]

In situ XRD experiments previously performed on the
DiffAbs-SOLEIL beamline[7] allowed the intensity of the Ge
111 and GST 200 diffraction peaks to be monitored as a function
of time during isothermal annealing (see Figure 7 for an

isothermal anneal on a 50 nm GGST film with no underlayer).
Assuming no evolution of the crystallographic texture, this inte-
grated intensity is proportional to the volume of crystallized Ge
or GST in the film. The occurrence of pure Ge crystallization
from a Ge–Sb–Te film implies elemental segregation, and it
has been shown that this segregation occurs prior to Ge crystal-
lization.[13] To demonstrate this phase separation and compare it
with the crystallization evolution, we used XRFmapping on sam-
ples annealed under exactly the same conditions (same furnace
used for the preannealed samples as for XRD samples) as in

Figure 4. Continued.
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Figure 5. a) Evolution of the standard deviation of POR, b) C1, and c) C2 fluorescence intensity distributions acquired during in situ heating experiments
between 300 °C and 420 °C with the three elements.

Figure 6. a) Standard deviation of Ge, b) Te, and c) Sb fluorescence intensity distributions acquired during in situ isothermal heating at 420 °C with
different carbon doping conditions.
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DiffAbs and quenched after selected times. To compare in situ
XRD and ex situ XRF data, the same data treatment was applied
to each fluorescence map: the distribution moments were
extracted from the intensity histograms. For the ex situ experi-
ments, the fluorescence maps have a size of 4� 4 μm2, with
40 nm steps and 100ms exposure time.

Figure 7 shows the standard deviation for germanium, tellu-
rium, and antimony measured from XRF maps, superimposed
with the evolution of the integrated intensity of Ge 111 and GST
200 as a function of the annealing time. The standard deviation
values are not normalized to allow for a comparison between each
element. Overall, there is a good agreement between the evolution
of the Ge crystallized fraction and the evolution of the germanium
and tellurium standard deviation from the XRD maps. However,
it is clear that antimony has a low mobility as the standard devia-
tion does not appear to evolve with time. The agreement between
XRF and XRD data confirms that Ge crystallization in the Ge–Sb–
Te alloy is accompanied by elemental segregation. In contrast, it is
difficult to conclude elemental segregation in the amorphous
state (for annealing times below 4min) due to the scatter in
the measurements. This dispersion is partly due to the difficulty
of obtaining exactly the same annealing conditions for such short
times between quenched samples and samples observed in situ
during annealing. To avoid this problem, XRF and XRD experi-
ments should be performed at the same time in situ.

3. Conclusion

In conclusion, this study reports the results obtained from in situ
XRF experiments performed on carbon-doped GGST samples to
observe the effect of carbon doping on elemental segregation in a
Ge-rich Ge–Sb–Te alloy. Elemental maps were recorded as a
function of temperature or time using the intense and highly
focused X-ray beams available at ID16B (ESRF). The following
conclusions can be drawn: 1) In situ XRF microscopy appears
as a suitable technique for in situ investigating elemental segre-
gation over large areas in thin chalcogenide films during thermal

annealing. A complete methodology has been developed, includ-
ing sample preparation and data treatment. 2) The segregation
dynamics of the three elements that constitute GGST appear
to differ. Segregation of Te is predominant, while no significant
segregation of Sb is evidenced until about 420 °C. These features
agree with the results reported in a recent study of the diffusion
of chemical species in Ge2Sb2Te5.

[12] 3) Carbon slows down the
segregation of elements, particularly Ge. This may explain the
beneficial influence of C on the electrical properties of memory
devices. 4) The elemental segregation measured using XRF
microscopy has been compared with the crystallization kinetics
showed by the evolution of XRD integrated intensities on the
same samples. An overall agreement between the trends given
by the two techniques is obtained. XRF maps indicate that ger-
manium and tellurium have the same segregation dynamics,
even in noncarbon-doped Ge-rich GST samples, and that anti-
mony shows little to no mobility. However, it remains unclear
whether elemental segregation occurs in the amorphous phase
before Ge or GST crystallization. To obtain such information,
XRD and XRF should be carried out simultaneously in situ.

4. Experimental Section
The XRF experiments were performed on the ID16B beamline at the

ESRF (France). The incident X-ray beam was focused down to
60� 80 nm2 using KB mirrors and an incident photon energy of 33 keV
was chosen to excite the Ge Kα, Sb Kα, and Te Kα fluorescence lines.
Two silicon drift detectors were used for this experiment and positioned
in the horizontal plane at 15° with respect to the sample surface, the two
detectors used in this experiment form a total active area of 400mm2 and
350 μm thickness. A piezoelectric stage (90 μm of total range) allows the
sample to be moved in front of the beam with a resolution of 37 nm allow-
ing scanning XRF microscopy to be performed. The samples investigated
include 45 nm thick GGST thin films embedded in the following stacks:
Si (001) substrate//30 nm SiO2//75 nm Si3N4//5 nm UL//45 nm GGST
(C-doped)//20 nm TiN//25 nm Si3N4, where UL stands for GexSbyTez
underlayer. GGST layers are deposited by physical vapor deposition
(PVD) followed by an in situ PVD TiN capping using an industrial dedi-
cated setup. The SiN capping is then deposited by chemical vapor depo-
sition. The capping layers ensure that the GGST films are protected against
oxidation. Carbon doping is achieved by ion implantation. In this work, two
different C doping levels were investigated, varying the implantation
energy (E) and the implanted dose (D): C1 [E keV, D cm�2],
C2[0.6*E keV, D/4 cm�2]. Samples were annealed in situ using a
microheater-based furnace developed at ESRF.[14] XRF maps were moni-
tored in situ during ramp annealing from 200 °C to 420 °C at a heating rate
of 2 °Cmin�1. Isothermal anneals at 420 °C were also performed. To fit on
the microheater and to reduce the thermal mass, samples with lateral
dimensions of 30� 30 μm2 and a height of 15–20 μmwere prepared either
by FIB micromachining or by mechanical polishing and cleaving. In addi-
tion to the in situ measurements, fluorescence maps were also recorded
on Ge-rich GST samples, without underlayer and without carbon doping.
These samples were preannealed at the DiffAbs SOLEIL synchrotron
beamline under exactly the same conditions (furnace, temperature, time)
as used for the in situ XRD measurements.[15]
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Figure 7. Standard deviation values for the germanium, antimony, and
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superimposed to the Ge 111 and GST 200 crystallization curves performed
for an isothermal anneal at 420 °C (plotted as solid lines) as a function of
the isothermal annealing time (in minutes).
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