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ABSTRACT: Ovonic threshold switching (OTS)-based selector
is essential for suppressing sneak-path current in 3D-crossbar
phase-change memory. Although midgap (defect) states of OTS
amorphous materials are crucial for the switching process, their
origin and evolution remain insufficiently understood, and
elucidating their governing mechanism is essential for resolving
debates on OTS behavior. Here, first-principles calculations
investigate the electron−hole-pair excitation during the switch-
ing-on process in three representative OTS materials�GeSe, GeS,
and SiGeAsTe. The results reveal that excited carriers (electron−
hole-pairs) induce polaron formation through strong electron−
phonon coupling. Polarons introduce midgap states that could
promote the switching-on process through positive feedback.
Further analyses demonstrate that the polarons and midgap states are mainly related to the conduction band. This is attributed to
the unique metavalent bonding or hyperbonding effects in chalcogenide OTS materials. These findings clarify the formation of
midgap states from excited-state and polaron perspectives, and provide guidance for designing improved OTS materials for 3D
phase-change memory.

To meet the growing demands for high-performance, high-
density, and low-power nonvolatile memory (NVM),

three-dimensional (3D) stacking architectures have emerged as
a key direction in development of memory integrated circuits
(IC). By vertically stacking memory cells with peripheral
circuits, 3D NVM greatly boosts storage density. However, as
technology nodes continue to scale down and the number of
stacked layers grows, the resistance and capacitance of metal
interconnects also increase, which leads to more crosstalk and
more severe leakage current problems. For example, in 3D
phase-change memory, leakage current not only reduces the
read/write speed and risks data integrity but also causes data
retention failures, higher power consumption, and shorter
device lifespan.1,2 To address these issues, one of the most
effective architectural strategies is stacking a selector device for
each memory cell, creating a cross-point memory array (Figure
1a).3 The selector device must display nonlinear conduction
properties to suppress leakage current from unselected cells
while ensuring reliable read/write functions at high voltage
levels.
A variety of selectors have been proposed, including ovonic

threshold switching (OTS),4 mixed ion-electron conductor
(MIEC),5 metal−insulator transition (MIT),6 and ion-
diffusion threshold switching,7 as well as several other types.
Among these selectors, OTS devices based on chalcogenide
amorphous materials are highly promising due to their high

on-state driving current (>10 MA/cm2), fast switching speed,
and excellent endurance.8 OTS has been reported in a variety
of amorphous chalcogenide materials. Representative OTS
materials include S-based, Se-based, and Te-based chalcoge-
nide systems, such as GeS,9 Ge−As−S,10 GeSe,11 Ge−As−
Se,12 and SiGeAsTe,13 which are characterized by stable
amorphous networks, strong electronic localization, and
pronounced nonlinear electrical conductivity. These features
make them suitable for reliable threshold switching. In recent
years, a novel memory device known as selector-only memory
(SOM) (Figure 1b), based solely on OTS devices, has also
attracted significant attention.14 The unique feature of SOM
devices lies in their ability to induce reversible changes in the
OTS threshold voltage by modulating the polarity of the
applied voltage, thereby enabling nonvolatile data storage.
Specifically, the typical I−V characteristics of OTS devices
exhibit pronounced nonlinearity (Figure 1c).3 When the
applied voltage is below the threshold voltage (Vth), the
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device remains in a high-resistance state (OFF). Once the
voltage exceeds Vth, the current increases sharply, and the
device transitions to a low-resistance state (ON). When the
voltage drops below the holding voltage (Vhold), the device
switches off and reverts to the high-resistance state. This fast
and reversible switching behavior positions OTS devices as
highly promising candidates for selector applications.
Although OTS devices exhibit excellent electrical perform-

ance, their underlying physical mechanisms are still not fully
understood.15−26 Among the various switching mechanisms
proposed, a high-field Poole−Frenkel (PF) transport threshold
switching model based on midgap states (or called defect

states) within the band gap, first introduced by Ielmini et al.,17

has gained widespread acceptance. Figure 1d shows the
schematic picture of the midgap states-assisted transport
mechanism, where the existence of such midgap states is
crucial. To ensure efficient conduction, an ideal OTS material
is, in principle, expected to contain a high density of midgap
states within the band gap, as shown in Figure 1e. As such,
midgap states are often used to elucidate the mechanism and
evaluate the performance of OTS materials,10,27 serve as key
parameters in analytical models,17,28 and act as descriptors for
screening potential OTS materials.29 For ground state, the
origin of the midgap states has been attributed to over/under-

Figure 1. (a) Schematic picture of the 3D Crosspoint architecture. The blue and red blocks indicate the memory and selector cells, respectively.
(b) Device structure of a selector-only memory. (c) Schematic picture of the typical current−voltage (I−V) curves of OTS selectors. The device
remains in a high-resistance state (OFF) at zero or low bias. Once the voltage reaches the threshold voltage (Vth), the current increases sharply and
the device switches to a low-resistance state (ON). When the voltage drops below the holding voltage (Vhold), the device switches off. (d)
Schematic illustration of the Poole−Frenkel emission mechanism of OTS, where the electric field will bend the energy band, leading to carriers
hopping from defect states to shallow energy states or conduction bands, thus turning on the device. (e) Schematic of the midgap states in the
density of states of OTS materials. Generally, an ideal OTS material should contain sufficient midgap states within the band gap. (f) Snapshots of
the structures of amorphous GeSe obtained by four different melt-quench simulations. Purple and green balls indicate Ge and Se atoms,
respectively. (g) Density of states of the four models of amorphous GeSe. The red curve represents the density of states, and the blue lines
represent the IPR. The larger the value of IPR, the more localized the electronic state is.
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coordinated atoms (valence-alternation pairs model) in
amorphous GexSey,

30 Ge−Ge bonds or Ge−Ge chains in
amorphous GeTe.31 Xu et al. found that medium-range order
that breaks the global 8−N rule also produces midgap states,
which pioneers the integration of machine learning with first-
principles modeling to decode the structural origins of midgap
states in chalcogenide glasses, offering a transformative strategy
for accelerating the design of high-performance ovonic
threshold switching materials and advancing next-generation
memory integration.32 However, previous studies indicate that
most computationally generated amorphous models possess
few midgap states; notably, approximately 60% of amorphous
GST models have been reported to exhibit no such
states.26,32,33 This phenomenon has been attributed to the
tendency of chalcogenide glasses to form lone pairs and
eliminate dangling bonds, resulting in a relatively clean band
gap.34,35 It was also found that the hypervalent bonding
delocalizes the defect electrons and suppresses the formation
of midgap states, which provides a critical physical insight into
the role of special bonding in tailoring midgap states of
chalcogenide glass, paving a novel pressure-inspired pathway
for the rational design of high-performance phase-change and
ovonic threshold switching materials.36 Moreover, recent
research found that a strong electric field can reduce the
density of the midgap states in amorphous phase-change
memory (PCM) materials and even eliminate them.37 The
charged-state transition of the traps was also found can

enhance the localization of the trap states.38 These findings
suggest that the density of the midgap states is not constant
but can change during the switching process. The evolution of
midgap states during device operation still requires further
clarification, as it is crucial for a deeper understanding of the
mechanism underlying OTS behavior.
In this work, using three typical OTS materials, including a-

GeSe, a-GeS, and a-SiGeAsTe (where the prefix “a-” denotes
amorphous), as examples, first-principles calculations found
that electron−hole pairs which could be generated during the
device operation process can form small polarons with local
structural relaxations. The formation of polarons instantly
introduces midgap states in these materials by altering the
energy of the band-tail states. Moreover, these polarons are
found to be mainly contributed by the coupling between local
structures and electrons in conduction band. The reason is
attributed to the unique metavalent or hyper bonds in
chalcogenide glasses. The generation of midgap states via
forming polarons will benefit the Poole−Frenkel emission and
thus could provide positive feedback on the threshold
switching process. The identification of polarons in OTS
materials provides an atomic-level picture of the evolution of
defect states during device operation, which offers insights to
clarify the mechanism of OTS behaviors.
Calculations based on density-functional theory (DFT) were

performed using the Vienna ab initio simulation package
(VASP).39−41 Projector augmented wave (PAW) pseudopo-

Figure 2. Spin-polarized density of states (DOS) of (a−c) ground state, (d−i) excited state with structural relaxations and (g−i) excited state
without structural relaxations for a-GeSe, a-GeS, and a-SiGeAsTe, respectively. The red curve represents the density of states, and the blue lines
represent the IPR. The dark blue IPR indicates a newly generated midgap state.
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tentials with generalized gradient approximation (GGA)
exchange-correlation functional developed by Perdew, Burke,
and Ernzerhof (PBE) were adopted.42,43 The cutoff energy for
plane-wave expansion was 400 eV for property evaluations and
300 eV for molecular dynamics (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. MD simulations were performed using a time step of 3 fs
within a canonical (NVT) ensemble. The models respectively
contain 108 Ge and 108 Se atoms for GeSe, 108 Ge and 108 S
atoms for GeS, and 22 Si, 22 Ge, 64 As and 108 Te atoms for
SiGeAsTe. The reliability of the energy cutoff is further verified
in Note 1 of the Supporting Information (SI). The relaxed
dimensions of amorphous supercell models for electronic
calculations are 17.83 Å × 18.00 Å × 17.98 Å for GeSe (here,
using the md-3 model as an example), 18.11 Å × 17.37 Å ×
17.85 Å for GeS, and 18.04 Å × 19.55 Å × 19.40 Å for
SiGeAsTe, respectively. The liquid and amorphous models are
obtained by the melt-quench method44 with following steps:
(1) the structure is fully diffused for 9 ps at a high temperature
of 1500 K; (2) the liquid state was maintained at 1100 K for 9
ps; (3) the liquid at 1100 K is quenched to 300 K for 45 ps,
and then the amorphous phase is maintained at 300 K for 9 ps.
To verify the rationality of the amorphous models, the radial
distribution functions (RDF) of the studied materials are
calculated, which reasonably agree with previous reports (Note
2 and Figure S2 in the SI).27,36 The density of state (DOS) and

crystal orbital Hamilton population (COHP) were analyzed
using the LOBSTER code.45−47

First, we performed four independent melt-quench processes
by ab initio molecular dynamics (AIMD) simulations to obtain
four different amorphous GeSe models (Figure 1f). The
amorphous network of these models can be directly seen from
the snapshots. Then, the density of states (DOS) and inversion
participation ratio (IPR) of the four models are calculated
(Figure 1g). The band gap of these amorphous materials can
be observed. The localization of the electronic states in real
space can be estimated by IPR.48 A larger IPR value indicates a
more localized state, whereas a smaller value corresponds to a
more delocalized state. Figure 1g shows that, in all four models,
the band-edge states are more localized than the in-band states,
giving rise to Urbach tails in both the valence and conduction
bands�a characteristic feature of amorphous materials.
However, despite the obvious localized states at band edges,
only one amorphous model (from md-4) has a midgap state.
Using the same method, we also generated amorphous GeS,27

and SiGeAsTe49,50 for comparison (Figure 2a−c). Similarly, no
midgap states are found in those amorphous models. These
results are also consistent with previous studies.32,33

The concentration of carriers in OTS materials will
significantly increase during the switching-on process. To
mimic the effect of excited carriers (electron−hole pairs) in the
switch-ON state, an electron is moved from the valence band
maximum (VBM) to the conduction band minimum (CBM)

Figure 3. (a−c) Atomic displacement diagram of a-GeSe, a-GeS, and a-SiGeAsTe, respectively. The color indicates the displacements of each atom.
Real-space projection of the (d−f) midgap state (g−i) CBM states and (j−l) VBM states for a-GeSe, a-GeS, and a-SiGeAsTe, respectively. The
isosurface value for the projected charge density is 0.001 e/a03, where a0 is the Bohr radius.
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by fixing the electronic occupations.51 Figure 2 compares the
calculated spin-polarized DOS of these amorphous models
before (Figure 2a−c) and after (Figure 2d−f) carrier
excitations. Note that for the half-filled localized state, the
spin polarization has been taken into account. For the ground
states of the three amorphous models, no midgap states are
observed in the DOS, whereas the IPR indicates localized
band-edge states.
Note that hybrid HSE06 functional yields a similar tendency,

i.e., the states near VBM and CBM are relatively localized
while the in-band states are delocalized, as evidenced by the
HSE06 DOS and IPR results (see Note 3 and Figure S4 in the
SI). The charge density distributions at the VBM and CBM
obtained from PBE and HSE06 are also qualitatively similar
(Figures S5 and S6). After carrier excitation, midgap states
emerge in the three kinds of OTS materials, indicating that this
is a general effect rather than a coincidental occurrence. The

IPR values of the emerged midgap states are very high, which is
similar to the case of midgap states in the ground state (Figure
1g, md-4). Here, the atomic configuration at the final frame (9
ps) of the 300 K AIMD was selected for the electronic
structure calculations. To ensure the reliability of the results,
an additional configuration sampled at the 7.5 ps snapshot was
also analyzed (see Note 2 and Figure S3 in the SI). The results,
including the DOS, IPR, and polaron-induced midgap states, of
the two snapshots agree reasonably with each other. Moreover,
the electronic structures shown in Figure 2 are also
recalculated using the meta-GGA SCAN functional (Figure
S7 in the SI). The DOS under carrier excitation (with
electron−hole pairs) obtained from SCAN functional clearly
reproduce the emergence of midgap states, similar to the PBE
results shown in Figure 2d−f. These results suggest that,
during the switching-on process of the OTS materials, new
midgap states will be generated due to the increase in carrier

Figure 4. Total DOS of a-GeSe, a-GeS, and a-SiGeAsTe with (a−c) electron only doping and (d−f) hole only doping. It is clear that electrons
produce midgap states. (g−l) Comparison of the atomic displacements of the two cases: (g−i) for the electron-only case and (j−l) for the hole-
only case.
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concentration. Such an effect could possibly introduce positive
feedback on the switching-on process of OTS materials, which
is often omitted in analytic models.
The calculations in this work are performed without electric

fields. Once electrons are excited to the conduction band
minimum, electron polarons can form spontaneously, as the
process can be realized by local relaxation governed by energy
minimization. The electric field in OTS devices may indirectly
influence polaron formation by regulating carrier excitations.
To elucidate the physical origin of the midgap states induced

by electron−hole pairs, the spin-polarized DOS under
excitation but without structural relaxation were also calculated
in Figure 2g−i where no midgap states are observed. This
significantly indicates that the emergence of midgap states
arises primarily from electron−phonon like coupling rather
than electron−electron interactions.
Figure 3a−c depicts the atomic displacements resulting from

the carrier excitation-induced structural relaxations. The largest
atomic displacements of a-GeSe, a-GeS, and a-SiGeAsTe are
0.35 Å, 0.43 Å and 0.17 Å, respectively. Such magnitudes of
atomic displacements indicate that the electron−phonon
coupling is indeed significant. Moreover, the sites of the
most significant atomic displacements can be clearly identified
from Figure 3a−c. Subsequently, the midgap states are
projected into real space to examine their origins. Indeed,
the locations of the midgap states closely coincide with the
regions of atomic displacements. Therefore, it can be
concluded that the midgap states in OTS materials originate
from structural changes induced by carrier excitation. Such a
carrier-induced structural relaxation is often referred to as a
small polaron.52−54 Note that the excitation-induced midgap
states should be different from the intrinsic midgap states at
ground state (such as the one in md-4 model of Figure 1g for
a-GeSe). The intrinsic midgap state (or called defect state) is
often attributed to the formation of Ge−Ge bonds or chains.32
The location of the midgap state in md-4 indeed is related to
the Ge−Ge chains (see Note 6 and Figure S9 in the SI). In
contrast, here, the carrier-excitation-induced midgap states
originate from strong electron−phonon coupling accompanied
by local structural relaxations. This effect is robust, rather than
being associated with pre-existing defect states (see Note 6 and
Figure S9 in the SI).
To identify whether the midgap states are formed by the

states from conduction band or valence band, the real-space
projections of the midgap states (Figure 3d−f) are calculated
and compared to the ones of the ground-state CBM (Figure
3g−i) and VBM (Figure 3j−l). The results reveal that the
distribution of the midgap states is more like the ones of CBM
states. In other words, the midgap states should mainly arise
from the energy lowering of the CBM states via polaron

formation, suggesting that they are electron polarons. Note
that for GeS, the real-space distributions of the CBM and VBM
states are similar.
To further verify the origin of the polaron effect, electron/

hole-only doping is simulated by introducing an extra electron
or hole (rather than an electron−hole pair) into the system.
Figure 4a−f compare the calculated DOS of the two cases. The
results show that adding electrons to the system indeed
produces midgap states, while adding holes to the system does
not cause a significant change in the DOS. The atomic
displacements in Figure 4g−l also indicate that the electron
doping results in significant structural changes. In contrast, the
structural changes by hole doping are relatively small. In other
words, the electron polaron effect is more significant. This may
be attributed to the unique bonding feature of these
materials,55−58 see the further discussion below.
Figure 5 shows the crystal orbital Hamilton population

(COHP) of the three OTS materials. It can be seen that both
the top of the valence band and the bottom of the conduction
band consist of antibonding states, which are generally
energetically unfavorable for electron occupation. When the
bottom of the conduction band is filled by electrons, the strong
orbital interactions will lead to significant structural relaxations
and thereby form small polarons. On the other hand, the
antibonding states in the valence band can interact with lone-
pair electrons to form metavalent or hyper bonds,55−58 leading
to electron sharing. Consequently, the loss of an electron in the
VBM could be compensated by surrounding electrons, thereby
preventing significant structural changes.
Since the midgap states mainly originate from electron

polarons, the formation energy of polaron should be related to
the position of the midgap states relative to CBM. Taking the
results of carrier excitation (with electron−hole pairs)
presented in Figures 2d−f as an example, we compare the
positions of the trap states relative to CBM (ΔET) with the
estimated formation energies of the polarons (ΔEP) (see Note
5 in the SI for more details). Indeed, the values of ΔEP are
roughly comparable with ΔET (Table S1). In principle, the
change in total energy after structural relaxation (ΔEP) should
consist of the energy change of the trap state (ΔET) and the
energy changes of all other electronic orbitals influenced by the
local structural relaxation (ΔET′ ). For the amorphous materials
studied in this work, the estimation is still relatively rough.
Recently, a diagrammatic Monte Carlo approach based on
first-principles electron−phonon coupling has been developed,
which will more accurately calculate the polaron formation
energies.59 Further evaluations of polaron formation energies
are worth pursuing in future work to achieve a deeper
understanding on this issue.

Figure 5. (a−c) The crystal orbital Hamilton population (COHP) of a-GeSe, a-GeS, and a-SiGeAsTe at the ground state, respectively.
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The polarons in OTS materials should have substantial
influences on the threshold switching of OTS devices. First,
the formation of polarons results in more midgap states, which
may facilitate the Poole−Frenkel emission. Then, the carrier
excitation will possibly have positive feedback on the
switching-on process. Second, the existence of polarons will
lead to a low mobility of electrons and thus a low conductivity
at relatively low temperatures. Therefore, the Joule heating
effect during the holding process will gradually release these
polarons and thereby enhance the mobility and conductivity.
Such a contrast in electron mobility may enhance the ON/
OFF ratio. According to a previous study,60 when the
concentration of the electrons reaches a critical value, the
small polarons can also be released due to interactions between
carriers, which has been considered as a mechanism of
threshold switching. Moreover, the time required for polaron
release may account for the limited speed (∼ns) of the switch-
OFF process after the voltage is removed. Therefore, the
revealed polaron effect here will provide new clues to
understanding the mechanism of OTS.54,60,61

In summary, first-principles calculations and molecular
dynamics simulations reveal the carrier excitation induced
polaron effect in three kinds of typical OTS materials including
a-GeSe, a-Ge-S, and a-SiGeAsTe. The formation of polarons in
OTS materials can induce midgap states due to strong
electron−phonon coupling-induced local structure relaxations.
The effect of electron polaron related to conduction band is
significant. The midgap states are thus found to mainly
originate from the energy lowering of the occupied CBM
states. On one hand, the generation of midgap states would
facilitate the threshold switching process via enhancing Poole-
Frenkel emission. On the other hand, the formation of
polarons should play an important role in modulating carrier
mobility, which also contributes to the threshold switching
process. Upon completion of the work, we learned that
electron injection nearby the anode of a SOM device can lead
to a similar polaronic effect which was used to explain the
nonvolatile change of Vth in GeAsSe most recently.

62 In our
work, we found that the polaron induced by excitation is
volatile after de-excitation, possibly because only an electron−
hole pair is considered in our simulations. The study provides
new insights for understanding the working mechanism of
OTS. We suggest that in the future the polaron effect should
be taken into account when optimizing performances of OTS
devices or designing new advanced OTS materials.
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