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 A B S T R A C T

GeAsSe alloys are of interest for application in selector devices in combination with both phase change and 
resistive memories. In this work, we compute the electronic properties of GeAsSe alloys at several compositions 
and of a Si-doped GeAsSe alloy within Density Functional Theory (DFT). The analysis of the amorphous models 
generated by quenching from the melt within DFT molecular dynamics aims at gaining information on in-gap 
states that are believed to control the functional properties of these alloys exploited in the selector devices, 
namely the switching threshold voltage, its dependence on the preparation conditions of the amorphous 
material, and its drift with time. The simulations reveal that localized empty in-gap states (electron traps) 
are mostly related to homopolar Ge–Ge, As–As and Ge–As bonds, while the most localized filled states (hole 
traps) are mostly related to Se–Se bonds and are particularly evident in Se-rich compositions.
1. Introduction

Amorphous chalcogenide alloys undergo a reversible electronic 
transition called ovonic threshold switching (OTS) after Ovshinsky, 
who discovered this effect in late 60’ [1]. In this process, the system 
transforms from a high-resistive (off) to a low-resistive (on) states upon 
application of a voltage exceeding a threshold value 𝑉𝑇  [2–4]. This 
property is exploited in phase change memory (PCM) devices made 
of telluride alloys that also undergo rapid crystallization above the 
OTS [5–9]. Selector devices based on OTS materials [3,10] have also 
been developed in combination with both PCM [11,12] and resistive 
memories [13]. Recently, it was discovered that the 𝑉𝑇  of OTS selectors 
can also depend on the polarity of the programming pulses. This 
principle is used to store information in devices called selector only 
memory (SOM), self-selecting memory (SSM), or Single-chalcogenide X-
point Memory (SXM). In these devices, a single chalcogenide film plays 
the role of both the selector and the memory unit [14–18]. Selenide 
alloys such as GeSe𝑥 [19] or GeAsSe [20,21] are typically considered 
for selector applications, as these alloys display the OTS, but do not 
crystallize. Doping of GeAsSe with Si was also explored in several 
previous experimental works [17,22,23].

The structural properties of GeAsSe (GAS) alloys have been ad-
dressed in several previous experimental papers [24–28] and theoreti-
cal works based on density Functional Theory (DFT) calculations [29–
33]. However, the nature of the in-gap states that are believed to 
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control the functional properties of OTS materials [3,34] has only 
rarely been addressed in GAS alloys. Notable exceptions are a recent 
short report on high throughput DFT screening of materials for SOM 
devices [35], a joint theoretical and experimental work of a possible 
explanation of the operation of SOM devices [36], and an earlier DFT 
work on amorphous models of two particular GeSeAs compositions 
in which a few in-gap states were assigned to overcoordinated Ge 
atoms [37].

In this work, we extend the scope of previous theoretical works on 
GAS by addressing the electronic properties of DFT models of several 
GAS and Si–GAS amorphous alloys with the aim of gaining information 
on in-gap states that should control the switching threshold voltage, its 
dependence on the preparation conditions, and its drift with time.

The article is organized as follows: in the next section we will 
briefly discuss the main phenomenology of the OTS process to make 
clear the goal of our study and the methodology we used. Then in 
Section 3, we will justify our choices on the compositions to be studied. 
In Section 4, we will provide the computational details and a brief 
description of the methodology we used. In Section 5.1, we present 
our results on the structural and electronic properties on GeAsSe alloys, 
while in Section 5.2 we compare the properties of a particular SiGeAsSe 
alloy with those of GeAsSe alloys with the same fraction of As and Se. 
Then, in Section 6 we discuss on a more speculative level the possible 
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connection between drift, forming and the composition of the alloy, 
and finally we present our conclusions in Section 7.

2. Phenomenology of the switching process

In OTS materials, the conductivity is low up to a threshold voltage 
𝑉𝑇  above which the system turns into the so called on state which 
features a conductivity several orders of magnitude higher than below 
threshold in the so called off  state. The process is reversible, and 
the system turns into an off  state by decreasing the voltage below 
threshold (eventually with some hysteresis). This behavior has been 
experimentally characterized since the late ′60, but a compelling mi-
croscopic understanding of this process is still under debate. Several 
phenomenological models have been proposed over the years to de-
scribe the threshold switching, among which we quote the mechanism 
of (i) filament formation by Adler, Ovshinsky and coworkers [38], (ii) 
impact ionization and Shockley–Hall–Read recombination [39,40] and 
(iii) thermal assisted conduction [41,42]. A more recent interpreta-
tion of the OTS mechanism is based on a bipolar impact ionization 
avalanche mechanism [4]. In the presence of a different mobility of 
electrons and holes, this latter model for OTS is suitable, among other 
features, to account quantitatively for the S-type Negative Differential 
Resistance (NDR) behavior measured experimentally [4]. In all these 
models, the threshold voltage is controlled by the band gap and the 
presence of localized states in the gap. Due to aging, the band gap 
increases [43] and the density of in-gap states [44] decreases with time 
in the amorphous phase. Both these effects concur to a decrease of the 
leakage current below threshold, i.e. to an increase of the resistance. 
This drift in the resistance has been extensively studied in phase change 
materials (see Ref. [45] for a review). A clear correlation between the 
resistance drift and the increase of the threshold voltage is documented 
experimentally [46].

In the discussion of our results we follow the Poole-Frenkel model 
for subthreshold conduction that is usually adopted for the electrical 
transport in chalcogenides [47]. This model is based on the assumption 
that most thermally generated holes (electrons) are trapped in localized 
states, i.e. in hole (electron) traps, that are close to the valence (con-
duction) mobility edge. The applied electric field promotes the transfer 
of holes (electrons) from the traps to the valence (conduction) mobile 
states for low trap densities or a trap-to-trap thermally assisted hopping 
for high trap densities [47]. The subthreshold conduction depends on 
the activation energy for this jump and on the density of trapped carrier 
at thermal equilibrium. This results in an activation energy for the 
subthreshold conduction which is assigned by the distance of the Fermi 
level from the mobility edge, lower or upper depending on the type 
of the majority carriers. Therefore, we will assume that a decrease in 
the density of localized electronic states inside the gap (traps) and a 
widening of the mobility gap would both induce an increase of the 
threshold voltage.

The electronic states in the gap and at the band edges (Urbach 
tails) are dependent on the preparation conditions of the amorphous 
samples which would then affect the value of the threshold voltage 
𝑉𝑇 . These considerations provide an interpretation of two important 
features of the switching process, namely the forming and drift phe-
nomena. It is known that the as-deposited (asdep) amorphous material 
has a larger threshold voltage 𝑉𝑇 1 than those measured after the first 
switch. In the first switch (first fire) the asdep material undergoes 
structural modifications consisting of the process called forming [48]. 
After forming, the material switches (second fire) at a lower threshold 
voltage 𝑉𝑇 2 which remains fairly constant after cycling. The difference 
between the threshold voltage of the first and second fires 𝛥𝑉𝑇 =
𝑉𝑇 1−𝑉𝑇 2 is an important parameter which, in general, one would like to 
minimize. Secondly, the threshold voltage 𝑉𝑇 2 drifts with time towards 
the value of V𝑇 1 which can be seen as a process of aging of the material 
produced after forming. It is believed that in the switching process (in 
the first and second fires) the system can be brought to temperatures 
2 
above the glass transition where it should behave as a supercooled 
liquid phase [49]. The forming process would then correspond to the 
transformation of an asdep material into an amorphous phase rapidly 
quenched from the supercooled liquid. Then we might assume that 
the asdep material is closer to the structure of an ideal glass with an 
eventual larger gap and lower density of in-gap states and then a larger 
𝑉𝑇 . The material after forming would instead correspond to a less stable 
amorphous phase with a smaller electronic gap and a higher density 
of in-gap states which would then undergo aging due to relaxations 
towards the more stable ideal glass leading to a drift in 𝑉𝑇 . These 
assumptions mirror the picture of the resistance drift in phase change 
materials in which the increase of resistance with time is due to the 
aging of the amorphous phase consisting of relaxation of local defective 
structures towards a more stable and ideal glass [50]. In this picture, 
stress release and density change with aging are not relevant [51].

3. Choice of the alloy compositions

We adopt the interpretation of the forming and drift phenomena 
given above as a starting point for the planning of our atomistic simula-
tions. In particular, we would like to clarify (i) the relationship between 
the structural features of the amorphous phase and the properties of 
electronic states at and inside the band gap, (ii) the dependence of these 
structural features on the preparation conditions of the amorphous 
phase and (iii) on the composition of the alloy.

To this end, we have generated several models of amorphous Ge-
AsSe alloys by quenching from the melt within DFT molecular dynam-
ics (MD) simulations with different quenching protocols to generate 
amorphous models with different stability and eventually different 
distributions of in-gap states.

Amorphous models with different stability were generated by vary-
ing the quenching time from the melt (1200 K) to 300 K in the range 
120-12 ps. The slow quenched models correspond to a more stable 
glass that should be closer to the asdep phase before forming which 
exhibits a larger threshold voltage 𝑉𝑇 1. The models quenched rapidly 
would instead be closer to the less stable glasses after forming with a 
lower threshold voltage 𝑉𝑇 2. On these bases, the study of the in-gap 
states and of the band gap for different quenching times and different 
compositions thus allows us to gain information on the trend of the 
drift in threshold voltage with the alloy composition. In particular, we 
associate a larger dependence of the band gap and in-gap states on 
quenching time with a larger 𝛥𝑉𝑇  and with a larger drift of 𝑉𝑇 2.

We started our analysis from a Se-poor composition Ge15As34Se51
that can be seen as a Ge-doped As2Se3 alloy (Ge15(As2Se3)17). As we 
will see in the next sections, since the concentration of Se is not enough 
to form all the bonds needed for As and Ge, a fraction of ‘‘wrong’’ 
As–As and Ge–As bonds appear. These bonds are weaker than the 
most abundant Ge–Se and As–Se bonds and are thus more sensitive 
to incomplete relaxation that may occur upon a fast cooling from the 
melt. As we will see later on, these bonds give rise to localized states 
in the gap and close to the band edge that increase in number by 
shortening the quenching time. Then, we changed the composition to 
try to tune the distribution of defect states in the gap. We considered 
the composition Ge25(As2Se3)15 (Ge25As30Se45) that can also be seen 
as a Ge-doped As2Se3 compound with a larger fraction of Ge. This 
composition would then display a larger fraction of Ge–As bonds. Then, 
we considered two alloys along the GeSe2–As2Se3 pseudobinary line 
that are expected to show a lower fraction of wrong bonds due to the 
presence of a sufficient content of Se to form all the bonds needed by 
Ge and As atoms. Namely, we generated models of (GeSe2)25(As2Se3)5
(Ge25As10Se65) and (GeSe2)12.5(As2Se3)12.5 (Ge12.5As25Se62.5) alloys. 
Finally, we considered the (GeSe)25(As2Se3)10 (Ge25As20Se55) alloy on 
the GeSe–As2Se3 pseudobinary line. We thus compared three alloys 
with the same Ge content (25%) but with a different fraction of Se. On 
the other hand, starting from the Ge25As30Se45 composition we substi-
tuted a fraction of Ge with Si to generate a model with composition 
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Si10Ge15As30Se45. The structural properties of Ge12.5As25Se62.5 and 
Ge25As10Se65 have been studied also in previous DFT works [30–33], 
while Ref. [29] reports on a DFT study of Ge21As21Se58 which is similar 
to our composition Ge25As20Se55.

4. Computational methods

The amorphous models of the different alloys were generated by 
quenching from the melt within DFT-MD simulations by using the 
scheme of Kühne et al. [52] implemented in the CP2K suite of pro-
grams [53,54]. We used the generalized gradient approximation (GGA) 
to the exchange–correlation functional proposed by Becke–Lee–Yang–Pa
(BLYP) [55,56] that has been shown to better reproduce the structural 
properties of liquid and amorphous GeSe2 and GeSe compounds [57,
58] with respect to the most commonly used Perdew–Burke–Ernzerhof 
(PBE) functional [59]. Norm-conserving Goedecker–Teter–Hutter pseu-
dopotentials [60] with four, five and six valence electrons were adopted 
for Ge, As and Se, respectively. The Kohn–Sham (KS) orbitals were 
expanded in a Triple-Zeta-Valence plus Polarization Gaussian-type basis 
set, while the charge density has been expanded in a plane-wave basis 
set with a cut-off of 240 Ry to efficiently solve the Poisson equation 
within periodic boundary conditions using the Quickstep scheme [53,
54]. We used an integration time step of 1.5 fs which is ruled by the 
ionic dynamics. The same scheme was applied in our previous works 
on the amorphous phase of telluride alloys [61,62]. In our previous 
experience with telluride GeTe and Ge2Sb2Te5 [63,64], the addition of 
the van der Waals (vdW) correction á la Grimme [65] has a marginal 
effect on the structural properties of the amorphous phase once the 
density is fixed, for example, to the experimental density, as opposed 
to the case of the more Te-rich GeTe4 alloy [66,67]. Since in selenides 
the effect of vdW interaction is less important than in telluride and the 
fraction of Se in our alloys does not exceed 65%, in this our first work 
on these alloys we neglected vdW corrections.

We considered a cubic supercell containing 300 atoms for all com-
positions. Brillouin Zone (BZ) integration was restricted to the super-
cell 𝛤 -point. The size of the cell was assigned by the experimental 
density taken from Refs. [68] that amounts to: 0.034449 atoms/Å3

(4.384 g/cm3) for Ge15As34Se51, 0.034133 atoms/Å3 (4.363 g/cm3) 
for Ge25As10Se65, 0.034801 atoms/Å3 (4.425 g/cm3) for Ge25As20Se55, 
0.034216 atoms/Å3 (4.493 g/cm3) for Ge12.5As25Se62.5. The density 
of the composition Ge25As30Se45 of 0.035271 atoms/Å3 is obtained 
from the interpolation of three neighboring experimental densities from 
Ref. [68]. We performed simulations at constant volume according to 
the picture mentioned above for phase change materials in which stress 
release and density change with aging are not relevant for resistance 
drift. After equilibrating the liquid at 1200 K for 15 ps, the system was 
quenched to 300 K either in 120, 40 or 12 ps generating three different 
models for each composition. For the single composition Ge15As34Se51, 
we also generated a fourth model with a shorter quenching time of 6 
ps. After structural optimization at zero temperature and fixed volume, 
the residual pressure is below 0.5 GPa in all models. The structural 
properties of the amorphous models are computed by averaging over a 
3 ps trajectory at 300 K. The electronic properties refer instead to the 
models optimized at zero temperature from the last snapshot of the 300 
K simulation. We must admit that three models for each composition 
are not yet a statistically meaningful set, but still these simulations 
can provide some hints on the issues outlined in Section 2 as we 
will see in the next section. This work must be seen as a preliminary 
investigation in this direction, aimed also at generating a database for 
the development of machine learning potentials (ML) for these alloys 
that would allow generating a large number of small (300 atoms) 
amorphous models at a modest computational cost, to improve the 
statistics on the in-gap states. This approach has recently been adopted 
to study in-gap states in some telluride alloys [69].
3 
The electronic density of states (DOS) is computed from KS orbitals 
at the supercell 𝛤 -point broadened by a Gaussian function with a 
variance of 41 meV. To quantify the localization properties of indi-
vidual KS states, we computed the inverse participation ratio (IPR) 
which is defined for the 𝑖th state by ∑𝑗 𝑐

4
𝑖𝑗∕

(
∑

𝑗 𝑐
2
𝑖𝑗
)2 where 𝑗 runs over 

the Gaussian-type orbitals (GTOs) of the basis set, while 𝑐𝑖𝑗 are the 
expansion coefficients of the 𝑖th KS state in GTOs. According to this 
definition, the value of the 𝐼𝑃𝑅 varies from 1∕𝑁 for a completely 
delocalized KS state where 𝑁 is the total number of the Gaussian-type 
orbitals of the basis set, to one for a mode completely localized on a 
single orbital.

As a proxy of the mobility gap, we computed the Tauc gap [70] 
which is defined by the intercept with the energy axis of the linear 
extrapolation of 𝜔√𝜀2(𝜔) as a function of 𝜔, where 𝜀2(𝜔) is the imag-
inary part of the dielectric function. In turn, we computed 𝜀2(𝜔) in 
the random phase approximation (RPA) from Kohn–Sham (KS) orbitals 
within DFT 

𝜀2(𝜔) =
8𝜋2

3𝑉𝑜𝜔2

∑

𝑣,𝑐
|⟨𝑐|𝐩|𝑣⟩|2𝛿(𝜔 − 𝐸𝑐 + 𝐸𝑣), (1)

where 𝐸𝑐 and 𝐸𝑣 refer to the energies of conduction and valence 
bands at the 𝛤 -point of the supercell BZ. 𝑉𝑜 is the unit cell volume. 
In the actual calculation, the 𝛿-functions are substituted by a Gaussian 
functions with variance of 27 meV. Since the BLYP functional, as all 
functionals in the Gradient Corrected Approximation (GGA) are known 
to underestimate the band gap, the electronic properties has been also 
computed with the hybrid functional of Ref. [71] (HSE) in which exact 
exchange (Hartree–Fock) is mixed with the Perdew–Burke–Ernzherof 
GGA functional [59]. This functional was shown to correctly reproduce 
the band gap and the optical spectra of Te-based alloys (GeTe, GST, 
Sb2Te3) [72,73]. The HSE functional is computationally much more 
expensive than GGA functionals and thus it was not used in MD simu-
lations but just to compute the electronic structure of models generated 
with the BLYP functional. To this end, the models first generated and 
optimized with the BLYP functional have been further optimized with 
the PBE functional which is closer to the HSE one. The HSE calculations 
have been performed with PBE pseudopotentials.

5. Results

5.1. Structural and electronic properties of GeAsSe alloys

Before addressing the structural properties of GAS alloys, we recall 
the crystal structure of the two binary systems GeSe and GeSe2. GeSe 
crystallizes in an orthorhombic phase (space group Pnma) [74]. The 
crystal is made of GeSe bilayers as shown in Fig.  1a. The atoms are 
3-coordinated in a pyramidal configuration due to chemical bonding 
involving 𝑝-orbitals only. The formation energy is 60 kJ/mole and 
the electronic gap is 1.09 eV [74]. GeSe2 crystallizes instead in a 
monoclinic phase (space group P21/c) [75] with an electronic gap 
of 2.18 eV [76]. The crystal is made of chains of corner- and edge-
sharing tetrahedra as shown in Fig.  1b. The formation energy is 115 
kJ/mole which is larger than that of the GeSe composition. For GeSe𝑥
alloys the tetrahedra are thus lower in energy than the pyramidal 
configurations. For comparison, we recall that As2Se3 crystallizes in 
a layered structure (space group P21/c) consisting of two-dimensional 
sheets with 2-coordinated Se and 3-coordinated As in a pyramidal 
geometry [77]. The band gap of crystalline As2Se3 is 1.73 eV [76].

5.1.1. Structural properties of GeAsSe alloy
In this section, we discuss the structural properties of the models 

of amorphous GeAsSe alloys at different compositions generated by 
quenching from the melt in 120 ps at the experimental density which 
will be referred to as the mq120 models. As an example, a snapshot 
of the mq120 model and the partial pair correlation functions (PCFs) 
for the composition Ge As Se  are shown in Fig.  2 and Fig.  3. The 
15 34 51
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Fig. 1. (a) Crystal structure of GeSe: all atoms are 3-coordinated in a pyra-
midal configuration. (b) Crystal structure of the monoclinic phase of GeSe2
displaying chains of edge- and corner-sharing GeSe4 tetrahedra. Blue and azure 
spheres denote Ge and Se atoms.

Fig. 2. Snapshot of the mq120 model of a-Ge15As34Se51.

cutoff distances which define the formation of a bond are reported in 
Fig.  3 for each pair.

The PCFs for all compositions and for different quenching times are 
reported in Figs. S1-S5 in the Supplemental Material (SM). Integration 
of the partial pair correlation function up to a bonding cutoff provide 
the average coordination number reported in Table  1. The correspond-
ing data for the models quenched in 40 and 12 ps are collected in 
Table SI in the SM. The distribution of the coordination numbers for 
4 
Table 1
Average coordination numbers for different pairs of atoms computed from the 
partial pair correlation functions for the Ge𝑥As𝑦Se100−𝑥−𝑦 models generated by 
quenching from the melt in 120 ps. Data in parenthesis refer to previous DFT 
results from Ref. [31] for Ge12.5As25Se62.5, Ref. [33] for Ge25As10Se65 and 
Ref. [29] for the composition Ge21As21Se58 that is close to our composition 
Ge25As20Se55. The discrepancy between our results and previous DFT data [33] 
for the same Ge25As10Se65 alloy mostly comes from a different choice of the 
bonding cutoff.
 Model With Ge As Se Total 
 Ge25As30Se45  
 (120 ps) Ge 0.16 0.44 2.79 3.39  
 As 0.37 1.40 1.23 3.00  
 Se 1.55 0.82 – 2.37  
 Ge15As34Se51  
 (120 ps) Ge 0.04 0.47 3.00 3.51  
 As 0.21 0.94 1.87 3.02  
 Se 0.88 1.25 0.07 2.20  
 Ge25As20Se55  
 (120 ps) Ge 0.08 (0.08) 0.19 (0.35) 3.13 (3.37) 3.40  
 As 0.23 (0.35) 0.53 (0.65) 2.23 (1.97) 3.00  
 Se 1.42 (1.22) 0.81 (0.71) 0.07 (0.12) 2.31  
 Ge12.5As25Se62.5  
 (120 ps) Ge 0.11 (0.02) 0.24 (0.18) 3.34 (3.33) 3.68  
 As 0.12 (0.10) 0.13 (0.30) 2.76 (2.63) 3.01  
 Se 0.67 (0.65) 1.11 (1.05) 0.29 (0.40) 2.07  
 Ge25As10Se65  
 (120 ps) Ge 0.03 (0.16) 0.03 (0.07) 3.60 (3.11) 3.65  
 As 0.07 (0.00) 0.07 (0.18) 2.87 (2.87) 3.00  
 Se 1.38 (1.20) 0.44 (0.44) 0.37 (0.57) 2.19  

Table 2
Percentage of different types of bonds and ratio between the fraction of Ge 
atoms and Se atoms for the models of GeAsSe alloys at different compositions 
quenched in 120 ps from the melt. Bond energies in kcal/mol from Ref. [76] 
are given in the last column.
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 Bonds type Bond energy 
 % (kcal/mol)  
 As–Se 26 48 33 55 22 41.7  
 Ge–Se 49.5 34 58 33 68 49.1  
 As–As 15 12 4 1.3 0.3 32.1  
 Ge–As 8 5 3 2 0.5 35.8  
 Ge–Ge 1.4 0.3 0.7 0.5 0.3 37.6  
 Se–Se – 1 1.5 7 9 44.0  
 %Ge/%Se 0.56 0.29 0.46 0.2 0.39  

the mq120 models are reported in Fig.  4. The corresponding data for 
the models quenched in 40 and 12 ps are collected in Figs. S6-S10 in the 
SM. The percentage of the different types of bonds in the mq120 models 
is shown instead in Table  2. In Table  2, we also report the estimate 
of the single bond dissociation energy for homopolar and heteropolar 
bonds taken from Ref. [76] as obtained from thermochemical data and 
Pauling electronegativity. In the following, we will refer to weaker or 
stronger bonds with reference to this table and therefore to a general 
expectation on the strength of a single bond irrespective to its local 
environment, length or alloy composition. It is a qualitative hierarchy 
of the bond strength that we assume to be applicable to our alloys as 
well. Our results on the partial coordination numbers agree well with 
previous DFT results [29,31,32,32,33] that are also reported in Table  1. 
The comparison with the experimental data will be discussed later on.

Note the presence of a significant fraction of As–As bonds in
Ge25As30Se45 and Ge15As34Se51 and a smaller fraction of Ge–As bonds. 
If we consider the GeAsSe system as a mixture of the GeSe and AsSe 
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Fig. 3. Partial pair correlation functions of the mq120 model of a-Ge15As34Se51. The dashed vertical lines indicate the cutoff used to define the formation of a 
bond, namely 3.0 Å (Ge–Se), 2.8 Å (As–Se), 3.0 Å (Ge–Ge), 2.9 Å (Ge–As), 2.8 Å (As–As), and 2.8 Å  (Se–Se).
Fig. 4. Distribution of coordination numbers of different models of amorphous 
GeAsSe alloys quenched in 120 ps from the melt.

binaries, we should see the As–As, Ge–As, Se–Se and Ge–Ge bonds are 
‘‘wrong’’ bonds, weaker than the main Ge–Se and As–Se bonds which 
are responsible for most of the cohesive energy and for the formation 
energy of the two binaries. Since the two compositions Ge25As30Se45
and Ge15As34Se51 correspond to Ge-doped As2Se3 alloys and Ge is 
mostly bound to Se, a fraction of As atoms has no Se atoms to bond to, 
which results in the formation of As–As bonds. The fraction of ‘‘wrong’’, 
homopolar As–As and Ge–Ge bonds increases with increasing the Ge 
5 
content in Ge𝑥(As2Se3)1−𝑥 alloys. On the other hand, the fraction of 
wrong As–As bonds is low for the other three compositions that lye 
on the pseudobinary lines (GeSe2)𝑥(As2Se3)1−𝑥 or (GeSe)𝑥(As2Se3)1−𝑥
where the fraction of Se is sufficient to saturate most of the bonds with 
both Ge and As atoms.

We can then make several comments on Table  2 regarding the 
dependence of the different bonding types as a function of composition 
which is in line with previous DFT works [30–33]: (i) the majority 
of bonds are the stronger Ge–Se and As–Se bonds, (ii) the fraction of 
wrong Ge–Ge bonds is always negligible, (iii) the fraction of As–As 
and Ge–As wrong bonds is a monotonic decreasing function of the 
Se content, (iv) the fraction of Se–Se wrong bonds is a monotonic 
increasing function of the Se content.

Concerning the local bonding geometry, Se atoms are mostly 2-
coordinated with a minority of 3-coordinated atoms; As atoms are 
nearly always 3-coordinated; Ge atoms are 3- or 4-coordinated with 
a very few 5-coordinated atoms. Snapshots of the local bonding ge-
ometry corresponding to the different coordination are given in Fig.  5 
which also shows isosurfaces of the Wannier Functions (WFs). The WFs 
are the periodic version of the Boys orbitals obtained by the unitary 
transformation of the occupied KS orbitals that minimizes the quadratic 
spread [78]; they give a vivid picture of the type of bonding.

The large majority of 4-coordinated Ge atoms corresponds to a 
tetrahedral bonding geometry with sp3 hybridization (see Fig.  5a). A 
small fraction of 4-coordinated Ge atoms are in a defective octahedral 
geometry with bonding angles of 90◦ due to the formation of bonds 
with 𝑝 orbitals only (see Fig.  5d). The fourth bond is longer than the 
other three as occurs, for instance, in Ge2Sb2Te5 [79–81]. 3-coordinated 
Ge and As atoms are in a pyramidal geometry with bonding angles 
of 90◦ which involves only 𝑝 orbitals (see Fig.  5b–c). In the defective 
octahedral and pyramidal configurations, the 𝑠 electrons form a lone 
pair, visible as a spherical WF in Fig.  5b–d. The 2-coordinated Se atoms 
form two covalent bonds with 𝑝 orbitals at ∼90◦ and display a 𝑝 lone 
pair and a 𝑠 lone pair (see Fig.  5e). Since Ge has only two 𝑝 electrons, 
a dative bond from a 𝑝-type lone pair of Se is needed to close the 𝑝
shell. The Se atoms donating a dative bond to Ge atoms become 3-
coordinated. The presence of dative bonds from chalcogen atoms is 
similar to what occurs in the GeSbTe compounds [61,80–82].

To quantify the fraction of tetrahedra, we used the local order 
parameter 𝑞 introduced in Ref. [83] as an indicator of the tetrahedricity 
of the bonding geometry. It is defined by 𝑞 = 1 − 3

8
∑

𝑖>𝑘(
1
3 + cos 𝜃𝑖𝑗𝑘)2

where the sum runs over the pairs of atoms bonded to a central atom 
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Fig. 5. Isosurface of Wannier functions for (a) Ge in a tetrahedral site, (b) Ge 
and (c) As in a pyramidal bonding geometry, (d) Ge in defective octahedra 
with coordination four and (e) Se 2-coordinated. Isosurfaces with different 
colors (red and blue) have different sign. Wannier functions with spherical 
isosurfaces (gray) are s-type lone pairs. Blue, azure and brown spheres denote 
Ge, Se and As atoms.

𝑗 and forming a bonding angle 𝜃𝑖𝑗𝑘. The order parameter is 𝑞 = 1 for 
the ideal tetrahedral geometry, 𝑞 = 0 for the 6-coordinated octahedral 
site, and 𝑞 = 5/8 for a 4-coordinated defective octahedral site. As an 
example, we show in Fig.  6 the distribution of the 𝑞 order parameter 
for 4-coordinated Ge atoms in Ge15As34Se51 that clearly feature a 
dominant peak corresponding to tetrahedra with a broad tail due to 
distorted defective octahedra. The integration of the 𝑞-order parameter 
from about 0.8 to 1.0 gives a measure of the fraction of tetrahedra, as 
we have shown in a previous work [62]. This number is consistent with 
the fraction defective octahedral/pyramidal configurations with only 𝑝-
type bonding orbitals that can be obtained by looking at Ge atoms with 
a 𝑠-like WF  [80].

The fraction of tetrahedral Ge and the distribution of the different 
types of tetrahedra for the different compositions and the different 
quenching times are compared in Table  3. The tetrahedra can be 
isolated, corner- or edge-sharing. Corner-sharing tetrahedra are actually 
more stable than edge-sharing ones. In fact, structural relaxations lead-
ing to the transformation of edge-sharing in corner sharing tetrahedra 
are well documented in GeSe𝑥 alloys [84]. However, it is unknown 
whether these structural relaxations might have some impact on the 
transport properties and thus on the threshold switching. The relaxation 
might involve states deeper in the valence band that do not affect the 
6 
Fig. 6. Distribution of the local order parameter 𝑞 for tetrahedricity (see text) 
for 4-coordinated Ge atoms in the mq120 model of Ge15As34Se51. Vertical lines 
indicate the values of 𝑞 for selected ideal geometries.

electrical conductivity. Anyway, for the compositions studied here, the 
fraction of tetrahedral Ge atoms involved in edge-sharing tetrahedra is 
at most 10 % compared to a fraction of about 50% in GeSe2 [85].

The fraction of Ge atoms in a tetrahedral coordination increases by 
decreasing the ratio between the fraction of Ge and Se atoms (%Ge/%Se 
in Table  2) with an exception for the composition Ge15As34Se51 that has 
a lower fraction of tetrahedra with respect to composition
(GeSe2)25(As2Se3)5, although it has a lower %Ge/%Se ratio. More-
over, the fraction of tetrahedra is maximal for compositions along the 
pseudobinary line GeSe2–As2Se3.

Information on the bonding geometry is obtained also from the bond 
angle distribution functions resolved for the different species in Fig.  7 
for the composition Ge15As34Se51. The distribution is clearly peaked 
at around 90◦–100◦ for all atoms, but for tetrahedral Ge atoms whose 
angles distribution is peaked instead at about 109◦ as expected. The 
tail of the distribution at higher angles for octahedral Ge is due to 
4-coordinated atoms in defective octahedra forming ideally an angle 
at 180◦ (see Fig.  5c). The Ge–Se bond length in tetrahedra is shorter 
than in octahedra as shown in Fig. S11 in SM reporting the Ge–Se pair 
correlation function resolved for the two different types of bond for 
the mq120 model of a-Ge25As20Se55. This alloy has a low fraction of 
tetrahedra (see Table  3) but a large Ge–Se coordination number (com-
pared with other compositions with a similar fraction of tetrahedral 
Ge, see Tables  1 and 3) which means that this alloy features a larger 
fraction of Ge–Se octahedral longer bonds responsible for the shoulder 
in the Ge–Se pair correlation function which is more evident for this 
composition than for others (see Fig. S3 in the SM).

In summarizing our results on the structural properties, as we have 
already mentioned, the partial coordination numbers are very close to 
previous DFT works for alloys with the same or similar compositions 
(see Table  1). In particular, the DFT-BLYP model with composition 
Ge21As21Se58 of Ref. [29], whose partial coordination numbers are very 
similar to our Ge25As20Se55 model, reproduces well the experimental 
total structure factor from x-ray and neutron diffraction [29]. This 
model has, however, a much lower fraction of homopolar bonds (Ge–Ge 
and As–As) than the model obtained from a Reverse Monte Carlo (RMC) 
fitting of the experimental x-ray diffraction (XRD) and extended x-
ray absorption fine structure (EXAFS) data in Ref. [28]. Similarly, the 
fractions of As–As and Ge–Ge homopolar bonds in our models at the 
other compositions are systematically much lower than those of the 
RMC models fitted on experimental data in Ref. [28] and in other works 
by the same group [24,25,27]. We compare the partial coordination 
numbers of our and previous DFT models with those of the RMC models 
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Table 3
Statistics of Ge atoms in tetrahedral environment (Ge𝑡) in the mq120 models.
 Composition Ge𝑡 abs. Ge𝑡 with Isolated Ge𝑡 corner sh. edge sh. 
 (%) number wrong bonds couples couples  
 Ge25As30Se45 36 27 25 9 15 0  
 Ge15As34Se51 40 18 11 11 5 0  
 Ge25As20Se55 36 27 16 8 11 1  
 Ge12.5As25Se62.5 68 26 11 14 5 2  
 Ge25As10Se65 57 43 3 6 24 3  
 Si10Ge15As30Se45 35 26 24 11 7 3  
Fig. 7. Bond angles distribution function resolved for the different species in 
the mq120 model of Ge15As34Se51. Tetrahedral Ge atoms are identified by a 𝑞
order parameter larger than 0.8 (see text). The small feature at 60◦ is due to 
a As–Se-Ge 3-membered ring.

from Refs. [24,28] in Table SII in the SM. Our theoretical structure 
factor 𝑆(𝑞) with x-ray atomic form factors is compared with XRD 
experimental data of similar compositions, when available, in Fig. S12 
in the SM. For composition Ge15As34Se51 we also compare our total 
pair correlation function with the experimental data obtained by the 
Fourier transform of the structure factor in Ref. [24] in Fig. S12 in the 
SM. There is clearly room for improvements, but it is unclear whether 
the discrepancy in the partial coordination numbers with experiments 
arises from the misfits in the 𝑆(𝑞) or from inaccuracies in the RMC 
which are generated by fitting diffraction data with no information 
on the underlying potential energy surface. We also mention that in 
the RMC analysis the total coordination number was initially fixed 
at 4, 3, 2 for Ge, As and Se atoms, and then relaxed in the final 
stage of the fitting [24,27,28]. We must also note that the diffraction 
and EXAFS data refer to as-deposited samples, while our models are 
generated by a fast quenching from the melt that, anyway, are expected 
to be closer to the material in the device after cycling. Naively, we 
would expect that the asdep material should be closer to the ideal glass 
and then, as opposed to the RMC models, feature a lower fraction of 
wrong bonds than our models very rapidly quenched from the melt. 
In fact, a more recent RCM fitting of EXAFS data for the composition 
Ge6.25As32.5Se61.25 yielded a much lower content of As–As and Ge–Ge 
homopolar bonds than the DFT model generated by quenching from the 
melt by the same authors [32], which in turn had yet a lower content of 
As–As and Ge–Ge homopolar bonds than the previous RMC model with 
a similar Ge5As30Se65 composition of Ref. [24]. The high fraction of 
homopolar As–As and Ge–Ge bonds of the RMC models in Refs. [24,28] 
has also been questioned by Raman and nuclear magnetic resonance 
measurements in Ref. [26]. In Table SIII in the SM, we also compare 
the position of the first peak of the partial correlation functions of our 
models with previous DFT results and with RMC models. Our bond 
lengths are systematically slightly longer than the experimental ones 
from the RMC models. The bonds involving Ge in our models are also 
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slightly longer than those of previous DFT results (see Table SIII in the 
SM).

We may now wonder how the quenching time might affect the 
structural properties of the amorphous models. Actually, very little 
changes can be found by looking at an integrated quantity like the 
partial pair correlation functions. These are shown in Fig.  8 for the 
three models quenched from the melt in 120 ps, 40 ps (mq40) or 12 ps 
(mq12) for Ge15As34Se51. Note that the total energy of the different 
models is higher than that of the model quenched more slowly (120 ps). 
Namely, the total energies with respect to the mq120 model (120 ps) 
which is set to zero are: 3 meV/atom (mq40) and 20 meV/atom 
(mq12). Still, as we will see in the next section, shorter quenching times 
lead to the formation of a larger number of in-gap localized states.

For all compositions, we observe a very small increase in the overall 
fraction of As–As, Ge–As and Ge–Ge wrong bonds by decreasing the 
quenching time (see Fig. S13 and Table SIV in the SM) for all the 
compositions studied. In the Se-rich Ge25As10Se65 and Ge12.5As25Se62.5
alloys we observe instead a more pronounced increase of the Se–Se 
bonds by decreasing the quenching time and a concomitant decrease 
in the fraction of tetrahedra (see Table SV in the SM). The distribution 
of the different types of environment for the Se-poor Ge25As30Se45
alloy quenched in 40 ps or 12 ps are given in Table SVI and SVII in 
the SM. In the next section, we discuss how these structural features 
have an impact on the electronic properties and their dependence on 
composition and quenching time.

5.1.2. Electronic properties of GeAsSe alloys
The effect of composition and quenching time on the electronic 

properties of the GeAsSe alloys has been addressed by computing 
the electronic density of state (DOS) and the optical Tauc gap. The 
electronic DOS (HSE functional) for the different compositions and 
quenching time are shown in Fig.  9. As an example, we report the func-
tion 𝜀2(𝜔) and the Tauc plot for the Ge15As34Se51 alloy in Fig. S14 in the 
SM. The Tauc gap for the different compositions and quenching times is 
reported in Table  4 as obtained from the linear fit of Tauc plots shown 
in Fig. S15 in the SM. The experimental Tauc gap of Ge25As15Se60 is 
1.37 eV [86] which compares reasonably well with theoretical values 
of 1.2 and 1.29 eV for Ge25As20Se55 and Ge25As10Se65 compositions 
(see Table  4). Similarly, the experimental Tauc gap of Ge10.5As23.5Se66
is 1.45 eV [87], which is close to the theoretical value of 1.38 eV for 
Ge12.5As25Se62.

We can observe that the band gap in the DOS and the Tauc gap 
(see Table  4) clearly decrease by reducing the quenching time for 
the two Se-poor compositions Ge15As34Se51 and Ge25As30Se45. In-gap 
states close to the band edge or deep in the gap appear by decreasing 
the quenching time. These states turn out to be mostly localized on 
Ge–As bonds. This effect is more pronounced for the composition richer 
in Ge, as expected. The band gap of the DOS and the optical Tauc 
gap are instead very weakly dependent on the quenching time for 
the Se-rich alloy Ge25As10Se65 on the pseudobinary line GeSe2–As2Se3. 
The situation is intermediate for Ge25As20Se55 on the GeSe–As2Se3
pseudobinary line that shows a weak dependence of the gap on the 
quenching time but still the presence of localized states close to the 
band gap due to Ge–As bonds. The composition Ge12.5As25Se62.5 de-
serves a separate discussion reported later on. Regarding the nature 
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Fig. 8. Partial pair correlation functions of the models of a-Ge15As34Se51 generated with different quenching times (120, 40, and 12 ps). 

Fig. 9. Electronic density of states of different models of GeAsSe and SiGeAsSe alloys (HSE functional). The zero of energy is the highest occupied KS state (or 
using a slightly improper nomenclature for a solid, the highest occupied molecular orbital, HOMO).
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Table 4
Fraction of Ge atoms in tetrahedral environment (Ge𝑡) and optical Tauc gap 
of amorphous models of GeAsSe and SiGeAsSe alloys generated by quenching 
from the melt with different quenching times.
 Model Alloy type 𝜏𝑞 (ps) Ge𝑡 Optical gap (eV) 
 Ge25As30Se45 (Ge)25(As2Se3)15 120 36% 1.09  
 40 23% 1.12  
 12 33% 0.94  
 Ge15As34Se51 (Ge)15(As2Se3)17 120 40% 1.25  
 40 44% 1.27  
 12 49% 1.06  
 6 40% 1.13  
 Ge25As20Se55 (GeSe)25(As2Se3)10 120 36% 1.20  
 40 43% 1.26  
 12 36% 1.22  
 Ge12.5As25Se62.5 (GeSe2)12.5(As2Se3)12.5 120 68% 1.38  
 40 63% 1.30  
 12 32% 1.24  
 Ge25As10Se65 (GeSe2)25(As2Se3)5 120 59% 1.29  
 40 49% 1.29  
 12 41% 1.27  
 Si10Ge15As30Se45 (Si)10(Ge)15(As2Se3)15 120 35% 1.23  
 40 28% 1.13  
 12 36% 1.10  

of in-gap states, as an example, we show in Fig.  10 a zoom of the 
DOS and IPR close to the band gap for the mq120 and mq12 mod-
els of Ge15As34Se51. The states close to the band edges and inside 
the band gap are clearly localized. In the mq12 model, the LUMO 
(lowest unoccupied molecular orbital), LUMO+1 and LUMO+2 are 
strongly localized on Ge–As bonds for Ge 4-coordinated in a Ge–As3Se 
configuration (see Fig.  10). In the mq120 model, the LUMO+1 state 
is localized on a corner-sharing Ge tetrahedra, while the LUMO and 
LUMO+2 correspond to Valence Alternation Pairs (VAPs). The VAPs 
are typical of amorphous chalcogenides and can be seen as originating 
from two undercoordinated atoms that exchange an electron and then 
interact with lone pairs of neighboring chalcogens [88,89]. A picture 
of the formation of a VAP in an AsSe compound is depicted in Fig. 
11. The ideal breaking of a As–Se bond gives rise to two radicalic 
undercoordinated atoms. This configuration is unstable with respect 
to an electron transfer from As to Se which generates a positively 
charged As and a negatively charged Se. The Se atom acts as a negative 
Hubbard-U center and displays two 𝑝 lone pairs. The undercoordinated, 
positively charged As atom recovers the 3-coordination by receiving 
a dative bond from a lone pair of another neighboring Se atom. In 
alloys with Ge, the negatively charged Se atom of the VAP can also 
donate one or both of its two 𝑝 lone pairs to neighboring Ge atoms. 
These processes lead to the formation of a second 3-coordinated Se 
atom. In the presence of Ge, the 3-coordinated Se atoms bonded with 
Ge atoms are part of the network and should not be seen as defects. 
The corresponding electronic states are thus expected to fall inside the 
bands. In contrast, 3-coordinated Se bonded with As atoms only can be 
seen as part of VAPs and they can possibly give rise to localized states 
at the band edges. This is the case for the LUMO state of the mq120 
model depicted in Fig.  10 and the LUMO+2 state as well (not shown). 
These states are empty (electron traps) and localized on Se–As bonds of 
two different Se–As3 centers. In the mq120 model, the localized HOMO 
state (hole trap) involves a Ge–Ge bond (see Fig.  10).

We remark that, while the amorphous models are semiconduct-
ing, the liquid phase is metallic, as shown in Fig. S16 in the SM 
that compares the DOS of the mq120, mq12 and liquid models of 
Ge15As34Se51. As an example, for this particular composition we also 
show the projections of the DOS of the mq120 model on different 
atomic orbitals (𝑠 and 𝑝) in Fig.  12 and the IPR superimposed to the 
DOS over the whole spectral range in Fig. S17 in the SM.

A zooming of the DOS and IPR close to the band gap is shown in 
Figs.  13 and 14 for other two representative compositions of Se-poor 
Ge As Se  alloy and Se-rich Ge As Se  alloy with the same Ge 
25 30 45 25 10 65
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content. The corresponding plots for the other compositions are shown 
in Figs. S18-S22 in the SM. The shortening of the quenching time in 
the Se-poor Ge25As30Se45 alloy gives rise to an in-gap state localized 
on a Ge–As bond (see Fig.  13 for the assignment of the character of the 
most localized states). In the slow quenched model the LUMO is a VAP 
state and the HOMO is localized on a Se–Se bond. In the Se-rich alloy 
the band gap does not change by shortening the quenching time, albeit 
states mostly localized on Se–Se bonds are present at the conduction 
and valence band edges. At the edge of the conduction band, we also 
observe states localized on tetrahedral Ge atoms (see Fig.  14 for the 
assignment of the character of the most localized states).

We remark that by decreasing the quenching time the fraction of 
wrong Ge–As bonds does not change sizably. However, these bonds are 
weaker than the others and are thus more sensitive to an incomplete 
relaxation occurring on a short quenching time that gives rise to in-gap 
states. The Ge–As bonds in Se-poor alloys are thus expected to give rise 
to a strong drift. In contrast, the states due to Se–Se bonds in Se-rich 
alloys, albeit also localized at the band edges, seem less sensitive to 
the quenching time possibly because of the higher strength of Se–Se 
bonds with respect to Ge–As bonds. The strength of the different types 
of bonds is reported in Table  2 (from Ref. [76]). Overall, the electron 
traps, i.e. empty states either deep or close to the conduction band, 
are mostly due to wrong bonds involving cations (Ge–As) in Se-poor 
alloys which is in line with previous DFT results on GeSe𝑥 alloys 
(see for instance Ref. [90]). In contrast, hole traps in our models, 
i.e. filled states close to the valence band, are mostly due to Se–Se 
bonds, especially for Se-rich compositions.

The composition Ge12.5As25Se62.5 deserves a separate discussion. 
The localized states at both the valence and conduction edges are 
mostly localized on Se–Se bonds (see Fig. S21 in the SM). Although 
the Urbach tails (slope of the Tauc plot [43]) do not appear to change 
significantly with the quenching time (see Fig.  9 and Fig. S15 in 
the SM), the Tauc gap decreases by about 0.14 eV (see Table  4) by 
shortening the quenching time from 120 ps to 12 ps. We can ascribe this 
change to the large decrease in the fraction of Ge atoms in tetrahedral 
geometry from 68% (120 ps) to 32% (12 ps). In fact, the band gap of 
crystalline GeSe2 made of tetrahedra (2.18 eV) is much larger than that 
of the GeSe crystal (1.09 eV) made of pyramidal configurations. Since 
tetrahedra are lower in energy than pyramids or defective octahedra, 
we expect a pyramids/octahedra → tetrahedra transformation upon 
aging which might thus be another source of resistance drift. This 
effect might be milder than the structural relaxations involving Ge–As 
bonds as the Ge–Se bonds in tetrahedra are stronger than Ge–As bonds 
(see Table  2). Partially substituting Ge with other elements that form 
only tetrahedra, e.g. Si or Ga, would minimize the drift associated 
with pyramids → tetrahedra transformation. To address this issue, we 
generated models of a Si-doped GeAsSe alloy as discussed in the next 
section.

5.2. Structural and electronic properties of SiGeAsSe alloys

In the following, we report the analysis of the structural and 
electronic properties of amorphous models (500 atoms at density of 
0.03527 atom/Å3) of the Si10Ge15As30Se45 alloy which features the 
same As and Se content of the Ge25As30Se45 alloy discussed in the 
previous sections. Doping of GeAsSe with Si was explored in several 
previous experimental works [17,22,23]. The partial pair correlation 
function is shown in Fig.  15, while the distribution of coordination 
numbers of models generated with different quenching times from the 
melt is shown in Fig.  16. The fraction of Ge atoms in tetrahedral 
configurations and the number of different types of tetrahedra are 
compared with those of GeAsSe alloys in Table  3. Si atoms are always 
in the tetrahedral configuration.

The average partial coordination numbers for the different species 
and different quenching times are given instead in Table  5. The percent-
age of different types of bonds is compared with that of Ge25As30Se45
alloy in Table  6.
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Fig. 10.  A zooming of the DOS close to the band gap and the values of the Inverse Participation Ratio (IPR, right scale) are shown for the (a) mq120 and 
(b) mq12 models of Ge15As34Se51. The higher the IPR value the more localized is the individual Kohn–Sham state. The character of the most localized states 
is indicated in the figure. The LUMO+1 state of the mq120 model is localized on a corner-sharing Ge tetrahedra. (c) A picture of the isosurfaces of the LUMO 
(lowest unoccupied molecular orbital) in the mq120 model. The isosurface corresponds to half of the maximum value of the KS orbital evaluated on a uniform 
grid. The LUMO is localized on Se–As3 center and corresponds to an antibonding, empty state of a Valence Alternation Pair (VAP) defect. The LUMO+2 is another 
VAP state localized on a different center. Blue, azure and brown spheres denote Ge, Se and As atoms. (d) The LUMO state of the mq12 model which is strongly 
localized on a Ge–As bond of a 4-coordinated Ge atom in a Ge–As3Se configuration. The LUMO+1 and LUMO+2 states are localized on a Ge–As2Se2 and Ge–AsSe3
groups (HSE functional).
Fig. 11. Sketch of the formation of a Valence Alternation Pair (VAP) from undercoodinated As e Se atoms.
The fraction of Ge–As bonds is similar in Si–GAS and in the cor-
responding GAS alloy (with the same Se and As content). This might 
be surprising at first sight, since the overall fraction of Ge atoms is 
reduced in Si–GAS. However, also the Se atoms available to form Ge–Se 
bonds are reduced in the presence of Si because the Si-Se bonds are 
stronger and form more easily than Ge–Se bonds. This results in a 
similar fraction of Ge–As wrong bonds in Si–GAS and GAS with the 
same fraction of As and Se. Somehow, Si substitutes Ge that are already 
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bound to Se only. Note that in the models of GAS and Si–GAS most of 
Ge–As bonds involve tetrahedral Ge atoms (see Table SVIII in the SM).

Regarding electronic properties, the optical Tauc gap and the elec-
tronic DOS (HSE functional) are compared with those of GAS alloys in 
Table  4 and Fig.  9. A zooming of the DOS close to the band gap with 
the IPR is reported in Fig.  17. The localized states in the gap do not 
involve Si atoms. The Si–X bonds are overall stronger than the others, 
and the corresponding states fall deep in the valence bands.
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Fig. 12. Electronic density of states (HSE functional) of the mq120 model of 
a-Ge15As34Se51 projected on different atomic 𝑠 and 𝑝 orbitals for the different 
atomic species. The contribution from 𝑑 orbitals is negligible on the scale of 
the figure and it is omitted. The projections on Ge atoms are resolved for 
tetrahedral and defective octahedral-like/pyramidal configurations.

Fig. 13. A zooming of the DOS close to the band gap and the values of the 
Inverse Participation Ratio (IPR, right scale) are shown for the models of a-
Ge25As30Se45 quenched in (a) 120 and (b) 12 ps. The arrows indicate the 
characters of the most localized orbitals (HSE functional).

The states with a high IPR close to the edge and inside the gap 
are mostly localized on Ge–As and As–As wrong bonds as in previous 
GAS models. An example of such a state is shown in Fig.  17. The 
similar fraction of Ge–As wrong bonds in GAS and Si–GAS would lead 
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Fig. 14. A zooming of the DOS close to the band gap and the values of the 
Inverse Participation Ratio (IPR, right scale) are shown for the models of a-
Ge25As10Se65 quenched in (a) 120 and (b) 12 ps. The arrows indicate the 
characters of the most localized orbitals (HSE functional). The LUMO states of 
the mq120 and the mq12 models are localized on corner-sharing and isolated 
Ge tetrahedra, respectively.

Table 5
Partial coordination numbers and fraction of tetrahedral Ge atoms (Ge𝑡) in the 
Si10Ge15As30Se45 models generated with different quenching times.
 Model With Si Ge As Se Total 
 Si10Ge15As30Se45  
 (120 ps) Ge𝑡 35% Si 0.12 0.04 0.74 3.10 4.00  
 Ge 0.03 0.16 0.65 2.52 3.36  
 As 0.25 0.33 1.52 0.97 3.07  
 Se 0.69 0.84 0.65 0.02 2.20  
 Si10Ge15As30Se45  
 (40 ps) Ge𝑡 28% Si 0.08 0.12 0.76 3.04 4.00  
 Ge 0.08 0.21 0.51 2.55 3.35  
 As 0.25 0.25 1.51 1.03 3.05  
 Se 0.68 0.85 0.69 0.02 2.23  
 Si10Ge15As30Se45  
 (12 ps) Ge𝑡 36% Si 0.16 0.16 0.66 3.02 4.00  
 Ge 0.11 0.13 0.60 2.59 3.43  
 As 0.22 0.30 1.53 1.00 3.05  
 Se 0.67 0.86 0.67 – 2.20  

Table 6
Percentage of the different types of bonds in the models of Si10Ge15As30Se45
generated with different quenching time 𝜏𝑞 . The same values for Ge25As30Se45
are also reported for the sake of comparison.
 Composition Si10Ge15As30Se45 Ge25As30Se45
 𝜏𝑞 (ps) 120 40 12 120 40 12  
 energy (meV/at.) 0 +10.7 +16.2 0 +8.3 +17.6 
 SiSe (%) 22 22 21 – – –  
 GeSe 27 27 27.5 49.5 50.5 47  
 AsSe 21 22 21 26 26 28  
 SiSi 0.4 0.3 0.6 – – –  
 AsAs 16 16 16 15 16 14  
 SiAs 5 5 5 – – –  
 GeAs 7 5 6 8 6 9  
 SeSe 0.3 0.3 – – 0.7 0.7  
 SiGe 0.3 0.9 1.1 – – –  
 GeGe 0.9 1.1 0.7 1.4 0.5 1.9  
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Fig. 15. Pair correlation functions of the mq120 model of Si10Ge15As30Se45.
Fig. 16. Distribution of coordination numbers of the Si10Ge15As30Se45 models 
generated with different quenching times.

to a similar drift related to the removal of wrong bonds. However, the 
presence of Si would mitigate the drift anyway due to the reduction of 
Ge in octahedral/pyramidal-like configurations that would contribute 
to the drift via the octahedral → tetrahedral transformation.

In fact, as shown in Table  4, the fraction of tetrahedral Ge (over 
the total number of Ge atoms) is the same in Si–GAS and GAS (with 
the same As and Se content) implying a lower absolute number of 
octahedral/pyramidal configurations of Ge in Si–SAG.

As already mentioned, Ge–As bonds involve mostly tetrahedral Ge 
atoms. Therefore, the removal of Ge–As does not necessarily imply the 
removal of pyramids. The two sources of drift, pyramid to tetrahedral 
12 
transformation and removal of wrong bonds, should actually operate in 
parallel.

The Tauc band gap is larger by 0.14 eV in the Si–GAS model than 
in the GAS model with the same As and Se content. The dependence of 
the Tauc gap on the quenching time is also similar in the two systems. 
Note that there is a pronounced Urbach tail in the conduction band of 
Si–GAS (Fig.  17) that extends much deeper in the gap than in the GAS 
model with the same fraction of As and Se. The states in the Urbach 
tail in the conduction band are localized mostly on Ge–As and As–As 
bonds as it occurs for the GAS model. We might conceive that these 
Ge–As states are more or less at the same position in energy in Si–GAS 
and GAS; the widening of the band gap in Si–GAS therefore brings into 
the gap region states localized on Ge–As bonds that were deeper in 
the conduction band in GAS; as a result, the conduction Urbach tail 
in Si–GAS is larger than in GAS.

6. Digression on the connection between drift and fragility

In this section, we discuss possible connections between wrong 
bonds and the two functional properties of the switching alloys we 
are interested in: the drift of the threshold voltage with time and 
the difference in threshold voltage between the first and second fire 
(forming).

In contrast to the results presented so far, the discussion in this 
section is more speculative. Here we would like to link the forming 
and drift phenomena to the fragility of the supercooled liquid in which 
the amorphous turns into during the switching and in particular during 
the transformation of the asdep material in the first fire.

According to the taxonomy introduced by Angell [91], supercooled 
liquids are classified as fragile or strong on the basis of the temper-
ature dependence of their viscosity. An ideal strong liquid shows an 
Arrhenius behavior of the viscosity 𝜂 from the melting temperature 
T𝑚 down to the glass transition temperature T𝑔 . On the contrary, 
in a fragile liquid a super-Arrhenius rise of 𝜂 is observed by ap-
proaching T𝑔 . The super-Arrhenius behavior is often described by a 
Vogel–Tammann–Fulcher (VTF) function 𝜂 = 𝜂𝑜 exp(

𝐸
𝑘𝐵 (𝑇−𝑇𝑜)

) with 𝜂𝑜, 
𝐸 and T𝑜 as fitting parameters [91].

The degree of fragility is measured by the fragility index 𝑚 defined 
by the logarithmic derivative of 𝜂 at T , 𝑚 = 𝑑(𝑙𝑜𝑔 𝜂)∕𝑑(𝑇 ∕𝑇 ) ∣ . 
𝑔 10 𝑔 𝑇=𝑇𝑔
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Fig. 17. (a)–(c) Zooming of the electronic DOS (HSE functional) and inverse 
participation ratio (IPR) of the Si10Ge15As30Se45 models generated with differ-
ent quenching times. (d) Picture of the isosurfaces of the LUMO in the mq12 
model. The LUMO is strongly localized on a Ge–As bond of a 4-coordinated 
Ge in a Ge–AsSe3 configuration. Blue, azure and brown spheres denote Ge, Se 
and As atoms.

Silica and PVC are prototypical strong and fragile liquid with respec-
tively 𝑚 = 15 and 𝑚 = 195. GeSeAs alloys are moderately fragile with 
𝑚 in the range 25–40 depending on composition [92].

It is known that the degree of fragility correlates with the extent 
of the structural relaxations of the glass below T𝑔 [92]. This can 
be understood within the Adam-Gibbs [91] theory which relates the 
viscosity of the supercooled liquid with its configurational entropy 𝑆𝑐
as 𝜂 = 𝜂𝑜 exp(

𝐶
𝑆𝑐𝑇

) where 𝐶 is a constant. As discussed in Ref. [92], 
in the glass below T𝑔 the mobility is low and the system is frozen 
in a configuration with 𝑆𝑐 (𝑇𝑔). The continuation of the function 𝜂(𝑇 )
below T𝑔 and the use of the Adam-Gibbs formula indicates, however, 
that an ideal glass with a configurational entropy 𝑆𝑐 (𝑇 ) lower than 
𝑆𝑐 (𝑇𝑔) might actually exist. The difference between 𝑆𝑐 (𝑇 ) and 𝑆𝑐 (𝑇𝑔) is 
a driving force for structural relaxations that increases with the degree 
of fragility. Therefore, the higher the fragility in the supercooled liquid, 
the greater the extent of structural relaxation in the glass below 𝑇𝑔 and 
thus the drift of several properties including eventually the threshold 
voltage. In addition, since a more fragile liquid is also more mobile just 
above T , we might expect that the rate of structural relaxation below 
𝑔

13 
T𝑔 would also be larger. Therefore, not only the thermodynamical 
driving force (difference in entropy between actual and ideal glasses) 
but also the kinetics of structural relaxations is expected to be enhanced 
by a higher fragility.

Moreover, strong and fragile liquids are believed to display qualita-
tive differences in the shape of the so called energy landscape [93]. 
In a strong liquid a single wide basin is present, which means that 
the properties of the glass are expected to be weakly dependent on 
the preparation conditions. In contrast, in a fragile liquid many deep 
minima are present separated by high energy barriers. During glass 
formation, the system can become trapped in one of the several deep 
minima without reaching the actual ideal glass. In such a system, the 
properties of the amorphous phase, including eventually the threshold 
voltage for switching, are more strongly dependent on the preparation 
conditions.

In the case of ovonic materials, we might conceive that the asdep 
phase is closer to the ideal glass than the amorphous phase generated 
during the forming. The difference between the two phases, including 
the threshold switching, is thus expected to be larger the higher is the 
fragility of the supercooled liquid. Therefore, we might conceive that 
a more fragile liquid would give rise to both a larger drift in 𝑉𝑇  and a 
larger 𝛥𝑉𝑇 .

Regarding the dependence of the fragility of the liquid on the com-
position of the alloy, in Ref. [92] it is shown that the fragility is higher 
the larger is the deviation of composition from the pseudobinary line 
(GeSe2)𝑥(As2Se3)1−𝑥. This deviation from stoichiometry was quantified 
by the quantity %/100 = (1-𝑥-𝑦)-2𝑥-1.5𝑦 for the alloy with composition 
Ge𝑥As𝑦Se1−𝑥−𝑦; this quantity is zero when the Se atoms can exactly 
saturate the bonds with Ge in GeSe2 and the bonds with As in As2Se3. 
The fragility index 𝑚 is minimal at %/100 = 0. This dependence of 
the 𝑚 index on composition can be understood by considering that 
the fragility is controlled by two features: (i) the dimensionality of 
the structural organization in the liquid (1D molecular of chain-like, 
2D planar-like, 3D connected network) and, within the same type of 
structural organization (1D, 2D or 3D), (ii) by the degree of structural 
heterogeneities. Note that the presence of Ge in the alloys is needed to 
turn the mostly 2D structure of As2Se3 into a 3D connected network and 
to reduce the fragility. At the same time, deviations from pseudobinary 
lines give rise to wrong bonds which represent a source of structural 
heterogeneity.

In our previous work on the binary chalcogenide GeTe, we have 
indeed demonstrated that the dynamical and structural heterogeneities 
of the supercooled liquid are linked with the presence of chains of 
Ge–Ge homopolar bonds [94]. A similar phenomenology might ap-
ply to the GeAsSe system. Therefore, we might envisage having a 
minimum in both the fraction of wrong bonds and the fragility for 
compositions along the pseudobinary lines (GeSe2)𝑥(As2Se3)1−𝑥 and 
(GeSe4)𝑥(As2Se3)1−𝑥 for which we would thus expect a lower drift in 𝑉𝑇
and a smaller 𝛥𝑉𝑇  between the first and second fire. Moreover, since 
GeTe4 is less fragile than GeTe2 [95] one would also expect a lower 
fragility on the (GeSe4)𝑥(As2Se3)1−𝑥 tie line.

7. Conclusions

In this work, we have generated amorphous models of GeAsSe 
alloys with different compositions by quenching from the melt by 
means of DFT molecular dynamics simulations. We considered first two 
Ge-doped As2Se3 systems, namely Ge15(As2Se3)17 and Ge25(As2Se3)15. 
These compositions are Se-poor as there are not enough Se atoms to 
form all the Ge–Se and As–Se bonds needed to saturate the valence 
of Ge and As atoms. Then we considered two compositions with the 
same 25% content of Ge that lie on the GeSe–As2Se3 or GeSe2–As2Se3
pseudobinary lines. Finally, we considered a second composition along 
the GeSe2–As2Se3 pseudobinary line with a lower Ge content of 12.5%.

The analysis of the models allowed us to characterize the bonding 
properties of the amorphous network. Atomic coordination mostly 
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obeys the 8 − 𝑁 rule where 𝑁 is the number of valence electrons, 
with Se 2-coordinated, As 3-coordinated and Ge 4-coordinated. The 
bonding of Se and As is due to the three 𝑝 orbitals only, while 4-
coordinated Ge atoms involve a 𝑠𝑝3 hybridization. However, a fraction 
of Se atoms are 3-coordinated due to the formation of dative bonds with 
3-coordinated Ge atoms in pyramidal configurations forming bonds 
with 𝑝 orbitals only. The majority of bonds are of the type As–Se and 
Ge–Se for all compositions. However, in the Se-poor alloys, a sizable 
fraction of As–As and Ge–As bonds is found. The latter can be seen 
as wrong bonds as they are weaker than the Ge–Se and As–Se bonds 
which are present in the binary systems GeSe𝑥 and As2Se3 the ternary 
alloys can be thought to originate from. For the same composition, we 
generated different models with different quenching times that display 
different stability (total energy). The models quenched more rapidly 
are less stable (higher total energy) and should be closer to the system 
after forming. The more stable model is, instead, closer to the asdep 
amorphous phase before forming. The less stable models have wider 
Urbach tails, a larger density of defect states in the gap and a smaller 
optical Tauc gap which are expected to lead to a lower threshold 
voltage according to the phenomenological models proposed in the 
literature. In the Se-poor alloys the in-gap states are localized on Ge–As 
bonds whose concentration increases by increasing the fraction of Ge. 
These alloys seem more sensitive to the quenching time and are thus 
expected to give rise to a stronger drift and a large difference in the 
threshold voltage between the first and second fire. Once the fraction 
of Se atoms is sufficient to saturate the bonds with Ge and As, the 
fraction of wrong bonds decreases leading to structures less sensitive 
to the quenching time. Getting rid of the Ge–As wrong bonds is thus 
the first requisite to have a low drifting material. However, a second 
possible source of drift is the transformation between pyramidal Ge 
and tetrahedral Ge, the latter being energetically more stable. Although 
this transformation does not seem to affect Urbach tails and in-gap 
states, they do lead to a widening of the optical Tauc gap as far as 
we can infer from the analysis of the Ge12.5As25Se62.5 composition. 
The pyramids → tetrahedra transformation is possibly less severe than 
the structural relaxations involving Ge–As because the Ge–Se bonds 
are stronger than the Ge–As bonds and thus the activation energy to 
be overcome is possibly larger. This second source of drift can be 
mitigated by partially substituting Ge atoms with elements that do 
not form pyramids with Se but only tetrahedra such as Si but also 
Ga. A third source of structural relaxations is the transformation of 
edge-sharing into corner-sharing tetrahedra well documented in GeSe𝑥
alloys. This process is less severe in GeSe𝑥–As2Se3 alloy as the mixing 
with As2Se3 somehow dilutes the tetrahedra reducing the occurrence 
of edge-sharing configurations. Moreover, it is unknown whether this 
process would affect the electronic transport properties as no exper-
imental nor theoretical data are available in this respect. We can 
summarize a few possible recipes to mitigate the drift in GeAsSe alloys: 
the drift is mostly due to Ge and thus minimizing the content of Ge is 
beneficial. Once the fraction of Ge is dictated by the required target 
on the glass transition temperature, it would be beneficial to have 
a Se content sufficiently high to saturate the bonds with As and Ge 
which would minimize the fraction of Ge–As wrong bonds. Partially 
substituting Ge with other elements forming only tetrahedra such as 
Si could minimize the drift associated with pyramids → tetrahedra 
transformation. Finally, alloying GeSe𝑥 with As2Se3 allows diluting the 
tetrahedra, thus reducing the fraction of edge-sharing configuration 
that would also lead to structural relaxations, although their impact 
on transport properties is currently unknown. As a final comment, we 
remark that our conclusions are based on the analysis of a very limited 
set of models. The simulations provided some hints on the behavior of 
these alloys which, however, must be confirmed by a more extensive 
analysis of the in-gap states in a large number of models to be generated 
by leveraging machine learning interatomic potentials as it has been 
recently done for telluride alloys [69].
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