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A Kinetic Monte Carlo Study of Retention Time in a
POM Molecule-Based Flash Memory
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Abstract—The modelling of conventional and novel memory
devices has gained significant traction in recent years. This is
primarily because the need to store an increasingly larger amount
of data demands a better understanding of the working of the novel
memory devices, to enable faster development of the future tech-
nology generations. Furthermore, in-memory computing is also of
great interest from the computational perspectives, to overcome
the data transfer bottleneck that is prevalent in the von-Neumann
architecture. These important factors necessitate the development
of comprehensive TCAD simulation tools that can be used for
modeling carrier dynamics in the gate oxides of the flash memory
cells. In this work, we introduce the kinetic Monte Carlo module
that we have developed and integrated within the Nano Electronic
Simulation Software (NESS) – to model electronic charge transport
in Flash memory type structures. Using the developed module,
we perform retention time analysis for a polyoxometalate (POM)
molecule-based charge trap flash memory. Our simulation study
highlights that retention characteristics for the POM molecules
have a unique feature that depends on the properties of the tunnel-
ing oxide.

Index Terms—Tunneling, flash memory, polyoxometalate,
kinetic Monte Carlo.

I. INTRODUCTION

W ITH the continuing microelectronics progress, the
amount of data that is being stored and processed is

increasing dramatically. To keep up with the increase in demand
for data storage, flash memories have consequently been scaled
dramatically and stacked by the semiconductor industry [1].
Moreover, different architectures for flash memories, such as
charge trap and nanocrystal-based flash memories, are being
investigated. In particular, charge trap based flash memories have
gained considerable importance, as they overcome the issue of
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intercell coupling due to the redistribution of charge observed
in the standard floating gate based flash memory [2]. However,
conventional charge trap based flash memories suffer from large
variability that is inherent due to the amorphous nature of
charge-trapping oxide and the randomness of the trap distribu-
tion [3]. Self-assembled nano-crystal based flash memories can
overcome the variability associated with the amorphous nature
of the oxide [4]. However, while fabricating the nanocrystals,
it is difficult to control their sizes which will affect adversely
the performance of the corresponding memory cells [5], [6],
and will increase variability. Hence, a molecule-based charge
trap flash memory provides an alternative architecture that over-
comes the coupling of problems of the floating gate flash cells,
and the variability of the conventional charge trap based flash
memory and nanocrystal based flash memory, by localizing
the charge carriers in an array of self-assembled molecules.
Molecule based memory provide an additional handle to tune the
memory characteristics (by tuning the molecular energy levels)
as compared to the conventional charge trap based memories
wherein the charge levels are randomly distributed in energy [7].
Consequently, molecule-based flash memory have generated a
lot of attention recently as possible solution to improve the flash
cells variability and reliability issues.

Redox active molecules have an important ability to reliably
accept (undergo reduction) and give-up (undergo oxidation)
electrons thereby making them a prime candidate for being
employed in flash memory cells for storing electrons [8]–[10].
Continuous research in the molecule-based flash memories has
allowed the development and fabrication of nanowire based
flash memory cells based on gate-all-around nanowire tran-
sistors [11]. Redox based memory cells have demonstrated
a 10 year retention time which is necessary for commercial-
ization [12]. Researchers have also demonstrated a fast pro-
gram/erase [12] and stable memory operation over 109 cy-
cles [11]. Despite the progress in molecular flash memory
technology, the development of a comprehensive physics-based
simulator (and methodology) for optimization and path-finding
remains unaddressed.

Most of the studies related to the molecule-based flash memo-
ries have used organic molecules. However, we have employed
We have employed POMs, a type of inorganic molecule: be-
cause: 1) they have better compatibility with the CMOS fab-
rication process as compared to their organic counterparts, as
they consist of oxygen atoms similar to SiO2 [13]; 2) they
do not breakdown during the annealing process and hence do
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not reduce the thermal budget needed for the conventional
CMOS fabrication [14]; 3) they can capture multiple electrons
and undergo reversible transitions of capturing/emitting elec-
trons [14], providing the possibility of having multi-bit flash
memory [15], [16]. The possibility of molecular self-assembly
of POM molecules can also reduce significantly the statistical
variability. Our first principle calculations have shown that the
Lowest Unoccupied Molecular Orbital (LUMO) energy level
lies in the bandgap of the silicon thus enabling the POMs to be
used as traps in POM based charge trap flash memory [17].

This paper aims to introduce the kinetic Monte Carlo, kMC,
module implemented in the Nano-Electronic Simulation Soft-
ware (NESS), which can be used to simulate different aspects
(dynamics of charging and discharging) of flash memory op-
erations. As a practical example, we have used a planar POM
molecule-based flash memory, which has been experimentally
demonstrated to have a memory characteristic, as a test case [14].
Previous simulation studies have concentrated on the variability
(due to random dopant fluctuations and POM distribution) of the
threshold voltage and the comparison between bulk and Silicon-
on-Insulator architectures [17], [18]. However, a comprehensive
study of retention, program and erase time were not reported as
it wasn’t then possible to perform a time-dependent study. In this
simulation study, POM molecules were treated as traps, which
when occupied are represented as point charges. The LUMO
level of each POM molecule is considered as a trap energy level.
In this work, we neglect the change of the energy of the LUMO
level due to the occupation by electrons.

The paper is organized as follows. In Section II, we discuss
the overall simulation framework of NESS, the kinetic Monte
Carlo methodology, and the models that are implemented. In
Section III, we present the benchmarking of the implementation
in respect of conventional flash memory cell operation as well
as the retention time analysis of a POM based flash memory. Fi-
nally, in Section IV, we conclude and discuss the future outlook.

II. SIMULATION FRAMEWORK

A. Nano-Electronic Simulation Software - NESS

The Nano-Electronic Simulation Software (NESS) is an in-
house simulation engine having a wide range of capabilities as
illustrated in Fig. 1. Electron transport can be modelled using a
quantum transport model (based on a non-equilibrium Green’s
function solver capable of accounting for ballistic, phonon and
surface roughness scattering) and a classical transport model
based on a drift-diffusion solver with different mobility models
such as Yamaguchi, Caughey-Thomas and Masetti) module [19].
A Kubo-Greenwood solver allows the accurate calculation of the
low field mobility due to the most relevant scattering mechanism
including acoustic and optical phonon, and surface roughness
scattering [20], [21]. This calculated mobility can be employed
in the drift-diffusion solver for a more accurate performance
prediction of the MOSFETs. An effective mass extractor mod-
ule allows the calculation of the parabolic effective masses
from the electronic bandstructure obtained using more sophisti-
cated electronic band structure calculation methods, such as the
semi-empirical Tight Binding formulation or Density Functional
Theory [22]. In addition to these solvers, NESS has a native

Fig. 1. Illustration of capabilities of NESS simulation engine. The module in
discussion for this paper is highlighted in red.

Fig. 2. Flowchart for the kMC methodology as implemented in NESS.

structure generator that can generate arbitrary semiconduc-
tor devices including bulk MOSFETs, nanowires, and stacked
nanowires architectures with different cross-section shapes. The
structure generator can account for the most relevant sources
of statistical variability, including surface roughness, random
discrete dopants distribution, interface charges distribution, and
metal grain granularity [23].

B. The Kinetic Monte Carlo Methodology

The overall flow of the kMC solver is shown in Fig. 2. After
reading the structural details, the simulation domain is initialized
for details such as the number of traps, trap type (neutral or
positive when empty), and the initial state of the trap (filled
or empty) from the text-based user input file. Following the
initialization, the three-dimensional (3D) Poisson’s equation
is solved in the entire simulation domain. Equilibrium carrier
statistics are assumed in the semiconductor region and charge
dynamics are self-consistently coupled with the solution of
Poisson’s equation. To calculate the possible transitions, the
initial state of the electron (kinetic energy) is randomly generated
according to the Fermi-Dirac distribution.
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Fig. 3. Illustration of the cumulative probability ladder for different processes.
The cumulative probability is also shown.

To proceed forward, we compute all the possible transition
rates from the electrodes (semi-conductor and gate) to the trap (in
our case the POM molecule), for trap-to-trap, from an electrode
to another electrode and Poole-Frenkel emission. Using these
transition rates, a particular transition, μ, is selected randomly
as follows [24]:

Σµ−1
µ′=1Rµ′

RTOT
< r ≤ Σµ

µ′=1Rµ′

RTOT
, (1)

where RTOT is the total transition rate of all the processes and
r is the random number having a uniform distribution between
0 and 1. This is illustrated represented in Fig. 3. To make the
implementation computationally efficient, we consider tunnel-
ing only from the point closest to the trap in the electrodes. This
is justified, as the tunneling probability decreases exponentially
with the increasing tunneling distance. The time step associated
with the transition can be calculated using [24]:

τ = − ln (r′)
RTOT

, (2)

where r′ is a random number uniformly distributed between 0
and 1. The total time elapsed since the start of the simulation
is given by t = t+ τ , and by keeping a track of the number of
electrons that have crossed the oxide-semiconductor interface,
NTOT , the total current can be calculated using the universal
formula:

I = −eNTOT

t
, (3)

where t is the total time and e is the elementary electronic charge.

C. Electron Transport Models

In the kMC module, we have implemented a comprehensive
set of physics-based models for simulating electron transport
in the oxide. These are schematically illustrated in Fig. 4. The
developed module also provides flexibility to switch on/off
different models. Here we will briefly discuss the implemented
transition models:

Fig. 4. Illustration of different mechanisms that are implemented in the Kinetic
Monte Carlo Module; P1: Tsu-Esaki model, P2 and P4: Elastic capture and
emission of electrons, P3 and P5: Inelastic capture and emission of electrons,
P6: Poole-Frenkel emission (PFE). The electrons can be captured from and
emitted to the electrode (either substrate or gate).

1) Tsu-Esaki Model: The process of tunneling directly from
semiconductor to metal (and vice versa) is accounted for by
using the Tsu-Esaki tunneling model. This allows describing the
Direct tunneling (DT) and Fowler-Nordheim tunneling (FNT).
The tunneling rate can be calculated as [25], [26]

RTE =
AmsikBT

2π2�2

∫ ∞

Ec

Tx(Ez)ln

⎛
⎝1 + exp

(
Efs−Ez

kBT

)
1 + exp

(
Efg−Ez

kBT

)
⎞
⎠ dEz,

(4)
where A is the cross-section area of the device, msi is the
effective mass in the semiconductor, kB is the Boltzmann
constant, T is the temperature, Ec is the conduction band
edge, Efs(g) is the Fermi-Level in the semiconductor (gate)
and Tx(Ez) is the transmission coefficient which is calculated
using the Wentzel-Kramers-Brillouin (WKB) approximation. In
the bandgap region, we have assumed a parabolic electronic
dispersion relationship.

2) Inelastic Tunneling: The injection of an electron from the
terminal (substrate or gate) into the trap (and vice versa) can
occur inelastically, i.e. while tunneling the electron may lose
or gain energy through the exchange of phonons. The transition
rate for electron tunnelling from an electrode to a trap,RIE

ED, and
from a trap to an electrode,RIE

DE , when phonons with energy �ω
(ω is the frequency of the phonon and � is the reduced Planck’s
constant), are absorbed/emitted to complete the transition are
given by [27]

RIE
ED =

(4π)2r3D
�Eg

e2�2F 2

2mi
NDOS(E)fFD(E)Tx(E)

× Lp(2S (fBE(fBE + 1))0.5)e
− p�ω

kBT ,

Authorized licensed use limited to: Indian Institute of Technology Hyderabad. Downloaded on October 22,2022 at 06:31:09 UTC from IEEE Xplore.  Restrictions apply. 



BADAMI et al.: KINETIC MONTE CARLO STUDY OF RETENTION TIME IN A POM MOLECULE-BASED FLASH MEMORY 707

RIE
DE =

(4π)2r3D
�Eg

e2�2F 2

2mi
NDOS(E)(1− fFD(E))Tx(E)

× Lp(2S (fBE(fBE + 1))0.5)e
− p�ω

kBT , (5)

where p is the number of phonons involved in the transition,
E is the energy of the electron in the electrode (generated
randomly according to the Fermi-Dirac distribution),NDOS(E)
is the density of states, fFD(E) is the Fermi-Dirac distribution
function, fBE is the value of the Bose-Einstein distribution
function for phonon energy (�ω) F is the electric field, Eg is
the oxide bandgap, mi is the effective mass in the insulator,
S is the Huang-Rhys factor, rD is the localization radius of the
electron in a trap, with trap-depthED.Lp(z) is the multi-phonon
transition probability [27] and it is given by:

Lp(z) =

(
fBE + 1

fBE

)0.5p

exp (−S(2fBE + 1)) Ip(z), (6)

where Ip(z) is the modified Bessel function. For the conditions
when either electrode to trap or trap to electrode need to emit
phonons for the transition to occur, the exponential term in eq.
5 is set to unity [28].

3) Elastic Tunneling: The elastic tunneling model is used
to model the tunneling phenomenon when the electron that is
generated in the terminal aligns with the trap energy level. This
necessity of alignment makes this process a special case. The
elastic electrode-to-trap (RE

ED) and trap-to-electrode (RE
DE)

tunneling rate can be modelled by [28]

RE
ED =

(
me

mi

)2.5 (
8E1.5

3�
√
ED

)
fFD(E)Tx(E)

RE
DE =

(
me

mi

)2.5 (
8E1.5

3�
√
ED

)
(1− fFD(E))Tx(E) (7)

whereme is the electron mass in the terminal (substrate/gate),E
is the energy of the electron in the electrode (generated randomly
according to the Fermi-Dirac distribution).

4) Trap-to-Trap Tunneling: Electron transport from one trap
to another is modeled through electron hopping. The tunneling
rate from a trap located at r1 to a trap at r2 and separated by
energy ΔE is calculated as [29]

RDD=f0exp

(−2r12
rD

)
f1(1− f2)

{
1, Δ E ≤ 0

exp(− ΔE
kBT ) ΔE > 0,

(8)
where r12 is the magnitude of the distance between the two traps
and rD is localization length – depending on the trap depth ED

(trap energy with respect to the conduction band edge of the
oxide) and oxide effective mass mi – given by �/

√
2miED. f0

is the vibration frequency of the atoms (≈ 1013 sec−1), f1 and
f2 are the occupancies (between 0 and 1) of the traps located at
r1 and r2, respectively. The energy difference between the traps
is discretized in the units of the phonon energy (�ω).

5) Poole-Frenkel Emission: In addition to the already dis-
cussed mechanisms, an electron that is trapped can also transit
to the electrode through the Poole-Frenkel emission process.

Fig. 5. Comparison between the simulations and experimental data for gate
current for different trap density. All the other parameters, other than the trap
density, were kept the same. Experimental data are from Ref. [30].

The transition rate, RPF , can be calculated using [28]:

RPF = f0exp

(−ED

kBT

)(
1

β2
(1 + (β − 1)exp(β)) + 0.5

)
,

(9)
where β =

√
e3F/(πε0εoptk2B T 2), F is the electric field, and

εopt is the optical permittivity. We assume that as soon as the
electron is emitted from the trap it is collected by the gate
electrode.

III. RESULTS

A. Comparison With Experiments

To benchmark the models and their implementation, Fig. 5
compares the experimental data from Ref. [30] with the sim-
ulations. For the simulations, we have used a MOS capacitor
with an oxide thickness of 5 nm as specified in the experimental
data. We also assumed that the traps are uniformly distributed
in the gate oxide. The trap energy is assumed to be in the range
of 2.3 eV - 3.1 eV which again matches well with the values
reported in Ref. [31]. The relaxation energy (EREL = S�ω)
extracted from the calibration process was assumed to be 0.6 eV.
The trap density used for the simulations was 3.2× 1019 cm−3

and 1.6× 1019 cm−3. The disagreement between the extracted
trap density values in this work and those reported in Ref. [30]
is attributed to the different simulation models employed in both
studies. However, the trap densities reported in this work agree
well with those extracted from the data by other research groups
employing a similar simulation model [32]. The results show a
good agreement between the simulations and experimental data,
thus validating our implementation.

B. POM Flash Memory Cell Simulation

Fig. 6(a) shows the schematic diagram of a flash memory cell
with the POM molecule layer which stores electrons. It also
highlights the important parts (tunnelling oxide, POM layer,
and control oxide). The inset shows the schematic diagram
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Fig. 6. (a) Schematic of a molecule (in this case POM) based charge trap flash
memory cell. (b) A POM (W18O54(SO3)2) molecule (without counter-cations)
is also illustrated in the inset (yellow sphere - S, grey sphere - W and red sphere -
O) (b) MOS capacitor used in the simulations. In this work, we have considered
a 3 × 3 arrangement of the POM molecules.

Fig. 7. Threshold voltage as a function of the number of trapped charges. As
expected the threshold voltage increases linearly with the trapped electrons.

of the POM molecule used in this work. Fig. 6(b) shows the
simulation domain (a MOS capacitor) used in this work. The
distance between any two neighboring POM molecules was set
to be 3 nm. The LUMO level for the POM was set to be 3.67 eV
below the conduction band edge of the SiO2 as extracted from
the density functional theory simulations [17].

Fig. 7 shows the impact of the number of electrons trapped
in the POM layer on the threshold voltage. In this work, we
define the threshold voltage as a gate bias at which the inversion
charge density (in the center of the device) becomes 10% of the
p-doping density (1018 cm−3).

Fig. 8 shows the threshold voltage as a function of the time for
the retention time analysis. In the simulations, we have assumed
that the POM molecules are doubly charged (2 × reduced) at
time t = 0 sec. We have set the Huang-Rhys parameters, S, to 6
and the phonon energy, �ω to 0.06 eV, which are consistent with
the values extracted by calibrating the tunneling current to the
experimental data [31]. Subsequently, the electrons from the

Fig. 8. Evolution of the threshold voltage as a function of time calculated
using the self-consistent (Poisson’s equation and carrier statistics) and non-self
consistent solution.

POM molecules tunnel through the oxide layer leading to a
reduction in the threshold voltage. Fig. 8 compares the thresh-
old voltage extracted from the simulations, when the Pois-
son’s equation and equilibrium carrier statistics are solved self-
consistently, and when the self-consistency is not considered.
Since the electron dynamics are modeled using a statistical
method, the inherent variability (solid lines) and the mean
(line+symbol) of the threshold voltage is shown in Fig. 8. It
can be seen that when the self-consistency is considered there is
a plateau-like feature that is not present otherwise. This feature
occurs because at the start each POM stores two electrons (2
× reduces), and all the POM molecules are significantly more
likely to emit one electron each and settle in 1 × reduced state
(then there is a reduction in the tunneling rate after each POM
has emitted an electron) and then subsequently emit the second
electron. The electric field near the POM molecule which has
2 trapped electrons(2 × reduced) is more than the case when
there is one trapped electron (1× reduced). Hence, the inelastic
defect to electrode tunneling rate is more for a 2× reduced
POM than the 1× reduced. Consequently, all POMs initially
tend to lose one electron and settle into 1× reduced state. This
reduction in the transition rates is not observed in the case where
self-consistency is not considered, as the electrostatic potential
is not modified to reflect the changes in the number of electrons
trapped in the POM molecules.

Since the tunneling oxide is amorphous, a wide range of
values of important oxide parameters have been extracted from
the experimental data [31]–[33]. Hence, in Fig. 9, we compare
the impact of the relevant oxide parameters (EREL = S�ω)
on the retention characteristics of the device. The tunneling
oxide thickness was set to 1.5 nm. The results indicate that
the unique plateau-like feature that is observed for S�ω =
0.36 eV vanishes forS�ω= 1.8 eV. This highlights the multi-bit
storage capability of the POM molecules based flash memory
which depends strongly on the oxide properties or the fabrication
process. To understand this behavior, we plot the multi-phonon
transition probability in Fig. 10. Due to the interaction between
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Fig. 9. Impact of the oxide parameters (relaxation energy, EREL) on the
threshold voltage evolution. The mean of the simulations results (solid lines) is
indicated by line+symbol.

Fig. 10. Multi-phonon transition probability, Lp(z), as a function of the
number of phonons for the systems in 9.

the electrostatics (accounting for the electron trapped in the
POM) and the position of the LUMO level of the POM molecule
it turns out that the number of phonons needed to mediate the
transition is about 7 (phonon energy was set to 0.06 eV in both the
cases). As can be seen from Fig. 10, the multi-phonon transition
probability, Lp(z), for the EREL = 1.8 eV is significantly
smaller than that obtained atEREL=0.36 eV around the number
of phonons needed to mediate the transition. This reduction
in the multiphonon transition probability reduces the electron
tunneling rate and hence smears out of plateau characteristic
that is observed in the case for EREL = 0.36 eV.

IV. CONCLUSION

In this paper, we have implemented a new versatile kinetic
Monte Carlo module in NESS to simulate the electron transport
through the amorphous oxide based on a comprehensive set of
physics-based models. We have validated the implementation
by computing the gate leakage current and comparing it with
the experimental data reported in the literature. We have further

performed a retention time analysis of POM molecule-based
flash memory cells. Our simulation results suggest that for the
retention time a unique plateau is observed which suggests a
possible multi-level memory implementation. Further in-depth
analysis of this plateau highlighted that it depends on the relax-
ation energy which is a material parameter for the oxide. The de-
veloped module would also allow us to perform a thorough study
of different aspects of the flash memory operation including
programming and erase time analysis in the presence of different
sources of variability which will be a part of our future works.
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