
  

  

I. INTRODUCTION 

The field of molecular electronics continues to spur 
interest in the quest for miniaturization and reduction of 
operational power of electron devices. Most of the systems 
described in the literature are based on organic molecules, 
such as benzene, ferrocene and fullerenes [1]. However, the 
use of inorganic molecules known as polyoxometalates 
(POMs) (see Fig.1 and Fig.2) could offer several important 
advantages over the conventional and organic based devices. 
Our present work shows that POMs are more compatible 
with existing CMOS processes than organic molecules and 
they can replace the polysilicon floating gate in 
contemporary flash cell devices [2]. The interest in POMs for 
flash cell applications stems from the fact that POMs are 
highly redox active molecules and that they can also be 
doped with electronically active heteroatoms [3]. They can 
undergo multiple reversible reductions/oxidations, which 
makes them attractive candidates for multi-bit storage in 
flash memory cells. The molecular charge storage is 
localised, thus minimising cross-cell capacitive coupling, 
which arises from charge redistribution on the sides of a 
poly-Si floating gate (FG) and is one of the most critical 
issues with flash memories. Although this benefit is presently 
realised in floating gates by charge-trapping dielectric or by a 
metallic nano-cluster array, both technologies exhibit large 
variability. Charge-trap memories suffer variation in trap-
density and trap energy and the size and density of nano-
clusters is difficult to control. This precludes their ultimate 
miniaturization. In fact, the concept of using molecules as 
storage centers has already been demonstrated for organic 
redox-active molecules [1]. Here, using full 3D simulations, 
we evaluate correlation between the device performance (in 
terms of threshold voltage VT) and statistical variability, 
arising from the random dopant fluctuations (RDF) and POM 
fluctuations (POMF).   

II. SIMULATION METHODOLOGY AND CELL DESIGN 

In order to evaluate the performance of POMs as storage 
centers in the floating gate (FG) in flash cell memories, we 
develop a simulation flow that links the density functional 
theory (DFT) to a three-dimensional (3D) numerical 
simulator [4] [5]. The main advantage of that framework is that 
once the charge for the POM is obtained from the DFT 
program and it is transferred to the 3D numerical TCAD 
simulator, a drift-diffusion transport formalism is applied. It 
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includes quantum corrections by means of the density-
gradient approach. In this way the computation flow has 
capabilities to evaluate not only the material capabilities but 
also the device performance.  

The key design parameters of our template flash memory 
cell are based on our recent publication [6]. For the purpose of 
this study, an n-channel FDSOI flash memory cell with an 18 
nm square gate has been designed (Fig.1). It is based on a 
previously studied 18 nm ‘template’ transistor and it is 
similar to the contemporary flash cells studied elsewhere.  

Fig.2 shows a key result of the DFT calculations for three 
POM clusters. The energy levels of the highest occupied and 
lowest unoccupied molecular orbitals (HOMO and LUMO, 
respectively) for all molecules are favourably aligned below 
the conduction band of Si and they could be effectively 
insulated by a comparatively high potential barrier of SiO2. 
From this point of view all three molecules are similar, 
however only the W18SeO3 - [W18O54(SeO3)2]4– cluster shows 
numerous oxidation and reduction properties [2a]. As a result, 
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Fig. 1 Left - Schematic representation of a single-transistor FDSOI non-
volatile memory cell, indicating the aimed substitution of the poly-Si floating 
gate (FG) with an array of polyoxometalate clusters (POM layer). The green 
balls are point charges representing the cations, which surround each POM in 
the experiment. Right – 3D electrostatic potential in oxide and the substrate. 
Fingerprint of the 3x3 POMs in the gate and the random dopant in the source 
and the drain are clearly visible. 

 
Fig. 2 Energy diagram comparing the conduction and valence band edges of 
Si and SiO2 relative to the HOMO and LUMO levels of three POMs. Ball-
and-stick view (insert) of three non-classic Wells-Dawson structures W18SO3 
- [W18O54(SO3)2]4–; M18SO3 - [M18O54(SO3)2]4– and W18SeO3 - 
[W18O54(SeO3)2]4-. 
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in this work we concentrate our discussions on this specific 
molecule – W18SeO3. 

III. STATISTICAL VARIABILITY 

 In order to obtain realistic results for threshold voltage 
variability in the FDSOI flash cell with POM molecules as a 
storage media, we introduce three sets of 1,000 devices. Each 
set has two sources of statistical variability, such as random 
dopant fluctuations (RDF) and POMs fluctuations (POMF). 
We incorporate the charge density of nine [W18O54(SeO3)2]4- 
POMs (shown in Fig.1) as a charge storage center. It should 
be emphasised that for all three sets of 1,000 devices 
composing the ensembles, the number of POMs is constant 
and it equals nine. In the case of the RDF only calculations, 
the charge storage clusters are arranged in a regular grid of 
3x3 POMs centered within the gate (right hand side of Fig.1). 
In the POMF only calculations, the molecules are randomly 
displaced laterally in relation to the regular 3x3 grid used 
previously. Finally, in the third case, both of these variations, 
i.e., RDF and POMF, are included.  

Four distinct VT values related to the four easily 
accessible oxidation/reduciton states of the molecular cluster 
can be obtained. Fig.3, Fig.4 and Fig.5 present the 
probability density function (PDF) and standard deviation 
(σ) for an ensemble of 1,000 devices with RDF only, POMF 
only and RDF + POMF, correspondingly. Based on our 
numerical calculations displayed above, we can draw the 
following important conclusions.  

Firstly, the curves presenting the PDF for all devices with 
RDF (Fig.3 and Fig.5) are broader in comparison to the 
POMFs only case (Fig.4). This is reflected in the values of 
the standard deviation shown where all flash cells with 
RDF+POMF have standard deviation of around 100 mV, 
while in the case of the POMF only calculations this value 
varies from 0 to 63 mV. Hence, it can be concluded that the 
RDF has stronger impact on the σVT in comparison to the 
POMF only scenario. Also, in all calculations the results fit 
well with the Gaussian distribution (dashed line in Fig.3 – 
Fig.5). 

Secondly, the average value of VT for each bit has higher 
values in comparison to the average values of VT for the RDF 
only, POMF and RDF+POMF cells. Also, the standard 
deviation increases in the RDF cells with increasing of the 
redox state of the molecule and σ increases with the increase 
of the negative charge in the POM. This dependence is much 
stronger and it is reflected in the RDF+POMF ensemble too.  

Thirdly the average value of VT, needed for the cell to 
change the oxidation state by one electron for each POM is 
0.96 V and 0.84 V. In the case of the RDF, POMF 
RDF+POMF structures the VT steps are almost identical and 
they are around 0.74 V and 0.83 V for the first and the 
second step of oxidation, respectively. 

 In conclusion, in this work we compare the statistical 
threshold voltage variability of the molecular based 18-nm 
FDSOI flash cells. Two sources of statistical variability, 
RDF and POMF, are discussed. Also, we establish that the 
RDF variability is the dominant factor that influences the VT 
distribution. Moreover, our approach provides both 
qualitative and quantitate inside toward the design and 
optimisation of such molecular-based flash cell, particularly 
in the context of sources of statistical variability. 
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Fig. 3 Left: Probability density function (PDF); Right: normal probability 
plot of the same distribution function of the VT distribution for each bit 
of 1,000 devices with RDF only. Dashed line is a Gaussian fit. 

      

Fig. 4 Left: Probability density function (PDF); Right:  normal 
probability plot of the same distribution function of the VT distribution 
for each bit of 1,000 devices with POMF only.  

           
 

Fig. 5 Probability density function (PDF); Right:  normal probability plot 
of the same distribution function of the VT distribution for each bit of 
1,000 devices with combined variability (RDF with POMF).  
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