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Abstract. In this work we present a multi-scale computational frame-
work for evaluation of statistical variability in a molecular based non-
volatile memory cell. As a test case we analyse a BULK flash cell with
polyoxometalates (POM) inorganic molecules used as storage centres.
We focuse our discussions on the methodology and development of our
innovative and unique computational framework. The capability of the
discussed multi-scale approach is demonstrated by establishing a link
between the threshold voltage variability and current-voltage character-
istics with various oxidation states of the POMs. The presented simula-
tion framework and methodology can be applied not only to the POM
based flash cell but they are also transferrable to the flash cells based on
alternative molecules used as a storage media.

Keywords: Multi-scale modelling - Molecular electronics - Multi-bit
non-volatile memory * Polyoxometalates

1 Introduction

In the last few decades the flash cell technology has experienced significant
changes, mainly in terms of the physical dimension of devices. This has been
achieved primarily by reducing the tunnel oxide thickness in order to improve
the programming/erasing performance. However, further scaling of the current
NAND flash memory cells faces significant challenges. One of them is the exis-
tence of strong coupling between the floating gates in neighbouring cells that
can result in cross talk and errors in a write and read operation (Kim 2010;
Park 2009). Another challenge is the occurrence of a charge loss in the float-
ing gate that happens due to a trap-assisted tunnelling in the tunnelling oxide,
which jeopardises a write/erase cycling process (Amoroso 2013).

In order to overcome these technological issues charge trapping memories have
been extensively researched. They are based on storing charge inside a silicon
nitride or a high-k dielectric aiming to suppress the floating gate to gate distur-
bance. The charge trapping memories also provide immunity to localized defects
in the tunnelling oxide and corresponding charge leakage (Lu 2012; Ma 2011).
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However, the random number and position of the traps creates significant
additional variability in the threshold voltage of the programmed flash cells
(Amoroso 2010).

An alternative is development of nanocrystal memories where the charge
is stored on semiconductor microcrystals embedded in the cell gate dielectric
(Compagnoni 2005; Shaw 2005). Although such approach allows storage of mul-
tiple charges on a single micro-crystal, these memories also suffer from a signif-
icant statistical variability due to the size distribution of the micro-crystals and
related different injection conditions (Dimitrakis 2013).

One possible option for an improvement is to replace the nanocrystals with
molecules. In principal, a chemical synthesis in combination with a molecular self-
assembly of the redox-active molecules can yield a regular distribution (spatially
and energetically) of charge-storage centers (Pro 2009; Musumeci 2011). This
allows us to scale the memory cell down to a few nanometres, as shown when
using the organic redox-active molecules based on ferrocene and porphyrin (Zhu
2013; Paydavosi 2011). However, the organic molecules display low retention
time due to the small associated redox potentials. Moreover, incorporation of
the organic molecules in the flash memory manufacturing cycle is connected with
numerous challenges. Therefore, from the technological point of view, it would be
advantageous to find molecules, which are compatible with the standard silicon
flash manufacturing. This would simultaneously help to overcome the deficiencies
associated with the low retention time of their organic counterparts.

2 Concept and Flash Cell Design

One possible candidate to create the multi-bit molecular based flash cell is the
polyoxometalate molecule known also as a POM. These inorganic metal-oxide
clusters are formed by early transition metal ions and oxo ligands (Fay 2007).
POMSs have attractive properties for potential NVM application due to their

Floating gate

~

—— Erased Cell
—— Programmed Cell

Drain current

V1o Vread V11 Gate voltage

Fig. 1. Left: Schematic representation of a single-transistor BULK memory cell, indi-
cating the aimed substitution of the poly-Si floating gate (FG) with an array of poly-
oxometalate molecules (POM layer). Right: Transfer characteristics (the source-drain
current versus the control gate bias) of the device, illustrating the effect of program-
ming the POM layer, leading to a shift of the voltage threshold (Vr) to higher values
of the gate voltage
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ability to undergo stable multiple and reversible oxidation/reduction processes.
Also, incorporation of regular arrays of numerous POMs into SiOy has already
been experimentally reported (Shaw 2011). As a result, we decided to concentrate
our attention on possible integration of POMs with the floating gate (FG) of the
current BULK flash cell architecture Fig. 1.

We consider the BULK flash cell with a gate area of 18 x 18 nm? as a tem-
plate. The density of the POMs could vary significantly depending on the crys-
tal structure, which determines the size of the molecule. In our calculations,
that consider the gate area of 18 x 18 nm? and the crystal dimensions of the
[W18054(SO3)2]* " POMs together with the (CH3H7)4N* cations, we calculate
that the optimal density of the molecules is 3 x 10'2cm™2. This density cor-
responds to nine molecules in the FG, which in our case are arranged in a 3 x 3
regular planar grid. The molecular layer starts 3 nm above the Si/SiO, interface
and the entire gate stack is identical to our previously published work (Vild-
Nadal 2013; Georgiev 2014).

The selected POM has three stable and reversible reduction/oxidation states.
It is therefore attractive for multi-bit charge storage. We should point out that
in the process of chemical synthesis each molecule is surrounded on average by
four positive charges (contra cations). Those cations are schematically presented
as green points surrounding the molecule in Fig.1 on the left hand side. The
charge of the POM cluster on itself is 4- and each green chain has a single
positive charge. On average 4 cations in total surround each POM, which means
that the overall charge equals zero. However, with increasing of the oxidation
state of the molecule from 4- to 5- the overall charge in the FG increases, which
leads to a shift of the voltage threshold (V) to higher values of the gate voltage
(V). The effect of the current-voltage characteristics and Vr is schematically
presented in Fig. 1 on the right hand side.

3 Methodology

In this section we will briefly introduce the multi-scale simulation framework
which we developed to evaluate the performance of the molecular storage flash
memory cells. More details about the simulation methodology can be found
in our previous publications (Vild-Nadal 2013; Georgiev 2014). The multi-scale
simulation framework links results obtained from the atomistic molecular simu-
lations (first principle) with the continuum (mesoscopic) transistor simulations.
The first principle calculations are based on the density functional theory (DFT)
as implemented in the commercial simulator ADF 2008. The mesoscopic tran-
sistor simulations are performed with the commercial three-dimensional (3D)
numerical device simulator GARAND (GARAND 2014). The simplified simula-
tion flow diagram is presented in Fig.2. The key component of this flow is the
custom-built Simulation Domain Bridge that links the two distinct simulation
domains atomistic and continuum.

In our simulation flow the DFT calculations provide the atomic coordinates
and charges of a polyoxometalate molecule in a given redox state. It is vital
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Fig. 2. Simplified block diagram of the simulation methodology, linking the atom-
istic molecular simulations (first principle) with the continuum (mesoscopic) transistor
simulations

[W15054(SOs)o] -

X Y z MDC-q
10 -2.996 1.7533 0 -0.93357
20 -0.7393 1.2805  5.1309 -0.952574
30 -3.0671 0 63752 -0.617707
40 -4.6588 27977  2.0278 -0.602512
50 -2.9898 1.2983  3.7644 -0.910451
6 O -4.0243 0 1.749 -0.899429
7 O -1.6958 2.9372 2.0267 -0.944329
8 0 -1.5413 0 1.8242 -0.608756
9 s 0 0  1.2073 1.028495
10 W -3.2746 1.805  1.9078 2.418012
1M1 W -2.1678 0 4.9208 2.470102
12 0 -2.996 -1.7533 0 -0.93357

Fig. 3. Some atomic coordinates and charges of a polyoxometalate molecule in a given
redox state obtained from the first principle simulations (DFT)

to consider the presence of cations in the process of fabrication or calculation
of the flash cells. For this reason we take into account these positive charges
in our work. In the first principle calculations the cations are presented with a
continuum solvation model while in the device simulations they are described
as 18 point charges around each POM. Some of these atomic charges of the
molecule are represented in a table in Fig. 3.

In order to simulate and explore the realistic molecular based memory cells
one option is to perform the transistor level simulations based on the continuum
approach. In our case we relay on the 3D numerical device simulator GARAND.
The data from the DFT calculations is transferred through the in-house built
Simulation Domain Bridge as schematically depicted in Fig. 2. The bridge reads
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device
grid

fine
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Fig. 4. 2D picture of the cloud-in-cell assignment of charge used from the domain
bridge that reads the atomic charges from the DFT simulation and assigns the partial
charges to the discretisation grid of GARAND

the atomic charges from the DFT simulation and assigns the partial charges to
the discretisation grid of GARAND applying the cloud-in-cell technique. Figure 4
presents a 2D sketch of the cloud-in-cell assignment of charge. The spatial dis-
tribution of fractional charges (e.g., alpha, beta and gamma) obtained from the
DFT calculations is mapped on the coarser discretisation grid used in the 3D
device simulator. A part of each fractional charge is assigned to the node accord-
ing to an inverse of the volume associated with the opposite node. The obtained
electron density of the POM based on the BULK flash cell is presented in Fig. 5.
In this way we are able to calculate the current-voltage characteristics (Ip-Vg)
and threshold voltage (V) of the molecular based flash memory cells for various
number, spatial and redox configurations of the POMs in the oxide.

POM top view Floating Gate

POM side view

Fig. 5. Visual representation of electron density in the floating gate and in the body
of the BULK cell obtained from the 3D numerical device simulator GARAND
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Importantly, GARAND allows the introduction of various device architec-
tures, such as BULK, FDSOI, FinFET and Nanowire. It also handles seamlessly
intrinsic sources of statistical variability, such as random dopant fluctuation
(RDF) and POMs’ fluctuation (POMF'). This allows us to obtain realistic and
reliable evaluation for the POM flash technology. The 3D numerical simulations
of the flash cell, performed with GARAND, deploy the drift-diffusion transport
formalism and include density-gradient quantum corrections essential for the
accurate modeling of the decananometer devices and for the resolution of the
discrete localised charges.

4 Flash Cell Performance

In this section we present results of the analysis of the number of the charges in
the FG for the BULK POM based flash cell. All transistors have 9 molecules
in the FG and they are arranged in a 3 x 3 grid in the FG as illustrated in
Fig. 6. Also, all devices have continuous doping and they are characterised by
the absence of any sources of statistical variability. The main focus is on the
programming window AV and the current-voltage (Ip-Vg) characteristics.

In order to investigate the device performance we assume that each POM
molecule has three easily accessible redox states. These are the parent (n = 4), 1x
reduced (n = 5) and 2x reduced (n = 6) states. Each of these states corresponds
to one bit of stored information. The parent flash cell has 0 total charge in the
floating gate because the nine POMs charge is neutralised (even though they are
negatively charged) by the positively charged cations which are represented by
the point charges in our simulations Fig. 4. In the case of the 1x reduced NVM
cell the total amount of charges in the FG is —9q (q a unit charge of electron).
This corresponds to one extra electron per POM in comparison to the parent
configuration. Correspondingly, the 2x reduced transistors have —18q charges
in comparison to the parent structure and —9q charges in comparison to the
1x reduced NVM cell. By embedding the charge distributions obtained from
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Fig. 6. 3D representation of electron density of the BULK transistor and 3D depiction
of the floating gate potential where POMs are arranged in a symmetrical 3 x 3 grid
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the DFT for each POM in the corresponding redox state, two different bits are
encoded when considering two distinct Vp shifts of the flash cell.

Several important observations can be made from the data presented in Fig. 6.
Firstly, with increasing of the oxidation state the voltage threshold shifts to
higher gate voltages. This is due to the fact that the charge inside of the floating
gate increases. As a result, the influence of the floating gate on the current
flow is less pronounced and requires a higher gate voltage in order to turn the
transistor ON. Secondly, the ON-current (Vg = 0.9V) is almost constant for all
devices. On a contrary to the ON-current, the OFF-current (Vg = 0.0V) shows
significant decrease with increasing of the redox state of the molecule. Lastly,
the subthreshold slope for all devices is identical, which shows the same level of
degradation.

5 Conclusions

In this paper we have presented comprehensive hierarchal and numerical sim-
ulations of evaluating the performance of the molecular based flash cells. Our
results have shown the device performance in terms of the programming window
and current-voltage characteristics. We have also demonstrated that our compu-
tational framework provides not only qualitative but also quantitative guidelines
for design and optimisation of the molecular based flash cells. Overall, the results
of our analysis highlight the important considerations relevant to the molecular
based flash cell technology.
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