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Intensive Structural Disorder Induces Electronic
Delocalization: Amorphous Solid-Liquid Transition in
Ovonic Threshold Switching Materials

Nian-Ke Chen, Bai-Qian Wang, Meng Niu, Hong-Bo Sun, Shengbai Zhang,
and Xian-Bin Li*

Disorder-induced electronic localization is responsible for the OFF state of the
Ovonic threshold switching (OTS) device, which is an indispensable
component in the present 3D-crossbar-architecture phase-change memory
circuit. However, the atomic mechanism of the OTS device, especially the role
of thermal effect, remains a long-term open question. Recent researches
suggest that the working current of the OTS ON-state is often large enough to
melt the adjacent phase-change memory material in the OTS+PCM devices.
Thus, Joule heating-induced atomic/electronic structure transition in OTS
materials must be seriously considered. Taking the typical OTS material GeSe
as an example, first-principles calculations reveal an unexpected electronic
delocalization induced by the enhanced structural disorder upon solid-liquid
transition. Meanwhile, as the temperature rises, the band gap decreases or
even closes, leading to an increase in carrier concentration. Therefore, the
melting filament with high conductivity could be responsible for the
holding-ON state of OTS materials. The results in this study may provide
possible explanations for some puzzles of OTS devices, such as the reasons
for holding-ON state and limited endurance.

1. Introduction

The electronic conductivity of amorphous materials is often very
low due to the localized electronic states in disordered systems.[1]
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Utilizing insulating properties of amor-
phous semiconductors, Ovshinsky in-
vented the Ovonic threshold switching
(OTS) device where amorphous materials
ensure an OFF state at their ground state
but can be switched to the ON state after
a threshold voltage is applied.[2] Recently,
the OTS device, called the selector, has be-
come a key component in the high-density
memory integrated circuits based on 3D
crossbar technology, such as phase-change
memory (PCM) and resistive memory.[3]

Despite the diversity of previously pro-
posed mechanisms,[4–15] it is generally
believed that OTS is electronic-initiated
with more or less thermal-assisted carrier
excitation.[11,16] Also, some electronic mod-
els regard that atomic structures of OTS
materials remain basically unchanged upon
switching. However, in the real 3D-crossbar
device unit built by OTS and PCM cells
in series (OTS+PCM), the RESET voltage
is often larger than the threshold voltage

(Vth) to ensure that the current density of RESET operation is
large enough to melt the PCM cell.[17] As a result, the Joule heat-
ing effect can be significant, which will lead to structural changes
in OTS materials. In other words, even though the switching
is electronically initiated, the subsequent Joule heating effect
should be notable in the holding-ON state. Therefore, the effect
of thermal heating on atomic/electronic structure transitions in
OTS materials of the OTS+PCM structure, which is often omit-
ted in previous investigations, must be carefully considered.

In this work, to clarify the influence of thermal heating, the
atomic/electronic structure transitions of a typical OTS mate-
rial (non-crystalline GeSe) under varied temperatures from 300
to 1500 K are investigated by first-principles calculations. As the
temperature increases, more structural and chemical disorders
emerge, such as deviated bond lengths, distorted bond angles,
and increased wrong bonds. The enhanced disorder leads to a
band shifting, and thereby narrows or even eliminates the band
gap of the OTS material. That helps to produce considerable
thermal-activated carriers. Unexpectedly, when amorphous GeSe
(a-GeSe) melts into liquid GeSe (l-GeSe), the electronic localiza-
tion of band-tail states dramatically decreases despite increasing
structural and chemical disorders. Therefore, a mechanism of
structural Disorder Induced electronic Delocalization (DID) is
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proposed. Here, both the delocalized electronic states and the
increased concentration of carriers should significantly enhance
the conductivity of GeSe, which explains well the holding-on state
of the OTS process in real devices. The proposed DID mecha-
nism should play a significant role in the OTS+PCM devices.
The present study offers a new picture of the OTS working pro-
cess, which provides references for the material design and corre-
sponding thermal management. We suggest the melting of OTS
materials should be taken into account carefully, especially in the
OTS+PCM devices of 3D crossbar memory technology.

2. Results and Discussion

2.1. Atomic Structures during Amorphous Solid-Liquid Transition

Before the first-principles simulations, we approximately esti-
mate the Joule heating effect in an OTS+PCM nanodevice us-
ing the finite-element analysis. The method has been used to
study OTS and OTS+PCM devices.[17] We mainly compare the
temperatures of OTS and PCM cells in the OTS+PCM device
when the electrical current is large enough to RESET the PCM
cell, i.e., melt the crystalline Ge2Sb2Te5 (see Note S1, Support-
ing Information for more details). To simplify, we simulate Joule
heating and thermal diffusion effects of the PCM+OTS cells in
series under a rectangle electrical pulse to mimic the holding-
ON state with a steady holding current (Figure S1a,b, Supporting
Information). To meet the requirements for melting the PCM
materials, we selected an input voltage that can heat the PCM
cell to ≈1000 K, exceeding the melting point of the PCM ma-
terials (≈900 K for Ge2Sb2Te5). At the same time, we examine
the temperature of the OTS cell that is in series with the PCM
cell (Figure S1c,d, Supporting Information). In the results, the
highest temperature of the OTS cell can reach 1260 K, which
is higher than the melting point of crystalline GeSe (≈960 K).
Furthermore, if a confined conducting filament covering a par-
tial region within the OTS cell is considered, the thermal effect
will be more pronounced due to the increased current density
(see Note S1 and Figure S2, Supporting Information). Therefore,
thermally induced atomic/electronic structure transitions of OTS
materials should have substantial effects on OTS+PCM nanode-
vices. It deserves a further detailed investigation.

Next, we investigate the structural evolution of disordered
GeSe from room temperature to high temperature by ab initio
molecular dynamic (AIMD) simulations (see Method for more
details). Figure 1a shows the atomic mean square displacements
(MSD). Below 700 K, the MSDs are quite small suggesting the
stable states of a-GeSe at relatively low temperatures. Above
1100 K, a linear increase of MSD with time indicates form-
ing liquid states with significant atomic diffusions. The inset
in Figure 1a displays a transient structure of l-GeSe at 1500 K.
Figure 1b,c show the bond angle distribution (BAD) around Ge
and Se atoms, respectively. At 300 K, the main peak of the BAD is
located at 90°, which stems from defective octahedral motifs. As a
kind of typical defective octahedral motifs, pyramidal configura-
tions are highlighted in Figure S3a,b (Supporting Information).
Such configurations reveal a general p-bonding feature in a-GeSe.
In fact, amorphous structure does not mean a complete disorder
but has a specific short-range order due to rules of chemical bond-
ing, such as the 8-N rule and the theory of orbital hybridization.

However, the local p-bonding configuration of GeSe will gradu-
ally deviate from its stable state when temperature increases. As
such, the BADs centering at ≈90° gradually become broader and
the new BADs at ≈50–60° appear, suggesting a breaking of the
original short-range orders. This is because new triangle atomic
motifs are formed in the liquid state (Figure S3c, Supporting In-
formation). The pair correlation functions (PCF) in Figure 1d–f
have a consistent trend, i.e., as the temperature rises, the peak
of normal bonds (Ge-Se) becomes broader and lower while the
peaks of the wrong bonds (Ge-Ge and Se-Se, < 3 Å) gradually ap-
pear. The next-nearest peaks of PCF for Ge-Ge pairs (close to 4 Å)
are eliminated after melting, indicating that the mid-range order
is lost. In brief, the structural and chemical disorder is strongly
enhanced by thermal melting in GeSe.

2.2. Electronic Properties during Amorphous Solid-Liquid
Transition

Next, we make efforts to clarify how the strong disorder in OTS
materials in melting states can influence their electronic property
and conductivity. Figure 2a–e show the density of states (DOS) of
a-GeSe and l-GeSe. Here, the electronic properties are analyzed
using transient structures in the equilibrium MD simulations at
various temperatures (see Note S2 and Figure S4, Supporting
Information). Both the valence band and conduction band are
mainly composed of p orbitals, which corresponds with the exis-
tence of defective octahedral configurations. The electronic states
involved in chemical bonding are also evaluated by the crystal
orbital Hamilton population (COHP) analysis (Figure S5, Sup-
porting Information). Please note that the states close to the top
part of the filled band at around Fermi level (Ef) are composed
of anti-bonding states,[18] which are mainly contributed by Ge-
Se middle/long bonds no matter at room-temperature 300 K or
high-temperature 1500 K.

At 300 K, a band gap of a-GeSe can be clearly observed de-
spite existing defect states near the gap, see Figure 2a. Generally,
such defect states are located at band edges in the form of Ur-
bach tails.[19] As the temperature increases, the band gap grad-
ually decreases, and completely disappears when the tempera-
ture exceeds 1100 K (Figure 2b–e). Moreover, the states near the
Fermi level of l-GeSe continuously increase as the temperature
rises. This is related to the enhancement of structural and chem-
ical disorders by the temperature increase. Next, thermally acti-
vated carriers can be approximately estimated according to the
total DOS evolution and the Fermi-Dirac distributions by the fol-
lowing two equations,[20]

Ne =
+∞
∫
Ef

DOS ⋅ fFD (E, T) dE (1)

Nh =
Ef

∫
−∞

DOS ⋅
[
1 − fFD (E, T)

]
dE (2)

where E is the relative energy, T is the temperature, Ne is the
number of electrons in the conduction band, Nh is the number
of holes in the valence band, DOS is the total density of states,
and fFD is the Fermi-Dirac distribution function. The total con-
centrations of carriers (Ne + Nh) are shown in Figure 2f. At T >
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Figure 1. Disordered structures of GeSe at temperatures of 300, 700 K (for a-GeSe), and 1100, 1300, 1500 K (for l-GeSe). a) Mean square displacement
(MSD) of atoms. b and c) Bond angle distribution (BAD) around Ge and Se atoms, respectively. d–f) Pair correlation function (PCF) of Ge-Se, Ge-Ge,
and Se-Se atoms, respectively. The inset of the color bar in a) reflects the evolution of temperatures and is also applied to b–f). A snapshot of l-GeSe at
1500 K is also shown in the inset of a) where the green and pink balls represent Ge and Se atoms, respectively.
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Figure 2. Total and partial DOS of a-GeSe at a) 300 K, b) 700 K, and l-GeSe at c) 1100 K, d) 1300 K, e) 1500 K. f) Estimated carrier concentrations of
GeSe at various temperatures.
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Figure 3. Band-decomposed energy distribution of a-GeSe and l-GeSe at
the range of a) [−1.5, 1.5] eV and b) [−7, 7] eV. Each point represents an
energy level. The arrows indicate the direction of the band shifting as the
temperature rises.

1100 K of liquid states, the carrier concentration significantly in-
creases by more than an order of magnitude compared to that
at room temperature of a-GeSe. This offers proof of conductive
characteristics in l-GeSe.

A further understanding of the band gap closing in Figure 2 is
critical to clarify the structure-property correlation in GeSe amor-
phous and liquid states. In fact, the narrowing of band gap in-
duced by temperature elevation has been reported in other amor-
phous chalcogenide semiconductors, such as Ag4In3Sb67Te26,
Ge2Sb2Te5, GeTe, As2S3, As2Se3, GeSe2, Se and so on.[21–23] The
mechanism has been attributed to band broadening by lattice vi-
brations or band shifting by electron-lattice interactions.[23] Here,
to further explore the origin of the change of electronic struc-
ture in Figure 2, the band-decomposed energy distributions of a-
GeSe and l-GeSe at various temperatures are calculated. Figure 3a
shows the energy levels close to Fermi level, i.e., [−1.5, 1.5] eV.
Clearly, the band-gap closing is caused by the shifting of the va-
lence and conduction bands. No matter in the amorphous or liq-
uid state, the tendencies are the same, i.e. (at around Ef) the en-
ergy levels above Ef would drop down while the ones below Ef
would lift up as the temperature increases, accompanying the
enhanced structure disorder. However, when checking a larger
energy range, such as [−7, 7] eV, the direction of band shifting
in [−5, −2] eV (see the arrow in Figure 3b) opposites to that in
[−2, 0] eV close to Ef. In other words, temperature elevation does
not lead to a uniform shifting up of the valence band but makes
valance band distribution broader. The band shifting in Figure 3a
can be regarded as a result of the change of lattice potential as the
temperature rises.

2.3. Disorder-Induced Electronic Delocalization in Liquid OTS
Materials

Although the concentration of carriers can be increased by melt-
ing (see Figure 2f), generally structural disorder may induce elec-
tronic state localization and would not benefit a high mobility of
carriers.[1] Therefore, one may wonder whether such a “metallic”-
like DOS in the liquid state (see Figure 2c–e) can contribute an
effective conductance. To answer the question, the electronic lo-
calization degrees of the bands near the Fermi level are analyzed.

The localization of an orbital in real space can be estimated by
inverse participation ratio (IPR), I(𝜓n)[24]

I
(
𝜓n

)
= N

∑N
i = 1

|||𝜓n

(
r⃗i

)|||
4

||||
∑N

i = 1
|||𝜓n

(
r⃗i

)|||
2||||

2
(3)

where N is the number of the sampled volume elements and i
indicates their index. Within such a definition, a large IPR indi-
cates a localized real-space distribution of𝜓n while a small IPR in-
dicates a delocalized distribution. Figure 4a shows the calculated
IPR at various temperatures. At 300 K, the IPRs of the band-edge
states are obviously larger, suggesting they are localized. This
agrees with the existence of Urbach tails or localized electronic
states near band edges in OTS materials at room temperature.
When the temperature increases, the IPRs of localized band tails
gradually decrease. In particular, when the material is melted, the
band tails or localized states almost disappear and those around
Ef are also changed to extending states. In other words, after melt-
ing the disorder-induced states in fact become delocalized. Note
that the present phenomena of gap closing and electronic delocal-
ization in GeSe revealed by the PBE functional are also confirmed
by the higher-level hybrid functional of HSE06 (see Note S3 and
Figure S6, Supporting Information).

Figure 4b,c show the projected charge density of the valence
band maximum (VBM), which indeed becomes more extended
when the temperature increases from 300 to 1500 K. To further
check the electronic localization of the system, the electron local-
ization function (ELF)[25] is calculated. Figure 4d shows the vol-
ume of the highly localized states with the ELF value > 0.9. The
volume of the highly localized states is found to decrease linearly
with increasing temperature. Figure 4e,f show the spatial distri-
bution of these states (ELF > 0.9). The decrease of the highly
localized states can be clearly seen from 300 to 1500 K. This is
consistent with the IPR analyses. Note that, the important con-
clusions including the intensive disorder-induced electronic de-
localization and the closing of band gaps after the solid-to-liquid
transition can be also applied in another typical OTS material of
GeSe2 with a larger band gap (see Figures S7 and S8, Support-
ing Information). That may suggest a relative generality of these
conclusions in OTS materials.

The change in the electronic localization degree of OTS ma-
terials after melting can be understood by a phenomenological
picture. At room temperatures, the electrons in band tails are
trapped in defects or local atomic environments. When the
temperature increases above the glass transition temperature,
atoms begin to significantly relax and change their surrounding
structures. Especially, when the material is melted, electronic
delocalization will happen. As a result, the electrons originally
trapped in the defects, or the local atomic environment can
be de-trapped. In brief, at room temperature, a-GeSe is an
insulator because the carrier concentration is low, and the band-
edge/defect states are localized. As the temperature increases,
the band gap decreases, leading to a higher concentration of
thermally excited carriers. The mobility of these carriers is also
enhanced due to the extended electronic wavefunction according
to the IPR analysis (Figure 4a). Furthermore, based on the fact
that high-concentration carriers can help to screen the Coulomb
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Figure 4. Electronic localization degrees of a-GeSe and l-GeSe at varied temperatures. a) Energy level-decomposed inverse participation ratio (IPR).
b and c) Projected charge density of the VBM. The value of the isosurface is 0.0002 e/a0

3, a0 is the Bohr radius. d) The volume of the highly localized
states with electron localization function (ELF) > 0.9. e) and f) The spatial distribution of the highly localized states with ELF > 0.9 at 300 K and 1500 K,
respectively. The color used in a) follows the color bar in Figure 1a, indicating the change of IPR from 300 K (bottom column) to 1500 K (top column).

interaction between carriers and ions (Figure 5a,b),[26] the carrier
scattering from disordered ions in liquid could be reduced. In
summary, when the OTS material is melted, it should behave like
a conducting metallic state, thereby facilitating the maintenance
of the ON-state in OTS materials. In fact, some experiments have

Figure 5. Schematics of a) weak and b) strong screening effect (by carri-
ers) between electron and ion to mimic the cases in amorphous and liquid
OTS materials, respectively. 1/kS in (b) is the screen length.

indeed observed low resistance states in the melted chalcogenide
materials, such as GeAsTe and GeSbSe.[27,28] Recently, in situ
experimental observations also found that the switching of a
Te-element OTS material is accompanied by a phase transition
from the crystalline phase to its liquid phase, which is considered
a low-resistance state.[29]

2.4. Discussion on OTS Mechanism

We discuss the role of the Joule heating-induced structural tran-
sitions in applications of OTS+PCM devices. As mentioned be-
fore, the ON-state current should be large enough to melt the
PCM cell. As such, the melting of OTS materials would be prob-
able because OTS and PCM materials usually exhibit similar
liquid-phase temperature ranges.[30,31] Then, this thermally in-
duced transition benefits a significant enhancement of conduc-
tivity in OTS materials.

Moreover, it was reported that the holding voltage (Vh)
of the OTS process is independent of the thickness of the
OTS material, strongly indicating that the voltage drop mainly
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imposes on the contact resistance between the electrode and OTS
material.[3,32,33] This means the electric field inside the OTS ma-
terial becomes small when it switches to the ON state. The pro-
posed melting mechanism here can explain that even though the
electric field inside the OTS materials decreased sharply after
the switching-ON process, the conducting filament can be main-
tained through the Joule heating effect of holding current. Fur-
thermore, The melting process can also help to explain the fail-
ure of endurance[3] in OTS materials, because the tendency for
phase separation (as reflected by a stronger ability to form Ge-
Ge bonds with increasing temperature, especially in l-GeSe, see
Figure 1e) and atomic interdiffusion between electrode and OTS
material increases with rising temperature.

3. Conclusion

In summary, the present work reveals the temperature-
dependent atomic and electronic structures of the typical OTS
material GeSe. The increase in temperature leads to significant
structural and chemical disorders but surprisingly results in a
delocalization of band-tail states at around Fermi level, which
originally are localized at room temperature. In particular, the
melting of a-GeSe would eliminate its band gap, and then in-
crease the concentration of carriers. All of these make the OTS
material transform from an insulating state (a-GeSe) to a conduc-
tive state (l-GeSe) after melting. As such, the liquid OTS material
can hold the ON state in OTS+PCM devices. Such a picture ex-
plains several phenomena in OTS devices, such as the thickness-
independent holding voltage and the limited endurance. Possi-
ble strategies to optimize OTS devices are suggested. For exam-
ple, one can reduce the number of element types of OTS mate-
rials to suppress melting-induced phase separation, and choose
suitable electrodes and buffer layers[17,34] to prevent atomic inter-
diffusions. Strong glass-forming ability after the melt-quenching
process is also an important fingerprint for OTS materials. There-
fore, thermal-management engineering will be a critical way to
improve performances in OTS+PCM devices. The present work
offers a detained atomic/electronic picture of OTS materials for
applications in 3D crossbar memory technology.

4. Experimental Section
First-Principles Calculations and Ab Initio Molecular Dynamics: Calcula-

tions based on density-functional theory (DFT) were performed using the
Vienna ab initio simulation package (VASP).[35–37] Projector augmented-
wave (PAW) pseudopotentials with generalized gradient approximation
(GGA) exchange-correlation functional developed by Perdew, Burke and
Ernzerhof (PBE) were adopted.[37–39] The cutoff energy for plane-wave ex-
pansion was 275 eV for property evaluations and 220 eV for molecular dy-
namics (MD). The k-point grids for integration of the Brillouin zone were
Monkhorst−Pack grid of 3 × 3 × 3 for property calculation and 1 × 1 × 1
(Γ point) for MD. The reasonability of the cutoff energy and k-point grids
were tested using higher-precision values (see Note S4, Figures S9 and
S10, Supporting Information). MD simulations were performed using a
time step of 3 fs within a canonical (NVT) ensemble. We use the NVT
ensemble here because conducting filaments were usually confined in-
side OTS materials.[33] The models of GeSe contain 108 Ge and 108 Se
atoms. The liquid and amorphous models of GeSe are obtained by the
melt-quench method[40] with following steps: 1) the structure is fully dif-
fused for 9 ps at a high temperature of 3000 K; 2) the liquid state was

maintained at 1100, 1300, and 1500 K, respectively for 15 ps; 3) the liquid
at 1100 K (around the melting point of crystalline GeSe) is quenched to
300 K with a rate of 15 K ps−1, and then the amorphous phase is main-
tained at 300 K for 15 ps; 4) a 15-ps MD at 700 K was run starting from
the amorphous phase at 300 K. Structural analyses, such as pair correla-
tion function and bond angle distribution, were averaged by the last 3-ps
structures (1000 frames) in MD. The cutoff distance for the bonding was
1.3 times the sum of the covalent radii of elements. The partial density of
state (PDOS) and crystal orbital Hamilton population (COHP) were ana-
lyzed using the LOBSTER code.[41–43]
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the author.
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