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Device-to-Materials Pathway for Electron Traps Detection
in Amorphous GeSe-Based Selectors
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and Arrigo Calzolari*

1. Introduction

The choice of the ideal material employed in selector devices is a tough task

both from the theoretical and experimental side, especially due to the lack of
a synergistic approach between techniques able to correlate specific material
properties with device characteristics. Using a material-to-device multiscale
technique, a reliable protocol for an efficient characterization of the active
traps in amorphous GeSe chalcogenide is proposed. The resulting trap maps
trace back the specific features of materials responsible for the measured
findings, and connect them to an atomistic description of the sample. The
metrological approach can be straightforwardly extended to other materials
and devices, which is very beneficial for an efficient material-device codesign

and the optimization of novel technologies.
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Chalcogenides are the materials of choice
for nonvolatile phase-change memory
(PCM)!-3l and ovonic threshold switching
(OTS)*°! selector devices.[®/] While for
the case of PCM memories good can-
didate materials have Dbeen identified
mainly within the family of germanium-
antimony-tellurium (GST) compounds
(with  different stoichiometry®? and
doping!'®!), the ideal material for OTS
has still to be identified notwithstanding
the many candidates proposed so far,
such as GeSe, GeS, AsTe, AlTe, TeAsSiGe,
SiGeInAsTe, GeTeSbS, and TeAsSiGeP.!"Z]

Particularly relevant is the case of amor-
phous GeSe alloys®>3-): While a lot of effort has been devoted
to GeTe as a prototypical phase change material, and to GeSe,
as an efficient optoelectronic system, much less is known
about the quasi-stoichiometric GeSe compounds. Experimental
results indicate that GeSe exhibits ovonic electrical switching
in the amorphous phasel®®l and that the modulation of the
stoichiometry Ge/Se ratio affects the electrical response of the
device, in terms of I-V characteristics, threshold potential,
switching response, endurance, and power dissipation.l’! Selec-
tors based on Se-rich GeSe materials exhibit reduced leakage
current, improved thermal stability but higher threshold voltage
with respect to the Ge-rich counterparts!! that, at odd, show
superior operation endurance. Despite the huge effort spent on
this subject, there is no ubiquitous consensus on the origin of
this behavior and on the role of the Ge concentration on the
characteristics of selectors.

On general grounds, the research of the optimal elec-
tronic material requires a deep understanding of its micro-
scopic properties (especially atomic defects, composition, and
doping) and how they determine the electrical characteristics
of the final device. While device characteristics such as power
consumption, endurance, switching time, or variability are
certainly correlated to the properties of the constituent mate-
rials, univocal structure—property relations have not yet been
unraveled. The origin of this mismatch relies on the fact that
experimental measurements, such as -V and C-V charac-
teristics, are indirect and extensive, which stem from a set
of conditions (e.g., temperature, bias, composition, doping)
that average and/or compensate in the final results. For these
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reasons, a coherent protocol able to treat at the same level of
accuracy both the materials and the device would be of great
value for the comprehension and the further design of the
final device.

Prior works exploited density functional theory (DFT) cal-
culations and quasi-Fermi level models!®®!! to evaluate the
electronic structure of the materials, as well as simplified
analytical models to estimate the material atomic structure,
glass transition temperature, and subthreshold current.[2]
Although providing useful insights, these approaches do
not give a comprehensive and self-consistent picture of
the device electrical characteristics, since they are not able
to represent the material impact on the device electrical per-
formances, i.e., the response of the material in the specific
device configuration. Indeed, GeSe structure, composition,
and trap impact on the device characteristics of OTS selec-
tors remain elusive.

In this work, we propose a multiscale/multiphysics approach
that combines experiments, device modeling, and atomistic
material simulations to identify the traps in amorphous mate-
rials affecting the observed subthreshold conduction of selec-
tors. In particular, we adopt a device-to-materials approach that
extracts traps/defects characteristics from the experimental
device electrical data and connects them to the microscopic
properties of the material, in a learning process that correlates
the electrical properties of the specific device to the electronic
properties of the constituent material. While a few attempts of
using this device-to-materials approach have been proposed in
the case of crystalline systems,?!l similar approaches have not
been used to unveil the role of defect/traps in amorphous mate-
rials, where the lack of long-range order opens to conceptual
problems about the structural models and the defect definition,
especially for off-stoichiometric systems that do not have a crys-
talline counterpart.

This methodology is applied to two-terminal metal/insulator/
metal (MIM) selectors, based on amorphous Ge,Sejo_, films
with different thickness and stoichiometry, where x = {50, 60}
is the percentage of Ge in the sample. While Se-rich GeSe com-
pounds have been largely investigated, even in comparison with
the GeSe, crystal, here we focus on the case of Ge-rich systems
(e.g., GegoSeyo) for which a crystalline counterpart does not
exist. Our results self-consistently explain the experimental cur-
rent at different temperatures, the conductance data at different
frequencies, the changes of material properties as a function of
the Ge content and the atomic defects dominating trap-assisted
transport. The microscopic analysis of electron trap distribution
is eventually carried out in terms of short and medium range
order specific of the selected stoichiometry, without invoking
ill-defined comparisons with defects (e.g., vacancies) in crystal-
line systems.

www.advelectronicmat.de

2. Device-to-Materials Approach

The characterization of the material parameters (e.g., compo-
sition, thickness, morphology, stoichiometry) that mostly affect
the device response is a tremendous task, especially when it
deals with the structural and electronic properties of amor-
phous systems. Even though the computational materials dis-
covery is a major task for the design of new technology, this
top-down approach is often infeasible due to economic con-
straints of the sample’s fabrication process. Thus, an alterna-
tive solution is to follow the inverse device-to-materials pathway
that extracts the intrinsic properties of the materials from the
experimental data. Since the electrical characteristics of chal-
cogenide selectors and their temperature dependence are well
explained by a trap-assisted carrier model, the identification of
defects/traps becomes crucial in the process.

Here, we developed the three-step approach, summarized
in Figure 1: Step 1: Experimental setting involves the sample
preparation, the device fabrication, and the measurement of
the electrical characteristics (I-V, G-V). Step 2: The experi-
mental output is used as the input of a specific defect spectros-
copy (DS) functionality, implemented in the device-oriented
modeler Ginestra®, 22l which is specifically developed to extract
intrinsic material properties and characteristics of the defects
(thermal ionization and relaxation energies, distribution within
the bandgap) from the electrical measurements. Step 3: The
resulting defect mapping is interpreted in terms of ab initio
simulations, based on density functional theory.

The core of the process is the DS functionality that relies
on the accurate modeling and simulation of the carrier-defect
interactions that are at the bases of the defect-assisted trapping
and transport (trap-assisted tunneling, TAT),?* as described in
the framework of the multiphonon theory which accounts for
carriers—phonons coupling and lattice relaxation processes!?>~2!
(see the Experimental Section). The DS approach comprises
four main steps: i) The measured device/structure is recre-
ated within the Ginestra® simulation platform, starting from
the known device and material parameters (layers thickness,
bandgap, dielectric constant, etc.). ii) The measured experi-
mental data are loaded into the DS tool, as a function of the
temperature, voltage, and frequency (the latter for G-V data
only). In order to guarantee high accuracy and uniqueness of
the results, the DS methodology has to be applied to multiple
electrical data (e.g., I-V and G-V as in this paper) measured
under multiple conditions (voltages, temperatures, and fre-
quencies). iii) Definition of the material and trap parameters to
be extracted as well as their variation range to be considered
during the optimization procedure. This information is defined
in the input file. iv) An automatic optimization procedure accu-
rately reproduces the experimental data by varying the selected

Step1 Step2 Step3
Electrical Trap
experimental | characteristics device mapping material
device modeling characterisation

Figure 1. Sketch of the device-to-materials workflow.
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parameters within the specified intervals by minimizing the
overall error between the experimental and the simulated
electrical characteristics. A modified root mean square error
is used for this purpose. At the end of the procedure, the DS
module provides the energy-versus-position (E, z) map of the
defects responsible for the observed voltage, temperature, and
frequency dependence of the experimental data (uniform spa-
tial distributions in the whole GeSe thickness are considered
in this work for simplicity). It also provides selected material/
device parameters (e.g., work function and energy bandgap) as
well as the defects relaxation energy (Egg;), which represents
the energy required for the lattice relaxation process to occur
when the defect state changes its charge state.*>-°] Egy, is esti-
mated from the temperature dependence and determines the
charge capture/emission time constants and their temperature
dependence and it is linked to the defects’ atomic structure.
Therefore, it can be used, together with the extracted thermal
ionization energy band, to identify the nature of the defects
responsible for the observed electrical data.l?’]

3. Results

3.1. Step 1: Device Fabrication and Experimental Data Generation

Three different Ge,Sejoo_, OTS layers were prepared and inte-
grated in two-terminal MIM selectors, by combining materials
with different thicknesses (10 and 20 nm) and Ge concentra-
tion (x = 50 and 60) as reported in Table 1. The amorphous
Ge,Sejgo_, films were prepared by room temperature physical
vapor deposition (PVD). The layers were integrated into TiN/
GeSe/TiN two-terminal structures in a 300 mm process flow
and passivated with a low-temperature back end of line process.
The details of fabrication and measurement sets are reported
in Section S1 (Supporting Information). Each current—voltage
(I-V) or conductance-voltage (G-V) measurement was per-
formed on a fresh device, and multiple (at least three) same-
sized devices were measured at each measurement condition.

3.2. Step 2: Device Modeling and Trap Mapping

The proposed DS technique is applied to the -V and G-V
data measured on the GeSe samples D21 and D22, described
above; results for the D16 system are reported in Section S1
(Supporting Information). Since the conductance is found to be
independent of the frequency, only the data measured at 2 kHz
are considered for the DS procedure.

Table 1. MIM capacitors based on Ge,Sejq, With varying Ge content
x and varying chalcogenide thickness. Data about D16 sample are
reported in the Supporting Information.

Sample ID M/1/M capacitor

D16 TiN/10 nm GegoSeso/TiN
D21 TiN/20 nm GesoSeso/TiN
D22 TiN/20 nm GegoSey/TiN

Adv. Electron. Mater. 2023, 2201224 2201224 (3 of 12)
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GeSe has a small bandgap from =0.8 to =1.5 eV depending
on the stoichiometry, which is indicative of a small Schottky-
like energy barrier at the TiN/GeSe interface (barrier larger
than the bandgap would correspond to an Ohmic-like contact).
The resulting electrical characteristics for devices D21 and D22
are shown in Figure 2a,b and c,d, respectively. An excellent
agreement between experiments and simulations is obtained
for both stacks in the whole range of voltages and tempera-
tures considered. The consistency of the applied model and of
corresponding results has been checked against the thickness
change, by comparing the data for devices D22 and D16 (see
Figures S1and S2, Supporting Information).

Starting from the -V and G-V characteristics, we extracted
the material and trap parameters, as reported in Table 2. The
Ge-rich system has a lower bandgap (1.1 eV) than the stoichi-
ometric one (1.45 eV), in agreement with previous works!?6:?’]
and consistent with the reduction of the experimental gap
observed in the D21 device. The DS defect maps reported in
Figure 3 show for both compositions the presence of two trap
bands: one for holes and one for electrons. In both cases, trap
distributions remain spatially uniform through the thickness of
the sample. The trap density (Ny;) is similar for electrons and
holes, and it is higher for the Ge-rich case than stoichiometric
one.

However, important differences can be detected in the two
samples. In the case of GesySes, trap bands are slightly nar-
rower and located on average at =0.4 and =0.2 eV from the
valence and conduction band edge, respectively. The GegySey
compound is characterized by broader trap bands located on
average at =0.1 and =0.3 eV from valence band top and the con-
duction band bottom. At zero bias traps are either fully occu-
pied or empty, with the Fermi level lying in the middle of the
gap. Once the external bias is applied, both carrier types con-
tribute to conduction, with a net prevalence of electron conduc-
tion through the upper trap band (n-type). However, conduc-
tion type may depend on structural parameters of the device,
such as thickness, effective bandgap, electrode work-function.
Indeed, the analysis for the D16 sample exhibits an equal con-
tribution of both hole and electron carriers.

In order to investigate the role of traps in the transport
mechanisms within the GeSe layer, we recalculated the -V
characteristics of the D22 sample, by selectively deactivating
specific scattering terms (Figure 4a). In particular, we consid-
ered the electrical characteristics resulting i) without the inclu-
sion of the defect contributions, ii) without the trap-to-trap tran-
sitions, and iii) without the trap-to-band transitions. The results
at different temperatures for the D22 sample are summarized
in Figure 4b-d. The absence of trap contributions [panel (b)]
imparts a reduction of the simulated current (dashed lines)
by one order of magnitude over the entire voltage range [-2V,
+2 V], and a remarkable worsening of the agreement with the
experimental data (circles), only partially compensated by the
increase of the temperature. The suppression of the trap-to-trap
[panel (c)] or of the trap-to-band [panel (d)] contributions has
smaller effects on the [-V characteristics: trap-to-trap seems
more relevant at low bias (V < 1.0 eV), while trap-to-band has
a major effect for higher bias (V > 1.5 eV). We can conclude
that the most relevant contribution for current stems from
the presence of the trap bands within the bandgap, while the
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Figure 2. a,c) I-V and b,d) C-V characteristics of 20-nm-thick TiN/GesoSeso/TiN (D21, top row) and TiN/GegoSe4/TiN (D22, bottom row) capacitors,
at different temperatures. Dots (lines) correspond to measured (simulated) data.

other mechanisms are responsible for the specific details of
the resulting electrical characteristics. This can be justified in
terms of the simultaneous small bandgap and high trap density
of both systems that make trap-to-trap and trap-to-band ener-
getically similar.

Another important parameter that can be extracted through
the DS tool is the relaxation energy (Erg;), which is directly con-
nected to the atomic nature of the trap and is typically derived
from the temperature dependence of the charge transport (i.e.,

Table 2. Material and trap parameters extracted by using the DS utility
to reproduce I-V and G-V data measured, as a function of tempera-
ture, on the different OTS devices. E¢ is the (mobility) bandgap, tgese
is the film thickness, Et; and AE7; are average and spread of the traps
thermal ionization energy, Egg; is the traps relaxation energy, and Nq;
is the traps density for electrons (i = el) and holes (i = h), respectively.

Parameter GesoSesg GegoSeyo
D21 D22

Eg 1.45 eV 110 eV

Etel 0.23 eV 0.34eV
AErq 0.15eV 0.2eV
EReLel 0.15 eV 0.4 eV
Nryel 5x10"® cm™ 2.48 x10" cm™
Erp 1leV 0.9 eV
AEqy, 0.15 eV 0.2 eV
EreLh 0.15eV 0.3eV
Nt 5x108 cm™ 248 %10 cm3
tGese 213 nm 20.5 nm

Adv. Electron.

Mater. 2023, 2201224
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of the leakage current, as shown in Section S1, Supporting
Information). However, an accurate extraction of this key para-
meter is possible in principle only if the observed current-tem-
perature dependence originates from purely trap-assisted trans-
port. In the case of the thick, small bandgap GeSe layers con-
sidered here, this could be not the case and other mechanisms,
such as tunneling from/to the electrodes may play a role:
simulations show that the charge transport occurs by means
of carrier excitation at the metal TiN/GeSe interface and then
through the defect band by means of trap-to-trap transitions.
Since both processes (excitation and trap-to-trap) are strongly
dependent on the temperature, the Egg; value of 0.1-0.5 eV
for both electrons and holes that is consistently extracted for
the different GeSe samples has to be verified also with other
methods (e.g., ab initio calculations).

The extracted trap density is consistent among samples and
within the range typically reported in the literature. Besides
characterizing the properties and distribution of GeSe traps, the
DS tool also allows the extraction of the GeSe effective thick-
ness (tgese). As reported in Table 2, the extracted value of t¢es. is
very consistent for both stoichiometries and in very good agree-
ment with the nominal thickness.

This analysis demonstrates the DS capability to characterize
the trap distribution of samples, and to discern among dif-
ferent compositions, temperatures, and geometrical properties
of the device. However, the DS tool is not sufficient to unravel
the structural properties and chemical origin of those traps.
For crystalline systems, the analysis of defect states is routinely
done by considering the effects of point defects (e.g., vacancies,
interstitial, impurities) that usually cause the appearance of
localized states in the semiconductor band gap. In the present

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Defect band extracted by applying DS on the data in Figure 2 for (a) D21 and (b) D22 device, at V = -1.0 V. Colored dots represent point
defects, the side color scale indicates the current driven by each trap. Horizontal gray lines mark the Fermi level of the two external leads (i.e., the
applied bias), the red and blue lines across the sample are the calculated quasi-Fermi level for holes and electrons, respectively.

case, the amorphous structure of GeSe prevents from using
this intuitive approach and demands for an extensive micro-
scopic investigation of realistic disordered structures.

3.3. Step 3: First Principles Calculations

In order to interpret the DS results from a microscopic point of
view, we performed a high throughput study of the structural
and electronic properties of GeSe compounds based on first
principles calculations. Given the intrinsic disordered nature
of the amorphous materials, the understanding of the inter-
play between local-order structures and electronic trap states
requires the capability of treating large systems at the atom-
istic level and of having access to the corresponding electronic
structure. In the absence of direct experimental results about
the atomic structure of the glassy phase at room temperature,
the identification of a reliable geometry is a major challenge for
theory. In order to obtain realistic models of the amorphous
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structure without resorting to experimental information or
adjusted interatomic potentials, we carried out an extensive
set of independent simulations performed with different mul-
tiscale techniques and different codes, including molecular
dynamics (MD) using interactions from both classical potentials
(LAMMPS codel?®)) and density functional theory (SIESTA[230
and QuantumEspressol3l).

As a starting point, we considered the atomic model of
GespSes, resulting from classical MD simulations on a large
simulation cell including 4480 atoms (labeled big cell). The
structure is obtained through nanosecond-long melt-and-
quench cycles (5 K ps! cooling rate), following the procedure
described in ref. [32]. This approach allows the system to
rearrange at the local- and medium-order structures avoiding
unphysical “frozen-liquid” structures, and it has been demon-
strated to generate a realistic model for the amorphous GeSe
compound.3233 The increase of Ge content from 50% to 60%
in Ge,Sejq_, causes a systematic change of the average coordi-
nation number of Ge and Se species that moves from 3:3 (as
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Figure 4. a) Graphical sketch of relevant transport mechanisms assumed in the DS modeler. Simulation of |-V characteristics of D22 sample at
different temperatures, by selecting specific transport mechanism: b) without traps, c) without trap-to-trap transitions, and d) without trap-to-band

transitions. Dots (lines) correspond to measured (simulated) data.
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in the crystal) to a phase where Ge has a mixed fourfold (as in
Ge-bulk) and threefold coordination. The different short-range
structures and their spatial arrangement in the medium range
are expected to have a critical role in the formation/appearance
of the electrical trap states (see below). We assumed the big cell
structure as the reference testbed for the further comparisons.

We first exploited the capability of the SIESTA code to treat
large systems by simulating one 4480 atoms structure extracted
from the MD simulation at 300 K (i.e., one frame from MD tra-
jectory). The structure was fully relaxed using the DFT forces
computed in SIESTA, through a total-energy-and-force opti-
mization approach to allow the system to readjust the atomic
distances and angles on the basis of the DFT potential. The
comparison between the original MD and the DFT results is
summarized in Figure 5a—c, which reports the partial radial
distribution function g(r) of the (a) Ge—Ge, (b) Ge—Se, and (c)
Se—Se pair distances. Except for the expected minor differences
due to bond-length optimization, the optimized DFT results
(labeled DFT big cell) well reproduce the classical ones (labeled
MD big cell).

However, a meaningful analysis of an amorphous system
requires the investigation of several frames to gain a statistical
average of the structural properties. This makes the use of such
a large cell practically unfeasible for extensive DFT simulations.
This opens the problem on how to generate smaller atomic
models that are simultaneously structurally reliable and numer-
ically affordable. We generated two independent sets of struc-
tures, by exploiting two different approaches and DFT codes.

In the first one (labeled mgq) we performed a sequence of
melting-and-quenching cycles on model structures, by using
the SIESTA code. Initial Markov chain Monte Carlo simulations
have been used to generate the disordered starting structures
of Ge,Sejpo_, (¥ = 50, 60), with N = 336 atoms in a cubic box

www.advelectronicmat.de

of side L = 21.0 A. Starting from these initial structures, the
amorphous models have been obtained through melting-
and-quenching cycles, carried on by using ab initio MD. The
quenching step is particularly critical to obtain trustable
amorphous results. Preliminary results (see Section S2, Sup-
porting Information) indicate that i) the relaxation of volume
under constant pressure, ii) the use of a relatively large basis
set (in particular, double-{ plus polarization [DZP]34) during
the quenching procedure, and iii) a low quenching rate are
necessary steps for the building of realistic GeSe amorphous
structures. The details of the quenching-and-melting approach
are summarized in Table 3. Further computational details and
accuracy tests are reported in the Experimental Section and in
the Supporting Information.

In the second approach (labeled cut), we extracted from the
original MD trajectories on the large (4480 atoms) Ge,Sejpg_
(x = 50, 60) models, 12 smaller cubic boxes containing
500 atoms each, with the same stoichiometries and densities
of the parent MD systems. These smaller cells (cut from the
larger box and imposing periodic boundary conditions) were
relaxed using classical MD at a constant temperature of 300 K
for 10 ns, in order to allow the broken bonds at the borders to
rearrange and match the new periodic boundary conditions.
Each system has been further optimized at the DFT level, by
using the QuantumEspresso codel*!l (see the Experimental Sec-
tion and Supporting Information for further details).

The averaged radial distribution functions of model struc-
tures resulting from the mgq and cut approaches are shown in
Figure 5d-f. A direct comparison clearly indicates that the final
configurations resulting from the two approaches resemble
the original big one, in particular the radial distribution func-
tions are very similar to the original results (Figure 5, top
panels). This confirms that we generated atomically different

2r 10 -
@ Ge-Ge (b) Ge-Se () 5 Se-Se
= MD (big cell) - MD (big cell) == MD (big cell)
15k == DFT (big cell) 8 = DFT (big cell) 4+ = DFT (big cell)
3 b
Ee =
2 -
0.5F
1=
1 1 1 1 ]
. s 4 6 8 10
r(A)
2r 10 5r
(a Ge-Ge © Ge-Se ® Se-se
— DFT(m&q) — DFT (m&q) — DFT (m&q)
15k DFT (cut) 8 DFT (cut) 4 DFT (cut)
\\» o 3
= B K ; = I =]
s Ir x i ,\I" V“-\v/\, WA, S 1 S ﬁ
N\ 4 - | 2 r-
0.5F \ PO
T \ p L " .,\,/A'\‘M Ve
O R vV
c 1 1 1 1 ] c 1 1 1 1 J c | . 1 1 1 J
2 4 .6 8 10 2 4 .6 8 10 2 4 6 8 10
r(A) r(A) r(A)

Figure 5. Radial distribution functions g(r) for a,d) Ge—Ge, b,e) Ge—Se, c,f) Se—Se pair distances of GesSesq, simulated through different techniques.
Results reported in the top layer are relative to the 4480-atom system (big cell); results in the bottom layer correspond to smaller cells (maq and cut).
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Table 3. Melt-and-quench (mayq) protocol for generating the amor-
phous structures. SZ and DZP indicate single-{ basis and double-
polarized-{ basis sets; NPT indicates isothermal-isobaric ensemble.

Initial structure  Generate initial structure with MCMC (336 atoms). Then relax
structure (cell and atom coordinates)

Melt 6 ps at 1200 K, SZ, NPT + 6 ps at 1200 K NPT

Quench 1 1200-800 K, 3 ps in total, 1fs per step,

Trelax=1000 fs: SZ, NPT

Quench 2 800400 K, 3 ps in total, 1fs per step,
trelax=750 fs; SZ, NPT
Quench 3 400 K, 3 ps in total, 1fs per step,

trelax=750 fs; DZP, NPT

but statistically equivalent systems, whose structural character-
istics are independent from the procedure and the numerical
details used to realize the model. Similar considerations hold
for the corresponding electronic structures, even though in this
case the specific choice of the numerical details (e.g., exchange-
correlation functional) may affect the quantitative value of
parameters such as the bandgap. However, as evident from the
comparison of the electronic density of states (DOS) reported in
Figure S8 (Supporting Information), both DFT approaches give
the same qualitative results. This assures that the trap states
analysis is robust and independent from the specific choice of
the used DFT code and functional.

On the basis of these results, we performed a set of cal-
culations to generate model structures for the two different
stoichiometries corresponding to the experimental samples
D21 and D22, i.e., GesySes, and GegySeyy. The Se-rich coun-
terpart GeySego has also been simulated for comparison (see
the Supporting Information). For all GeSe compounds, sev-
eral (12) atomic structures have been generated to have a sta-
tistical meaningful insight of the amorphous characteristics.
The complete set of DOS plots for each simulated structure is
summarized in Figures S9-S11 (Supporting Information). The
electronic properties of the three stoichiometries have similar
spectral features: the valence DOS plots are characterized by
three distinctive peaks (labeled A, B, and C in Figure S12, Sup-
porting Information) in agreement with recent X-ray spectros-
copy.® Peak C corresponds to the energy region going from
—14 to —12 eV and has mostly a Se(4s) character. The central

P~
()
-~

GeSDSe50

DOS (arbit. units)

ONIC
MATERIALS
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region, from —10 to —6 eV (peak B), is dominated by the Ge(4s)
contribution, while the region from -5 to 0 eV (peak A) has a
mixed Se(4p)-Ge(4p) character, with a major contribution from
Se states, which varies with the Ge/Se ratio. The lowest energy
part of the conduction band has a mixed Ge—Se behavior as
well, but here the major contributions derive from the Ge
atoms, as a function of the composition. This characteristic
peak distribution is typical of Ge—Se compounds, such as crys-
talline GeSe and GeSe,.?*38 Despite these overall common
aspects, the gap regions, which are the most relevant for the
transport properties, exhibit different characteristics depending
on the stoichiometry.

Figure 6 shows the DOS plots resulting from the ensemble
average on the 12 structures of GesoSesy and GegoSey,
respectively, as resulting from the cut approach. A Hubbard-
like potential has been included to both Ge and Se atoms, in
order to correct the severe underestimation of the bandgap
due to standard DFT approach (see Section S2, Supporting
Information, for further details). The zero-energy reference
is set to the corresponding Fermi level. Red diamonds indi-
cate the inverse participation ratio (IPR) of single particle
orbitals,3%4% which is a measure of the spatial localization of
the electronic states: the higher the IPR the more localized
the states.

The mobility gap E, is determined as the energy-level
border separating the localized and extended bands, i.e., as
the energy region where the IPR increases with respect to the
deep valence/conduction bands. Increasing the Ge amount
in the material, the mobility gap E, decreases from 1.4 eV
(x = 50%) to 0.7 eV (x = 60%) in agreement with the experi-
mental data and the DS results. The density, the localization
and the energy distribution of defect states in the gap strongly
depend on the stoichiometry. The nature of the mobility-gap
states is found to be different from the Valence-Alternating-
Pairs (VAP) model for Se-rich GeSe.l"#3 In the case of Ges;Ses,
[panel (a)], the gap is almost empty with a few defect states that
accumulate close to the edges of the bandgap, forming two trap
bands (dashed cyan lines) for holes and for electrons, in agree-
ment with the DS results of Figure 3. The states forming these
defect bands are spatially localized (Figure 7a,b) but involve dif-
ferent local coordination depending on n-type or p-type char-
acter of the trap. A similar picture also holds for the Se-rich
GeySeqy compound (Figure S13, Supporting Information),

(b) | Ge,,Se,, — DOS

Figure 6. Averaged density of states (DOS) plot for amorphous GeSe compounds at different stoichiometries. Red diamonds indicate the inverse
participation ratio (IPR) of single-particle states. Vertical gray (cyan) dashed lines mark the mobility gap E, (trap bands) of the system. The zero-energy

reference is set to the Fermi level of each system.
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occupied

Figure 7. Single-particle charge-density plots of selected defect states in
the mobility gap of a,b) GesoSesg and c,d) GegoSeyq for occupied (left) and
empty (right) states. Gray polyhedrons indicate ordered threefold and
fourfold local-order structures centered on Ge atoms. Ge (Se) atoms are
colored in purple (green), respectively. Red (blue) isosurfaces indicate the
positive (negative) sign of the single-particle wavefunction.

even though the defect states are more distributed across the
bandgap, giving rise to broader trap bands. More complex is
the case of GegySeyy (Figure 6Db): even though two trap bands
are still visible, the defect states are largely spread within the
energy gap. This agrees with the appearance of the broader
defect bands in Figure 3b. However, in this case the in-gap
states are spatially delocalized all over the cell (Figure 7c,d), so
they cannot properly be considered as trap states, but rather as
conductive states. This goes in parallel with the enhancement
of the current measured in sample D22 (Figure 2).

Figure 7 shows the single-particle charge density plots of a
few selected defect states of the GeSe systems for both occupied
(a, ¢) and empty (b, d) states. Gray polyhedrons indicate ordered
threefold and fourfold local-order structures centered on Ge
atoms, that are among the most frequent local arrangements
found in these systems.[**! From the analysis of the spatial dis-
tribution of the in-gap states, we draw a few important obser-
vations: i) at odd with the usual crystalline case, the localized
states of these amorphous structures are not localized around
the single atomic site (e.g., the point defect), but involve a few
bonds. ii) The defect states often appear at interconnections
among a few threefold and fourfold polyhedrons, indicating
a key role of Ge coordination on the formation of trap states,
in agreement with previous theory reports.?® iii) In the stoi-
chiometric case [panels (a) and (b)], the abundance of Se favors
the formation of Ge—Se bonds arranged in ordered local struc-
tures (local order). This justifies the presence of the reduced
number of trap states in the GesoSes, system. On the contrary,
the deficiency of Se in the Ge-rich case causes the formation
of homopolar Ge—Ge bonds, which tend to be interconnected
across the cell instead of organizing in folded structures (i.e.,
higher delocalization). Note that the number of polyhedrons
decreases as the Ge content increases. iv) Since the top of the
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valence band (peak A, Figure S12, Supporting Information)
has a prevalent Se character, for all stoichiometries (including
GegoSeyo) hole defects have a mixed Ge—Se character, which
cannot be simply ascribed to the presence or the absence of
a single element, as for the case of point defects in crystals.
While the concept of vacancy or species-deficiency may heuris-
tically be extended to the case of the stoichiometric compound
(x = 50%) in view of the comparison with the crystalline coun-
terpart, the same concepts are completely ill defined in the case
of off-stoichiometric systems. Indeed, the 20% of compositional
unbalance as in GeySes or GegySeyy compounds causes an
overall modification of the interatomic bonding (bond atoms,
bond length, bond angles) and not simply a local perturbation
next neighbor to the defect.

From this analysis we conclude that: 1) defect states have
an interbond spatial distribution of >1 nm; 2) they always have
a partial Se contribution; and 3) Ge coordination plays a cru-
cial role in the formation of defect states. Hole and electron
defects have different characteristics: the former do not exhibit
the presence of homopolar Ge—Ge bonds that are, instead, a
common feature of the latter. All electron defect states involve
Ge—homopolar bonds. However, not all the Ge—Ge bonds
give rise to a state in the gap. The question is: what is the
origin of these states? The answer stems from the structural
analysis of the medium range order of the system, and in par-
ticular from the formation of Ge—Se complexes with different
coordination.

To illustrate this point, we considered the trap states relative
to a single snapshot of GesySesy, assumed as a testbed of the
system. Similar arguments can be extended to the other GeSe
cases. We focused on one occupied (T}) and one empty (T trap
state, which decorate the band edges of the system (Figure 8),
and we analyzed the coordination of the atoms closely involved
in these trap states. The occupied defect state (T},) is localized
around three close Ge atoms that are not forming homopolar
bonds, but that are simultaneously bonded to Se atoms having
different coordination, namely, threefold (I1I) and fourfold (IV)
Se atoms. This Se-coordination mix results in the formation
of an unbalanced and localized charge distribution around the
Ge atoms that causes the appearance of the trap state in the
gap. The T, state is localized across a triple Ge—Ge—Ge chain,
where one Ge (the one on the right) is bonded to three inequiv-
alent Se atoms, having II, III, and IV coordination, respectively.
Again, the trap state originates from the off-coordination of the
bonded Se atoms, and not from the Ge itself or from the for-
mation of the Ge—homopolar bonds. To confirm this statement
we analyzed an extended state (labeled No trap in Figure 8),
where we identified the formation of a Ge—Ge bond. However,
both Ge are bonded to homo-coordinated Se atoms (Se'™). This
prevents the localization of charge and the formation of a trap
state, in agreement with extended machine learning investiga-
tions on GeSe alloys.*! We can conclude that trap states origi-
nate from local electron under/over-coordination, in agreement
with previous general statements.183%41 Yet, our results indi-
cate that off-coordination is not associated to a single atomic
site as usually suggested, but rather to nm-extended complexes
(medium range) that include both chemical species. The mul-
tielement/multibond complexity of the trap origin justifies the
different interpretations appeared in the literature, often based
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Figure 8. a) Density of states and IPR of a representative snapshot of the GesoSes, system. Labels mark the energy positions of the selected states
of panels (b)—(d). b,c) The atomic coordination pattern of the hole (T,) and electron (T,)) trap states, respectively. d) An extended state (No trap) is

included for comparison.

on simplified structural models, such as homopolar bonds or
folding of single chemical elements (e.g., Ge-fold structures).

Since trap-assisted transport implies the hopping of charge
to/from localized states and the 0/-1 (0/+) charge-state transi-
tion for electron (hole) carriers, we investigated the effect of
including an extra charge to the system. For each initial snap-
shot of the GespSes, system, we simulated the case of an extra
hole or an extra electron in the unit cell. We fully relaxed the
charged structures and we averaged the resulting electronic
structures, as summarized in Figure 9.

Even though the two characteristic trap bands of Figure 3
are still visible, the inclusion of the extra charge in the system
imparted a redistribution of the defect energy within the
bandgap that results more occupied with respect to the neu-
tral case. We observe also an increase of the average IPR of the
defect states, which corresponds to an increase of the spatial
charge localization favored by the local structural relaxation
(i-e., polaron-like effect). The direct evaluation of the charge-
state transition energies for amorphous systems is an open

(@) | Gey,Se,, L (Q=+1)
z 1
=
3 +
E +
2 J
[92]
O
a

challenge within the solid-state community, and goes beyond
the aim of this work.

4, Conclusion

We presented a multiscale device-to-materials approach for
the identification and the analysis of the trap distribution
in electronic devices. Starting from the experimental elec-
trical characteristic of two-terminal TiN/a-GeSe/TiN selector
devices, we fully investigated the properties of the active
material at the microscopic level and its transport response.
This approach allowed us to connect the performances and
reliability of the experimental devices to the composition and
the stoichiometry of the system. In particular, we unravel the
role of charge traps in amorphous chalcogenides and the rela-
tion of these defect states with local order of the system. The
proposed D2M protocol is general and it can be applied to
any CMOS, logic or memory device, independently from the

(b) | Ge,,Se,, (Q=-1)

DOS (arbit. units)

& 0 0
E-E, (eV)

Figure 9. Averaged DOS and IPR plot for GesqSes in the inclusion of a) an extra hole (Q = +1) and b) an extra electron (Q =—1) in the simulation cell,
where Q is the total charge of the system. Vertical dashed line marks the Fermi level of the system, assumed as the zero-energy reference.
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structure, the composition, and the chemical species of the
active materials.

Our learning approach combines characterization and
metrology aspects that may accelerate the optimization of mate-
rial-design capabilities by exploring new materials and new
compounds, starting from the desired electrical performances
of the device.

5. Experimental Section

Fabrication and  Characterization: Amorphous GeSego, films
were prepared by room-temperature PVD. TiN/GeSe/TiN MIM
capacitors were integrated in a 300 mm CMOS process flow. Electrical
characterization was performed with a Keithley 2536 SMU and an
Agilent E4980A LCR meter. For further details see Section S1 (Supporting
Information).

Device Modeling: Device simulations were performed with the Ginestra
software package (Ginestra), a multiscale simulation platform that self-
consistently describes all the mechanisms relevant for logic,2*#4l and
memory devices.”’*®! Non-defect-related conduction mechanisms such
as direct/Fowler—Nordheim tunneling, thermionic emission, and drift
were considered consistently with defect-assisted charge trapping and
transport (TAT) model that controls the conduction in a wide variety of
materials.[3454%50 TAT is described in the framework of the multiphonon
theory accounting for carriers—phonons coupling and lattice relaxation
processes, which depends on the atomistic structure of the defect and
is described by the relaxation energy parameter (EREL). Hydrodynamic
transport, current-induced power dissipation and temperature increase,
distortion and breakage of atomic bonds promoted by field, temperature
and electron injection,*d! diffusion of atomic species,”l ferroelectric
switching,8l and phase change were also self-consistently considered,
thus enabling the modeling of material modifications associated to
the electrical stress and specific material properties. Calculations were
performed considering the local potential given by the applied bias and
the defect charge state and occupation. Such a comprehensive and self-
consistent description of carriers transport and trapping mechanisms
is at the basis of the DS techniquel?!l that was developed for extracting
defects and properties of material used in modern and novel logic and
memory devices.

Materials Simulations: Classical MD Simulations: The GesgoSesq system
was simulated by using a classical molecular dynamics approach,
according to Tavanti et al.’? The system contains 4480 atoms and the
force field used is based on the well-established Vashishta potential
employed for the description at the atomistic level of GeSe, or InP
systems.BV The classical MD simulations were carried out by using
the LAMMPS package.?!] The complete description of the adopted
model and the analysis of the classical MD results were reported
elsewhere.[3233

Melting-and-Quenching Approach: Various random supercells with
Ge:Se coordination number 4:2 and 3:3 were constructed by a Markov
Chain Monte Carlo method. In the generation of the structures, a
repulsive interaction between atoms was included to make their
distribution more homogeneous in the cell, and potential which
depends on the Ge and Se coordination, to impose a Ge:Se coordination
of 4:2. The resulting geometry was then relaxed prior to the melting-
and-quenching procedure by using a conjugate gradient algorithm.
Ab initio molecular dynamics (AIMD) were then carried out within the
isobaric—isothermal (NPT) ensemble at zero external pressure with an
annealing algorithm, by rescaling the velocities and the pressure at each
time step of At =1 fs and the characteristic relaxation time of 7, The
simulations started by equilibrating each initial configuration at 1200 K
for 12 ps, at which the system melts and loses the memory of the initial
configuration. After equilibration, each system was quenched to 800 K
over a period of 3 ps; this corresponds to an average cooling rate of 133 K
ps~. During the melting and the quenching to 800 K procedure, the 7.
was set to 1000 fs. The obtained configuration at 800 K was quenched
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again to 400 K in 3 ps. At this temperature, the structure was equilibrated
additionally for 3 ps using now the DZP and a 7, of 750 ps.

The relaxation and AIMD calculations were carried out with the
SIESTA code.?>3% SIESTA employs local basis sets, and norm-conserving
pseudopotentials from the pseudo-dojo dataset,*? in which the Se and
Ge 4s and 4p electrons are considered as valence states. The generalized
gradient approximation (GGA)-Perdew—Burke—Ernzerhof  (PBE)(
functional was used to describe the exchange-correlation. DRSLL van
der Waals correction was used in all calculations.’ Single-{ (SZ) basis
functionsP4 were used for the initial relaxation and finite temperature
molecular-dynamics simulation, except in the last AIMD run in which
DZP basis functions were used. The basis set was generated with
an orbital-confining scheme with a cutoff radius corresponding to
the energy shift of 0.001 Ry.’* Only the T'-point was used for the
Brillouin zone integration. The convergence criterion for the geometry
optimization was set to a maximum force of 0.04 eV A~ on each atom.
Extended accuracy test on the choice of the basis set is reported in
Section S2 (Supporting Information).

Cell Cutting (Cut) Approach: For each stoichiometry, 12 atomic
structures of Ge,Sejo_, e€ach including 500 atoms were generated.
The initial geometries were extracted from the large (4480 atoms)
structures generated with the classical interatomic potentials, discussed
above. Each structure was then optimized by using a total energy and
forces approach based on DFT calculations, as implemented in the
QuantumEspresso package.’l The electron—ion interactions were
treated within the projector augmented wave (PAW) framework. Single
particle wave functions and charge were expanded in planewaves up to
energy cutoff of 30 and 300 Ry, respectively. The exchange-correlation
functional was described by the vdW-DF2-b86r exchange-correlation
functionall®! that takes into account the van der Waals contributions
which are known to play a crucial role in amorphous chalcogenides.l
All the atomic positions were allowed to move until the maximum ionic
forces were less than 0.002 eV A, Integrations over the Brillouin zone
were sampled at the I™-point only. In order to overcome the well-known
bandgap underestimation of DFT, a DFT+U correction was included
to the electronic structure, within the pseudohybrid Hubbard density
functional approach (namely ACBNO®)) at single point scf-calculations.
The resulting Hubbard-like values are: Ug, = 0.16 eV and Us, = 2.28 eV.
The detailed analysis of the effect of the inclusion of the Hubbard-U
potential in comparison with the hybrid HSE06 approach is reported in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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