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Abstract7

In this paper, we investigate the thermal stability of a wide range of ternary and8

quaternary (Si)GeAsTe alloy thin films. These type of materials are reported to9

show Ovonic threshold switching, which means they conduct the current above10

a specific threshold voltage and are not conducting at lower voltages, making11

them ideal as a selector element for crosspoint memory devices. For threshold12

switching to occur in these chalcogenides, the amorphous state of the material is13

crucial, and hence the material may not crystallize below 400◦C to be compatible14

with temperatures used in device process flows. A combinatorial deposition15

technique is used to create a thin film library of 36 different compositions,16

and in situ X-ray diffraction and X-ray fluorescence spectroscopy is used to17

investigate the thermal stability of the films. We show that Si doping of GeAsTe18

improves the thermal stability by increasing the crystallization temperature and19

small amounts of Si (i.e. 5 at%) decreases the tendency to lose material by20

sublimation. Also capping the films with a W cap avoids material loss if the21

capping layer does not show cracking under annealing. An optimal chalcogenide22

composition, being As50Te20Ge20Si10 combined with a W electrode is identified23

and is integrated in 65 nm mushroom type devices for electrical characterization.24

The material shows threshold switching and excellent endurance with over 108
25

cycles.26

Keywords: Chalcogenides, thermal stability, in situ X-ray diffraction, Ovonic27

threshold switching, selectors28

1. Introduction29

Chalcogenides are materials with at least one of the elements S, Se or Te.30

This covers a wide range of materials with many different properties and ap-31

plications, ranging from (2D) transition metal dichalcogenides [1], to thin film32
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solar cell materials [2] and chalcogenide glasses for application in optics [3, 4]33

and emerging memory technologies [5]. For the latter, they are of interest for34

application in storage class memory (SCM), which fills the gap in the memory35

hierarchy between non-volatile Flash and volatile dynamic random access mem-36

ory [5]. Phase change memory (PCM) has been demonstrated to be a good37

candidate for SCM, where typically Ge2Sb2Te5 or a modification thereof is used38

[6]. The memory state is achieved here by switching the material between a39

crystalline and amorphous state, which have a different electrical resistivity. In40

order to integrate these memory cells in dense cross point memory arrays, a41

two-terminal selector device is necessary to eliminate sneak path currents [7].42

A selector device is a component in series with the memory element that only43

conducts the current above a specific threshold voltage Vt. In this way, when a44

read voltage is applied on a specific cell, the unaddressed cells that feel a voltage45

Vread/2 and are in a low resistive state will not conduct current as the selector46

element prevents this. Several chalcogenides are reported to show threshold47

switching, referred to as Ovonic threshold switching (OTS) [8], and this makes48

them attractive for application as a selector.49

Different chalcogenides have been investigated and reported for selector ap-50

plications, starting from binary systems like Si-Te [9, 10], Ge-Te [11], Zn-Te51

[12], Ge-Se [13, 14] to more complex ternary and quaternary systems like Si-52

As-Te [15, 16] and Si-Ge-As-Te [17]. The materials are often further doped53

[18, 19, 20, 21] to improve device performance and materials stability [22, 23].54

It is challenging to find a material which shows the required electrical be-55

havior and good thermal stability. From device perspective, the material should56

have a low leakage current at 1/2 Vt (i.e. the voltage that may be present over57

a non-address cell), have a high switching speed, high endurance (i.e. > 108
58

cycles) and allow a high current density (> 10 MA/cm2) in the on state, com-59

patible with the memory device. To be compatible with integration flows in60

semiconductor processing, the material should have a sufficiently high thermal61

stability to withstand back end of line (BEOL) processing, where it should62

withstand temperatures up to 450◦C for 30 min [5]. To be functional as OTS,63

the chalcogenide should remain in the amorphous state, and hence should not64

crystallize up to these temperatures.65

In this work, we conduct a thorough material screening of a large set of66

ternary and quaternary (Si-)Ge-As-Te compositions. The compositions under67

study are selected after careful literature review of reported bulk phase dia-68

grams and models to predict the thermal stability and expected OTS behavior.69

The selected composition range is then deposited in 20 nm thin films where70

we make use of a combinatorial deposition technique. The thermal stability71

is investigated, where we determine the crystallization temperature and verify72

the film and stack integrity after anneal. A thermally stable composition is73

selected from this study, and is integrated in mushroom type devices with a74

65 nm bottom electrode contact for characterization of the threshold switching75

behavior. A high endurance OTS selector with over 108 cycles is demonstrated.76

Furthermore, ab initio simulations are carried out to understand the electronic77

structure of the material and to explain its threshold switching properties.78
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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 5 at% Si and (c) with 10 at% 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 Procedures79

A set of 36 different compositions have been identified and are deposited80

by co-sputtering from Ge5As75Te20, Ge, Si and As2Te3 sputter targets. The81

composition of the films was varied by adapting the power applied on the dif-82

ferent targets. The compositions are depicted in the ternary Ge-As-Te diagram83

in Figure 1, and the motivation for these compositions will be further explained84

in the Theory section. Three main groups of compounds have been prepared:85

(i) ternary Ge-As-Te (Figure 1a), (ii) quaternary Si-Ge-As-Te containing 5 at%86

Si (Figure 1b) and (iii) quaternary films with 10 at% Si (Figure 1c). For the87

quaternary systems, the points are projected in the ternary Ge-As-Te plane for88

ease of comparison. Every compound is numbered in the figure, and we will89

further refer to the compositions in symbolic notation x%Si (compound nr.)90

(e.g. 5%Si 10 is then a quaternary film with 5 % Si, index 10, which has a91

composition of 5 % Si, 40 % As, 15 % Ge and 40 % Te). The compositions have92

been verified by means of Rutherford backscattering spectroscopy (RBS) and93

wavelength dispersive X-ray fluorescence spectroscopy (WD-XRF). A summary94

of the prepared compounds with their labeling and measured compositions is95

given in the Supporting Information Table S1. The chalcogenide films are de-96

posited in 24 mm diameter spots on a 300 mm wafer. The Si wafer has a 300 nm97

SiO2 thermal oxide on top. The chalcogenide layer is 20 nm thin and is covered98

in situ with a 30 nm W cap to avoid evaporation of the films during annealing.99

Meanwhile, W is a valid top electrode for use in a device stack. In this way, the100

thermal stability of a device compatible material stack is investigated.101

The crystallization behavior of the films is investigated by means of in situ102

X-ray diffraction (XRD). A Bruker D8 Discover diffractometer is equipped with103
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a Cu Kα X-ray source, a linear detector and a home built annealing chamber104

[24]. The source and detector are fixed to a specific θ-2θ position, and by105

means of the linear detector, a fixed 2θ window of 20◦ is monitored during106

anneal. For our measurements, the source and detector are fixed to 14 and 28◦
107

respectively, measuring the 2θ window 18 − 38◦. The samples are annealed at a108

constant heating rate of 0.2◦C/s in He atmosphere and at the same time, XRD109

patterns are collected with a collection time of 5 s. In this way, an in situ XRD110

pattern is measured with a resolution of 1◦C. Crystallization of the films is then111

detected by the appearance of diffraction peaks. Moreover, identification of the112

diffraction peaks allows us to identify the different compounds that crystallize113

and their crystallographic structure.114

Energy dispersive X-ray fluorescence spectroscopy (XRF) was used to verify115

if any material was lost after annealing [25]. Any loss of material is detected116

as a decrease in intensity of the characteristic fluorescent peaks of the elements117

(Ge, As and Te) after anneal, compared to the as-deposited film. The stack118

integrity and surface morphology was investigated by optical microscopy and119

scanning electron microscopy (SEM).120

An optimal chalcogenide composition in terms of materials stability was121

identified and the selected compostion is deposited in a set of 24 mm diam-122

eter spots, aligned on the dies of a 300 mm device wafer. The chalcogenide123

is patterned by ion beam etch to create a mushroom type of device, where the124

bottom electrode is a TiN plug with a diameter of 65 nm. The devices were char-125

acterized in AC mode using an Agilent 81110A pulse generator and a LeCroy126

WavePro735Zi oscilloscope. Low current measurements were carried out using127

a Keithley K2602A source measure unit. The current through the devices is128

limited by a varying on chip series resistor.129

Ab initio simulations have been carried out to get an understanding of the130

electronic structure of the material to explain the switching properties of the131

material. Density Function Theory (DFT) simulations were performed on 10132

different models that were generated with a melt-and-quench technique (see ref-133

erence [26] to previous work for more details on the computational details). The134

electronic structures were assessed by using a hybrid exchange-correlation func-135

tional (HSE), combining GTH pseudopotentials and DZVP basis sets in CP2K136

[27]. The valence and conduction edges were found by applying a threshold on137

Inverse Participation Ratio (IPR) coefficients, computed for each state of the138

amorphous model.139

3. Theory140

To be compatible with BEOL processing, the OTS material should with-141

stand temperatures up to at least 400◦C, meaning that it should not melt and142

evaporate, nor sublimate, and the stack needs to remain intact (i.e. no surface143

morphology degradation or layer intermixing) up to this temperature.144

Although we are interested in thin films, the bulk properties of Ge-As-Te are145

a good starting point to select the compositions where a good thermal stability146

can be expected. Figure 2a gives an overview - without claiming to be complete147
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- of the intermetallic compounds that are reported, both binary and ternary, and148

their corresponding melting temperature (Tm). For other compositions, phase149

separation and hence co-existence of more phases is expected in the crystalline150

state. On the pseudo-binary As2Te3-GeTe line [28, 29], the intermetallic com-151

pound family GenAs2Te3+n (with n an integer number) can be found. As2Te3152

melts at 385◦C, and upon adding GeTe, a eutectic point (indicated as E in153

the figure) with a lower melting temperature (370◦C) is present. Upon moving154

further to the GeTe rich side, the GenAs2Te3+n compounds are formed. Those155

with n from 1 to 4 are formed peritectically, with the temperature indicated as156

Tp. Hence upon heating these compounds, a solid and liquid is formed above157

Tp. For all these phases this is above 400◦C and hence thermal stability is bet-158

ter. At the Te rich side of the binary As-Te and Ge-Te system, eutectic points159

with melting temperatures below 400◦C are present. Hence this Te rich sub160

triangle (orange shaded region in Figure 2a) is to be avoided because of these161

low melting temperatures, and we select more As and Ge rich compositions.162

Figure 2a also indicates other reported cross sections [28, 29, 30, 31, 32],163

on which we marked the points where an invariant reaction (U1,2) involving a164

liquid phase [33] occurs. This is at relative high temperature, and hence the As165

rich side of As-Te, where Ge is added forms the starting point for our materials166

exploration. The compositions under study, are projected in the ternary Ge-As-167

Te and shown in Figure2a.168

For OTS applications, the chalcogenide should stay in the amorphous phase,169

hence it should have a good resistance against crystallization. To get a better170

understanding of the impact of composition on crystallization temperature, the171

glass transition temperature Tg was calculated for the alloys under study, by172

means of the model proposed by Lankhorst [34]. This model makes use of a173

semi-empirical formula that links the glass forming temperature to the average174

bond strength. The latter is calculated from the bond strengths between the175

different elements (see Table S2 in the Supporting Information) and the number176

of these bonds that are formed. Because the glass transition temperature is a177

lower limit for the crystallization temperature Tx, the stability of the alloys178

against crystallization can be estimated [34, 35]. Figure 1a, shows Tg of the179

ternary Ge-As-Te compositions. We see that Tg is the lowest for Ge poor and180

Te rich compositions and increases when more As and/or Ge is added. When181

Si is added (5 at% and 10 at% in Figures 1b and c respectively), Tg increases182

further. This is because addition of these elements add more and strong bonds183

to the system, increasing Tg. Because Tg is a lower limit for Tx, a similar trend184

is to be expected for the crystallization temperature. This makes sense because185

when more strong bonds are present, atomic rearrangements that are necessary186

for crystallization to proceed will be more difficult, hence Tx will increase.187

The final goal is to obtain a thermally stable material that shows OTS be-188

havior, for application as selector. To assess the probability that these materials189

may show threshold switching, the compositions are plotted in the r−1
π -rσ map190

(Figure 2b), as was proposed by Velea et al. [22]. The coordinates rσ and r−1
π191

are a measure for the ionicity and covalency respectively of the bonds. The192

map is an extension of the original map for phase change materials [36] with an193
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Figure 2: (a) Ternary Ge-As-Te composition space, indicating the intermetallic binary and
ternary compounds with their melting temperature (Tm) 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 r−1

π -rσ 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 OTS194

materials group together towards larger r−1
π , meaning a higher hybridization195

tendency and a more covalent nature of the bonds compared to phase change196

materials. Note that the average number of p-electrons is also slightly deviating197

from 3 (which was fixed in the original PCM map), and that’s why this is added198

as a third parameter, shown as color map in Figure 2b. A few other SiGeAsTe199

alloys that are reported to show OTS behavior [16, 37, 38] are also depicted,200

together with some reference PCM materials to illustrate the different locations201

of these materials in the map. It is clear that the compositions under study lay202

in the region of OTS materials, giving confidence of their OTS functionality.203

4. Results and discussion204

4.1. Thermal stability study205

The thermal stability was investigated by means of in situ XRD. In a first206

step, the annealing temperature was limited to 450◦C, to avoid material loss207

because of sublimation or evaporation. No crystallization could be observed208

for any of the 36 compounds. All samples were subjected to XRF before and209

after anneal, and integrated peak intensities of As and Te were compared before210

and after anneal. The ratio of the integrated intensity of the characteristic line211

after anneal, and the intensity of a reference sample before anneal (I/I0) is212

plotted in Figure 3 for both As and Te. The ratio should be equal to 1 if no213

material loss occurred, and less then 1 if material was lost by annealing. The214

error bars indicate the absolute error originating from the counting statistical215

error from the XRF counts. Note that a few points have a value larger than 1216

(even taking the error bar into account), which is unphysical as no material can217

be added after anneal. However, this is explained by the fact that the reference218

sample before anneal is not exactly the same piece of sample as the one that is219

annealed. Hence a small fluctuation in thickness or composition explains this220

deviation and causes an additional error on this ratio. However, despite this221

effect, it is clear that the ternary Ge-As-Te samples are more prone to As loss.222

Indeed, the intensity ratio of As is between 50 and 85 % (see Figure 3a), whereas223

for the Si doped films (Figures 3b and c) the As (and Te) ratio is very close to224

one. Mainly the GeAsTe films with high As and low Ge contents are prone to225

As loss.226

It is clear that Si doping has a positive effect in terms of stability against227

material loss, and for that reason, the ternary materials are considered less228

thermally stable and are not further investigated up to higher temperatures,229

because even more As loss is expected. This was confirmed for one ternary230

sample with a relative low amount of As (i.e. 0%Si 11) that was annealed to231

500◦C. This resulted in complete disappearance of As after anneal, only Ge and232

Te could be detected afterwards. The in situ XRD plot is shown in Figure 4a.233

Diffraction peaks of the rhombohedral GeTe phase show up starting at 467◦C,234

while no traces of As or As containing phases are detected, in agreement with235

the observed As loss. The way of extracting the crystallization temperature236

from the in situ XRD is illustrated in Figure 4b.237
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The Si doped samples are annealed up to 550◦C to induce crystallization and238

to extract Tx. Figure 5 shows all the in situ XRD patterns for the SiGeAsTe239

samples with 5 at% Si, and the diffraction peaks that appear are identified with240

the in literature available powder diffraction patterns. The temperature at241

which a specific phase crystallizes is summarized in Figure 6a, and the tem-242

perature range where the phase is present is shaded. For As rich compositions243

with low amounts of Ge (e.g. 5%Si 1 and 4), a faint peak of rhombohedral As244

[39] shows up initially, and disappears when rhombohedral As2GeTe4 [40] crys-245

tallizes. For all compositions, diffraction peaks that can be matched to rhom-246

bohedral As2GeTe4 appear. Compositions 5%Si 1 and 2 have a clear peak at247

23.5◦ that can be related to the (1,3,3) peak of orthorhombic GeTe [41]. For the248

others, this peak is rather broad, suggesting an amorphous or nanocrystalline249

material. For completeness, the appearance of this broad peak is also added to250

Figure 6a. However, to extract the crystallization temperature for those alloys,251

it is better to look at the appearance of As or As2GeTe4 diffraction peaks. For252

the films with more Ge (i.e. from sample 5%Si 7 on), diffraction peaks that253
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Figure 6: (a) Summary of the crystallization temperatures Tx of the different crystallographic
phases for all the SiGeAsTe compounds with 5 at% 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 the254

samples after anneal (see Figure 6b) show that the composition is still fairly255

maintained for most samples. Comparing the extracted Tx with the calculated256

Tg (see Figure 1), we see that Tx is indeed higher than Tg, however, the change257

of Tx as function of composition is not so pronounced (only small changes in258

Tx). The effect may be more clear when a larger spread in composition would259

be explored.260

The same measurements and analysis are carried out for the SiGeAsTe com-261

positions with 10 at% Si. The in situ XRD patterns are shown in Figure 7, the262

identified crystallographic phases are summarized in Figure 8a and the XRF263

before and after anneal is shown in Figure 8b. The diffraction peaks that ap-264

pear are very similar to the previous analysis for the compositions with 5 at%265

Si. However, there are some differences. Comparing the XRF results in Figures266

6b and 8b, it is apparent that the As rich compositions with 10 at% Si are more267

prone to As (and Te) loss compared to the compositions with 5 at% Si. We268

think that this is caused by phase separation of As and Si when higher Si con-269

tents are used. The As-Si bond is a strong bond (see table S2 in the supporting270
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2θ value and the x-axis the actual temperature. The observed diffraction peaks are identified
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Figure 8: (a) Summary of the crystallization temperatures Tx of the different crystallographic
phases for all the SiGeAsTe compounds with 10 at% 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 and271

may be preferred when more Si is present, leaving more room for pure As, which272

is then more prone to sublimation. This behavior can be seen in Figure 7, in the273

in situ XRD pattern of composition 10%Si 7: initially rhombohedral As crys-274

tallizes, and its diffraction peak disappears upon further heating. This may be275

caused by consumption of the As when As2GeTe4 crystallizes, but maybe also276

because of As sublimation. Note that the As2GeTe4 peak is also not so intense277

compared to GeTe, because of the low amount of As left. If we compare the278

Tx of the samples with 5 versus 10 at% Si where no major composition changes279

occurred, it is clear that Tx is slightly higher, especially for As2GeTe4. This can280

be understood by the Si making strong bonds with the other elements, or by Si281

chains that make restructuring of the material and hence crystallization more282

difficult. A broad peak of orthorhombic GeTe shows up again, which points283

to an amorphous or nanocrystalline nature. The onset of this seems to be less284

impacted by Si.285

There is one As-rich film that does not suffer from this As loss, i.e. 10%Si 10286

which has a composition of As50Te20Ge20Si10. Here we see phase separation287
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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 and288

As2GeTe4. The explanation for the composition being unaltered here is that289

the W capping layer for this composition remains intact up to at least 450◦C,290

whereas for all other samples, cracking occurs (see SEM images in Figure 9).291

It is obvious that these cracks create a pathway for material loss and an intact292

capping layer prevents this.293

In summary, the quaternary materials show no material loss up to 450◦C,294

and hence have a better thermal stability compared to the ternaries. All quater-295

nary SiGeAsTe compositions have a crystallization temperature above 450◦C,296

and hence these films are compatible with BEOL temperatures. However, in297

combination with a W cap, only As50Te20Ge20Si10 does not show any degrada-298

tion of the surface morphology up to 450◦C. Hence this stack is BEOL com-299

patible and is selected for integration to test its OTS performance. Note that300

other electrode materials may enable the integration of the other chalcogenide301

compositions as well, if they preserve a good surface morphology.302

4.2. Ovonic threshold switching (OTS)303

To verify the functionality of As50Te20Ge20Si10 as OTS material, a 20 nm304

thin chalcogenide film with 30 nm W electrode was integrated in mushroom type305

device structures. A cross section of the device is shown as an inset in Figure306

10a.307
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Figure 10: (a) IV curves showing the first cycle with higher threshold voltage (Vff ), and
subsequent cycles with lower Vt. The orange curve gives the median. The inset shows a cross
section of the device. (b) Cumulative distribution of VFF and Vt. The inset shows the AC
voltage pulse and current measurements. The extracted threshold voltages are indicated (c)
DC IV curve after first fire to measure the leakage current. The current at 1/2 Vt is indicated.
(d) Endurance measurement, showing Vt and IOFF of 10 devices (grey) and the median curve
over 108 cycles. 15



The devices are characterized in AC mode, by using a 5 V triangular pulse308

with 100 ns rise and fall time. The current was limited to ∼ 500µA by an on-309

chip series resistance of 7 kΩ. The current flowing through the OTS device was310

extracted by measuring the voltage drop on a 50 Ω series resistor with an oscil-311

loscope. The threshold voltage was extracted as the applied voltage where the312

largest variation in the OTS current (peak of the derivative) occurred. Figure313

10a shows the typical IV curves, measured in positive polarity (i.e. positive bias314

applied on the top electrode). The material shows the typical IV behavior of315

an OTS material [8]. Below a threshold voltage Vt, the material is not con-316

ducting, and starts to conduct above it. When lowering the voltage again, the317

material drops back to a high resistive state below a holding voltage VH . The318

first switching cycle shows a higher threshold voltage (first fire voltage, VFF )319

compared to the subsequent cycles [37]. The cumulative distribution of VFF320

and Vt for 8 devices is shown in Figure 10b, showing a median value of 3.8 V321

and 2.3 V for VFF and Vt respectively. The inset of Figure 10b shows the AC322

measurements and the extraction of the threshold voltage. Note that mainly the323

first fire voltage here may be slightly impacted by the presence of an interfacial324

oxide layer on the TiN plugs because of the lack of a preclean step prior to325

chalcogenide deposition. The material supports a current density of more than326

15 MA/cm2 (the current density was limited here by the on chip resistance).327

For use as selector in cross bar arrays, another important parameter is the leak-328

age current at half the threshold voltage, because non-addressed cells may see329

1/2 Vt when a neighboring cell is selected. For our devices, the off current at330

1.15 V (i.e. 1/2 Vt) is 10 nA (see Figure 10c). The endurance was measured,331

using the same pulse conditions on 75 nm devices and with the current limited332

to 400µA. The off current is measured at 0.5 V and plotted, together with the333

threshold voltage as a function of the cycle number in Figure 10d. Over 108 cy-334

cles are achieved, without large drift in IOFF or Vt, demonstrating an excellent335

endurance behavior.336

4.3. Electronic structure of the material337

The threshold switching phenomenon is generally well described as an elec-338

tronic switching mechanism. These chalcogenide glasses are typically amor-339

phous semiconductors, having a mobility gap Eg, and electronic trap states in340

the gap. Upon applying a critical electric field (at threshold voltage Vt) these341

traps get charged, changing their position with respect to the valence or con-342

duction band edge, their dynamic charges increase [43] and therefore increasing343

the electrical conductivity of the material. The trap states can have different344

origins, depending on the material and the composition, but in general can345

be of valence alternation pairs nature, lone-pairs (from chalcogens or pnicto-346

gens) or mis-coordinated Ge nature (Ge-rich chalcogenides) [26]. Similar to347

what was shown for the Ge-Se chalcogenides [23, 26], we performed ab initio348

investigations of the electronic structure of As50Te20Ge20Si10, to probe for the349

presence of these electronic properties that can sustain OTS. A set of 10 dif-350

ferent atomic models of 2x2x2 nm3 have been generated as described in [26].351

Figure 11a shows the density of states (DOS) near the mobility gap, aligned at352
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the valence edge. The mobility gap is rich in localized states of the amorphous353

phase (valence/conduction tails, mid-gap states) and the statistical box plots354

for traps and mobility gaps are shown in Figure 11b. The inverse participation355

ratio (IPR) was used to identify the localized states in the mobility edges of356

the atomic models. The trap states in the box plots are extracted from the357

raw DOS curves (shown in Figure 11a) and represent the deepest traps of these358

atomic models with respect to conduction or valence band for electron or hole359

trap states respectively. The valence edge is defined as the state which is lowest360

in energy and empty, whereas the conduction edge is the highest in energy and361

filled with electrons with an IPR equal to the median IPR value of the distri-362

bution of the valence band states. The mobility gaps for the different models is363

just the difference in energy between the valence and conduction edges. Figure364

11c, shows the DOS, the IPR and the valence and conduction edges for one365

of the atomic models. For the nature of the traps, the valence tail states are366

predominantly Te 4p, the mid-gap states can be described as As 4p lone pair367

(LP), whereas the electronic traps near the conduction edge are of Ge- and368

SiAs3 nature, or σ∗ antibonding combination of p states of Ge, As and Te. This369

is shown as insets for one of the atomic models in Figure 11c. The ensemble of370

overlapped DOS with their localized states (state localization lengths <2 nm)371

can already give an impression of the electronic structure inhomogeneity in a372

larger volume of the amorphous material. In conclusion, the electronic struc-373

ture of the selected material shows a typical semiconducting mobility gap with374

localized states in the mobility gap that are essential for the OTS mechanism.375

5. Conclusions376

We used a combinatorial approach to create a large library of ternary Ge-377

As-Te and quaternary Si-Ge-As-Te thin films with different compositions. The378

thermal stability was investigated by means of in situ XRD to determine the379

crystallization temperature and XRF to detect material loss. The ternary alloys380

were more prone to material loss at 450◦C, whereas this improved by adding Si.381

An optimum is achieved for 5 at% Si. For 10 at% Si, the As-rich films become382

more prone to As loss at higher temperatures. We explain this by Si segregation,383

leading to the presence of more pure As that is prone to sublimation. An384

optimal chalcogenide composition, being As50Te20Ge20Si10, with W electrode385

was identified as a BEOL compatible stack. Up to 450◦C no crystallization nor386

material loss occurred, and the stack maintained a good surface morphology.387

The functionality of the material as OTS selector was demonstrated in 65 nm388

CD mushroom type devices. A high endurance of 108 cycles is obtained, with389

nearly no degradation in threshold voltage or off current.390
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bonds that can be formed in the (Si-)Ge-As-Te system.397

References398

[1] N. M. Ravindra, W. Tang, S. Rassay, Transition metal dichalcogenides399

properties and applications, in: M. I. Pech-Canul, N. M. Ravindra400

(Eds.), Semiconductors: Synthesis, Properties and Applications, Springer401

International Publishing, Cham, 2019, pp. 333–396. doi:10.1007/402

978-3-030-02171-9_6.403

[2] Y. Zhang, Y. Wang, J. Zhang, L. Xi, P. Zhang, W. Zhang, Pinning down404

high-performance cu-chalcogenides as thin-film solar cell absorbers: A suc-405

cessive screening approach, The Journal of Chemical Physics 144 (19)406

(2016) 194706. doi:10.1063/1.4950818.407

[3] B. J. Eggleton, B. Luther-Davies, K. Richardson, Chalcogenide photonics,408

Nature Photonics 5 (3) (2011) 141. doi:10.1038/nphoton.2011.309.409

[4] C. D. Wright, H. Bhaskaran, W. H. Pernice, Integrated phase-change410

photonic devices and systems, MRS Bulletin 44 (9) (2019) 721. doi:411

10.1557/mrs.2019.203.412

[5] M. Zhu, K. Ren, Z. Song, Ovonic threshold switching selectors for three-413

dimensional stackable phase-change memory, MRS Bulletin 44 (9) (2019)414

715. doi:10.1557/mrs.2019.206.415

[6] D. Lencer, M. Salinga, M. Wuttig, Design rules for phase-change materials416

in data storage applications, Adv. Mater. 23 (18) (2011) 2030–2058. doi:417

10.1002/adma.201004255.418

[7] G. W. Burr, R. S. Shenoy, K. Virwani, P. Narayanan, A. Padilla, B. Kurdi,419

H. Hwang, Access devices for 3d crosspoint memory, Journal of Vacuum420

Science & Technology B 32 (4) (2014). doi:10.1116/1.4889999.421

[8] S. R. Ovshinsky, Reversible electrical switching phenomena in disor-422

dered structures, Phys. Rev. Lett. 21 (1968) 1450–1453. doi:10.1103/423

PhysRevLett.21.1450.424

[9] Y. Koo, K. Baek, H. Hwang, Te-based amorphous binary ots device425

with excellent selector characteristics for x-point memory applications,426

in: 2016 IEEE Symposium on VLSI Technology, 2016, pp. 1–2. doi:427

10.1109/VLSIT.2016.7573389.428

19

https://doi.org/10.1007/978-3-030-02171-9_6
https://doi.org/10.1007/978-3-030-02171-9_6
https://doi.org/10.1007/978-3-030-02171-9_6
https://doi.org/10.1063/1.4950818
https://doi.org/10.1038/nphoton.2011.309
https://doi.org/10.1557/mrs.2019.203
https://doi.org/10.1557/mrs.2019.203
https://doi.org/10.1557/mrs.2019.203
https://doi.org/10.1557/mrs.2019.206
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1116/1.4889999
https://doi.org/10.1103/PhysRevLett.21.1450
https://doi.org/10.1103/PhysRevLett.21.1450
https://doi.org/10.1103/PhysRevLett.21.1450
https://doi.org/10.1109/VLSIT.2016.7573389
https://doi.org/10.1109/VLSIT.2016.7573389
https://doi.org/10.1109/VLSIT.2016.7573389


[10] Y. Koo, S. Lee, S. Park, M. Yang, H. Hwang, Simple binary ovonic thresh-429

old switching material site and its excellent selector performance for high-430

density memory array application, IEEE Electron Device Letters 38 (5)431

(2017) 568–571. doi:10.1109/LED.2017.2685435.432

[11] M. Anbarasu, M. Wimmer, G. Bruns, M. Salinga, M. Wuttig, Nanosecond433

threshold switching of gete6 cells and their potential as selector devices,434

Applied Physics Letters 100 (14) (2012). doi:10.1063/1.3700743.435

[12] Y. Koo, H. Hwang, Zn1-xtex ovonic threshold switching device performance436

and its correlation to material parameters, Scientific Reports 8 (12 2018).437

doi:10.1038/s41598-018-30207-0.438

[13] B. Govoreanu, G. L. Donadio, K. Opsomer, W. Devulder, V. V. Afanas’ev,439

T. Witters, S. Clima, N. S. Avasarala, A. Redolfi, S. Kundu, O. Richard,440

D. Tsvetanova, G. Pourtois, C. Detavemier, L. Goux, G. S. Kar, Ther-441

mally stable integrated se-based ots selectors with >20 ma/cm2 current442

drive, > 103 half-bias nonlinearity, tunable threshold voltage and excellent443

endurance, in: 2017 Symposium on VLSI Technology, 2017, pp. T92–T93.444

doi:10.23919/VLSIT.2017.7998207.445

[14] N. S. Avasarala, G. L. Donadio, T. Witters, K. Opsomer, B. Govoreanu,446

A. Fantini, S. Clima, H. Oh, S. Kundu, W. Devulder, M. H. van der Veen,447

J. V. Houdt, M. Heyns, L. Goux, G. S. Kar, Half-threshold bias ioffreduc-448

tion down to na range of thermally and electrically stable high-performance449

integrated ots selector, obtained by se enrichment and n-doping of thin gese450

layers, in: 2018 IEEE Symposium on VLSI Technology, 2018, pp. 209–210.451

doi:10.1109/VLSIT.2018.8510680.452

[15] J. Ho Lee, G. Hwan Kim, Y. Bae Ahn, J. Woon Park, S. Wook Ryu,453

C. Seong Hwang, H. Joon Kim, Threshold switching in si-as-te thin film454

for the selector device of crossbar resistive memory, Applied Physics Letters455

100 (12) (2012). doi:10.1063/1.3696077.456

[16] S. Kim, H.-D. Kim, S.-J. Choi, Intrinsic threshold switching responses in457

astesi thin film, Journal of Alloys and Compounds 667 (2016) 91 – 95.458

doi:10.1016/j.jallcom.2016.01.146.459

[17] M.-J. Lee, D. Lee, H. Kim, H.-S. Choi, J.-B. Park, H. G. Kim, Y.-K. Cha,460

U.-I. Chung, I.-K. Yoo, K. Kim, Highly-scalable threshold switching select461

device based on chaclogenide glasses for 3d nanoscaled memory arrays,462

in: Electron Devices Meeting (IEDM), 2012 IEEE International, 2012, pp.463

2.6.1–2.6.3. doi:10.1109/IEDM.2012.6478966.464

[18] M.-J. Lee, D. Lee, S.-H. Cho, J.-H. Hur, S.-M. Lee, D. H. Seo, D.-S.465

Kim, M.-S. Yang, S. Lee, E. Hwang, M. R. Uddin, H. Kim, U.-I. Chung,466

Y. Park, I.-K. Yoo, A plasma-treated chalcogenide switch device for stack-467

able scalable 3d nanoscale memory, Nature Communications 4 (2013) 2629.468

doi:10.1038/ncomms3629.469

20

https://doi.org/10.1109/LED.2017.2685435
https://doi.org/10.1063/1.3700743
https://doi.org/10.1038/s41598-018-30207-0
https://doi.org/10.23919/VLSIT.2017.7998207
https://doi.org/10.1109/VLSIT.2018.8510680
https://doi.org/10.1063/1.3696077
https://doi.org/10.1016/j.jallcom.2016.01.146
https://doi.org/10.1109/IEDM.2012.6478966
https://doi.org/10.1038/ncomms3629


[19] A. Verdy, G. Navarro, V. Sousa, P. Noe, M. Bernard, F. Fillot, G. Bour-470

geois, J. Garrione, L. Perniola, Improved electrical performance thanks to471

sb and n doping in se-rich gese-based ots selector devices, in: 2017 IEEE472

International Memory Workshop (IMW), 2017, pp. 1–4.473

[20] N. S. Avasarala, B. Govoreanu, K. Opsomer, W. Devulder, S. Clima, C. De-474

tavernier, M. van der Veen, J. V. Houdt, M. Henys, L. Goux, G. S. Kar,475

Doped gese materials for selector applications, in: 2017 47th European476

Solid-State Device Research Conference (ESSDERC), 2017, pp. 168–171.477

doi:10.1109/ESSDERC.2017.8066618.478

[21] H. Y. Cheng, W. C. Chien, I. T. Kuo, E. K. Lai, Y. Zhu, J. L. Jordan-Sweet,479

A. Ray, F. Carta, F. M. Lee, P. H. Tseng, M. H. Lee, Y. Y. Lin, W. Kim,480

R. Bruce, C. W. Yeh, C. H. Yang, M. BrightSky, H. L. Lung, An ultra high481

endurance and thermally stable selector based on teasgesise chalcogenides482

compatible with beol ic integration for cross-point pcm, in: 2017 IEEE483

International Electron Devices Meeting (IEDM), 2017, pp. 2.2.1–2.2.4.484

[22] A. Velea, K. Opsomer, W. Devulder, J. Dumortier, J. Fan, C. Detav-485

ernier, M. Jurczak, B. Govoreanu, Te-based chalcogenide materials for se-486

lector applications, Scientific Reports 7 (1) (2017) 8103. doi:10.1038/487

s41598-017-08251-z.488

[23] S. Clima, B. Govoreanu, K. Opsomer, A. Velea, N. S. Avasarala, W. De-489

vulder, I. Shlyakhov, G. L. Donadio, T. Witters, S. Kundu, L. Goux,490

V. Afanasiev, G. S. Kar, G. Pourtois, Atomistic investigation of the491

electronic structure, thermal properties and conduction defects in ge-492

rich gexse1-x materials for selector applications, in: 2017 IEEE Inter-493

national Electron Devices Meeting (IEDM), 2017, pp. 4.1.1–4.1.4. doi:494

10.1109/IEDM.2017.8268323.495

[24] G. Rampelberg, B. De Schutter, W. Devulder, K. Martens, I. Radu, C. De-496

tavernier, In situ x-ray diffraction study of the controlled oxidation and497

reduction in the v-o system for the synthesis of vo2 and v2o3 thin films, J.498

Mater. Chem. C 3 (2015) 11357–11365. doi:10.1039/C5TC02553B.499

[25] W. Devulder, K. Opsomer, J. Meersschaut, D. Deduytsche, M. Jurczak,500

L. Goux, C. Detavernier, Combinatorial study of ag-te thin films and their501

application as cation supply layer in cbram cells, ACS Combinatorial Sci-502

ence 17 (5) (2015) 334–340, pMID: 25860668. arXiv:https://doi.org/503

10.1021/acscombsci.5b00025, doi:10.1021/acscombsci.5b00025.504

[26] S. Clima, D. Garbin, K. Opsomer, N. S. Avasarala, W. Devulder,505

I. Shlyakhov, J. Keukelier, G. L. Donadio, T. Witters, S. Kundu, B. Gov-506

oreanu, L. Goux, C. Detavernier, V. Afanas’ev, G. S. Kar, G. Pourtois,507

Ovonic threshold-switching gexsey chalcogenide materials: Stoichiometry,508

trap nature, and material relaxation from first principles, physica status so-509

lidi (RRL) - Rapid Research Letters 14 (5) 1900672. doi:10.1002/pssr.510

201900672.511

21

https://doi.org/10.1109/ESSDERC.2017.8066618
https://doi.org/10.1038/s41598-017-08251-z
https://doi.org/10.1038/s41598-017-08251-z
https://doi.org/10.1038/s41598-017-08251-z
https://doi.org/10.1109/IEDM.2017.8268323
https://doi.org/10.1109/IEDM.2017.8268323
https://doi.org/10.1109/IEDM.2017.8268323
https://doi.org/10.1039/C5TC02553B
http://arxiv.org/abs/https://doi.org/10.1021/acscombsci.5b00025
http://arxiv.org/abs/https://doi.org/10.1021/acscombsci.5b00025
http://arxiv.org/abs/https://doi.org/10.1021/acscombsci.5b00025
https://doi.org/10.1021/acscombsci.5b00025
https://doi.org/10.1002/pssr.201900672
https://doi.org/10.1002/pssr.201900672
https://doi.org/10.1002/pssr.201900672


[27] J. Hutter, M. Iannuzzi, F. Schiffmann, J. VandeVondele, cp2k: atomistic512

simulations of condensed matter systems, WIREs Computational Molecular513

Science 4 (1) (2014) 15–25. doi:10.1002/wcms.1159.514

[28] As-ge-te vertical section of ternary phase diagram: Datasheet515

from “pauling file multinaries edition – 2012” in springermate-516

rials (https://materials.springer.com/isp/phase-diagram/docs/c 0977000),517

copyright 2016 Springer-Verlag Berlin Heidelberg & Material Phases Data518

System (MPDS), Switzerland & National Institute for Materials Science519

(NIMS), Japan.520

[29] As-ge-te vertical section of ternary phase diagram: Datasheet521

from “pauling file multinaries edition – 2012” in springermate-522

rials (https://materials.springer.com/isp/phase-diagram/docs/c 0976999),523

copyright 2016 Springer-Verlag Berlin Heidelberg & Material Phases Data524

System (MPDS), Switzerland & National Institute for Materials Science525

(NIMS), Japan.526

[30] As-ge-te vertical section of ternary phase diagram: Datasheet527

from “pauling file multinaries edition – 2012” in springermate-528

rials (https://materials.springer.com/isp/phase-diagram/docs/c 0976996),529

copyright 2016 Springer-Verlag Berlin Heidelberg & Material Phases Data530

System (MPDS), Switzerland & National Institute for Materials Science531

(NIMS), Japan.532

[31] As-ge-te vertical section of ternary phase diagram: Datasheet533

from “pauling file multinaries edition – 2012” in springermate-534

rials (https://materials.springer.com/isp/phase-diagram/docs/c 0976997),535

copyright 2016 Springer-Verlag Berlin Heidelberg & Material Phases Data536

System (MPDS), Switzerland & National Institute for Materials Science537

(NIMS), Japan.538

[32] As-ge-te vertical section of ternary phase diagram: Datasheet539

from “pauling file multinaries edition – 2012” in springermate-540

rials (https://materials.springer.com/isp/phase-diagram/docs/c 0976998),541

copyright 2016 Springer-Verlag Berlin Heidelberg & Material Phases Data542

System (MPDS), Switzerland & National Institute for Materials Science543

(NIMS), Japan.544

[33] G. Ghosh, Materials Science International Team, MSIT, As-ge-te ternary545

phase diagram evaluation · phase diagrams, crystallographic and ther-546

modynamic data: Datasheet from msi eureka in springermaterials547

(https://materials.springer.com/msi/docs/sm msi r 10 014890 01), copy-548

right 1994 MSI Materials Science International Services GmbH.549

[34] M. Lankhorst, Modelling glass transition temperatures of chalcogenide550

glasses. applied to phase-change optical recording materials, J. Non-Cryst.551

Solids 297 (2-3) (2002) 210 – 219. doi:10.1016/S0022-3093(01)01034-1.552

22

https://doi.org/10.1002/wcms.1159
https://doi.org/10.1016/S0022-3093(01)01034-1


[35] S. Raoux, M. Salinga, J. L. Jordan-Sweet, A. Kellock, Effect of al and cu553

doping on the crystallization properties of the phase change materials sbte554

and gesb, J. Appl. Phys. 101 (4) (2007) 044909. doi:10.1063/1.2654556.555

[36] D. Lencer, M. Salinga, B. Grabowski, T. Hickel, J. Neugebauer, M. Wuttig,556

A map for phase-change materials, Nat Mater 7 (12) (2008) 972–977. doi:557

10.1038/nmat2330.558

[37] J. Bosnell, C. Thomas, Preswitching electrical properties, ’forming’ and559

switching in amorphous chalcogenide alloy threshold and memory de-560

vices, Solid-State Electronics 15 (11) (1972) 1261 – 1271. doi:10.1016/561

0038-1101(72)90047-0.562

[38] K. Homma, H. Henisch, S. Ovshinsky, New experiments on thresh-563

old switching in chalcogenide and non-chalcogenide alloys, Journal of564

Non-Crystalline Solids (1980) 1105 – 1110doi:10.1016/0022-3093(80)565

90347-6.566

[39] International Centre for Diffraction Data, Newtown Square, PA, JCPDS567

Data Card no. 00-005-0632 (2004).568

[40] International Centre for Diffraction Data, Newtown Square, PA, JCPDS569

Data Card no. 00-043-1330 (2004).570

[41] International Centre for Diffraction Data, Newtown Square, PA, JCPDS571

Data Card no. 00-022-0312 (2004).572

[42] International Centre for Diffraction Data, Newtown Square, PA, JCPDS573

Data Card no. 00-047-1079 (2004).574

[43] J.-Y. Raty, P. Noe, Ovonic threshold switching in se-rich gexse1-x glasses575

from an atomistic point of view: The crucial role of the metavalent bonding576

mechanism, physica status solidi (RRL) - Rapid Research Letters 14 (5)577

(2020) 1900581. doi:10.1002/pssr.201900581.578

23

https://doi.org/10.1063/1.2654556
https://doi.org/10.1038/nmat2330
https://doi.org/10.1038/nmat2330
https://doi.org/10.1038/nmat2330
https://doi.org/10.1016/0038-1101(72)90047-0
https://doi.org/10.1016/0038-1101(72)90047-0
https://doi.org/10.1016/0038-1101(72)90047-0
https://doi.org/10.1016/0022-3093(80)90347-6
https://doi.org/10.1016/0022-3093(80)90347-6
https://doi.org/10.1016/0022-3093(80)90347-6
https://doi.org/10.1002/pssr.201900581

	Introduction
	Experimental Procedures
	Theory
	Results and discussion
	Thermal stability study
	Ovonic threshold switching (OTS)
	Electronic structure of the material

	Conclusions

