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Abstract

In this paper, we investigate the thermal stability of a wide range of ternary and
quaternary (Si)GeAsTe alloy thin films. These type of materials are reported to
show Ovonic threshold switching, which means they conduct the current above
a specific threshold voltage and are not conducting at lower voltages, making
them ideal as a selector element for crosspoint memory devices. For threshold
switching to occur in these chalcogenides, the amorphous state of the material is
crucial, and hence the material may not crystallize below 400°C to be compatible
with temperatures used in device process flows. A combinatorial deposition
technique is used to create a thin film library of 36 different compositions,
and in situ X-ray diffraction and X-ray fluorescence spectroscopy is used to
investigate the thermal stability of the films. We show that Si doping of GeAsTe
improves the thermal stability by increasing the crystallization temperature and
small amounts of Si (i.e. 5at%) decreases the tendency to lose material by
sublimation. Also capping the films with a W cap avoids material loss if the
capping layer does not show cracking under annealing. An optimal chalcogenide
composition, being AssoTesgGeggSizg combined with a W electrode is identified
and is integrated in 65 nm mushroom type devices for electrical characterization.
The material shows threshold switching and excellent endurance with over 108
cycles.

Keywords: Chalcogenides, thermal stability, in situ X-ray diffraction, Ovonic
threshold switching, selectors

1. Introduction

Chalcogenides are materials with at least one of the elements S, Se or Te.
This covers a wide range of materials with many different properties and ap-
plications, ranging from (2D) transition metal dichalcogenides [I], to thin film
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solar cell materials [2] and chalcogenide glasses for application in optics [3, 4]
and emerging memory technologies [5]. For the latter, they are of interest for
application in storage class memory (SCM), which fills the gap in the memory
hierarchy between non-volatile Flash and volatile dynamic random access mem-
ory [5]. Phase change memory (PCM) has been demonstrated to be a good
candidate for SCM, where typically GeaSbyTes or a modification thereof is used
[6]. The memory state is achieved here by switching the material between a
crystalline and amorphous state, which have a different electrical resistivity. In
order to integrate these memory cells in dense cross point memory arrays, a
two-terminal selector device is necessary to eliminate sneak path currents [7].
A selector device is a component in series with the memory element that only
conducts the current above a specific threshold voltage V;. In this way, when a
read voltage is applied on a specific cell, the unaddressed cells that feel a voltage
Viead/2 and are in a low resistive state will not conduct current as the selector
element prevents this. Several chalcogenides are reported to show threshold
switching, referred to as Ovonic threshold switching (OTS) [§], and this makes
them attractive for application as a selector.

Different chalcogenides have been investigated and reported for selector ap-
plications, starting from binary systems like Si-Te [9] [10], Ge-Te [II], Zn-Te
[12], Ge-Se [13, 14] to more complex ternary and quaternary systems like Si-
As-Te [15, [16] and Si-Ge-As-Te [I7]. The materials are often further doped
[18, 19, 20, 21] to improve device performance and materials stability [22] 23].

It is challenging to find a material which shows the required electrical be-
havior and good thermal stability. From device perspective, the material should
have a low leakage current at 1/2 V; (i.e. the voltage that may be present over
a non-address cell), have a high switching speed, high endurance (i.e. > 108
cycles) and allow a high current density (> 10 MA/cm?) in the on state, com-
patible with the memory device. To be compatible with integration flows in
semiconductor processing, the material should have a sufficiently high thermal
stability to withstand back end of line (BEOL) processing, where it should
withstand temperatures up to 450°C for 30 min [5]. To be functional as OTS,
the chalcogenide should remain in the amorphous state, and hence should not
crystallize up to these temperatures.

In this work, we conduct a thorough material screening of a large set of
ternary and quaternary (Si-)Ge-As-Te compositions. The compositions under
study are selected after careful literature review of reported bulk phase dia-
grams and models to predict the thermal stability and expected OTS behavior.
The selected composition range is then deposited in 20nm thin films where
we make use of a combinatorial deposition technique. The thermal stability
is investigated, where we determine the crystallization temperature and verify
the film and stack integrity after anneal. A thermally stable composition is
selected from this study, and is integrated in mushroom type devices with a
65 nm bottom electrode contact for characterization of the threshold switching
behavior. A high endurance OTS selector with over 108 cycles is demonstrated.
Furthermore, ab initio simulations are carried out to understand the electronic
structure of the material and to explain its threshold switching properties.
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Figure 1: Compositions under study, depicted in the ternary Ge-As-Te composition space.
(a) Ternary Ge-As-Te, (b) Si-Ge-As-Te with 5at% Si and (c) with 10at% Si. The quaternary
systems (b) and (c) are projected on the Ge-As-Te plane for ease of comparison. The color
code indicates the glass transition temperature, calculate using the Lankhorst model.

2. Experimental Procedures

A set of 36 different compositions have been identified and are deposited
by co-sputtering from GesAsysTesg, Ge, Si and AsyTes sputter targets. The
composition of the films was varied by adapting the power applied on the dif-
ferent targets. The compositions are depicted in the ternary Ge-As-Te diagram
in Figure[l] and the motivation for these compositions will be further explained
in the Theory section. Three main groups of compounds have been prepared:
(i) ternary Ge-As-Te (Figure|lh), (ii) quaternary Si-Ge-As-Te containing 5 at%
Si (Figure [Ip) and (iii) quaternary films with 10at% Si (Figure [Ik). For the
quaternary systems, the points are projected in the ternary Ge-As-Te plane for
ease of comparison. Every compound is numbered in the figure, and we will
further refer to the compositions in symbolic notation x%Si_(compound nr.)
(e.g. 5%8Si_10 is then a quaternary film with 5% Si, index 10, which has a
composition of 5% Si, 40 % As, 15 % Ge and 40 % Te). The compositions have
been verified by means of Rutherford backscattering spectroscopy (RBS) and
wavelength dispersive X-ray fluorescence spectroscopy (WD-XRF). A summary
of the prepared compounds with their labeling and measured compositions is
given in the Supporting Information Table S1. The chalcogenide films are de-
posited in 24 mm diameter spots on a 300 mm wafer. The Si wafer has a 300 nm
SiO2 thermal oxide on top. The chalcogenide layer is 20 nm thin and is covered
in situ with a 30nm W cap to avoid evaporation of the films during annealing.
Meanwhile, W is a valid top electrode for use in a device stack. In this way, the
thermal stability of a device compatible material stack is investigated.

The crystallization behavior of the films is investigated by means of in situ
X-ray diffraction (XRD). A Bruker D8 Discover diffractometer is equipped with

075
X 0.25 A 0.25
VAN 10pedle 12 /\
@i / \ / 7?8’ e/ N\
1.00 4?10 215) 3q®
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a Cu K, X-ray source, a linear detector and a home built annealing chamber
[24]. The source and detector are fixed to a specific 6-20 position, and by
means of the linear detector, a fixed 20 window of 20° is monitored during
anneal. For our measurements, the source and detector are fixed to 14 and 28°
respectively, measuring the 20 window 18 — 38°. The samples are annealed at a
constant heating rate of 0.2°C/s in He atmosphere and at the same time, XRD
patterns are collected with a collection time of 5s. In this way, an in situ XRD
pattern is measured with a resolution of 1°C. Crystallization of the films is then
detected by the appearance of diffraction peaks. Moreover, identification of the
diffraction peaks allows us to identify the different compounds that crystallize
and their crystallographic structure.

Energy dispersive X-ray fluorescence spectroscopy (XRF) was used to verify
if any material was lost after annealing [25]. Any loss of material is detected
as a decrease in intensity of the characteristic fluorescent peaks of the elements
(Ge, As and Te) after anneal, compared to the as-deposited film. The stack
integrity and surface morphology was investigated by optical microscopy and
scanning electron microscopy (SEM).

An optimal chalcogenide composition in terms of materials stability was
identified and the selected compostion is deposited in a set of 24 mm diam-
eter spots, aligned on the dies of a 300 mm device wafer. The chalcogenide
is patterned by ion beam etch to create a mushroom type of device, where the
bottom electrode is a TiN plug with a diameter of 65 nm. The devices were char-
acterized in AC mode using an Agilent 81110A pulse generator and a LeCroy
WavePro735Zi oscilloscope. Low current measurements were carried out using
a Keithley K2602A source measure unit. The current through the devices is
limited by a varying on chip series resistor.

Ab initio simulations have been carried out to get an understanding of the
electronic structure of the material to explain the switching properties of the
material. Density Function Theory (DFT) simulations were performed on 10
different models that were generated with a melt-and-quench technique (see ref-
erence [26] to previous work for more details on the computational details). The
electronic structures were assessed by using a hybrid exchange-correlation func-
tional (HSE), combining GTH pseudopotentials and DZVP basis sets in CP2K
[27]. The valence and conduction edges were found by applying a threshold on
Inverse Participation Ratio (IPR) coefficients, computed for each state of the
amorphous model.

3. Theory

To be compatible with BEOL processing, the OTS material should with-
stand temperatures up to at least 400°C, meaning that it should not melt and
evaporate, nor sublimate, and the stack needs to remain intact (i.e. no surface
morphology degradation or layer intermixing) up to this temperature.

Although we are interested in thin films, the bulk properties of Ge-As-Te are
a good starting point to select the compositions where a good thermal stability
can be expected. Figure[2h gives an overview - without claiming to be complete
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- of the intermetallic compounds that are reported, both binary and ternary, and
their corresponding melting temperature (T,,). For other compositions, phase
separation and hence co-existence of more phases is expected in the crystalline
state. On the pseudo-binary AssTes-GeTe line [28] 29], the intermetallic com-
pound family Ge,AssTes;,, (with n an integer number) can be found. As,Tes
melts at 385°C, and upon adding GeTe, a eutectic point (indicated as E in
the figure) with a lower melting temperature (370°C) is present. Upon moving
further to the GeTe rich side, the Ge, AsyTes,, compounds are formed. Those
with n from 1 to 4 are formed peritectically, with the temperature indicated as
T,. Hence upon heating these compounds, a solid and liquid is formed above
T,. For all these phases this is above 400°C and hence thermal stability is bet-
ter. At the Te rich side of the binary As-Te and Ge-Te system, eutectic points
with melting temperatures below 400°C are present. Hence this Te rich sub
triangle (orange shaded region in Figure ) is to be avoided because of these
low melting temperatures, and we select more As and Ge rich compositions.

Figure also indicates other reported cross sections [28] 29] 30, 3], B32],
on which we marked the points where an invariant reaction (U 2) involving a
liquid phase [33] occurs. This is at relative high temperature, and hence the As
rich side of As-Te, where Ge is added forms the starting point for our materials
exploration. The compositions under study, are projected in the ternary Ge-As-
Te and shown in FigurdZh.

For OTS applications, the chalcogenide should stay in the amorphous phase,
hence it should have a good resistance against crystallization. To get a better
understanding of the impact of composition on crystallization temperature, the
glass transition temperature T, was calculated for the alloys under study, by
means of the model proposed by Lankhorst [34]. This model makes use of a
semi-empirical formula that links the glass forming temperature to the average
bond strength. The latter is calculated from the bond strengths between the
different elements (see Table S2 in the Supporting Information) and the number
of these bonds that are formed. Because the glass transition temperature is a
lower limit for the crystallization temperature T, the stability of the alloys
against crystallization can be estimated [34) 35]. Figure |1p, shows T, of the
ternary Ge-As-Te compositions. We see that T}, is the lowest for Ge poor and
Te rich compositions and increases when more As and/or Ge is added. When
Si is added (5at% and 10at% in Figures [Ib and c respectively), T, increases
further. This is because addition of these elements add more and strong bonds
to the system, increasing T,;. Because T is a lower limit for T}, a similar trend
is to be expected for the crystallization temperature. This makes sense because
when more strong bonds are present, atomic rearrangements that are necessary
for crystallization to proceed will be more difficult, hence T, will increase.

The final goal is to obtain a thermally stable material that shows OTS be-
havior, for application as selector. To assess the probability that these materials
may show threshold switching, the compositions are plotted in the r_!-r, map
(Figure ), as was proposed by Velea et al. [22]. The coordinates r, and r_*
are a measure for the ionicity and covalency respectively of the bonds. The
map is an extension of the original map for phase change materials [36] with an
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Figure 2: (a) Ternary Ge-As-Te composition space, indicating the intermetallic binary and
ternary compounds with their melting temperature (T,,) or temperature where they are
formed peritectically (Tp). The reported ternary cross sections are also indicated, together
with the invariant reactions deduced from these diagrams. The compositions that are studied
in this work are projected in the Ge-As-Te composition diagram. (b) Compositions under
study plotted in the 7";1-7"0 map. A few reported SiGeAsTe compositions that show OTS
are plotted as well, together with a few reference PCM materials. The number of average
p-electrons (Np) is plotted as a color map.
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average number of p-electrons equal to 3. Velea et al. [22] noticed that the OTS
materials group together towards larger r-!, meaning a higher hybridization
tendency and a more covalent nature of the bonds compared to phase change
materials. Note that the average number of p-electrons is also slightly deviating
from 3 (which was fixed in the original PCM map), and that’s why this is added
as a third parameter, shown as color map in Figure 2b. A few other SiGeAsTe
alloys that are reported to show OTS behavior [16, B7, [38] are also depicted,
together with some reference PCM materials to illustrate the different locations
of these materials in the map. It is clear that the compositions under study lay
in the region of OTS materials, giving confidence of their OTS functionality.

4. Results and discussion

4.1. Thermal stability study

The thermal stability was investigated by means of in situ XRD. In a first
step, the annealing temperature was limited to 450°C, to avoid material loss
because of sublimation or evaporation. No crystallization could be observed
for any of the 36 compounds. All samples were subjected to XRF before and
after anneal, and integrated peak intensities of As and Te were compared before
and after anneal. The ratio of the integrated intensity of the characteristic line
after anneal, and the intensity of a reference sample before anneal (I/1ly) is
plotted in Figure [3| for both As and Te. The ratio should be equal to 1 if no
material loss occurred, and less then 1 if material was lost by annealing. The
error bars indicate the absolute error originating from the counting statistical
error from the XRF counts. Note that a few points have a value larger than 1
(even taking the error bar into account), which is unphysical as no material can
be added after anneal. However, this is explained by the fact that the reference
sample before anneal is not exactly the same piece of sample as the one that is
annealed. Hence a small fluctuation in thickness or composition explains this
deviation and causes an additional error on this ratio. However, despite this
effect, it is clear that the ternary Ge-As-Te samples are more prone to As loss.
Indeed, the intensity ratio of As is between 50 and 85 % (see Figure [3p), whereas
for the Si doped films (Figures |3b and c) the As (and Te) ratio is very close to
one. Mainly the GeAsTe films with high As and low Ge contents are prone to
As loss.

It is clear that Si doping has a positive effect in terms of stability against
material loss, and for that reason, the ternary materials are considered less
thermally stable and are not further investigated up to higher temperatures,
because even more As loss is expected. This was confirmed for one ternary
sample with a relative low amount of As (i.e. 0%Si_11) that was annealed to
500°C. This resulted in complete disappearance of As after anneal, only Ge and
Te could be detected afterwards. The in situ XRD plot is shown in Figure [dh.
Diffraction peaks of the rhombohedral GeTe phase show up starting at 467°C,
while no traces of As or As containing phases are detected, in agreement with
the observed As loss. The way of extracting the crystallization temperature
from the in situ XRD is illustrated in Figure [p.
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Figure 3: For both As and Te, the ratio of the integrated intensity of their characteristic
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Te compounds, (b) ratios for the quaternary Si-Ge-As-Te compounds with 5at% Si and (c)
10at% Si. The characteristic lines measured are As Ka and Te La.
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in the 20 range where the diffraction peak of a specific phase occurs (in this case 25.5-26.5°
for the (021) peak of rhombohedral GeTe). The crystallization temperature is then defined
as the temperature where the maximum change in integrated intensity occurs. In this case,
T, is 467°C.
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Figure 5: In situ XRD measurements of the W capped SiGeAsTe thin films with 5at% Si.
The logarithm of the XRD intensity is plotted as a grey scale color map, the y-axis shows the
20 value and the x-axis the actual temperature. The observed diffraction peaks are identified
and labeled.

238 The Si doped samples are annealed up to 550°C to induce crystallization and
x  to extract T,. Figure [5] shows all the in situ XRD patterns for the SiGeAsTe
20 samples with 5at% Si, and the diffraction peaks that appear are identified with
2 the in literature available powder diffraction patterns. The temperature at
22 which a specific phase crystallizes is summarized in Figure [6h, and the tem-
a3 perature range where the phase is present is shaded. For As rich compositions
24 with low amounts of Ge (e.g. 5%Si_1 and 4), a faint peak of rhombohedral As
25 [39] shows up initially, and disappears when rhombohedral As;GeTey [40] crys-
us  tallizes. For all compositions, diffraction peaks that can be matched to rhom-
27 bohedral AssGeTey appear. Compositions 5%Si_1 and 2 have a clear peak at
2 23.5° that can be related to the (1,3,3) peak of orthorhombic GeTe [41]. For the
29 others, this peak is rather broad, suggesting an amorphous or nanocrystalline
0  material. For completeness, the appearance of this broad peak is also added to
» Figure [6h. However, to extract the crystallization temperature for those alloys,
2 it is better to look at the appearance of As or As;GeTey diffraction peaks. For
253 the films with more Ge (i.e. from sample 5%Si-7 on), diffraction peaks that

10
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phases for all the SiGeAsTe compounds with 5at% Si. The temperature region where they
are observed is shaded. (b) XRF of the As and Te ratio after and before anneal up to 550°C.

can be matched to rhombohedral GeTe [42] are observed. XRF analysis of the
samples after anneal (see Figure @o) show that the composition is still fairly
maintained for most samples. Comparing the extracted T, with the calculated
T, (see Figure|l)), we see that T is indeed higher than T, however, the change
of T, as function of composition is not so pronounced (only small changes in
T.). The effect may be more clear when a larger spread in composition would
be explored.

The same measurements and analysis are carried out for the SiGeAsTe com-
positions with 10at% Si. The in situ XRD patterns are shown in Figure m the
identified crystallographic phases are summarized in Figure and the XRF
before and after anneal is shown in Figure Bp. The diffraction peaks that ap-
pear are very similar to the previous analysis for the compositions with 5at%
Si. However, there are some differences. Comparing the XRF results in Figures
@) and , it is apparent that the As rich compositions with 10 at% Si are more
prone to As (and Te) loss compared to the compositions with 5at% Si. We
think that this is caused by phase separation of As and Si when higher Si con-
tents are used. The As-Si bond is a strong bond (see table S2 in the supporting

11
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Figure 8: (a) Summary of the crystallization temperatures T, of the different crystallographic
phases for all the SiGeAsTe compounds with 10at% Si. The temperature region where they
are observed is shaded. (b) XRF of the As and Te ratio after and before anneal up to 550°C.

information for theoretical bond strengths), but Si-Si bonds are stronger and
may be preferred when more Si is present, leaving more room for pure As, which
is then more prone to sublimation. This behavior can be seen in Figure[7} in the
in situ XRD pattern of composition 10%Si_7: initially rhombohedral As crys-
tallizes, and its diffraction peak disappears upon further heating. This may be
caused by consumption of the As when Asy;GeTey crystallizes, but maybe also
because of As sublimation. Note that the Aso,GeTe, peak is also not so intense
compared to GeTe, because of the low amount of As left. If we compare the
T, of the samples with 5 versus 10 at% Si where no major composition changes
occurred, it is clear that T is slightly higher, especially for AsoGeTe,. This can
be understood by the Si making strong bonds with the other elements, or by Si
chains that make restructuring of the material and hence crystallization more
difficult. A broad peak of orthorhombic GeTe shows up again, which points
to an amorphous or nanocrystalline nature. The onset of this seems to be less
impacted by Si.

There is one As-rich film that does not suffer from this As loss, i.e. 10%Si_10
which has a composition of AssyTesgGesgSiig. Here we see phase separation
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Figure 9: SEM images of the W capped stacks with 2 different compositions of the chalcogenide
after anneal at 450°C. (a) 10%Si-9 and detail in (b), (c¢) 10%Si-10 and detail in (d).

and crystallization of the As, and subsequently crystallization of GeTe and
Asy;GeTey. The explanation for the composition being unaltered here is that
the W capping layer for this composition remains intact up to at least 450°C,
whereas for all other samples, cracking occurs (see SEM images in Figure E[)
It is obvious that these cracks create a pathway for material loss and an intact
capping layer prevents this.

In summary, the quaternary materials show no material loss up to 450°C,
and hence have a better thermal stability compared to the ternaries. All quater-
nary SiGeAsTe compositions have a crystallization temperature above 450°C,
and hence these films are compatible with BEOL temperatures. However, in
combination with a W cap, only AssgTesGeggSiig does not show any degrada-
tion of the surface morphology up to 450°C. Hence this stack is BEOL com-
patible and is selected for integration to test its OTS performance. Note that
other electrode materials may enable the integration of the other chalcogenide
compositions as well, if they preserve a good surface morphology.

4.2. Ovonic threshold switching (OTS)

To verify the functionality of AssgTesoGegoSiig as OTS material, a 20 nm
thin chalcogenide film with 30 nm W electrode was integrated in mushroom type
device structures. A cross section of the device is shown as an inset in Figure

[Tk
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The devices are characterized in AC mode, by using a 5V triangular pulse
with 100 ns rise and fall time. The current was limited to ~ 500 uA by an on-
chip series resistance of 7k{2. The current flowing through the OTS device was
extracted by measuring the voltage drop on a 50 () series resistor with an oscil-
loscope. The threshold voltage was extracted as the applied voltage where the
largest variation in the OTS current (peak of the derivative) occurred. Figure
shows the typical IV curves, measured in positive polarity (i.e. positive bias
applied on the top electrode). The material shows the typical IV behavior of
an OTS material [8]. Below a threshold voltage V;, the material is not con-
ducting, and starts to conduct above it. When lowering the voltage again, the
material drops back to a high resistive state below a holding voltage V. The
first switching cycle shows a higher threshold voltage (first fire voltage, Vrr)
compared to the subsequent cycles [37]. The cumulative distribution of Vpp
and V; for 8 devices is shown in Figure [I0p, showing a median value of 3.8V
and 2.3V for Vpp and V; respectively. The inset of Figure @b shows the AC
measurements and the extraction of the threshold voltage. Note that mainly the
first fire voltage here may be slightly impacted by the presence of an interfacial
oxide layer on the TiN plugs because of the lack of a preclean step prior to
chalcogenide deposition. The material supports a current density of more than
15MA/cm? (the current density was limited here by the on chip resistance).
For use as selector in cross bar arrays, another important parameter is the leak-
age current at half the threshold voltage, because non-addressed cells may see
1/2 V; when a neighboring cell is selected. For our devices, the off current at
1.15V (i.e. 1/2 Vy) is 10nA (see Figure [I0k). The endurance was measured,
using the same pulse conditions on 75nm devices and with the current limited
to 400 pA. The off current is measured at 0.5V and plotted, together with the
threshold voltage as a function of the cycle number in Figure . Over 10® cy-
cles are achieved, without large drift in Ioppr or V;, demonstrating an excellent
endurance behavior.

4.3. Electronic structure of the material

The threshold switching phenomenon is generally well described as an elec-
tronic switching mechanism. These chalcogenide glasses are typically amor-
phous semiconductors, having a mobility gap E4, and electronic trap states in
the gap. Upon applying a critical electric field (at threshold voltage V) these
traps get charged, changing their position with respect to the valence or con-
duction band edge, their dynamic charges increase [43] and therefore increasing
the electrical conductivity of the material. The trap states can have different
origins, depending on the material and the composition, but in general can
be of valence alternation pairs nature, lone-pairs (from chalcogens or pnicto-
gens) or mis-coordinated Ge nature (Ge-rich chalcogenides) [26]. Similar to
what was shown for the Ge-Se chalcogenides [23| 26], we performed ab initio
investigations of the electronic structure of AssoTesoGeogSiig, to probe for the
presence of these electronic properties that can sustain OTS. A set of 10 dif-
ferent atomic models of 2x2x2nm?® have been generated as described in [26].
Figure shows the density of states (DOS) near the mobility gap, aligned at

16



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

the valence edge. The mobility gap is rich in localized states of the amorphous
phase (valence/conduction tails, mid-gap states) and the statistical box plots
for traps and mobility gaps are shown in Figure [[Ip. The inverse participation
ratio (IPR) was used to identify the localized states in the mobility edges of
the atomic models. The trap states in the box plots are extracted from the
raw DOS curves (shown in Figure|l1h) and represent the deepest traps of these
atomic models with respect to conduction or valence band for electron or hole
trap states respectively. The valence edge is defined as the state which is lowest
in energy and empty, whereas the conduction edge is the highest in energy and
filled with electrons with an IPR equal to the median IPR value of the distri-
bution of the valence band states. The mobility gaps for the different models is
just the difference in energy between the valence and conduction edges. Figure
[[1k, shows the DOS, the IPR and the valence and conduction edges for one
of the atomic models. For the nature of the traps, the valence tail states are
predominantly Te 4p, the mid-gap states can be described as As 4p lone pair
(LP), whereas the electronic traps near the conduction edge are of Ge- and
SiAs3 nature, or o* antibonding combination of p states of Ge, As and Te. This
is shown as insets for one of the atomic models in Figure [[It. The ensemble of
overlapped DOS with their localized states (state localization lengths <2nm)
can already give an impression of the electronic structure inhomogeneity in a
larger volume of the amorphous material. In conclusion, the electronic struc-
ture of the selected material shows a typical semiconducting mobility gap with
localized states in the mobility gap that are essential for the OTS mechanism.

5. Conclusions

We used a combinatorial approach to create a large library of ternary Ge-
As-Te and quaternary Si-Ge-As-Te thin films with different compositions. The
thermal stability was investigated by means of in situ XRD to determine the
crystallization temperature and XRF to detect material loss. The ternary alloys
were more prone to material loss at 450°C, whereas this improved by adding Si.
An optimum is achieved for 5at% Si. For 10at% Si, the As-rich films become
more prone to As loss at higher temperatures. We explain this by Si segregation,
leading to the presence of more pure As that is prone to sublimation. An
optimal chalcogenide composition, being AssoTesgGegpSiig, with W electrode
was identified as a BEOL compatible stack. Up to 450°C no crystallization nor
material loss occurred, and the stack maintained a good surface morphology.
The functionality of the material as OTS selector was demonstrated in 65 nm
CD mushroom type devices. A high endurance of 10® cycles is obtained, with
nearly no degradation in threshold voltage or off current.
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electron (eEt wrt conduction edge), hole (hEt wrt to valence edge) trap states and the mobility
gap (Eg). (c) DOS of one of the atomic models and identification of valence and conduction
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the state composition of the localized gap states. Red/blue isosurfaces represent the posi-
tive/negative lobes of the atomic orbitals for > 99.9 % electronic density. Green/pink/yellow
circles are representing various atomic sites in 8he atomic model.
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