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Ge Content Optimization in Gex(SbSe)1-xN
OTS Materials for Selector Applications

C. Laguna, M. Bernard, F. Fillot, D. Rouchon, N. Rochat, J. Garrione,
L. Prazakova, E. Nolot, V. Meli, N. Castellani, S. Martin, C. Sabbione,

G. Bourgeois, M. C. Cyrille, L. Militaru, A. Souifi, F. Andrieu and G. Navarro

Abstract— In this paper, we investigate the influence of
germanium content in GeSbSeN based Ovonic Threshold
Selector (OTS) devices. We performed physico-chemical
analyses on five different Gex(SbSe)1-xN alloys in order
to understand how the germanium content influences the
material structure and its integrity once submitted to tem-
peratures up to 400◦C. Thanks to electrical characterization
of Gex(SbSe)1-xN OTS devices, we analyze the evolution of
the electrical parameters along cycling up to 108 cycles and
before and after annealing at 400◦C. Cycle-to-cycle variabil-
ity and drift phenomenon are also investigated. Finally, we
demonstrate how Ge content should be properly tuned in
order to improve the thermal stability of the alloy without
affecting the leakage current and the electrical parameters
variability.

Index Terms— Ovonic Threshold Switching selector,
GeSbSeN, Thermal stability, Electrical parameter variability.

I. INTRODUCTION

OVONIC THRESHOLD SWITCHING (OTS) tech-
nology attracted a lot of attention from industry

and motivated several research efforts in the last years
for the possibility that it offers to fabricate ultra-highly
dense Resistive Non-Volatile Memory Crossbar arrays
with an agressive single memory cell area of 4F2. OTS
is a key selector device that combines the capability to
deliver a high current density when it is switched in the
ON state, necessary for the programming of the memory
element, and an ultra-low leakage current when it is
in OFF state [1], [2]. Indeed, OTS and Phase-Change
Memory (PCM) have been successfully co-integrated in a
3D-stackable 1S1R cell (i.e. one selector plus one resistive
memory) [1], [3]–[5] and in recent years such device has
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achieved a level of reliability that allowed its commer-
cialization in products targeting Storage Class Memory
applications [6]. Several OTS amorphous chalcogenide
alloys and dopants have been already investigated [1],
[2], [7] and in recent years we have studied and demon-
strated the intersting performances of GeSbSeN alloys
(called ”GSSN”) to achieve low leakage current and high
thermal stability [8], [9]. As we have previously reported,
Ge-N bonds and Ge-Se bonds are fundamental to ensure
the integrity of the amorphous nature of the OTS layer.
In order to better highlight the role of Ge content in
GeSbSeN system, we present in this work the study
of Gex(SbSe)1-xN alloys featuring different Ge content.
First, we investigate the layers as-deposited and after
annealing at 400◦C combining the results from Raman,
FTIR spectroscopy and X-ray diffraction analysis (XRD).
Therefore, thanks to the electrical characterization of
integrated OTS devices, we compare the layers in terms
of switching parameters and of their variability, thermal
stability, endurance and drift along time of the threshold
voltage. Finally, all these results are benchmarked show-
ing the importance to correctly optimize the Ge content
in GSSN alloy in order to achieve the best performances
for selector applications.

II. MATERIAL CHARACTERIZATION

We deposited our materials by magnetron reactive
co-sputtering from Se-rich SbSe and Ge targets under
constant N flow. We capped the samples for material
analyses without air-break with 5 nm thick carbon layer
in order to prevent the surficial oxidation. Germanium
atomic ratio (x) in Gex(SbSe)1-xN was varied in the range
0.05 - 0.5, fabricating five different alloys addressed in
the following as A, B, C, D and E: the material A is the
poorer in Ge content while the material E is the richer.
The annealing of the samples was performed applying
an increasing temperature ramp (10 ◦C/min) up to the
selected temperature.

In Fig. 1, we report the Raman spectra acquired on
the as-deposited layers. The main feature, centered at
200 cm91, combines the bonds vibrations of both SbSe3/2
pyramids (190 cm91) and GeSe4/2 tetraedra connected by
corners (200 cm91) and edges (214 cm91) [10]–[12] and is
present in all the samples. The excess of Se in the system
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Fig. 1. Raman spectra of as-deposited materials. Main feature at
200 cm91 is the result of the convolution of Sb-Se (at 190 cm91) and
Ge-Se vibrations (at 200 and 210 cm91). Increasing Ge content from
composition A to E, we observe a decrease of Se-Se mode (at 245-
265 cm91) and an increase of Sb-Sb mode (at 160 cm91) [10]–[12].

gives rise to the formation of Se-Se weak homopolar
bonds (bond energy = 44.04 kcal/mol [13]) that grad-
ually decreases when increasing Ge content from A to
E. We therefore observe the formation of stronger Ge-Se
bonds (49.44 kcal/mol) with the reduction as well of the
amount of Sb-Se features. Such impoverishment in Se of
the Sb environment provides the gradual appearing of
Sb-Sb vibrations, well visible in E. A high Ge content,
like in E, is also responsible for the appearing of Ge-Ge
modes (bond energy = 37.60 kcal/mol [14]–[16]) in the
band from 250 cm91 to 300 cm91 [17]. A higher concen-
tration of Ge-Se features at increasing Ge content should
lead to an increase of the bandgap of the layer [10].
However, the appearing of Ge-Ge motifs at too much
high Ge content, like in E composition, is expected to
reduce the forbidden gap energy [13], [18], leading to a
more conductive layer (i.e. higher leakage).

After the annealing at 400◦C, we observe a reduction
of the Ge-Se and Sb-Se feratures in A spectrum, with
the increase in intensity of the Se homopolar feature
(Fig. 2). This is likely correlated with Se phase segre-
gation. A similar behavior has been observed in B layer
(not reported). On the contrary in layer C (and D), the
annealing leads to the disappearing of Se homopolar
mode, as previously observed in [9], likely due to the
layer reorganization in favor of stable Ge-Se features.
Finally, almost no evolution is observed in sample E after
400◦C annealing.

In Fig. 3, we report the FTIR spectra of as deposited
materials. The spectra gather features linked to Sb-Se,
Ge-Se and N-related bonds. Sb-Se feature at 201 cm91

[19] does not present a significant correlation with re-
spect to Ge content. The peak of Ge-Se feature (between
250 cm91 and 300 cm91) is present in all the samples and
it shifts towards lower frequencies incrasing Ge content.
It means an increase of corner linked GeSe4/2 tetrahe-
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Fig. 2. Raman spectra for A, C and E samples as-deposited and after
annealing at 400◦C. Results from layers B and D are not reported for
sake of clarity, being the results obtained for B close to A, and for D
close to C. A strong Se segregation is observed in A leading to important
material degradation. Annealing reduces Se segregation in C by slightly
increasing the Ge-Se content. Material E stays stable after annealing.

dra (267 cm91) at the expense of edge linked GeSe4/2
tetrahedra (294 cm91) [16], [19], [20] (due to higher Ge
availability). The introduction of nitrogen in GeSbSe
layers enables the formation of N-related bonds such as
Sb-N, Ge-N and Se-N. The presence of modes between
the positions of the known frequencies for such bonds
[17], [21]–[24], are likely related to the presence of such
bonds embedded in more complex features, nominally
Sb-Se-N and Ge-Se-N. Such analysis is supported by the
fact that Sb-Se-N features (indexed at about 640 cm91)
well defined in A and B, decrease with the increasing of
Ge content in C and D sample in favor of Ge-Se-N motifs
(indexed at about 757 cm91). At even higher Ge content,
Ge-N features (indexed at about 690 cm91 [17], [23]) are
promoted, together with Ge-Se-N ones still present in
the system, in agreement with Raman results (Fig. 1).

After annealing at 400◦C, the shift of Sb-Se and Ge-Se
features towards lower frequencies in sample A (Fig. 4)
are the indication of an advanced evolution (i.e. degra-
dation) of the layer integrity. This is in line with Raman
analysis (Fig. 2) and likely due to the starting of Se seg-
regation. Moving to higher Ge contents, after annealing,
Ge-N features are favoured (Ge-N and Ge-Se-N) with
the narrowing and the intensity increase of the motif
between 700 cm91 and 800 cm91.

From XRD analysis performed on all the sample after
the annealing at 400◦C, we observe that only material
E remains completely amorphous Fig. 5. In the other
samples, Sb2Se3 crystallites appear with increasing peaks
intensity moving towards Gex(SbSe)1-xN alloys with
lower Ge content. We think that the higher concentration
of Ge-N and Ge-Se-N features at increasing Ge content,
allows retarding the crystallization phenomena, similarly
to what already observed in other chalcogenide layers
[17].
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Fig. 3. FTIR spectra of as-deposited materials. Main features are
identified to be related to Sb-Se at 201 cm91 [19], Ge-Se at 250-
300 cm91 [16], [19], [20] and N-related bonds above 590 cm91 [17], [21]–
[24].
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Fig. 4. FTIR spectra for A, C and E samples as-deposited and annealed
at 400◦C. A material is degraded by the 400◦C annealing, as show the
Sb-Se and Ge-Se features. Considering the N-related bonds, annealing
tends to reduce the number of different features favouring stable Ge-N
or Ge-Se-N bonds [23].

Increasing Ge content in Gex(SbSe)1-xN system we increase
the amount of Ge-Se and Ge-N bonds, respectively responsible
for a higher bandgap, important to reduce the OTS device
leakage, and a higher thermal stability up to 400◦C. However,
too high Ge content could lead to the formation of Ge-Ge
features, likely responsible for a higher conductivity (i.e. higher
leakage).

III. ELECTRICAL CHARACTERIZATION

We integrated Gex(SbSe)1-xN layers in analytical OTS
devices as described in Fig. 6. A thin carbon layer
between titanium nitride top electrode and chalcogenide
layer prevents Ti diffusion in the chalcogenide layer
either during fabrication or device operation [25]. All
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Fig. 5. XRD spectra for materials A to E annealed at 400◦C. B and D
spectra match A and C spectra respectively (not reported). E material re-
mains perfectly amorphous after annealing (i.e. no crystalline patterns).
Peaks detected in the other samples are attributed to Sb2Se3 crystalline
phase (orthorhombic Pnma (62) space group of ICDD database).
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Fig. 6. Schematic IV curve for an OTS device and main electrical
parameters: Vth is the threshold voltage; VH is the holding voltage; Ion
is the current measured during the programming operation (Von); Ihold is
the minimum current to preserve the OTS in the ON regime; Ioff is the
leakage current measured at Vth/2. The inset presents the OTS device
integrating Gex(SbSe)1-xN layers (A to E) deposited over a tungsten
based bottom electrode with a diameter of about 300 nm.

the results are collected from populations of about ten
devices. Main electrical parameters reported in the fol-
lowing are defined in Fig. 6 and collected by AC mea-
surements (i.e. pulsed voltages/currents).

A. Electrical parameters

We compared the electrical parameters of
Gex(SbSe)1-xN OTS devices before and after an
annealing of 30 minutes at 400◦C.

By increasing Ge content in as-fabricated devices from
composion A to D, and thus increasing the GeSe content
as observed in previous section, we increase the material
gap and its resistivity, which lead to a higher fire voltage
(Vfire i.e. the initialization voltage), a higher threshold
voltage (Vth) (Fig. 7) and a reduced leakage current Ioff
(Fig. 8). This trend is inversed in E composition, where
the presence of Ge-Ge features decreases the bandgap
[13], [18] and thus the switching voltages, combined to
an increase of Ioff. Holding parameters, VH (holding
voltage) and Ihold (holding current), do not show a
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Fig. 7. Vfire, Vth, VH measured for all Gex(SbSe)1-xN OTS devices
before and after annealing at 400◦C. The values of Vth and VH are
collected after 1000 cycles (to confirm the device reliable functionality
and stable cycle-to-cycle parameters).
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Fig. 8. Ion, Ihold and Ioff measured for the Gex(SbSe)1-xN OTS devices
before and after annealing at 400◦C. The parameters are acquired after
1000 cycles. Data for material A are not reported after annealing due to
devices failure related to the layer crystallization (Fig. 5).

dependency on Ge content, likely due to the equivalent
nature of the ON state in the five different alloys. Indeed,
SbSe system is present in all the studied layers, more or
less prevented from crystallization (Fig. 5).

The previous observations are still valid after the an-
nealing at 400◦C, that mainly causes a reduction of Vfire
and Vth, and an increase of Ioff which still remains in
the nA range for C and D compositions. The starting of
SbSe crystallzation (Fig. 5) and the structural relaxation
[9] are the main responsibles for such evolution. Material
A is not anymore functional after annealing, due to the
segregation (Fig. 2) and crystallization of Sb2Se3 that
features a crystallization temperature equal to 217◦C [26]
(Fig. 5).

The summary of the observed evolution after anneal-
ing of Ioff and Vth is reported in Fig. 9. As expected, in-
dependently from the evolution of each material caused
by the annealing, a decrease of Vth (i.e. lower bandgap
of the material) is linked to an increase of Ioff (i.e. higher
conductivity). Moreover, as reported in the inset, the
higher the Ge content, the lower the Vth and Ioff variation
before and after annealing. This behavior matches the
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Fig. 9. Ioff as a function of Vth for Gex(SbSe)1-xN devices, extracted
from Fig. 7 and Fig. 8, before and after annealing. Inset: variation of
the order of magnitude of Ioff (rIoff), calculated as the log10 of the ratio
between the value after and before annealing, as a function of the Vth
variation in % before and after annealing.

physico-chemical results presented in Fig. 2 and Fig. 4,
in which high Ge content leads to almost unchanged
spectra after annealing at 400◦C (i.e. higher thermal
stability induced by Ge-N and Ge-Se-N features).

B. Subthreshold conduction analysis
Fig. 10 reports median I-V characteristics after 10 cy-

cles for as fabricated Gex(SbSe)1-xN devices. Experimen-
tal data are in agreement with Poole-Frenkel conduction.
The intertrap distance and activation energy Ea [27] are
extracted from to the following relations

STS =
∂ln(I)

∂V
=

q
kT
Δz
2ua

(1)

ln(I/V) ∝
Ea + βPFV1/2

kT
(2)

where STS is the subthreshold slope, k the Boltzmann
constant, T the room temperature (25◦C), Δz the inter-
trap distance, ua the layer thickness and βPF a coefficient.

The observed trend for Δz and Ea is in agreement
with the observed trends for the electrical parameters
(i.e. Vth, Ioff). Indeed, for material A the gap is reduced
by the likely formation of SbSe features, and in material
E by the segregation of Ge. For intermediate Ge contents
(B, C, D) the amorphous nature of the layer is on the
contrary preserved.

C. Endurance and cycle-to-cycle variability
We studied the impact of cycling on as-fabricated

Gex(SbSe)1-xN OTS devices. We studied the endurance
up to 108 and the cycle-to-cycle variability evaluated
after 104 cycles.

In Fig. 11 we report the variation of Ioff as a function
of the variation Vth during cycling, along with the
evolution of the absolute values of Ion and Ioff (in the



C. LAGUNA et al.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS (DECEMBER 2021) 5

0.5 1.0 1.5 2.0
10-13

10-11

10-9

10-7

A B C D E

 A
 B
 C
 D
 E

 Data
 fit PF

C
ur

re
nt

 (A
)

Voltage (V)

a)

D
z 

(a
.u

.)

b)

Ea
 (a

.u
.)

c)

Fig. 10. a) Median I-V characteristics with Poole-Frenkel fits, b)
Intertrap distance calculated with eq. (1) and, c Activation energy Ea
extracpolated from eq. (2).

-10 0 10 20 30 40
0

1

2

3

4

102 104 106 10810-11

10-9

10-7

10-5

10-3

  Ion
 Ioff

C
ur

re
nt

 (A
)

Cycle

 102

 104

 106

 108

 A
 B
 C
 D
 E

rI o
ff 

(o
rd

er
 o

f m
ag

ni
tu

de
)

DVth (%)
Fig. 11. Endurance results for Gex(SbSe)1-xN OTS devices. Ioff varia-
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with increasing symbols size. The dotted lines highlight the region (at
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variation of both Ioff and Vth along cycling. The square at the bottom
evidences the region of the graph in which all the five material start at
the beginning of the cycling (i.e. after only 102 cycles). Inset: evolution
along cycles of Ion and Ioff for the five materials.

inset). Materials A, B, C and D reach 108 cycles keeping
a selectivity of at least 105 (i.e. ratio between Ion and Ioff).
Material E on the contrary shows an increasing leakage
along cycling. Ioff variation (rIoff) and Vth variation
(ΔVth) are calculated as follows:

rIoff = log10

(
Ioff(N)
Ioff(1)

)
(3)

ΔVth =
Vth(N) – Vth(1)

Vth(1)
(4)

where Ioff(N) and Vth(N) are respectively the Ioff and
the Vth measured at cycle N. Material A presents a good
compromise in terms of Ioff increase (only about 2 orders
of magnitude) with an extremely low Vth variation along
cycling. A low Vfire, as reported in Fig. 7, avoids a
too high stress of the material at the initialization step,
and this should maintain the switching properties of

Instrumental error

V t
h(

i) -
 V

th
 (V

)

i

A

E

C

Fig. 12. Vth cycle-to-cycle variation measured along 100 switching
operations, after 104 cycles. The Vth variation (y-axis) is calculated as
the difference between Vth measured at i-th cycle (Vth(i)) and the mean
value of Vth calculated for the 100 consecutive cycles (Vth).

the SbSe system (i.e. main system present in material
A as observable in spectra of Fig. 1 and Fig. 3) without
triggering the crystallization within 108 cycles.

Despite a low Ioff evolution along cycling, materials B,
C and D show a considerable evolution of Vth, with a
minimum for material D that presents a Vth variation of
less than 25%. Similarly to what observed after anneal-
ing, an intermediate Ge content is responsible for more
Ge-N and Ge-Se-N features that help in maintaining the
amorphous nature of the layer (i.e. low leakage) but
with an increase in the stability of such features at high
temperature (i.e. FTIR results in Fig. 4), and a consequent
increase of the bandgap and of the Vth of the material
along cycling.

Finally, material E shows the inversion of the trend
with a reduction of Vth along cycling together with the
increase of Ioff, likely due to the ongoing Ge segregation
attributable to the presence of Ge-Ge features already
in the as-deposited layer Fig. 1. In this case, despite
an observed high stability and delayed crystallization
at high temperature, the rising of the temperature well
above 400◦C during programming operations should be
responsible for Ge segregation, similarly to what previ-
ously observed in other Ge-rich chalcogenides [17]. Ge
crystallization then induces a decrease of the bandgap
of the material and a higher leakage.

In Fig. 12, we present the Vth cycle-to-cycle variation
after 104 cycles. Vth value was measured 100 times
consecutively with a Vth sensitivity of 0.1 V. No major
differences are observed between materials and devices,
with a really high stability of Vth in the range of cycles
explored. The differences should be found only for high
cycles number, as reported in Fig. 11.

D. Threshold voltage drift

Fig. 13 reports the evolution of Vth along time for all
the Gex(SbSe)1-xN devices. Vth drift follows the follow-
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equation eq. (5).

ing empirical rule:

Vth(t) = α ln
(

t
t0

)
+ Vth(t0) (5)

where α is the drift coefficient and Vth(t0) is the value of
Vth at time equal to t0 (in our case 1 μs). We observe
an ultra low drift within the studied delays Fig. 14.
Vth drift is more important for materials with high
threshold voltage like C and D. The higher Ge content
of these layers (with respect to A and B) likely leads
to the formation of Ge-Ge bonds and Ge-Sb wrong
bonds after the melt-quench process following the pulse
application. However, the presence of stable Ge-Se units
hinders the crystallization of the material during the
pulse application, leaving the system in a disordered
and amorphous phase (i.e. with a high bandgap and
resistivity). As reported in [28], the structural relaxation
in amorphous systems implies the suppression of ho-
mopolar or wrong bonds along time (like in C and D), if
they are not leading to the formation of stable nuclei of
a segregated phase. On the contrary, materials A and
B feature a higher SbSe content with less probability
to form Ge-Ge homopolar bonds and the possibility on
the contrary to form stable heteropolar bonds proper to
SbSe crystalline phase (Fig. 5). Materials with higher drift
are the ones with higher activation energy as reported
in Fig. 10. These observations could be put in parallel
with the work of [29] which reports that numerous
Ge-Ge bonds lead to more slow defects that remain
delocalized after device turn OFF along endurance study,
causing degradation. To conclude, as already highlighted
during cycling, material E is featuring Ge segregation
and crystallization since first cycles. The increase of the
conductivity due to formation of percolation paths in the
material, leads to a lower sensitivity to the relaxation
phenomena happening in the units owning to the still
amorphous volume of the layer.

The electrical characterization of Gex(SbSe)1-xN OTS de-
vices showed that thermal stability is improved increasing the
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Fig. 14. Drift coefficient α measured thanks to eq. (5). We can observe
that C and D materials present the highest drift, leading to an increase
of 0.25 V (i.e. about + 6%) after 10 years. Some devices present an α
value too low to be measured correctly (grey banner, under detection
limit).

Ioff variability

Vth variability Thermal stability

C2C variability

Drift

 A
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 D
 E

Fig. 15. Radar graph showing the different electrical performances
studied in Gex(SbSe)1-xN OTS devices. Best compromise should be
found in layers with intermediate Ge content i.e. C and D compositions.

Ge content up to a maximum value (composition D), after
which the layer likely undergoes the segregation phenomenon
(composition E). Endurance up to 108 is achievable in all the
samples with some compromises: too low Ge content could
lead to early SbSe crystallization with an increase of Ioff, too
high Ge content could lead to a fast degradation of switching
properties still due to Ge segregation. At intermediate Ge
contents, an optimum should be found (composition D) to
avoid a too high Vth variation during cycling due to enhanced
Ge-/N-related features (Ge-Se-N and Ge-N). Finally, the drift
of Vth is correlated as well with previous observations, in par-
ticular revealing the possible impact of Ge-Ge homopolar bonds
relaxation in Ge-rich amorphous layers with intermediate Ge
content (compositions C and D).

IV. CONCLUSIONS

In this paper, we have investigated the influence of
Ge content in Se-rich Gex(SbSe)1-xN alloys through ma-
terial and electrical analyses. We have demonstrated that
increasing Ge content improves the thermal stability at
400◦C, with an optimum for intermediate Ge contents.
The proper tuning of Ge content, allows the best compro-
mise in terms of Ioff and Vth variation along cycling, with
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an endurance up to more than 108 cycles, still ensuring
low Vth drift in time (Fig. 15).
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