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An analytical mapping for electron trapping in chalcogenide glass (ChG) films is derived which equates anion formation (dissolution)
reactions and carrier-trap statistics. Glass binaries composed of chalcogen atoms contain high densities of negative charge that result
from chemical reactions involving free electrons. This process of anion formation and dissolution between an electron and a neutral
species is shown to be equivalent to standard models for carrier statistics. The derived equivalence reduces chemical reaction
equations into statistics calculations performed through conventional semiconductor device simulation. The proposed mapping is
shown to be valid for both equilibrium and steady state photogeneration conditions.
© The Author(s) 2015. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0061507eel] All rights reserved.

Manuscript submitted January 13, 2015; revised manuscript received April 13, 2015. Published May 15, 2015.

One important, although often overlooked, aspect of modern solid
state materials and devices is the relationship between electrical and
chemical effects.1 In solid state electrolytes, for example, when elec-
trons are released from an atom, the resulting positively charged ions
can transport under an electric field. The process of oxidation can
be reversed when an ion captures an electron through reduction.1–10

Through these reduction-oxidation (RedOx) processes, atoms con-
verted to ions at one location can be deposited at another. The ion-
conducting materials are often compounds of oxygen (O),11–19 sulfur
(S),20–23 and selenium (Se)5,24–30 characterized by their relatively high
ion mobility.1

One of the main applications for solid electrolytes/ion conduc-
tors is in nano-ionic memristive nonvolatile memory devices, e.g.,
Conductive Bridge Random Access Memory (CBRAM) based on the
Programmable Metallization Cell (PMC) technology platform.31 In
CBRAM, the ion conductors are often chalcogenide glasses (ChG),
typically alloys of group IV elements with those of group VI.
Among the unique properties of ChG materials is their ability to
be photodoped. Photodoping (photodiffusion) is characterized by the
incorporation of metals (Ag, Cu) into the glass upon exposure to
light. During photodoping the negatively charged chalcogen atoms
and positively charged metallic ions form intrinsic electric fields that
can be sufficient for the metallic ions to overcome the barrier energy at
the interface. The difference in electrochemical potentials facilitates
the penetration of ions into ChG materials during exposure.32–34 The
relatively rigid covalent bonds mixed with soft van der Waals inter-
connections enable the ChG materials to form traps where electrons,
generated by light or ionizing radiation, are absorbed.4 As shown in
Eq. 1, an initially twofold covalently bonded chalcogenide atom can
turn into an anion possessing a single covalent bond and an excess
electron,4,35

C0
2 + e− → C−

1 . [1]

While there have been significant refinements to the photodoping
process to optimize it for use in current technology applications, sev-
eral questions regarding the physics of photodoping remain unsolved.
For example, the precise role anions play in the photo-induced diffu-
sion of metal into GhG films is not well understood. Modeling chem-
ical reactions with carrier statistics enables standard semiconductor
Poisson solvers to be used in the analysis of photodoping as well as
ion transport and RedOx processes. In order to investigate the relation-
ship between anion formation/ dissolution and well known principles
of device physics, we propose an equivalence mapping between the
chemical reaction presented in Eq. 1 and conventional semiconduc-
tor device theory equations, by treating the chalcogenide atom as an
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acceptor-like trap. The physical model, which utilizes Shockley-Read
statistics36 is shown to be equivalent to anion formation and dissolu-
tion reaction models in both equilibrium and non-equilibrium steady
state conditions (i.e., constant photogeneration). This model can be
generalized to all chemical reactions in which there is an electron
and/or hole reaction with immobile neutral and/or charged species.
The model is verified by 2D Technology Computer-Aided-Design
(TCAD) simulations.37

Mathematical Model

TCAD simulations are performed with Silvaco’s ATLAS device
simulator.37 Unlike, most device simulation tools, ATLAS is capable
of simulating the transport of and chemical reactions between a
limited number of atomic species. Transport properties for each
species are primarily controlled by the diffusion coefficient (D) which
is defined as

D = a2ν exp

(−Ea

kT

)
, [2]

where a is the average hopping distance, ν is the attempt (to escape)
frequency, and Ea is the activation energy for hopping. Parameters
k and T have their common meanings as Boltzmann’s constant and
material temperature respectively. Because we are equating trapping
statistics to chemical reactions and that traps generally do not move
in a material, we assume that the chalcogenide atoms (both neutral
and charged) are immobile. Thus the diffusion coefficient for each
species (C0

2 , and C−
1 ) should be very small (D � 10−10 cm2/s). In

equilibrium, the forward reaction rate is equal to the reverse reaction
rate in each chemical reaction as follows:

f NC0
2
n exp

(−Ea f

kT

)
= r NC−

1
exp

(−Ear

kT

)
. [3]

In Eq. 3, the left side of the equation is the forward reaction, where
f is the forward reaction rate, Eaf is the forward activation energy,
NC0

2
and n are C0

2 and electron concentrations, respectively. The right
side of Eq. 3 is the reverse reaction, where r is the reverse reaction
rate, Ear is the activation energy and NC−

1
is the concentration of C−

1

in Eq. 1. Using standard carrier statistics equations, the ratio of C−
1

to the total concentration of C−
1 + C0

2 is calculated as

NC−
1

NC0
2
+ NC−

1

= f

r
ni exp

(
EFn − Ei

kT

)
exp

(
Ear − Ea f

kT

)
, [4]

where EFn is the quasi Fermi energy level for electrons and ni is the
intrinsic carrier concentration in the material. An acceptor-like trap is
neutral when empty and negatively charged when filled with an elec-
tron. Based on this definition, we may define the species C0

2 in Eq. 1 as
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an acceptor-like trap. Donor-like traps can be used for the complemen-
tary equation of Eq. 1 (C0

2 → C+
1 + e−). The probability of ionization

of acceptor-like traps assumes that the capture cross sections are con-
stant for all energies and the ionization probability is calculated as38

Ft A = νn S I G Nn + ep A

νn S I G Nn + νp S I G Pp + en A + ep A
, [5]

where SIGN and SIGP are the carrier capture cross sections for
electrons and holes respectively, and νn and νp are the thermal
velocities for electrons and holes. For acceptor-like traps, the electron
and hole emission rates, enA and epA, are defined as

en A = DEG E Nνn S I G Nni exp

(
Et − Ei

kT

)
, [6]

and

ep A = 1

DEG E N
νp S I G Pni exp

(
Ei − Et

kT

)
, [7]

where Ei is the intrinsic Fermi level, Et is the trap energy level,
and DEGEN is the degeneracy factor of the trap center. DEGEN
takes into account that spin degeneracy exists and that empty and
filled traps have different spin and orbital degeneracy. To simplify
equations, we set DEGEN equal to 1. Since holes play no role in the
reaction described in Eq. 1, we assume SIGP � SIGN to eliminate
hole reactions from the statistical calculation. Without holes, the
ionization probability of acceptor-like traps is reduced to Eq. 8, the
standard Fermi-Dirac statistical form,39

Ft A = 1

1 + exp
( Et −EFn

kT

) . [8]

Using the above equations, it is possible to define an acceptor-like
trap that produces an effect equivalent to the reaction presented in
Eq. 1. By setting Eqs. 4 and 8 equal, the equivalent acceptor-like trap
energy is found to be a function of the forward and reverse reaction
rates and activation energies of the chemical reaction, i.e.,

Et = kT ln

(
r

f ni

)
+ Ea f − Ear . [9]

It should be noted that in Eq. 9 EFn is assumed without loss
of generality to be pinned to zero energy when no bias voltage is
applied. The significant advantage of Eq. 9 is that it is applicable
to both equilibrium and steady-state conditions. To verify Eq. 9, we
use the numerical device simulator ATLAS to calculate equilibrium
and steady-state (non-equilibrium) solutions on a ChG material often
used in cation-based memristors. Fig. 1 shows the 2D structure used

Figure 1. Cross-section of the ChG simulation structure, i.e., Ge30Se70 ma-
terial sandwiched between ohmic anode and cathode contacts.

Table I. Parameters of Ge30Se70 material [42].

Material Parameter for Ge30Se70 Value

Bandgap (eV) 1.86
Affinity (eV) 3.05

Density of States in Conduction Band (per cc) 1 × 1019

Density of States in Valence Band (per cc) 1 × 1020

Electron Mobility (cm2/Vs) 10−5

Hole Mobility (cm2/Vs) 10
Dielectric Constant 40.9

Table II. Typical parameters of the chemical reaction based on
Eq. 1.

Parameter Value

F 1
R 8 × 1019

Eaf 0.7 eV
Ear 1 eV

for the simulations while there is not any bias applied to the device.
The bulk material is a pure chalcogenide glass (Ge30Se70) without
any metallic dopants and the device anode and cathode terminals
are defined for simplicity as neutral contacts. The parameters of
the Ge30Se70 material and parameters for the chemical reaction of
Eq. 1 are listed in Table I40 and Table II, respectively. The length of
the device, which corresponds to the distance between two contacts,
is 10 μm and its height/thickness is also 60 nm.

By substitution of parameters from Table II in Eq. 9, the trap en-
ergy is found to be 0.65 eV above EFn. As previously mentioned, the
ATLAS code can solve not only standard carrier statistics for solid
state material, but chemical reactions similar to those shown in Eq. 1
between a limited number of species. This allows us to use ATLAS to
compare both methods and thereby validate the equivalence function,
Eq. 9. We model the chemical reaction in one simulation with the
initial C0

2 concentration of 1020 cm−3 and a second simulation uses
acceptor-like traps of equal concentration with trap energies set by
Eq. 9 (specifically 0.65 eV above EFn). Simulations are performed
under equilibrium and non-equilibrium steady-state conditions. For
the non-equilibrium case, carrier generation is modeled with a vir-
tual light source. As mentioned above, exposure to light, specifically
UV, is a common post-processing manufacturing technique, used for
some variants of ChG-based non-volatile memory. For the steady state
light exposure condition, a fixed generation rate (G) is set to 2.72 ×
1021 /cm3s which is consistent with what might be expected during
exposure to UV light at the power density of 10 mW/cm2.

Fig. 2 plots C−
1 , from the chemical reaction solver method and

compares the results to the concentration of filled acceptor-like traps
calculated from carrier-trap statistics for both equilibrium and non-
equilibrium steady-state (photogeneration). As seen in Fig. 2, there is
an excellent agreement between chemical reaction results and those of

Figure 2. The C−
1 concentration vs filled trap concentration in the equilibrium

and steady-state (photogeneration).
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Figure 3. Filled trap concentration vs trap energy in the equilibrium. The
middle point (trap energy of 0.65 eV) is obtained from chemical reaction
simulation.

model with traps. The sensitivity of the filled trap concentration to trap
energy is shown in Fig. 3. As shown in this figure, the concentration
in the log scale is linearly dependent to the trap energy with constant
slope of 1/[log(e)kT], which can be derived from Eq. 8 (e is the Euler’s
constant).

Conclusions

An accurate mathematical function that relates the parameters of
anion formation/ dissolution reactions to the energies of equivalent
acceptor-like traps is derived. This is done by equating anion reaction
in equilibrium (Eq. 4) to the conventional carrier statistics captured
in the Fermi-Dirac equation (Eq. 8). Through device simulation, it
is verified that this equivalence relation can be accurately extended
to non-equilibrium steady state relationship while it is independent
of the parameters of a typical photogeneration source. Therefore, it
enables us to model the impact of reaction species in ChG materials
in both equilibrium and in the steady state conditions that exist during
photogeneration. This equivalence can be used to simply model anion
reactions in standard TCAD tools. The model may be easily extended
to other chemical reactions including positively charged species and/or
holes.
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