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Abstract—Objective of this work was to evaluate the performance of a quantum dot short channel Floating Gate MOSFET (flash 
memory device) and perform its comparative analysis with a conventional one. For base work, a 65 nm conventional FGMOS gate 
stack and FGMOSFET were simulated. Quantum dot devices were then implemented and the dots were optimized so as to exhibit 
a performance similar to the conventional one. Major achievements of this work are, use of ultra-thin tunneling oxide (2.5-3.5 nm 
as against current 9-11 nm) and remarkably smaller tunneling voltages/times (8-12 V as against current 15-17 V). The devices were 
programmed/erased by direct tunneling instead of traditional FN/CHE mechanisms. Employing quantum dots as floating gates 
resulted into an improved and fast memory performance. To support the traditional CMOS fabrication process, polysilicon was 
used to realize control gate terminal. However, as per recommendation of ITRS, simulations were also carried out by using metal 
gate (aluminum).  It was found that metal gate devices offer better control on memory performance, DIBL, sub-threshold slope and 
poly-depletion effects. A scaling effect study was carried out by repeating all above analyses in 45 nm technology node. As per 
speculation, 45 nm conventional devices suffered more from short channel effects as compared to their quantum dot counterparts. 
Thus, the usability of quantum dots in an advanced (smaller) technology node gets further justified. Later, a simple analytical 
model for static behaviour of a quantum dot based flash memory gate stack is presented. The model makes use of simple parallel 
combination of capacitances offered by differentiating regions formed in the gate stack of a flash memory. The model describes 
overall capacitance where dimensions, number of dots and inter-dot spacing do not affect the validity of the model. With this 
model, it is possible to develop expressions for dynamic charging of the memory device. The model results are compared with the 
simulation outputs and a close matching is observed. 

Keywords-C-V Characteristics, DIBL, Direct Tunneling; Distributed Capacitive Coupling, FGMOS Modeling and Simulation, Flash 
Memory, Memory Window, Sub-Threshold Slope, Static Behaviour, Poly-depletion Effects, Quantum Dots. 

 
 

I.! INTRODUCTION 
Conventional floating gate (FG) devices, when pushed 

into sub-100 nm regime face limited potential for continued 
device scaling that shoots from the peculiar requirements 
faced by the tunnel oxide layer [1]. Fundamentally, the 
tunnel oxide has to allow rapid and proficient charge transfer 
to and from the FG - preferably under low 
programming/erasing (P/E) voltages - in order to enable fast, 
low voltage, and low power write and erase operations. 
Paradoxically, it also has to provide superior isolation to the 
FG and maintain data integrity over periods of up to 10-20 
years (the industry standard) [2]. High stress-induced leakage 
current (SILC) through ultra-thin tunnel oxide makes the 
data integrity problem further severe. In fact, it is observed 
that the retention performance breaks down in a conventional 
device using very thin oxides of the order of 3-5 nm [2-4]. 
Flash manufacturers have thus compromised tunnel-oxide 
thickness with values in the range of 9-11 nm which has 
been barely reduced over more than five successive 
generations of technologies (1-0.18 µm) [2,5]. 
Programming/erasing, which is traditionally carried out by 
CHE injection or Fowler-Nordhiem tunneling, also faces the 
stagnation of P/E voltage (15-17 V), as it depends on the 

tunnel oxide thickness [5]. In past few years, it is found that 
P/E voltage has been scaled down by very small extent as 
compared to the supply voltage in CMOS technology [6]. A 
flash memory uses charge pump to obtain higher voltages 
than the supply voltage.  As such, they either have to deliver 
substantially high current or same current at a faster rate to 
memory bitlines without much increase in the area on silicon 
[7]. Key parameter in their design, especially with reduced 
supply voltage specifications, is voltage conversion 
efficiency [1,8]. Also, there are tradeoffs like switched 
voltage values (with respect to time), rise time minimization, 
charge consumption, silicon area occupation minimization, 
complex clocking and control section, etc. [6-10]. Thus, in 
prevailing low power supply scenario, most logical solution 
to address this issue is reduction in the requirement of P/E 
voltage i.e. reduction in the tunnel oxide thickness itself. Due 
to the issues of poor charge retention, memory closure and 
high power hungry behaviour, FG structure is believed to run 
out of stream beyond the 65-nm node (for NOR flash cells) 
[2].  

It is speculated since past few years that both the issues 
can be handled brilliantly by employing quantum dot 
floating gates (QDFG) in a flash memory cell [1,2,11-16]. It 
works on the principle of distributed charge storage. As 
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compared to conventional FG devices, QD charge-storage 
offers several advantages, the main one being the potential to 
use thinner tunnel oxides without sacrificing nonvolatility. 
This strategy not only lowers down operating voltages and/or 
increasing operating speeds in order to continue scaling of 
flash devices, but also offers a CMOS process compatibility. 

In this work, we have tried to analyze effect of using 
QDs on basic behavioural aspects of a flash memory cell. To 
investigate QD FG devices in detail, conventional and 
quantum dots’ FGMOS gate stacks and corresponding 
FGMOS transistors for 65 nm and 45 nm technology nodes 
are simulated in Sentaurus TCAD. The simulations are done 
for poly control gate (PG - traditional material) as well as 
metal control gate (MG – as per ITRS recommendation) 
structures with ultra-thin oxides with of 3.5 nm and 2.5 nm. 
Quantum dots arrangement is optimized to give similar 
results as that of a conventional structure. Analyses are done 
for examining memory window, subthreshold current and 
polydepletion effects (PDE). 

C-V characteristics and P/E parameters of QD flash 
memory cell are nonlinear functions of QD size, inter-dot 
spacing and material chosen to realize the QDs. It is 
observed that bigger dots can trap more electrons, and result 
in higher memory window [17,18] and smaller dots increase 
dot density which leads to longer data retention [1,3,17-
20].Many efforts are being done to model program and erase 
dynamics of a QDFG cell. A work presented by B. De Salvo, 
et. al. in 2001 is based on current continuity FG approach 
and models dynamic charging/discharging of silicon 
quantum dot memory [21]. However, it assumes a uniform 
distribution of nano-crystal trapped charge over the memory 
channel. Same author has presented another model based on 
Shockley-Reed-Hall trap capture/emission process. Here, 
dots are simulated as series of trap in oxide bandgap and 
spatially isolated from the channel. This approach is found to 
be more accurate for optimization of device parameters [21]. 
Both the approaches, however, do not consider Coulomb’s 
blockade and quantum tunneling effects. In a model 
developed by El-Sayed Hasaneen et al., describing physical 
and circuit behaviour of CdSe dots based floating gate cell, 
direct tunneling is considered [22]. However, the model 
neglects inter–dot spacing where, a parallel plate capacitor is 
formed by the top gate and the substrate. This capacitance, in 
deep nanometer regime is significant when considered 
together and hence the accuracy of the capacitance 
calculation in the said work [22] is compromised. In more 
recent work by Pavan Singaraju et al., anomolous peaks 
observed in I-V characteristics includes the discrete energy 
levels and trap states of the nanocrystals [23].  But it is 
altogether different approach and does not model capacitance 
of the gate stack. Comparatively, very few works are 
addressing modeling of static behaviour of quantum dot 
memory cells. Traditional capacitive coupling based model 
of a conventional FG device [24] can be extended to a 
quantum dot device with modification in the capacitance 
calculations. In this work, a simple distributed capacitive 
coupling model is proposed and investigated to evaluate 
FGMOS gate stack’s static behaviour. The model is 
proposed in such a way that it can adequately describe a 

typical quantum dot based non-volatile memory gate stack of 
a nanometer regime in a simplest possible manner. 
Organization of this paper is as follows: 

Section II describes TCAD implementations of 
conventional as well as quantum dot FGMOS gate stacks. 
Basic characteristics, charge alterability, poly depletion 
effects are illustrated for various implemented devices. 
Transistor level simulations and corresponding analyses are 
described in this section III. In section IV, the capacitive well 
driven model of conventional gate stack has been 
investigated. Also, new distributed capacitance model for 
QD devices is proposed and validated in this section. The 
paper concludes by describing major achievements and 
suggesting further scope in section V. 

II.! QD FG GATE STACK 
Basically, this is a capacitive structure. In a nanocrystals' 

floating gate, charges are stored on discontinuous storage 
nodes (quantum dots) which are electrically isolated from 
each other (see Figure 1). Conventional and QD FGMOS 
gate stack capacitors as shown in Figure 1 were implemented 
with two different tunnel oxide thicknesses viz. 2.5 nm and 
3.5 nm (Tox). This tunnel oxide was thermally grown on the 
{1 0 0} p-type silicon substrate by a process of dry oxidation 
at 850ºC.  For conventional device, a 5 nm thick floating gate 
of intrinsic polysilicon was deposited by LPCVD. For QD-
FG device, similar polysilicon layer was selectively etched to 
form quantum dots of sizes 5 nm and 20 nm.  To avoid 
lateral tunneling among the QDs, spacing between the dots 
was kept to be 20 nm [5]. 10 nm and 7 nm thick SiO2 inter-
poly-dielectric (IPD) were then deposited for the structures 
with Tox = 3.5 nm and Tox = 2.5 nm, respectively. It was 
followed by deposition of 1 um of aluminum control gate 
(CG). Here length and area factor is 1um and unity, 
respectively. In all, there are six FGMOS capacitors viz. 
conventional, dot size = 5 nm and dot size = 20 nm with Tox 
= 3.5 nm and similar three with Tox = 2.5 nm. 

A.! Hysteresis Curves And Memory Window Analyses 
High frequency C-V and tunneling analyses were 

performed on these capacitors. Virgin devices’ threshold 
voltages (Vt1) for Tox = 3.5 nm structures were found to be 
0.02, -0.01 and -0.05V respectively, whereas, the planned 
“READ” voltage is 1 V. Thus the minimum memory 
window (ΔVt) is 1.08 V. The threshold voltages for virgin 
devices (Vt1) for Tox = 2.5 nm structures were obtained to 
be -0.2, -0.06 and -0.07 V. So, the minimum memory 
window (ΔVt) is 1.3 V.  

Conventional and QD devices with Tox = 3.5 nm were 
programmed/erased by applying voltage pulse of ±12 V at 
control gate. Industry compatible memory windows were 
obtained at 1MHz. They are shown in Figure 2. 
Conventional device with Tox = 2.5 nm was 
programmed/erased by applying voltage pulse of 8 V and -6 
V at control gate. Corresponding QD devices were 
programmed /erased by applying ±8 V. High frequency 
hysteresis curves were plotted to obtain industry compatible 
memory windows at  1MHz.  They  are  plotted  in  Figure 3. 
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(a)                                                            (b) 

Figure 1. ! (a) FGMOS capacitor with a continuous floating gate              
(b) FGMOS capacitor with silicon quantum dots. 

The gate capacitance, in programmed case is higher as 
compared to earlier ones. The charge stored across the 
floating gate can be accounted for this increase in the 
capacitance and higher threshold voltage value. Moreover, 
the C-V curves of uncharged device and discharged device in 
both the cases overlap with each other indicating absence of 
any charge residues after erasing process. In case of 
conventional devices, device with Tox = 2.5 nm can operate 
at lower voltage. Programming and erasing of these devices 
is faster as compared thicker Tox devices. This clearly goes 
with device scaling. Similar results are observed in QD 
capacitors. 

As the tunnel oxide thickness reduces, tunnel barrier seen 
by the electrons becomes trapezoidal and tunneling takes 
place by direct tunneling mechanism [25]. As such, the P/E 
voltage requirements are reduced. Thus memory 
characteristics can be obtained at lower voltages. The 
findings are tabulated in Table 1. 

B.! The Poly Depletion Effect  
Doping of the CG and FG polysilicon will have a larger 

impact on flash cell operation as device dimensions are 
continuously scaled down, due to polysilicon depletion 
effects [15,26]. In order to investigate these effects TCAD 
simulations were performed on FGMOS gate stack. 

The work function of n-type polysilicon control and 
floating gate depends on doping of the gate. 2D process and 
device simulation, based on a drift-diffusion model was 
performed for the 65 nm FGMOS Gate stack with 
polysilicon control gates of doping concentrations of 4 x 1018 

cm-3, 4 x 1019 cm-3 and 4 x 1020 cm-3. Figure 4 shows the low 
frequency C-V of all the three structures. The depression in 
the C-V curve at inversion region of FGMOS with 
polysilicon doping concentration 4 x 1018 cm-3 is visible in 
the curve. This is due to presence of the poly depletion 
capacitance. As concentration increases the inversion 
capacitance approaches the accumulation capacitance, which 
can be seen in the plot for other higher doping 
concentrations. This is due to factor that the depletion width 
at poly oxide interface becomes lesser when doping 
concentration is increased. 

 
 
 

  

(a) 

 

(b) 

 

(c) 
Figure 2. !  Hysteresis curve of devices with Tox = 3.5 nm                         
(a) Conventional (b) QD size = 20 nm (c) QD size = 5 nm. 
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(a) 

 
(b) 

 
(c) 

Figure 3. ! Hysteresis curve of devices with Tox = 2.5 nm (a) Conventional 
(b) QD size = 20 nm (c) QD size = 5 nm. 

 

 
(a)

 
(b) 
 

 
(c) 

Figure 4. ! (a) LF CV curve indicating PDE for various levels of FG 
doping and space charge region of 65 nm conventional FGMOS with CG 

polysilicon doping levels (b) 4 x 1018 cm-3 (c) 4 x 1019 cm-3. 
 

 

(b) 
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TABLE I. ! P/E PARAMETERS OF THE DEVICES. 

Type of the 
Device 

Applied Pulse Voltage (V) and Time (ms) for 
Charging/Discharging 

Tox = 2.5 nm Tox = 3.5 nm 

Min MW Max MW Min MW Max MW 

Conventional 8@1370 / 
-6@370 

8@2000 / 
-6@500 

12@5700 / 
-12@6700 

12@17700 / 
-12@7700 

QD size = 20 
nm 

8@73 / 
-8@60 

8@187 / 
-8@60 

12@2390  / 
-12@2500 

12@8911 / 
-12@2600 

QD size = 5 
nm 

8@160 / 
-8@20 

8@457 / 
-8@20 

12@3303 / 
-12@790 

12@14011 / 
-12@800 

 

 

(a) 

 

(b) 

Figure 5. ! Vertical electrostatic potential of conventional FGMOS with 
(a) CG polysilicon doping levels of 1 x 1018 cm-3 and 1 x 1020 cm-3  

      (b) FG polysilicon doping levels of 1 x 1010 cm-3 and 1 x 1019 cm-3. 

 
(a) 

 
(b) 

Figure 6. ! LF CV curve and electrostatic potential of QDFGMOS with FG 
polysilicon doping levels (a) 4 x 1018 cm-3 (b) 4 x 1019 cm-3. 

As shown in Figure 5, potential drop at the control gate 
oxide interface for lightly doped polysilicon is the effect of 
depletion. Rest of voltage is dropped across the tunnel oxide, 
control oxide and floating gate also. As floating gate is very 
lightly doped, small potential drop across it is expected. 
Voltage drop is clearly visible in a lightly doped gate device. 
Similar study was done with FG doping levels of 4 x 1019 
cm-3 and 4 x 1010 cm-3. It can be observed that the potential 
across floating gate doped with 4 x 1019 cm-3 is more uniform 
while drop across the lightly doped polysilicon is steep, 
showing that doping floating gate heavily makes it equi-
potential surface which increase the coupling ratio. 

One of the major effect of this FG depletion is reduced 
program efficiency and in turn memory window. Due to 
presence of depletion region the EOT increases and as a 
result the programming becomes slow. Similar 
experimentation with equivalent QD devices indicates 
reduced poly depletion effect. Respective results are shown 
in Figure 6 and Figure 7. To reduce the problems of gate 
depletion and high gate resistance, the active dopant density 
in the polysilicon gate material must be increased. This is 
nevertheless limited by the saturation active dopant density 

(a) 
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in p+ or n+ doped polysilicon. In order to overcome these 
conventional poly-Si gates are replaced with metal gates 
[3,12,27-29]. A metal gate material not only eliminates the 
gate depletion and boron penetration problems but also 
reduces the gate sheet resistance. To reduce the problems of 
gate depletion and high gate resistance, the active dopant 
density in the polysilicon gate material must be increased. 
This is nevertheless limited by the saturation active dopant 
density in p+ or n+ doped polysilicon. In order to overcome 
these, conventional poly-Si gates are replaced with metal 
gates [3,12,27-29]. A metal gate material not only eliminates 
the gate depletion and boron penetration problems but also 
reduces the gate sheet resistance. 

For metal control gate inversion region capacitance is as 
high as accumulation region indicating normal operation of 
device where as in lightly doped polysilicon depression is 
seen as discussed.  It can be observed that when poly silicon 
is heavily doped inversion region capacitance is same as that 
for metal indicating heavily doped poly silicon can act as 
conductive gate. But the obtaining heavily doped polysilicon 
is limited by poly saturation, doping compensation during 
channel implant and also implantation limitations. Similar 
experimentation with equivalent QD devices indicates 
reduced poly depletion effect.  

 
(a) 

 
(b) 

Figure 7. ! Red colour indicates space charge region formed in the CG for 
(a) Lightly doped polysilicon 4 x 1018 cm-3 (b) Heavily doped polysilicon 4 

x 1020 cm-3. 

III.! TRANSISTOR LEVEL IMPLEMENTATIONS 
For scaling comparison, two technology nodes, i.e. 45 

nm and 65 nm and two devices with metal and polysilicon 
control gate were chosen. The process parameters for these 
devices are elaborated in Table 2 and Table 3. Implemented 
transistor structures are as shown in Figure 8. Four devices 
were simulated: one set used Polysilicon Control Gate (PG) 
and other used Aluminum Control Gate (MG). The energy-
band diagram is used to detect where space charges, electric 
fields and currents will occur within the semiconductor. It is 
useful to determine the boundary conditions required to 
calculate the potential and field distribution within the 
semiconductor device structures. Energy band diagram of 65 
nm conventional FGMOSFETs for the programmed/erased 
state is plotted in Figure 9. 

Since interpoly dielectric and tunnel oxide is made up of 
SiO2, thus there CB and VB are at the same level with a 
band gap of 9 eV. Similarly, CB and VB of the CG and FG 
are at the same level with a band gap of 1.1 eV. The work 
function difference between the control gate and the 
substrate will be negative as the CG is heavily doped with n-
type impurities. At the equilibrium, the negative work 
function tilts the oxide conduction band (EIPD=0.115 eV 
and ETox=0.077 eV) and establishes an electric field from 
gate to the substrate. 

This electric field calls for the electron and results in 
bending of conduction band in the substrate (ESub=0.707 
eV) that can be observed in the figure 9 (a) and thus a part of 
threshold voltage must be applied to obtain flat band 
condition. When a voltage of 12 V is applied at the CG, a 
strong electric field between gate and substrate exists, this 
field causes the electrons to tunnel from substrate to the FG 
where it gets stored. The positive voltage deposits positive 
charge on the CG and calls for a corresponding net negative 
charge at the surface of the semiconductor. The presence of 
electrons in the FG causes a tilt in the inter-poly dielectric 
conduction band (EIPD=0.668 eV) as observed Figure 9 (a). 
The bending in the conduction band of substrate 
(ESub=0.271 eV) after programming ensures the off-state of 
the device after programming. 

 
 

          

                         (a)                                                               (b) 

Figure 8. ! (a) Conventional and (b) QD FG MOSFET: ‘x’ indicates the 
physical location in vertical direction inside the device. x = 0 is the top of 

the substrate. 

x 
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TABLE II. ! PLANNED DEVICE DIMENSIONS AND PARAMETERS FOR CONTINUOUS AND QUANTUM DOT STRUCTURES WITH METAL GATE. 

TABLE III. ! PLANNED DEVICE DIMENSIONS AND PARAMETERS FOR CONTINUOUS AND QUANTUM DOT STRUCTURES WITH POLYSILICON GATE. 

Parameters Continuous FGMOSFET Quantum Dot FGMOSFET 
65 nm node 45 nm node 65 nm node 45 nm node 

Substrate concentration (B) (cm-3) 2 x 1015 4.25x 1015 2 x 1015 4.25x 1015 
Boron dose channel for 

punch through reduction (cm-2) 9 x1012 @ 65KeV 4 x1013 @ 80KeV 3 x1012 @ 65KeV 4 x1013 @ 80KeV 

Channel doping (B) doping for Vt  
adjustment (cm-2) 5 x1012 @ 25KeV 2.5×  1012 @ 25KeV 5 x1012 @ 25KeV 2×  1012 @ 25KeV 

LDD (As) (cm-2) 3 x 1012 3 x 1013 3 x 1012 3 x 1013 
HALO (cm-2) 0.25 x 1011 0.25 x 1012 0.25 x 1011 0.25 x 1012 

S&D doping dose (P) (cm-2) 5 x 1015 5 x 1015 5 x 1015 5 x 1015 
Tunneling oxide / thickness (nm) SiO2 / 3.3 SiO2 / 2.5 SiO2 / 3.3 SiO2 / 2.5 

Control oxide / thickness (nm) SiO2 / 10 SiO2 / 7 SiO2 / 10 SiO2 / 7 
Floating gate / thickness (nm) Poly / 4 Poly / 2.5 Poly QDs / 4 X 10 Poly QDs /3.5 X 7 

 

In EBD of 45 nm device, after programming the device 
with 8V leads to the bending of the IPD conduction band 
(EIPD=0.668 eV) and shows the storage of electrons. 
Scaling down of the tunnel oxide provides faster tunneling of 
electrons and increases threshold voltage at a faster rate with 
programming voltage. If we increase the duration of positive 
voltage, the bands at the semiconductor surface bend down 
more strongly but the thickness of inter-poly dielectric does 
not allow the electrons to tunnel to the CG and hence, 
electrons gets trapped in the FG and remains there till a high 
voltage of opposite magnitude is applied. 

MG device offers lesser threshold voltage and higher 
drain current as compared to PG device due to higher gate to 
substrate work function difference (Figure 10 (a) and (b)). 
These cells were subjected to ± 12 V and 8 V/ - 6 V 
tunneling pulses for getting a memory window of 1.2 V in 65 
and 45 nm, respectively. A hike in threshold voltage due to 
additional charge stored on the FG can be seen from the 
transconductance as well as high frequency C-V curves 
plotted in Figure 11 and Figure 12. Memory window 
obtained with certain tunneling voltage and duration depends 
on the device type, dimensions and materials used [26]. It is 
observed that QD devices require less tunneling time for 
same memory window. Storage of charges on the FG sets up 
a repulsive force for further storage of new charges. As such, 
programming time is higher than the erasing time in all the 
devices. Some sample results are tabulated in Table 4. Sub-
threshold conduction due to weak inversion in the channel 

between flat band and threshold, which leads to diffusion 
current from source to drain [30] was observed. Sub-
threshold behavior of the devices gives Sub-threshold Swing 
(SS). As observed from the table, scaling has reduced 
threshold voltage, but sub-threshold swing is rapidly 
increasing. Smaller sub-threshold swing is found to be 
offered by QD based devices. A trade-off was also observed 
between transconductance and Drain Induced Barrier 
Lowering. 

IV.! MODEL AND ITS VALIDATION 

A.! Capacitive Coupling Model For Conventional Gate 
Stacks 
Capacitive coupling model [24] of conventional FGMOS 

CAP structure is shown in Figure 15. It is assumed that 
charge distribution on floating gate is uniform in static 
conditions. Here conventional FGMOS CAP is simply 
replaced by two capacitors CFC and CFB.  CFC is the 
capacitance between control gate and floating gate and CFB 
is the capacitance between floating gate and substrate. Here 
conventional FGMOS CAP is simply replaced by two 
capacitors CFC and CFB.  CFC is the capacitance between 
control gate and floating gate and CFB is the capacitance 
between floating gate and substrate.  

 

 

Parameters Continuous FGMOSFET Quantum Dot FGMOSFET 
65 nm node 45 nm node 65 nm node 45 nm node 

Substrate concentration (B) (cm-3) 2 x 1015  4.25 x 1015  2 x 1015  4.25 x 1015  
Boron dose channel for 

punch through reduction (cm-2) 9 x 1012 @65 KeV 4 x1013 @ 80 KeV 3 x 1012 @ 65 KeV 4 x1013 @ 80 KeV 

Channel doping (B) doping for Vt 
adjustment (cm-2) 7 x 1012 @ 25 KeV 5.3 x 1012 @ 25 KeV 7 x 1012 @ 25 KeV 5.8 x 1012 @ 25 KeV 

LDD (As) (cm-2) 3 x 1012  3 x 1012  3 x 1012  3 x 1012 
HALO (cm-2) 0.25 x 1011  0.25 x 1012  0.25 x 1011 0.25 x 1011  

S&D doping dose (P) (cm-2) 5 x 1015  5 x 1015  5 x 1015  5 x 1015  
Tunnelling oxide / thickness (nm) SiO2 / 3.3  SiO2 / 2.5 SiO2 / 3.3  SiO2 / 2.5  

Control oxide / thickness (nm) SiO2 / 10 SiO2 / 7 SiO2 / 10  SiO2 / 7  
Floating gate / thickness (nm) Poly / 4 Poly / 2.5  Poly QDs / 4 X 10   Poly QDs / 3.5 X 7  
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(a) 

 
(b) 

 
Figure 9. ! Energy band diagram of (a) Metal and (b) Poly Gate 

conventional FGMOSFETs in charged and discharged conditions. 

 

(a) 

 

(b) 

Figure 10. !Transconductance characteristics at Vread of 1 V for (a) 65 nm 
and (b) 45 nm conventional and QD FGMOSFETs with MG and PG. 

 
 

They can be calculated by basic parallel plate capacitance 
formula 

                                    ! = # $%& #####                                    (1) 
where ε = ε0εr is the permittivity of dielectric (here, ε0 is 
absolute permittivity = 8.85 x 10 -14 F/cm and εr = 3.97 is 
relative permittivity), A = surface area of the gates (here, 1 
µm2), and d = thickness of dielectric.  
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(a) 

 
(b) 

Figure 11. !Transconductance characteristics indicating memory window for (a) 65 nm and (b) 45 nm conventional and QD FGMOSFETs with MG and PG. 
 

 
(a) 

 
(b) 

Figure 12. !HF C-V characteristics for programmed and erased state metal and polysilicon control gate devices in (a) 65 nm and (b) 45 nm. 
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TABLE IV. ! PERFORMANCE COMPARISON. 

Floating Gate Conventional Quantum Dot 
Gate Material Polysilicon Al Polysilicon Al 

65 nm Device 
Tunneling 

Voltage and 
Pulse Width 

P 12 V / 300 ms 12 V / 110 ms 12 V / 170 ms 12 V / 50 ms 
E -12 V / 1200 ms -12 V / 600 ms -12 V / 215 ms -12 V / 180 ms 

Memory Window (V) 1.227 1.077 1.27 1.08 
Transconductance (uS/um) 184.97 178.42 829.01 849.1 

Subthreshold Slope (mV/dec) 270.0 222.2 272.0 221.6 
45 nm Device 

Tunneling 
Voltage and 
Pulse Width 

P 8 V / 30 ms 8V / 10ms 8 V / 32 ms 8V / 8 ms 
E -8 V / 350 ms -8V / 70ms -8 V / 80 ms -8V / 40 ms 

Memory Window (V) 1.072 0.852 1.005 0.863 

Transconductance (uS/um) 958.02 938.9 929.01 948 

Subthreshold Slope (mV/dec) 262 226.6 287 226.398 

          
      (a) 

 
        (b) 

Figure 13. !Output curves for (a) 65 nm and (b) 45 nm Metal and Polysilicon Control Gate. 
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Figure 14. !Poly depletion effects in the virgin and programmed devices. It can be seen that use of QDs helps in reducing poly depletion effects. With 
increasing dopant concentration, it further improves. 

 

 

Figure 15. !Capacitive coupling model of a conventional FGMOS CAP. 
 

 
 
 
 
 
 
 
 
 
 

 Overall gate capacitance of the device can be calculated 
by  

                            
FBFC

FBFC
Total

CC
CCC

+
=

*
                               (2) 

Gate capacitance calculated by this model and the 
intermediate parameters’ calculations are tabulated in Table 
5. HF and LF C-V characterization shown in Figure 16 
clearly indicate the accumulation, depletion and inversion 
mode of FGMOS CAP. Simulation results are also indicated 
in Table 5. It is observed that the calculated and simulated 
values of LF inversion gate capacitance in match accurately. 
The device with thinner tunnel oxide thus offers higher gate 
capacitance and lower threshold voltage. The analytical and 
simulated values of capacitance are found to be closely 
matching. 
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(a) 

 

(b) 

Figure 16. !Simulated HF and LF gate capacitance of conventional FGMOS 
CAP with (a) Tox = 3.5 nm and (b) Tox = 2.5 nm. 

 

 

Figure 17. !Distributed capacitive coupling model of a QD FGMOS CAP. 
 

  
 
 
 

TABLE V. ! TOTAL LF INVERSION GATE CAPACITANCE CALCULATION 
AND SIMULATION RESULTS FOR CONVENTIONAL DEVICES. 

 
Tox 
(nm) 

CFC 
(fF) 

CFB 
(fF) 

CTotal 
(Calculated) 

CTotal 
(Simulated) 

Vt 
(V) 

3.5 3.513 10 2.59 fF 2.25 fF 0.02 
2.5 5 14 3.68 fF 3.1 fF -0.2 

 

B.! Proposed Distributed Capacitive Coupling Model for 
QD FGMOS Gate Stacks 
A physical model for QD FG structure can be developed 

from the capacitive coupling model of traditional device with 
minor modifications. A careful study of an electrical 
equivalent of a quantum dot device shown in Figure 17 
reveals four distinct capacitances. They are,      
• CFCQ1, CFCQ2, ……, CFCQn are ‘n’ capacitances 
between ‘n’ QDs and the control gate; 
• CFBQ1, CFBQ2, ……, CFBQn are ‘n’ capacitances 
between ‘n’ QDs and the substrate;  
• CS1, CS2, ………, CS(n-1) ‘n-1’ capacitances offered by 
the parallel plate capacitors formed by inter-dot spacing;  
• Cend1 and Cend2 are the capacitances offered by the 
parallel plate capacitors formed at the edges of the structure. 

It is assumed that the quantum dot sizes and inter-dot 
spacing is uniform throughout the floating gate area. Total 
capacitance of the QD device can then be calculated by 

  end

n

k

SK

n

i FBQiFCQi

FBQiFCQi
Total CC

CC
CC

C 2* 1

11

++
+

= ∑∑
−

==

         (3) 

where, 

                       
1d
A

C
dot

FCQ
ε

=                                   (4) 

                                  
2d
A

C
dot

FBQ
ε

=                                    (5) 

                     
3d
AC end

end
ε

=                                     (6) 

ε = ε0εr is the permittivity of dielectric (here, ε0 is absolute 
permittivity = 8.85 x 10 -14 F/cm and εr = 3.97 is relative 
permittivity), Adot is the surface area of the QD (here, 20 nm 
x 1µm for dot size of 20 nm and 5 nm x 1 µm for dot size of 
5 nm), spacing between the QDs is fixed for all the devices, 
which is equal to 20 nm. Thus, !"#$%&'(   = 20 nm x 1 µm for 
all the QD devices. !"#$   = 30 nm x 1 µm for the QD devices 
having dot size of 20 nm and 22.5 nm x 1 µm for the QD 
devices having dot size of 5 nm. d1 is thickness of dielectric 
between control gate and QD. d2 is the dielectric thickness 
between QD and substrate. d3 is the thickness of dielectric 
between control gate and substrate. This is 14.5 nm and 18.5 
nm for the QD devices have a tunnel oxide thickness of 2.5 
nm and 3.5 nm, respectively. 
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TABLE VI. ! TOTAL LF INVERSION GATE CAPACITANCE CALCULATION 
AND SIMULATION RESULTS FOR QD DEVICES. 

Device D1 D2 D3 D4 

Number of QDs 39 24 39 24 
Number of inter 

dot spacings 38 23 38 23 

CFCQ (fF) 0.2509 0.1 0.01757 0.0703 

CFBQ (fF) 0.0703 0.281 0.0502 0.2 

CS (fF) 0.0485 0.0485 0.03798 0.03798 

Cend (fF) 0.05452 0.07269 0.04273 0.05697 

CModeled (fF) 2.67175 3.03521 2.03632 2.22694 

CSimulated (fF) 2.67 3.035 2 2.3 

Vt (V) -0.06 -0.07 -0.01 -0.05 

 

 
(a) 

 

(b) 
 

Figure 18. !Simulated HF and LF Gate Capacitance of QD FGMOS CAP 
with Tox = 3.5, and QD size (a) 20 nm and (b) 5 nm. 

 

Gate capacitance calculated by distributed capacitive 
coupling model and the intermediate parameters’ 
calculations are tabulated in Table 6. C-V characterization of 
all the QD devices shown in Figure 18 and Figure 19 clearly 
indicate the accumulation, depletion and inversion modes. 
Simulation results are also indicated in the Table 6.  

 
(a) 

 

 
(b) 

 
Figure 19. !Simulated HF and LF Gate Capacitance of QD FGMOS CAP 

with Tox = 2.5, and QD size (a) 20 nm and (b) 5 nm. 
 
Note that in Table 6, Device D1: 2.5 nm Tox / 5 nm dot 

size, Device D2: 2.5 nm Tox / 20 nm dot size, Device D3: 
3.5 nm Tox / 5 nm dot size, and Device D4: 3.5 nm Tox / 20 
nm dot size. 

The device with thinner tunnel oxide and large QD size 
can offer higher gate capacitance as compared to remaining 
structures. The analytical and simulated values of 
capacitance are found to be closely matching. Further, to 
study the robustness of this model, it was implemented for 
various control oxide thicknesses, viz: 10 nm and 7 nm. In 
this case also, simulated gate capacitances and modeled gate 
capacitances were closely matched. With degree of scaling 
going higher, there is absolute match between the simulated 
and the modeled capacitances. This is shown in Figure 20 
and Figure 21 and supports the robustness of the model. 

Further, this capacitance model was used for threshold 
voltage calculations of quantum dot devices by following the 
method given by analysis given by Hasaneen et al. [22] and 
Ma et al. [31,32]. Threshold voltage of the cell in uncharged 
conditions can be given by combination of two terms: 
conventional and quantum mechanical [22,31,32]. 

 

(b) 
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(a) 

 
(b) 

Figure 20. !Variation of All Capacitances with Respect to Tunnel Oxide 
Thickness for Various Control Oxide Dimensions. 

 
Figure 21. !Overall Comparison of Modeled Values and Simulated Values.  

The conventional term is given by 
|2|2, ssFBconT VV φγφ ++=               (8) 
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In all the formulae expressed here, various symbols carry 
usual meanings. Results for quantum dot devices for 
varying Tox are tabulated in Table 7. Comparison between 
calculations and simulation results indicate that the 
agreement between our model and simulation results is far 
more better than those calculated by model described by 
Hasaneen et al. [22,31,32]. This can be clearly seen in 
Figure 22 and Figure 23. 

V.! CONCLUSION 
In this paper, we have simulated conventional and 

quantum dot FGMOS capacitors and transistors using 
ultrathin tunnel oxides. Various parameters are extracted 
from basic C-V profiles and device variability issues are 
studied. Memory window related simulations indicate 
industry compatible memory windows with very low 
tunneling voltages. Use of ultra-thin tunnel oxides enables 
low voltage direct tunneling mechanism for charge 
alterability. Analysis of conventional gate capacitance was 
done by using capacitor well driven model. For QD devices, 
new distributed capacitive coupling model is proposed. It is 
based on very simple equivalent passive representation of 
QD FGMOS gate stack. Calculated gate stack inversion 
capacitances and threshold voltages are found to be closely 
matching with the simulated ones, thus, validating the 
proposed model. This work is to be extended to model 
dynamic behavior of a quantum dot flash memory gate stack.  

 

Cox =10 nm                                                                

Cox =7 nm                                                                
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TABLE VII. ! COMPARISON OF SIMULATED AND CALCULATED GATE CAPACITANCE AND THRESHOLD VOLTAGE. 

Tox (nm) Dot Size 
(nm x nm) 

Gate Capacitance (fF) Threshold Voltage (V) 
 

Simulated Improved Model 
(Our Work) 

Reference  
Model [22] Simulated Improved Model 

(Our Work) 
Reference  
Model [22] 

1.5 5 x 5 1.97243 2.3120 3.0615 - 0.1397 - 0.1540 - 0.1829 
2 5 x 5 1.94575 2.2367 2.9497 - 0.1385 - 0.1499 - 0.1795 

2.5 5 x 5 1.93672 2.1662 2.8458 - 0.1380 - 0.1459 - 0.1761 
3 5 x 5 1.86803 2.1002 2.7490 - 0.1370 - 0.1420 - 0.1727 

3.5 5 x 5 1.86348 2.0382 2.6585 - 0.1363 - 0.1380 - 0.1694 
1.5 20 x 5 1.87550 2.5761 7.5359 - 0.1675 - 0.1661 - 0.2360 
2 20 x 5 1.65478 2.4823 7.2608 - 0.1658 - 0.1621 - 0.2346 

2.5 20 x 5 1.63164 2.3953 7.0051 - 0.1655 - 0.1580 - 0.2332 
3 20 x 5 1.60146 2.3144 6.7668 - 0.1648 - 0.1541 - 0.2318 

3.5 20 x 5 1.59566 2.2388 6.5441 - 0.1638 - 0.1500 - 0.2305 
 

 
Figure 22. !Comparison of modeled and simulated values for 5 nm x 5 nm dot devices. 

 

Figure 23. !Comparison of modeled and simulated values for 20 nm x 5 nm dot devices.
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