6.8. Chapter Summary

This chapter deals with operation of the QUCS software, which is at the |
implementation of the model that has been created.

The essential elements of the circuit simulation with QUCS are shown. M.
representations of the physical operation are developed and it is demons
these equations can be modified. Parameter modification is also demon:
the overarching design process for adding new component models to tt
shown.

The iterative flow path for designing the new floating gate device is showr
Also shown are the schematic representations for simulation.

This chapter also contains details of the use of equation defined device
the compact models are based, and specifically, the way they apply to
floating gate device model. The formats for the EDD equations repre:
floating gate device were then developed. This was done specifically for th
EKV v2.6 Long Channel transistor model as shown in Fig.6.6.1. This mc
effectively connected to an additional set of EEDs that represent the m
required in order to allow the modified EKV model to operate as a fl
device.

Finally, a single schematic representation has been developed and is

Fig.6.7.6.
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Chapter 7.

Simulation of Floating Gate models in MOS operating

regions.

7.1. Physical Structure

The physics justifying the structure and parameters associated with the model were
taken from references [14,24,25,27,29,32]. A typical example of a Floating Gate
device was shown in Fig.3.1.1. and is repeated in Fig.7.1.1. other examples can be
seen in Appendix (5). For the device shown the tunnel charging element is shown as
a separate section of the device with the floating gate polysilicon being common to
both elements. A fundamental element of the floating gate model created is the EKV
v2.6 MOSFET. The EKV v2.6 MOSFET model is a physics based model that relies
on the processing limitations and tolerances of the fabrication parameters. A charge
based model for the calculation of the transcapacitances is used [10], which ensures
charge conservation during transit analysis. For the EKV model using submicron
technology this uses an oxide thickness <10nm that is close to conventional
processing limits. Some of the design equations have already been shown in Ch.6.

and a more comprehensive version can be obtained from ref.[10,24].
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Fig.7.1.1. General structure of a Floatung Gate Device (a) plan (b) sectional

7.2. QUCS 7-port simulation model for floating gate device.

Shown in Fig.7.2.1. is the schematic representation of the floating gate model that
has been developed for the QUCS simulation package. Central to the model is the
EKV transistor model EKVLC1 and shown are some of the models associated
parameters. The parameters shown happen to be the default values but may be

adjusted to suit design and processing variations. The EKV parameters are accessed

M.CULLINAN, Ph.D. Thesis. January 2015 78



by double clicking on the transistor's symbolic representation within QUCS. The
charging tunnelling current is controlled by the EDD “D1”. The other components
associated with the model, Ccont, and Cty are calculated upon the basis of device
design, and K is a constant that modifies these capacitances due to the physical
structure. Reont, and Ryy are selected on the basis of a time constant that won't
interfere throughout the simulation period, but allows an electrical connection to the
floating gate so that analysis can be carried out.

The EDD D1 is added so that the floating gate can be programmed via the tunnelling
terminal T. When a voltage is applied to the tunnelling terminal T, no charge will flow
into the floating gate while V32V, otherwise charge flowing onto floating gate is

9.35e8%exp(-368.04/(V3; — V2 +1E-20)).

FG

R1
C1 R=Recort EKWLCH

C=Coont D L=1eb
V=0 | | B W=10ed
a | VTO=0.6
I * I'_"O

GAMMA=0.71
c _]_ R3
PHI=097
én-m; '

T S  KP=150e.6
o . e THETA=50e3
- ¢ Temp=26 85
C=Cfg
V=0 D1
I l | l | 1 ]I1-(V3 >= V2) 79.3568 exp-368.044 VI V24 1620} -0
_t' _{_ = 12:0
|E.'qua':cn - - 13=0
TC
Eqi
Coort=Woort *Loont* Cax/ Koxide T
Roont=Tar/Comnt [
Clg=2"Wig*Lig*"Cox/3 Y
Rig=TorCig SRC1=
G=1Ohm

Fig.7.2.1. QUCS model for Floating Gate
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7.3. Simulation circuit for charge transfer.

Fig.7.3.1. shows the symbol FG1 that was created to represent the circuit shown in

L

FG1
Tor=10000
Lfg=1e-6
Wfg=20e-6
Lcont=10e-6
Wcont=200e-6
Cox=3.45e-3
Koxide=3

Fig.7.2.1.

Fig.7.3.1. QUCS symbol created for sub circuit shown in Fig.7.2.1.
The symbol was then used as a subcircuit within the circuit configuration shown in
Fig.7.3.2. that was used for charge transfer on to the floating gate. Parameters are
passed to the subcircuit, and the time constant, Tor, has been set to 10000s. This

allows access to the floating node whilst having a minimal effect on the model

performance.
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Points=501

Fig.7.3.2. QUCS model for charge transfer

7.4. Charge Partitioning

For the EKV model used there is a parameter named Xpart, which sets up the
proportion of the channel charge between the drain and source. Early editions of
QUCS used a 50/50 split purely as a convenient split. The later versions of QUCS
have modified the division of charge so that more accurate levels of division can be
used. Typically for digital systems a split 0/100 is used. For this work it is set to a
default value of 0.4, which indicates a 40/60 split between drain and source,

Appendix 3, but may easily be modified when setting transistor parameters.
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7.5. Sweep responses for Floating Gate voltage v Drain Source current for

voltage directly applied to Floating Gate

Fig. 7.5.1 (a) and (b) shows a simulation circuit and sweep response for the designed

floating gate device with a voltage being directly applied to the floating gate so

emulating various quantities of charge being present on the floating gate.

dc simulation I
— |
DCA

=
d

T /v
/' |U=Vgs

Parameter
sweep

SW1
Sim=DC1
Type=lin
Param=Vds
Start=0
Stop=1
Points=201

Parameter
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Sw2
Sim=SW1
Type=lin
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Lcont=40e-6
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|

Fig.7.5.1.(a). Simulation circuit for external voltage applied to floating gate
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Fig.7.5.1.(b) Sweep simulation response for Fig.7.5.1.(a)
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The simulation shown in Fig.7.5.1. is defined by the sweep parameters SW1
and SW2 equations and using the floating gate transistor FG1, with parameters as
shown. This could then be used with reference to the full analysis shown in
Chapter 8.

7.6. Simulation circuit for Pulsed response

Fig. 7.6.1. shows the schematic simulation circuit for programming the floating gate
device. Pulsed tunnel voltages are applied between 9 — 10V in steps of 0.1V. The
Control Voltage is set at a subthreshold value of 0.05V. The tunnel pulses are
applied from 5 — 6ms. After the tunnel pulse is removed the resultant increase of the

floating gate voltage can be seen.

dc simulation |
e
j DC1
Equati
| Equation TCurrent .
Eqgn2 Vi
y=1 . Id U=tV
L Parameter
c - sweep
<01 [Yaun }%L
U1=0V e T — SwWi
%2—:8'05\/ V3 - Sim=TR1
_ To-1s ut=0 Vv Type=lin
— Tr=0.5ms U2=Vtun Param=Vtun
" Tt=05ms 7 T1=5ms Start=9
e T2=5.05ms Fav Stop=10
—— Tr=1us Points=11
— Ti=tus N
transient FGvoltage I
simulation s —I—T
— FG1
Tor=10000
Lfg=1e-6
TR1 Wig=10e-6 Equation
Type=lin Lcont=40e-6 |Equation
Start=0 Wcont=300e-6 Eqn3
Stop=10 ms Cox=3.45e-3 Voxide=PlotVs(Vtun.Vt-FGvoltage.Vt,time)
Points=501 Koxide=3

Fig.7.6.1. Schematic for simulation of charging of floating gate for pulsed

voltages applied to tunnelling terminal.
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The results of the simulation are shown in Fig.7.6.2.(a) and (b).
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Fig.7.6.2.b. Floating gate voltage before, during and after

application of tunnel voltage pulse.
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Fig.7.6.2.a. shows the magnitude of the simulation voltages for the series of pulses
that are applied to the tunnelling terminal for 50ms, from 9 — 10V in steps of 0.1V.
Whilst Fig.7.6.2.b. shows the value of the floating gate voltage during the eleven
simulations, and most importantly the retained floating gate voltage.

Initially contact and tunnelling voltages = 0V

After 0.05ms the contact voltage has risen to 0.05V and this is reflected in the rise of
the floating gate voltage.

From 5 — 6ms a tunnelling voltage is applied. During this time charge carriers are
injected onto the floating gate

After 6ms the tunnelling voltage is removed. There is a slight drop in the floating gate
voltage due the effect of the contact voltage. However it is clear that the charge
carriers injected onto the floating gate are now trapped and that the floating gate
voltage has been increased.

The simulation process is then repeated for tunnelling voltages increments of 0.1V
between 9 — 10V.

7.7 Chapter Summary

This chapter deals with the approach to the characterisation of the floating gate
device. The device structure is again shown in Fig.1.1.a & b. (as in Fig.3.1.1.a & b.).
This is then detailed as the EKV v2.6. schematic with the necessary modifications
that are required to create a floating gate device. This includes the R-C networks
associated with the Contact terminal and the Tunnelling terminal. Also shown is the
EDD that enabled the floating gate to charge under the correct tunnel voltages. In
Fig.7.3.2. the simulation circuit shows the test pulses that were applied to the
tunnelling terminal and the contact voltage that takes the form of an extended pulse

of a duration beyond the simulation time.
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Charge partitioning was also considered so that both analogue and digital
applications could be considered for design.

Fig.7.6.2.a. & b. show the simulation responses for a range of pulses from 9 — 10V
with the Contact voltage set to 0.05V for a drain-source voltage of 1V. The results

clearly show the increase of floating gate voltage during and after programming.
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Chapter 8.

Simulation, Settings and Results of Simulation

8.1. Test circuit used for simulation

The simulation circuit was based on the Floating Gate transistor model created and is

shown in Fig.8.1.1.

= I
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Eqn2 V1 DC1
o \ Id + U=0.1V

TC

|
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L V4 /Mun sweep
N~ =1 Y
U2=0.8V + = —
- 1= It
T2=0.5ms
— Tr=0.01ms - V5 gmLTH ]
Tf=0.01ms Ui=0 Vv Typeciin
y2=10v Fav Pgrar;—Vtun
T1=0.1ms Start—g_
T2=0.15ms @ Stop=10
Tr=5us FGvoltage . P (;jirF:t_s—s
Tf=10us J—_ =
- FG1 Is -
Tor=10000
Lfg=40e-6
Wig=5e-6 Equati
Lcont=40e-6 - quation
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Cox=3.45¢-3 simulation Eqn3
Koxide=3 Voxide=PlotVs(Vtun.Vt,FGvoltage.Vt,time)
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Type=lin Egn4
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Stop=0.5 ms .
Points=501 Equation

Eqn5
PLGMT=PlotVs(ls.It, Vtun.Vt, FGvoltage.Vt)

Fig.8.1.1. Schematic for Floating Gate transistor, FG1, charging.
For the schematic transient simulations were carried out over 250ms. Drain-source
voltage was set by V1 and effectively the gate-source (contact) voltage was set by Va.
The value of Vg was given a rise time of 0.01ms and effectively remained at the U,
level throughout the simulation. The tunnelling voltage was set by Vs, this was a

voltage pulse starting at (Vs) U4 and rising to (Vs) Uz, with a rise time Tr and a fall

time TT.
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The schematic equations represent the values that are to be plotted after the
simulation is completed.

The QUCS schematic circuit that was used to carry out the simulations of the
floating gate device is shown in Fig.8.1.1. and covered the following regions:-

(i) above threshold and above saturation
(i) above threshold and below saturation
(iii)  below threshold and above saturation
(iv)  below threshold and below saturation.

Results obtained were then tabulated and graphs for the modification of the
floating gate voltage and variation in source drain current were plotted at the
beginning and end of the tunnelling pulse, and after the pulse was removed.

With regards to the subcircuit model for FG1 it is important to note that parameters
can be passed from the schematic to the subcircuit model where they can be used in
calculations, i.e. Tor, Ltg, Wig, Lconts Weont, Cox, @and Koxide Values can be used.

The floating gate transistor FG1 was created to be part of the QUCS library and can
be called upon to be placed on a schematic. Details of the subcircuit that represents
the floating gate devices can be accessed by highlighting it and clicking the pop-

down icon. The subcircuit is shown in Fig.8.1.2.
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Fig.8.1.2. Schematic subcircuit for Floating Gate transistor, FG1.

Value for Lig, Wiy, Leont @and Weont, can be set from the parameter values in the
schematic. The EDD, D1, defines the tunnelling operation for the floating gate
transistor. The transistor EKVLC1 is basically the EKVv2.6 Long Channel device and
uses the default parameters apart from the ones shown changed in this subcircuit. In
turn the subcircuit model of this device can be accessed to show its EDD equivalent
that has already been referred to in Fig. 6.7.1.

In Fig.8.1.3. and Fig.8.1.4. show the responses to a single simulation run for the

schematic shown in Fig.8.1.1.

M.CULLINAN, Ph.D. Thesis. January 2015 89



i time: 0.00014
time: 0.000105
FGvoltage.Vt: 1.1 FGvoltage.Vt: 1.1
‘
\
\
\

\

time: 0.000185
FGvoltage.Vt: 0.777

f

time: 9.5e-05 |
FGvoltage.Vt: 0.774] ‘
1.2 I
\_ |
1 / \
~ 0.8 T 7
> [
5 || /
£ 06 i /
©° | /
S / /
i / /
047 7
’j‘ time: 0.000268
| FGvoltage.Vt: 0.777
0.2
/
‘y"
0
0 5e-5 1e-4 1.5e-4 2e-4 2.5e-4 3e-4
time
Fig.8.1.3. Floating Gate voltage during simulation.
time: 0.000105 time: 0.000145 time: 0.000205
Is.It: 4.75e-05 Is.It: 2.95e-05 Is.It: 1.14e-05
1e-4
k= — time: 1.7e-05 ——
f Is.It: 1.12e-05 —
1] time: 0.000271
1e-6 f Is.It: 1.14e-05
|
te-7
|
1e-87
F; |
1e-9F Jl
|
i
1e-10|
|
|
le-117
|
|
1e-12
i
1e-13 T U ! I }
0 5e-5 1e-4 1.5e-4 2e-4 2.5e-4 3e-4
time

Fig.8.1.4. Source current during simulation

Fig.8.1.1. formed the basis of the measurement to demonstrate the operation of the

FG device. The dimensions are as shown and the drain-source, and contact voltages

are set for the four different regions. The tunnelling voltage is then varied according

to the Parameter Sweep and various measurements are taken as indicated by

Fig.8.1.3. and Fig.8.1.4.
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8.2. Simulation Results.

The actual simulation schematic was as shown in Fig.8.1.1. Four series of
simulations were carried out defined by the combinations of biasing voltages
indicated in section 8.1. for Contact voltage and Drain-Source voltage. Full details of
the simulation results can be seen in Appendix 6. Measured results are:- Tunnel
Voltage, Floating Gate Voltage at start of pulse, Floating Gate Voltage after
pulse rise, Floating Gate Voltage before pulse fall, Floating Gate Voltage after
pulse fall, Floating Gate Voltage after Contact Voltage removed, Source
Current before pulse, Source Current after initial pulse rise, Source Current at
end of pulse before fall, Source Current after pulse removed, Source Current
after Contact Voltage removed, Tunnel Current at start of pulse, Tunnel Current
at the end of pulse.

These simulation results give an excellent picture of charge movement for the
tunnelling process and show the degree of programming that has taken place.
Graphical representation of these results are shown in section 8.3. and summaries

are shown after each series of graphical results.
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8.3. QUCS Simulation data for floating gate MOS device based on EKV v 2.6

8.3.1.1.

Fig.8.3.1.1.

Series 1

V. =0.8V, Vg =2V
T,=0.01ms and T; = 0.01ms
Vin variable from 10 — 12.5V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T, =0.5ms,

Vfg

after
Tunnel |pulse
Voltage rise
(volts) |(volts)
10 0.815
10.1 0.816
10.2 0.816
10.3 0.816
10.4 0.816
10.5 0.816
10.6 0.817
10.7 0.817
10.8 0.818
10.9 0.818
11 0.819
11.1 0.82
11.2 0.821
11.3 0.823
11.4 0.825
11.5 0.828
11.6 0.832
11.7 0.836
11.8 0.843
11.9 0.851
12 0.862
12.1 0.876
12.2 0.894
12.3 0.916
12.4 0.943
12.5 0.976

085

ns
g 085
o U
5

03

075

0.7

Tunnel Voltage~Vfg after pulse rise

7
O & Ny ok e b Y b
R N T N\ N A

Tunnel Voltage(V)
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 1
Fig.8.3.1.2. V.=0.8V, V4 =2V, T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms

Vin variable from 10 — 12.5V in steps of 0.1V.

Total pulse duration = 50us, T, = 5us and T¢ = 5us

Vfg Tunnel Voltage~Vfg before pulse fall
Tunnel before
Voltage| pulse fall 3 -
(volts) (volts)
10 0.826
10.1 0.831
10.2 0.84 25 »
10.3 0.851
10.4 0.867
10.5 0.889
10.6 0.918 2
10.7 0.955
10.8 1

10.9 1.06 S
11 1.12 ;°1-5 /

11.1 1.19

11.2 1.27 /

11.3 1.35 . .

11.4 1.43 M

11.5

1.52
11.6 1.62
11.7 1.71 05
11.8 1.81
11.9 1.9
12 2
12.1 2.1 og+—"""""""T"T
12.2 2.2 NGRS SN TG AN SR IR R
12.3 2.3
12.4 24 Tunnel Voltage(V)
12.5 2.5
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 1

Fig.8.3.1.3.

V:=0.8V,Vgs =V, T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms
Vin variable from 10 — 12.5V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel Vfg after|
Voltage| pulse fall
(volts) (volts)
10 0.809
10.1 0.815
10.2 0.823
10.3 0.834
10.4 0.85
10.5 0.872
10.6 0.901
10.7 0.938
10.8 0.983
10.9 1.04
11 1.1
11.1 1.17
11.2 1.25
11.3 1.33
11.4 1.42
11.5 1.51
11.6 1.6
11.7 1.69
11.8 1.79
11.9 1.88
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 1
Fig.8.3.1.4. V:=0.8V,V4 =2V, T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms

Vin variable from 10 — 12.5V in steps of 0.1V.

Total pulse duration = 50us, T, = 5us and T¢ = 5us

start of
pulse
Itun
Tunnel during Tunnel Voltage-ttun at start of pulse
Voltage |pulse
(volts) [x e-9(A)
10 3.68 Ly
10.1 5.65
102 3.59 1400
10.3 12.9 _»
10.4  19.3 /
10.5 28.4 1200
10.6 41.4 /
10.7 59.6 /
10.8 84.6 1000 ¢
10.9 117 & /
11 163 : /
1.1 220 g o0 /'
112 201 5
113 375 500 /
1.4 471 /‘
11.5 577 #
11.6 686 400 /
11.7 797
11.8 903
11.9 1000 200
12 1090 ,f/
121 [1160 . M”’
12.2 1230 | ( ottt annnnnnnn
12.3 1280 ® A *9?: *S)q? \(’%’ N \\r} \'\?‘ \“%’ \“?J v R Q’b‘
12.4 1320 Tunnel VYoltage(V)
12.5 1350
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 1
Fig.8.3.1.5. V:=0.8V, V4 =2V, T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms

Vin variable from 10 — 12.5V in steps of 0.1V.

Total pulse duration = 50us, T, = 5us and T¢ = 5us

end of
pulse

Itun
Tunnel during Tunnel Voltage~ttun at end of pulse
Voltage pulse

(volts) x e-9(A)

10 353 1201
101 5.31
102 17.85

103 [11.3 100

105 219

10.6 29 /
10.7  [37.2 6

10.8 W59 /

10.9 54.6 2 ’/

11 62.9 : 0 ;

111 704 T J

112  [76.8 = /

11.3 82.1 /,

11.4 86.3 40 Y

115  189.6 /

11.6 92.2 /

11.7 94 .1 20 P

11.8 95.6

11.9 96.8

12 97.6 ’..0/

121 983 0 T T T T T T T T T T T T T T T T T T T T T T T T T
:Iég gg? W \Qr} \Q}?‘ \Q@’ \QSJ o~ \\r} \\’?‘ \\%’ \\Q.J Wy {)9/ {)}‘
1 2: 4 99: 4 Tunnel Voltage(V)

12.5 99.6
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 1

Fig.8.3.1.6. V:=0.8V,V4 =2V,
T,=0.01ms and T; = 0.01ms
Vin variable from 10 — 12.5V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T, =0.5ms,

Is at end
of pulse Tunnel Voltage~ls at end of pulse before fall
Tunnel |before
Voltage fall
(volts) x e-5(A) 180 1
10 2.14
101 225 160
10.2 2.4
103 [2.63 f
10.4 2.97 140
10.5 3.47 /
106  14.19 120
10.7 5.22
10.8 6.65
10.9 8.6 & 100 v,
11 11.2 : /
11 [144 <
11.2 18.5 -
11.3 23.4
114 293 60 7
115 36 /
11.6 43.6
117 22 40
11.8 61.7
11.9 72.2 20
12 83.5 o
121 957 ] M
12.2 109
12.3 123 SN NN SN T L g 5
12.4 138 Tunnel Voltage(V)
12.5 154
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 1

Fig.8.3.1.7.

Vc = 0.8V, Vds = 2V,

T,=0.01ms and Ts=0.01ms

Vin variable from 10 — 12.5V in steps of 0.1V.

T1=0s, T, =0.5ms,

Total pulse duration = 50us, T, = 5us and T¢ = 5us

Is after

Vfg after pusle
pulse fall removed, Ln(Is) Ln(Ln(Is))
(volts) x e-5(A) xe-5(A) xe-5(A)
0.809 1.85] 0.6152] -0.4858
0.815 1.95| 0.6678  -0.4037
0.823 2.09] 0.7372]  -0.3049
0.834 2.3 0.8329] -0.1828
0.85 2.61] 0.9594] -0.0415
0.872] 3.070 1.1217 0.1148
0.901 3.75] 1.3218 0.2790
0.938 4.72| 1.5518 0.4394
0.983 6.08 1.8050 0.5906
1.04 7.94 2.0719 0.7285
1.1 10.4] 2.3418 0.8509
1.17 13.6/ 2.6101 0.9594
1.25 17.5] 2.8622 1.0516
1.33 22.3] 3.1046 1.1329
1.42 28 3.3322 1.2036
1.51 34.6/ 3.5439 1.2652
1.6 42| 3.7377 1.3185
1.69 50.5] 3.9220 1.3666
1.79 59.8] 4.0910 1.4088
1.88 70, 4.2485 1.4466
1.98 81.2] 4.3969 1.4809
2.08 93.3] 4.5358 1.5120
2.18 106 4.6634 1.5398
2.28 123 4.8122 1.5712
2.38 135 4.9053 1.5903
2.48 1500 5.0106 1.6116

Is(A x e-5)

6.0 4

5.0

4.0

2.0

1.0

0.0

Vfg after pulse fall~Ln(ls)
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 1

Fig.8.3.1.8. V.=0.8V, V4 =2V,
T,=0.01lms and T; = 0.01ms
Vin variable from 10 — 12.5V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T2 =0.5ms,

Is after
Vfg after pusle Vfg after pulse fall-Ln(Ln(Is))
pulse fall removed Ln(ls)] Ln(Ln(Is))

(volts) Axe-5 Axe-5 A xe-5

0.809 185 06152  -0.4858 2.00 5

0.815 1.95 0.6678|  -0.4037

0.823 2.09 0.7372|  -0.3049

0.834 2.3 0.8329| -0.1828 150
0.85 2.61 0.9594|  -0.0415

0.872 3.07 1.1217 0.1148

0.901 3.75 1.3218 0.2790

0.938 4.72 1.5518 0.4394 100

0.983 6.08 1.8050 0.5906 &
1.04 7.94 2.0719 0.7285 2
1.1 10.4 2.3418 0.8509 <
117 13.6 2.6101 0.9594 = 050
1.25 17.5 2.8622 1.0516 %
1.33 22.3 3.1046 1.1329 o
1.42 28 3.3322 1.2036 e
1.51 34.6 3.5439 1.2652 00 g
1.6 42 3.7377 1.3185 o Nooh N o AQ &
1.69 505  3.0220]  1.3666 e@ ' e@ e@ 0 “rf’) P ¥ ”’@
1.79 59.8 4.0910 1.4088
1.88 70| 42488  1.4466 -0.50 1
1.98 81.2 4.3969 1.4809
2.08 93.3 4.5358 1.5120
2.18 106 4.6634 1.5398 100
2.28 123 4.8122 1.5712
2.38 135 4.9053 1.5903 Vfg(V)
2.48 150 5.0106 1.6116
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8.3.1.2. Summary of Series (1)

Results for Series (1): Vgs above threshold and Vds above saturation with Fowler-
Nordheim voltage set between 10 — 12.5V in order to effect tunnelling. Initially the
floating gate voltages until Fowler-Nordheim becomes more active at approximately
11.5V. During the 0.5ms duration of the tunnel pulse the floating gate voltage
increases as anticipated. For the test circuit the contact voltage was already set
above the threshold and was sufficient for saturation. From the simulation the results
obtained it can be seen that even with the contact voltage set to OV after a tunnelling
pulse of 11V for 0.5ms then the floating gate could start to create a inversion layer
and enter into the linear region. Also noted was that with a tunnelling pulse for 0.5ms

at approximately 12V the floating gate device was entering into saturation.

M.CULLINAN, Ph.D. Thesis. January 2015 100



8.3.2.1. Series (2)

QUCS Simulation data for floating gate MOS device based on EKV v2.6
Series 2
Fig.8.3.2.1. V.=0.05V, V4 =0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Vig
after Tunnel Voltage~Vfg after pulse rise

Tunnel pulse
Voltage rise
(Volts) (mV)

8.8 64.6
675

8.85  64.6 /
89 647
895  64.8 67
9 649 /
9.05 65 66.5
91 65.1 //
9.15/ 652 66
92| 653 s //
925 653 £ 655
93 654 5 /—/
935  65.5 65
9.4  65.6 ._/

68 -

9.45 65.7 645
9.5 65.8
9.55 66 64
9.6 66.1
9.65  66.2 635
9.7 66.3
9.75 66.5 683 +—+—1Tr—"r"r"T""T""—7T"T T T T T T
9.8 66.6
9.85 66.8 QJQJ (bo) S Q)’\ Q_;l’ Q(b o_,b‘ q)b o_;b q;"‘ o_;b cbo"’ ’\Q
9.9 67 Tunnel voltage(V)
9.95 67.2
10 67.4
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Fig.8.3.2.2. V.=0.05V, V4 =0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viun variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50pus, T, = 5us and T¢ = 5us
Vig
Tunnel before Tunnel Voltage~Vfg prior to pulse fall
Voltage  pulse
(volts) fall
(Volts) (mV) 250 1
8.8 65.9
8.85 66.4
8.9 66.9 /
8.95 67.6 200 h
9 68.4 ,/
9.05  69.3 /
9.1 705 /
9.15 72 150
9.2 73.7 s
9.25 75.8 E
9.3 784 g
9.35 81.5 100 y
9.4 85.2
9.45 89.6 M
9.5 94.9
9.55 101 50
9.6 109
9.65 117
9.7 128
975 139 0 L L L L L
9.8 153
9.85 168 ‘b('b q;.)" % q;.\ Q;]’ Q;.b o_,.b‘ QQ.J oﬁ.) o_;,\ Q;b Q,?’ ’\Q
9992 ;gg Tunnel voltage(V)
10 227
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 2
Fig.8.3.2.3. V.=0.05V, V4 =0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viun variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel Voltge~Vfg after pulse removed

Tunnel| Vfg after|
Voltage| pulse fall
(Volts) (mV) 250

8.8 51.3

8.85 51.7

8.9 52.1 /Q

8.95 52.7 200

9 534

9.05 54.3

9.1 554

9.15 56.8 150

9.2 58.4 =

9.25 60.5 £

9.3 62.9 S

9.35 65.9 100

9.4 69.6

9.45 74

9.5 79.2

9.55 85.4 50

9.6 92.89

9.65 101

9.7 112

975 123 O I I I I I I I I I I I I I I I I I I I I I I

9.8 137

9.9 170

9.95 189 Tunnel Voltage(V)

10 211
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 2

Fig.8.3.24. V.=0.05V, V4 =0.1V,
T,=0.01ms and T; = 0.01ms
Vin variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50ps, T, = 5us and T¢ = 5us

T1=0s, T, =0.5ms,

start
Itun
Tunnel during Tunnel Voltage~Itun at Pulse start
Voltage pulse
(Volts)| xe-8(A) 8
8.8 0.047
8.85 0.0597
8.9] 0.0757 7 »
8.95 0.0956
9 0.12
9.05] 0151 6
9.1 0.19 /
9.15 0.237 5
9.2 0.296 ®
9.25 0.368 %
93] 0457 g4
9.35 0.565 2 /
9.4 0.698 3
9.45 0.859
9.5 1.06
9.55 1.29 2
9.6 1.58
9.65 1.93 1
9.7 2.34
9.75 2.84
9.8 3.43 0 - ‘ ‘
9.85 414 Q;‘b %‘)/ q',b QP‘ O_)‘Q qb q’} qﬂb %9 N
9992 ‘512; Tunnel Voltage(V)
10 7.1
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 2
Fig.8.3.2.5. V.=0.05V, V4 =0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

end
Itun
Tunnel during Tunnel Voltage~ttun at end of pulse
Voltage pulse]
(Volts), xe-8(A) 45 -
8.8 0.0467
8.85 0.0593 ) »
89  0.075
8.95 0.0945 /
9  0.119 35
9.05  0.149 /
9.1 0.186 3 .
9.15  0.231
92  0.286 & 5. /
9.25  0.353 ¢~
93 0434 < /
9335  0.531 5 2
94  0.647 /
9.45  0.785 15
9.5 0.946 /
9.55 1.13 1
9.6 1.35
9.65 1.6 /
9.7 1.88 0.5
9.75 2.19 H*M*/
9.8 2.53 0 e -
9.98.3 gg W @ % o oF of oF o o ob of o ©°
9.95 3.72 Tunnel Voltage(V)
10 4.15
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 2

Fig.8.3.2.6. V.=0.05V, V4 =0.1V,
T,=0.01ms and T; = 0.01ms
Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T2 =0.5ms,

Tunnel Voltage~Is at end of pulse before fall
Is at end
Tunnel| of pulse
Voltage| before fall 700 1
(Volts), xe-13(A)
8.8 8.234
8.85 8.33 600 4
8.9 8.45
8.95 8.6
9 8.78 500
9.05 9.01
9.1 9.29
9.15 9.65
9.2 10.1 & 40
9.25 10.7 o
9.3 114 %
9.35 12.5 =
9.4 13.7
9.45 15.4
9.5 17.7 200
9.55 20.9
9.6 25.5
9.65 32.2 100
9.7 42.2 /
9.75 57.8 M
9.8 83 gl ettt 0000000
2 1o B T SN Y TR SR, S . S
9.95 340 Tunnel Voltage(V)
10 611
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 2
Fig.8.3.2.7. V.=0.05V, V4 =0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Is after Vfg~Ln(ls) after pulse removed
Vfg after pusle
pulse fall removed Ln(Is) 700 -
(mV)| xe-13(A)]  xe-13(A)
51.3 5.59 1.721
51.7 5.65 1.732 600 ,
52.1 5.72 1.744
52.7 5.8 1.758 /
534 591 1.777 co0 P
543 6.06 1.802 ' /‘
55.4 6.23 1.829
56.8 6.46 1.866 & von /
58.4 6.75 1.910 ¢
60.5 7.12 1.963 <
62.9 7.6 2.028 ?
659 823 2.108 | E ™
69.6 9.06 2.204
74 10.2 2.322
792 117 2.460 e T
85.4 13.8 2.625
92.89 16.8 2.821
101 21.1 3.049 0
112 27.6 3.318
123 37.7 3.630
137 54 3.989 I A R R B L R B B R B B LR
152 8L5 4.401 NI A A NG
170 130 4.868
189 220 5.394 Vfg(mV)
211 394 5.976
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8.3.2.2. Summary of Series (2)

Results for Series (2): For the plot of tunnel voltage against floating gate voltage
there is a small positive rise indicating that the system is below Fowler-Nordheim
tunnelling. However as larger voltage pulses are applied some tunnelling takes place
and there is charge accumulation on the floating gate. After the pulse is removed the
floating gate remains high and for a 10V pulse was set at just over 200mV.

For the tunnelling current, this is low at low voltage but gradually takes effect. At
higher pulse voltage values this increase takes place more rapidly, almost implying a
square law relationship. This continues throughout the duration of the pulse although
at a lesser level at the end of the pulse.

The drain-source current is extremely small as would be expected (107"°A), although
there is a rapid increase around 9.95V when the Fowler-Nordheim mechanism is
starting to operate. This is probably due to a sudden transient change in the field,

when the floating gate voltage reaches 150mV.
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8.3.3.1. Series (3)

QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 3
Fig.8.3.3.1. V:=0.05V, V4 =2V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel Vfg after

Voltage pulse rise Tunnel Voltage~Vfg after pulse rise
(Volts) (mYV)
8.8 64.6
8.85 64.6 58
8.9 64.7 675

8.95 64.8 /
9 64.9 a7

9.05 65 /
9.1 65.1 56.5

9.15 65.2 ' //
9.2 65.3 56

9.25 65.3 //
9.3 65.4 655

s
E g5
9.35 65.5 g /—./'"
9.4 65.6 65

9.45 65.7 ’_/
9.5 65.8

64.5
9.55 66
9.6 66.1 64
9.65 66.2
9.7 66.3 63.5
9.75 66.5
9.8 66.6 63 I I 1 T I I 1 1 I I I 1 I I I 1 I I I 1 1 I I I
995 67.2 Tunnel Voltage(V)
10 67.4
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 3

Fig.8.3.3.2.

Ve =0.05V, Vgs = 2V,

T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms
Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel V{g before
Voltage, pulse fall
(Volts) (mV)
8.8 65.9
8.85 66.4
8.9 66.9
8.95 67.6

9 68.4

9.05 69.3
9.1 70.5
9.15 72
9.2 73.7
9.25 75.8
9.3 78.4
9.35 81.5
9.4 85.2
9.45 89.6
9.5 94.9
9.55 101
9.6 109
9.65 117
9.7 128
9.75 139
9.8 153
9.85 168
9.9 186
9.95 205
10 227

Vg(mv)

250 4

200

150

100

50

Tunnel Yoltage~Vfg prior to pulse falling

Tunnel Voltage(V)
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 3
Fig.8.3.3.3. V:=0.5V, V4 =2V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel Vfg after]
Voltage pulse fall Tunnel Voltage~Vfg after pulse fall
(Volts) (mV)
8.8 51.3 250 -
8.85 51.7
8.9 52.1
8.95 52.7 .
9 53.4 200 /
9.05 54.3 J
9.1 55.4
9.15 56.8
9.2 58.4 150
9.25 60.5 s
9.3 62.9 E
9.35 65.9 g
9.4 69.6 100 ’
9.45 74 /
9.5 79.2
9.55 85.4 M.M’/
9.6 92.8 50 -
9.65 101
9.7 112
9.75 123
9.8 137 o
9.85 152
9.9 170 3 & % oY o¥ o o o® of o' of o
9.95 189 Tunnel Voltage(V)
10 211
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 3
Fig.8.3.3.4. V:=0.5V, V4 =2V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

start of pulse
Tunnel| Itun during
Voltage pulse Tunnel Voltage~ttun at start of pulse
(Volts) x e-8(A)
8.8 0.047 g -
8.85 0.0597
8.9 0.0757
8.95 0.0956 7 ?
9 0.12 /
9.05 0.151 B
9.1 0.19
9.15 0.237 /
9.2 0.296 5
9.25 0.368 ® /
9.3 0.457 Ly 4
9.35 0.565 T
9.4 0.698 2 /
9.45 0.859 3
9.5 1.06 /
9.55 1.29 5
9.6 1.58
9.65 1.93 /
9.7 2.34 1 *
9.75 2.84
9.8 3.43 04
9.85 4.14
9.9 497 B @ 2 o 9 of o of g of P O
9.95 5.96 Tunnel Voltage(V)
10 7.11
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 3
Fig.8.3.3.5. V:=0.5V, V4 =2V,
T,=0.01ms and Ts=0.01ms

T

1=0s, T2=0.5ms,

Viwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

end of pulse

Itun
Tunnel during Tunnel Voltage~Itun at end of pulse
Voltage pulse
(Volts) x e-8(A)
8.8  0.0467 451
8.85  0.0593
8.9 0.075 4 ?
8.95  0.0945 ./
o  0.119 25 /
9.05 0.149
9.1 0.186 1 /
9.15 0.231 #
9.2 0.286 s /
9.25 0.353 o 25 A
9.3 0.434 . /
9.35 0.531 E 2 7
9.4 0.647 = /
9.45 0.785 15
9.5 0.946
9.55 1.13 1 /
9.6 1.35
9.65 1.6 /
9.7 1.88 0.5 =
9.75 2.19 M
98 2-53 D = T T T T T T T T T T T T T T T T T T T T T T T T 1
9.95 3.72 Tunnel Voltage(V)
10 4.15
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 3.

Fig.8.3.3.6.

Vc = 0.5V, Vds = 2V,
T,=0.01ms and Ts=0.01ms

T1=0s, T, =0.5ms,

Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Is at end of
Tunnel pulse
Voltage before fall

(Volts) xe-13(A)
8.8 8.4
8.85 8.51
8.9 8.63
8.95 8.78
9 8.97
9.05 9.2
9.1 9.49
9.15 9.86
9.2 10.3
9.25 10.9
9.3 11.7
9.35 12.7
9.4 14
9.45 15.7
9.5 18.1
9.55 21.4
9.6 26.1
9.65 32.9
9.7 43.1
9.75 59.1
9.8 84.9
9.85 128
9.9 205
9.95 347
10 624
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1000

100

10

Tunnel VYoltage~Is at end of pulse

|
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 3.
Fig.8.3.3.7.

Vc = 0.5V, Vds = 2V,

T,=0.01ms and T; = 0.01ms
Vuwn variable from 8.8 — 10V in steps of 0.05V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T, =0.5ms,

Is after

Vfg after| pusle
pulse fall removed Ln (Is)
(mV) xe-13(A) x e-13(A)
51.3 5.71 1.742
51.7 5.77 1.753
52.1 5.84 1.765
52.7 5.93 1.780
53.4 6.04 1.798
543 6.18 1.821
55.4 6.37 1.852
56.8 6.6 1.887
58.4 6.89 1.930
60.5 7.27 1.984
62.9 7.77 2.050
65.9 8.41 2.129
69.6 9.26 2.226
74 10.4 2.342
79.2 11.9 2477
85.4 14.1 2.646
92.8 17.1 2.839
101 21.5 3.068
112 28.2 3.339
123 38.5 3.651
137 55.2 4.011
152 83.3 4.422
170 133 4.890
189 224 5.412
211 402 5.996

Ln(ls) after pulse (A x e-13)

7.000 -

6.000

5.000

4.000

3.000

2.000

1.000

0.000

Floating Gate Volyage~Ln Ids

A i A VN

Vfg after pulse fall(mV)

|||||||||||||||||||||||||
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8.3.3.2. Summary of Series (3)

Results for Series (3): This simulation shows the subthreshold region with the contact
voltage at 0.05V. Very little tunnelling takes place before the Fowler-Nordheim
voltage, from 8.8 — 9.3V. At this stage tunnelling starts to accelerates, typically at 10V
at the end of the pulse, the floating gate voltage has increased to 227mV which drops
to 221mV after the pulse is removed. These values are reflected in the low levels of
the tunnel current. As would be expected the tunnel current is highest at the start of
the pulse and reduces at the end of the pulse due to charge accumulation on the
floating gate and hence an increase in the floating gate voltage which in turn reduces
the Fowler-Nordheim effect. For this simulation the drain-source current is low at low
tunnel voltages (8.4xe-13A at V,,=8.8V) however it does reach 624xe-13 at 10V.
With a 10V pulse there is an increase in the floating gate voltage of 221mV that

would enhance any contact voltage that is applied so shifting the threshold voltage.

M.CULLINAN, Ph.D. Thesis. January 2015 116



8.3.4.1. Series (4)

QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 4.
Fig.8.3.4.1

V. =0.8V, V4s =0.1V,
T,=0.01ms and T; = 0.01ms
Viun variable from 10 — 12V in steps of 0.1V.

Total pulse duration = 50us, T, = 5us and T¢ = 5us

T1=0s, T, =0.5ms,

Tunnel Vg after
Voltage pulse rise
(volts) (volts)
10 0.815
10.1 0.816]
10.2 0.816]
10.3 0.816]
10.4 0.816]
10.5 0.816]
10.6 0.817
10.7 0.817
10.8 0.818
10.9 0.818
11 0.819
11.1 0.82
11.2 0.821
11.3 0.823
11.4 0.825
11.5 0.827
11.6 0.831
11.7 0.836
11.8 0.842
11.9 0.851
12 0.862

Tunnel Voltage~ Vfg after pulse rise
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 4.

Fig.8.3.4.2.

Vc = 0.8V, Vds = 0.1V,

T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms
Viun variable from 10 — 12V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

TunnelVfg before
Voltagepulse fall

(volts) (volts)
10 0.826
10.1 0.831
10.2 0.84
10.3 0.851
10.4 0.867
10.5 0.889
10.6 0.918
10.7] 0.955
10.8 1
10.9 1.06
11 1.12
11.1 1.19
11.2 1.27
11.3 1.35
11.4 1.43
11.5 1.52
11.6 1.62
11.7 1.71
11.8 1.81
11.9 1.9
12 2

Tunnel Voltage~Vfg prior to pulse falling
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 4.
Fig.8.3.4.3. V.=0.8V,V4 =0.1V,

T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms
Viun variable from 10 — 12V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Tunnel Yoltage~Vfg after pulse fall
TunnelVfg after 25 -
Voltagepulse fall :
(volts) (volts)
10 0.809
10.1 0.815 2
10.2 0.823 0/‘_
10.3 0.834
10.4 0.85
10.5 0.872 » 1.5 /.
10.6 0.901 E v
10.7] 0.938 s /,,/
10.8 0.983 s 1 f‘
10.9 1.04 M
11 1.1
11.1 1.17
11.2 1.25 05
11.3 1.33
11.4 1.42
11.5 1.51
11.6 1.6 0 T T T T -
11.7 1.69 LA U SRR N N
11.8 1.79
11.9 188 Tunnel Yoltage(volts)
12 1.98
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 4.
Fig.8.3.44. V.=0.8V,V4=0.1V, T1=0s, T, =0.5ms,
T,=0.01ms and T; = 0.01ms
Viun variable from 10 — 12V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

start of pulse
Tunnel Itun during
Voltage pulse]
(volts) x e-9(A) Tunnel VYoltage~ltun at start of pulse
10 3.68
10.1 5.65 1200 -
10.2) 8.59
10.3 12.9 V4
10.4 19.3 1000
10.5 28.4 /
10.6 41.4
10.7 59.6 o 500 .
10.8 84.6 ® /
10.9 118 & 600
11 163 ‘g’ /
11.1 227 = S
11.2 290 S
11.3 375 /
11.4 472 200
11.5 578 e
11.6 689 M
11.7 799 0 -
Hg 138(5) SO N S
12 1090 Tunnel VYoltage(V)
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6
Series 4.
Fig.8.3.4.5. V.=0.8V,V4=0.1V, T1=0s, T, =0.5ms,

T,=0.01ms and T; = 0.01ms

Vin variable from 10 — 12V in steps of 0.1V.

Total pulse duration = 50us, T, = 5us and T¢ = 5us

end of pulse

Tunnelltun during

Voltage pulse Tunnel Voltage~ttun at end of pulse

(volts)) xe-9(A)
10 3.53 120 -
10.1 5.31
10.2 7.85
10.3 113 L
10.4 16 /,/*'_‘
10.5 21.9 -
10.6 29 = /
10.7 37.2 b
10.8 45.9 z B0
10.9 54.6 g /
11 62.9 =
11.1 70.4 0
11.2 76.8 /
11.3 82.1 20
114 86.3 /
11.5 89.6 -t
11.6 92.2) =
11.7 94.2 RS S EENTIRT SRS R IR
11.8 95.7
11.9 96.8 Tunnel VYoltage(V)
12 97.7
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 4.
Fig.8.3.4.6. V.=0.8V,V4 =0.1V,
T,=0.01ms and Ts=0.01ms

T1=0s, T, =0.5ms,

Viun variable from 10 — 12V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Is at end of
Tunnel pulse before Tunnel Voltage~Is at end of pulse before fall
Voltage fall
(volts) X e-5(A)
10 1.67 16 5
10.1 1.73
10.2 1.82 14 al
10.3 1.95 /
10.4 2.14 12
10.5 2.39 /
10.6 2.72 10
10.7 3.15 & /
10.8 3.67 ¢ o
10.9 4.28 <
11 4.99 L /
11.1 5.77
11.2 6.63 .
11.3 7.54 g
11.4 8.5 Mﬁ‘
11.5 9.49 ‘
11.6 10.5
11.7 11.5 o y T y — —
O b & N ¥ G
11.8 12.6 N ,\Q@' O 00 ,\(& NYNTONT N R
11.9 13.6
12 14.7 Tunnel Voltag(V)
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QUCS Simulation data for floating gate MOS device based on EKV v 2.6

Series 4.
Fig.8.3.4.7.

Vc = 0.8V, Vds = 0.1V,
T,=0.01ms and Ts=0.01ms

T1=0s, T, =0.5ms,

Viun variable from 10 — 12V in steps of 0.1V.
Total pulse duration = 50us, T, = 5us and T¢ = 5us

Is after

Vfg after| pusle
pulse fall  removed Ln(Is)
(volts) x e-5(A)] xe-5(A)
0.809 1.48 0.392
0.815 1.54 0.432
0.823 1.63 0.489
0.834 1.76 0.565
0.85 1.94 0.663
0.872 2.19 0.784
0.901 2.52 0.924
0.938 2.95 1.082
0.983 3.47 1.244
1.04 4.09 1.409
1.1 4.79 1.567
1.17 5.58 1.719
1.25 6.43 1.861
1.33 7.34 1.993
1.42 8.29 2.115
1.51 9.28 2.228
1.6 10.03 2.306
1.69 11.3 2.425
1.79 12.4 2.518
1.88 13.4 2.595
1.98 14.5 2.674

Vfg~Ln(ls)
3.00 -
fl
2.50 / ﬁ/’
2.00 /’7
x 150 b4
L $
b1 /
- »
1.00 #
f
0.50 $
$
0.00 : :
0 05 1 15
vfg(V)

25
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8.3.4.2. Summary of Series (4)

Results for Series (4): The floating gate voltage rises slowly initially with change of
tunnel pulse voltage but more rapidly after 11.5V when the Fowler-Nordheim takes
effect. At the end of the pulse the floating gate voltage rose fairly slowly but almost
linearly up to 10.6 V and more rapidly but remaining approximately linearly after 11V.
After the pulse was removed there were small increase initially but gradually
increased to 1.98V at a tunnel pulse voltage of 12V, showing heavy charge
accumulation.

The tunnelling current at the start of the pulse is low before the onset of tunnelling,
but increases around 11.4V, which indicates the start of Fowler-Nordheim tunnelling,
this approximates to a square law relationship. The current at the end of the pulse is
much smaller than at the beginning of the pulse although similar in shape until it
starts to level off at approximately 11.8V.

The drain-source current was small (2x10°A) before Folwer-Nordheim tunnelling
increases this due to charge accumulation on the floating gate.

The results clearly show that charge was transferred to the floating gate of this model
so increasing it's voltage. Also this charge remained present once the tunnelling was

removed.
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Chapter 9

Summary. Conclusion and Future Work

9.1. Summary

The dissertation encompasses the investigation into the principles of floating gate
devices. These devices have been extremely important in modern technology as
analogue, and most importantly of all, as digital non-volatile memory elements. The
principles and study of the transport of electronic charge through insulating material
is well documented. The floating gate transistor relies on the storage of charge on an
isolated gate. This stored charge modifies the transistors characteristics and as such
can be used as a memory element.

For the design of complex modern electronic systems, simulators are essential
to enable and speed up the design process. Within modern simulators there reside
subcircuits and devices. New subcircuits and devices are modelled and added to
these libraries as they develop.

SPICE has for long been the industrial standard for simulation, however in
2004, groups of engineers and scientists throughout the world decided to embark on
a standardisation initiative for a General Public License simulator. This simulator was
named QUCS and has since developed rapidly. Such developments require
component, device, subcircuit and system models. The problem of creating a model
for the floating gate device was that the gate was floating and it had no reference to
ground. This meant that simulator analysis could not be carried out. However QUCS
provide the opportunity to model this device with the use of EDDs, simulating charge
transfer, and the use of an appropriate equivalent circuit for the device structure. The
model was based on the EKV mosfet with the floating gate acting as the input to the

transistor and contact and tunnelling coupling to the floating was achieved by means
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of the associated structural capacitances. In order to make analysis possible large
value resistors were added in parallel to the capacitors. D.C. and transient analysis
was carried out to evaluate the change to the floating gate voltage when a suitable
tunnel pulse was applied, typically 8 — 12.5V of 50ms duration. This equivalent circuit
was then modelled within the QUCS environment and simulation then carried out for

different sets of bias conditions and a range of tunnel pulses.

9.2. Conclusion

The model developed can now be used as an effective and adaptable model for a
floating gate mosfet. The equivalent circuit created has overcome the problem of
simulators not being able to analyse isolated nodes, by means of the use of an R-C
network with an extended time constant. Theoretical analysis has been carried out
for D.C. and transient analysis for Fowler- Nordheim tunnelling of the equivalent
circuit created indicating the rate at which charge is transported to the floating gate
and sensitive to the rate at which it varies. This indicates that the associated equation
is implicit and any total solution may have to be interpolated. However, it is indicative
of the charge transfer. Further work may be required on the original equations even
at the Fowler-Nordheim level.

The floating gate model for simulation consists of R-C networks for the coupling of
the contact and tunnelling terminals, plus an EDD controlling the Fowler-Nordheim
tunnelling, and an EKV2v6 mosfet.

Simulations were carried out on a combination of biasing and various tunnelling
pulses that assured electron tunnelling. These results have shown that the model is
effective and charge transfer has taken place and that floating gate voltage levels are

maintained at an increased level after the tunnelling pulse is removed.
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The final conclusions from this work are:-

The principles of operation for a floating gate device are theoretically straight
forward in that an isolated gate is used to vary the transistors characteristic.
However it is the modelling, analysis and the implementation of that model in a
simulator that is complex, because of the isolated gate.

Floating gate devices are difficult to model because of their inherent isolation.
Whilst Fowler-Nordheim and Hot Electron Injection principles are well
documented, modifications to their exact formulation may be required because
of fabrication imperfections such as electron trapping and oxide imperfections.
A valid adaptable model has been created that can sit in the QUCS software
library in order to accelerate the design process. Device parameters, such as
dimensions, doping profiles and even new fabrication considerations can
easily be changed or incorporated into the model.

An equivalent circuit has been created for circuit analysis. This encompasses
the idea of a large resistor in parallel with the device capacitances in order to
give an extended time constant so that it will not effect simulation. Also an
EDD is used to effect the tunnelling equation that is physics based.

The incorporation of EDDs into the model has been extremely useful. The
EKV2v6 EDD model has been used and although the default parameters were
mainly used, they can easily be changed. Based on the EKV2v6 EDD the
required parameters were set for calculating the values for the contact resistor
and capacitor, and the floating gate resistor and capacitor. Also an EDD was

used to determine the tunnelling charge transfer to the floating gate. All design
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aspects are easily adaptable to any required modifications or future
developments.

VI.  QUCS has been used to run simulations on the new model. The effective
range of tunnelling voltage was varied from 8.8 — 10V (10 — 12.5V for a drain-
source voltage of 2V), with a pulse width of 50ms. Detailed results are shown
in chapter 9. But clearly charge has been transferred to the floating gate. The
increase in floating gate voltage, from the ineffectual pre tunnelling voltage to
the maximum tunnelling voltage used (10V for Vc=0.0.5V and 12.5V for
Vc=0.05V), was of the order of 1.2 — 1.6V for Vc=0.8. This value of floating
gate voltage would immediately drive the transistor into saturation and the
contact gate would loose control. For the subthreshold value of contact
voltage at 0.05V the increase is of the order of 160mV and allows the device
to shift the effective threshold voltage but allows the contact gate to maintain
control of the transistor.

The overall conclusion is that an effective and adaptive model has been created
for a floating gate device that can be incorporated into the QUCS library. The model
may be used to re-affirm the characteristics of devices already in the field or be
adapted for the design of new floating gate devices using evolving fabrication
techniques.
9.3.Future Work
As a non-volatile memory element, floating gate devices still have an expanding
future in both digital and analogue electronics. Much of the demand is in increased
densities and low power consumption. Innovative materials and fabrication
procedures are overcoming some of these problems but inevitably new ones arise.

Oxide thickness is nearing its limits even with the use of nitride floating gates.
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Stacked structures are being designed with high-k, such as hafium based oxide,
materials to replace the oxide layer, and gate electrodes made from materials such
as Ru, Pt, Ir ,TIN and TaN. With the reduction in dimension more parasitic
capacitance will have to be incorporated into models.

The model in this dissertation is being adapted at present to incorporate the
discharging process using HEI, this involves placing some voltage regulation
between the source terminal and ground by means of an EDD that operates
according to the HEI equation and a voltage controlled current source. On completion
of this work the full model can be placed into the QUCS library. At this stage the
model will be available for manufacturers such as Altera, IEDM(Imec), Intersil, Hitachi
and others to test the rigidity and adaptability of the model for their developing
processes.

Adaptability to new smaller dimensions will be of particular importance along with
retaining long duration remanence.

At present the great majority of floating gate designs are in digital electronics.
However with a reliable model many more analogue circuit designs can be
developed. These include analogue memory elements, capacitor-based circuits,
adaptive circuits, and learning networks.

Design and simulation can be carried out with confidence in the anticipated results.
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11. Appendices

Appendix 1 [1.b.]

QUCS Verilog A code for EKV v2.6 MOSFET model

Qucs Verilog-A code for the EKV v2.6 MOSFET model

nMOS: EKV equation numbers are given on the right-hand side
of code lines

5 Qucs EPFLERKV 2.6 nMOS model:

o The struciture and theoretical background te the EKV 2.6

5 Verilog—e model 12 presented in the (Jucs EPFL-EKV 2.6 report.
o Typical parameters are for 0.5uwm CMOS (C) EPLFL-LECG 1993,

5 Geometry range: Short channel Wo= 0.8um, L >= 0. 5um

A Long channel Wo>= fum, L == fum

i Veoltage range: |Vgb| « 2.3V, |Vdb| = 5.3V, |Veb| « 2V

o This éa free softwavre; you can redistribute it and/or medify

o it under the terms of the GNU General Public License as published by
i the Free Software Foundation; either wersiom 2, or (at your option)
s any later wversiom.

5 Copyright (O), Mike Brinson, mbrin720{38@yahoo. co.uk, May 2008,

‘include "disciplines .vams™
‘include "constants . vams”

Y

module EKVZinMOS | Drain, Gate, Source, Bulk):

inout Drain., Qate, Source, Bulk;

electrical Drain., Gate, Source, Bulk;

A Internal nodes

electrical Drain_int, Scurce_int;

‘define attr(taxt) (#txts)

J¢ Device dimension parameters

parameter real LEVEL = 1 from [1 : 2]
fattr{info="long _=,1,short _=_2"1;

parameter real L = 0.6e—6 from [0.0 : inf]

fattr{info="length _ parameter” unit = "m” J;
parameter real W= 10e—& from [0.0 : inf]

fattr{ info="Width_parameter”™ unit = "m"};
parameter real Np = 1.0 from [1.0 : inf]

fattr{info="parallel jmultiple_device_number™];
parameter real Ns = 1.0 from [1.0 : inf]

fattr(info="series multiple ,device _number™);
S Proceze parameters
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parameter real Cox = 3.45e—3 from [0 : inf]

‘attr(info="gate_oxide_ capacitance_per_unit_area” unit = "F/m«x2" );
parameter real Xj = 0.15e—6 from [0.01le—6 : 1.0e—6|
‘attr(info="metallurgical _junction_depth” unit = "m");
parameter real Dw = —0.02e—6 from [—inf : 0.0]
‘attr(info="channel width_correction” unit = "m");
parameter real DI = —0.05e—6 from [—inf : 0.0]
‘attr(info="channel_length_correction” unit = "m”);

// Basic intrinsic model parameters

parameter real Vte = 0.6 from [le—6 : 2.0]
‘attr(info="long_channel_threshold_voltage” unit="V" );

parameter real Gamma = 0.71 from [0.0 : 2.0]
‘attr(info="body_effect_parameter” unit="Vs(1/2)"):

parameter real Phi = 0.97 from [0.3 : 2.0]
‘attr(info="bulk_Fermi_potential” unit="V");

parameter real Kp = 150e—6 from [10e—6 : inf)|
‘attr(info="transconductance_parameter” unit = "A/Vis2");

parameter real Theta = 50e—3 from [0.0 : inf)]
‘attr(info="mobility reduction_coefficient™ unit = "1/V");

parameter real EO = 88.0e6 from [1.0e6 : inf]
‘attr(info="mobility _coefficient” unit="V/m");

parameter real Uecrit = 4.5e6 from [2.0e6 : 25.0e6]
‘attr(info="longitudinal jcritical _field” unit="V/m");

// Channel length and charge sharing parameters

parameter real Lambda = 0.23 from [0.1 : inf)]
‘attr(info="depletion_length_coefficient™);
parameter real Weta = 0.05 from [0.0 : inf]
‘attr(info="narrow—channel effect coefficient™);
parameter real Leta = 0.28 from [0.0 : inf]

‘attr(info="longitudinal jcritical _field");
// Reverse short channel effect parameters
parameter real Q0 = 280e—6 from [0.0 : inf]

‘attr(info="reverse_short _channel_charge density” unit="Ass /me+2");

parameter real Lk = 0.5e—6 from [0.0 : inf]
‘attr(info="characteristic_length” unit="m");
// Intrinsic model temperature parameters

parameter real Tev = 1.5e-3
‘attr(info="threshold _voltage temperature_coefficient” unit="V/K"});
parameter real Bex = —1.5
‘attr(info="mobility _temperature_coefficient™);
parameter real Ucex = 1.7

‘attr(info="Longitudinal jcritical _field jtemperature_exponent”);
parameter real Ibbt = 0.0

‘attr(info="Ibb_temperature coefficient”™ unit="1/K");
// Series resistance calculation parameters
parameter real Hdif = 0.9e—6 from [0.0 :inf]

‘attr(info="heavily _doped_diffusion_length” unit = "m"”);
parameter real Rsh = 510.0 from [0.0 : inf]

‘attr(info="drain/scurce_diffusion_sheet resistance” unit="Ohm/square™);

parameter real Rse = 0.0 from [0.0 : inf)]
‘attr(info="source _contact_resistance” unit="Ohm"):
parameter real Rdec = 0.0 from [0.0 : inf)]
‘attr(info="drain_contact_resistance” unit="Ohm");
// Gate overlap capacitances
parameter real Cgsoc = 1.5e—10 from [0.0 :inf)
‘attr(info="gate_to_source_overlap_capacitance” unit = "F/m");
parameter real Cgdo = 1.5e—10 from [0.0 : inf]
‘attr(info="gate_to_drain_overlap_capacitance” unit= "F/m");
parameter real Cgbo = 4.0e—10 from [0.0 : inf)]
‘attr(info="gate_to_bulk_overlap_capacitance” unit="F/m"});
// Impact ionization related parameters
parameter real Iba = 2e8 from [0.0 :inf]
‘attr(info="first _jimpact_ionization_coefficient” unit = "1/m");
parameter real Ibb = 3.5e8 from [1.0e8 : inf)]
‘attr(info="second_impact_ionization_coefficient” unit="V/m");
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parameter real lbn = 1.0 from [0.1 : inf)]

‘attr{ info="saturation_ voltage factor_for_impact ionization™);

A Flicker notae parameters

parameter real Kf = 1.02—27 from [0.0 :inf]
fattr (info="flicker _naise_coefficient™});

parameter real Af = 1.0 from [0.0 : inf]
fattr{info="flicker _noise_exponent™ );

Jf Matching parametere

parameter real Avtco = 0.0 from [0.0 :inf]

‘attr(info="area_related_theshold _voltage mismatch  parameter”

parameter real Akp = 0.0 from [0.0 : inf]

unit = "Vem”

‘attr(info="area_related_gain _mismatch_parameter” unit="m");

parameter real Agamma = 0.0 from [0.0 : inf]

‘attr (info="area_related_body_effect mismatch_ parameter” unit="sqrt (V)jsm"};

A Diode parvameters
parameter real N=1.0 from [le—G:inf]
‘attr( info="emission _coefficient™);
parameter real ls=le—14 from [le—20:inf]
fattr{info="saturation_current” unit="A" )
parameter real Bw=100 from [le—&:inf]

X S . n ECTET
fattr{info="reverse_breakdown wvoltage” unit="V");

parameter real Ibv=le—3 from [le—G:inf]

‘attr(info="current _at _ reverse breakdown _ vaoltage”™ unit="4");

parameter real Vj=1.0 from [le—&:inf]
fattr{info="junction_potential”™ unit="V");
parameter real Cj0=300e—15 from [0:inf]

X " 3 h : ) " T T
‘attr(info="zerc—bias_juncticn capacitance” unit="F"};

parameter real M=0.5 from [le—6G:inf]
fattr (info="grading_coefficient™);

parameter real Area=1.0 from [le—3:inf]
‘attr{info="dicde_relative area™);

parameter real Fe=0.5 from [le—6G:inf]

‘attr (info="forward—bias_depletion_ecapcitance_ coefficient™];

parameter real Tt=0.1e—9 from [le—20:inf]
fattr{info="tran=sit_time” unit="a" };
parameter real Xti=3.0 from [le—é6:inf]

‘attr{info="saturation_current_temperature_exponent™);

S Temperature parameters
parameter real Tnom = 26.85

‘attr(info="parameter_measurement_temperature” unit = "Cel=sius");

A Loecal wariables

real epsilonsi, epsilonox . Tnomk, T2, Tratio, Vie T, Uerit_T, Egnom, Eg, Phi_T;
real Weff, Leff, RDeff, RSeff, conl, con2, Vica, Kpa,Kpa T,Cammsa, C_epsilon, xi;
real nnn, deltaV_RSCE, Vg, Vs, Vd, Vgs, Vgd., Vds, Vdscz, VG, V3, VD,

real VGprime, VPO, VEprime, WDprime, Gammal, Gammaprime, Vp;

real n, X1, iff , X2, ir, Ve, Vdss, Vdssprime, deltaV ,

Vip;

real Le, Deltali, Lprime, Lmin, Leq, X3, irprime, Betad, eta;

real b0, BetaOprime, ng. X, Xr, ql¥, g3, ql, gB, Beta, Ispecific ., Ids, V¥ib, Idb, Ibb_T;

real A, B, Vt.Tz, EgT1, Eg Tz, VjTz, Cjo_Tz, F1, Fz2, F3, Is_Tz:

real Id1., Idz, Id3, Id4, Is1, Is2. 1=s3. lad ., V1., W2,
real qb, qg. qgso. qgdo, qgbo, fourkt, Sthermal, gm,

analog begin
A4 Egquation initialization
pon MOS = 1.0; /7 nMOS

A=7.02e—4;

EB=1108.0;

epsilonsi = 1.0359e—10; A Eqn 4
epeilonox = 3.453143e—-11; S Egn 5
Tnomk = Tnom+273.15; S Egm 6
Tz=%temperature ;

Tratio = T2/Tnomlk:

Vo T = Vto—Teve({ T2—Tnomk ) ;
Egnom = 1.16 —0.000702+Tnomk+Tnomk /{ Tnomk+1108)
Ez = 1.16 —0.000702+ T2+ T2/ T2+ 1108);
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Phi_T FhixTratio — 3.0 3vtxln{ Tratio)—Egnoms+TratiofEg;
Ibb_T = Ibh#{1.0+Ibbt*(T2 —Tnomk));

Weff =W + Dnar; F¢ Eqn 25

Leff = L 4+ Dl; A Eqn 26

RDeff = { {Hdif+Rsh)/Weff)/Np + Rde;

RESeff = { (Hdif+Rsh)/Weff)/Np + Rsc;

conl = aqrt (NpsWeffsNsx Leff);

Vi Te="FP_KaTz/'P_0Q;

Eg-T1=Eg—A+Tnomb+Tnomk / { B+ Tnomlk ) ;

Eg Ti=Eg-AxT2+T2 /(B4T2);

Vi_T2=(T2/ Tromk) «Vj—{ 24 Ve_T2)* In (pow ( (T2 Toemk) ,1.5)) — ({ T2,/ Tremk) « g T1-Eg T2 );

CO_T2=Ci0 #( 1-+Me {4008 —6a( T2—Tnoml) — (Vji_T2—Vi) / Vi) ):
F1—(V}/ (1-M))+(1 - pow((1— Fe) . (1-M) ) )

F2—pow((1-Fc), (14M) };

Fi=1-Fo#(14+M);

Is_Ta=ls*pow( (T2Z/Tnomk), (Xti/N))+«limexp((—EgT1,/Vt_T2)+(1-T2/Tnomk));

con? = { CoxkNasMNpsrWelfs Leff ),
fourkt = 4.0%‘P_K+T2;

s
if (LEVEL — 2)

begin

Uerit_T = Uecrit+pow( Tratio , Ucex );

Vtoa = ViotAvtofconl; S Eqn 27
Kpa = Kp*(1.04+Akp/conl ) ; S/ Egqn 28
KpaT = Kpaspow( Tratic, Bex); S Egn 18
Cammaa = GammatAgamma /conl ; S Eqn 29
C_epsilon = 4.0xpow(22e—3, 2}, S Egn 50

xi = 0.028+(10.0%( Leff/Lk)—1.0); A4 Egn 51

nnn = 1.040.5%(xi+ sqrt {pow(xi ,2) + C_epsilen));
deltaV_RECE = (2.0x00/Cax )& (1.0/pow (nnn,23); J/ Eqn 32
end

s
S Model branch and node voltages

o
Vo pn MOS#V( Gate, Bulk);
Vs = pn MOS+V(Source, Bulk):
Wd pnMOSV( Drain, Bulk);
VE=Vg; S Egn 22
if { (Vd=Vs) == 0.0}
begin
Stolswap = 1.0,
VE=Vs; S Egn 28
VI=VA /F Egqn 24
end

else
begin
StoDswap = —1.0;
VI=V=;
W=V
end
if (LEVEL = 2)

VEprime=VG-Vto_T—deltaV_RSCE+Phi_T-+Hammatsqrt (Phi_T );

else
VEprime=Vg—Vto_T+Phi_T4+Gammaszqrt ( Phi_T ) ;
s
if (LEVEL = 2}
begin

if (VGprime = 0

// Eqn 33

MO8 equation

J
VPV Gprime—FPhi_T—Cammaas (=2qrt { VGprime+{Gammaa /2.0« Gammaa /2.0 )

—(Gammaa [Z.0)); /7 Eqn 3
elsa
VPo = —Phi_T;

VEprime=0.5+(ViHPhi_T4+sqrt (pow | (VELPhi_T).2) + pow( (4.0x%vt),2)));
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VDprime=0.5%{VIH+Phi_T4aqrt (pow | (VI4PhiiT),2) + pow( (4.0«8vt).23)); J/ Egn 55
Gammal=Cammaa—{ epsilonsi (Cox )+ ({ Leta/ Leff )*{ sqrt { VEprime)j+sqrt (VD prime) )
—(3.0+Weta/Weff )+ sqrt (VPMH-Phi_T });  // Em 36
Gammaprime = 0.5 GammaH-sqrt | pow (Gammal,2) +0.1«8vt J1: /7 Eqn 57
if (VGprime = 0.0
Vp = VGprime—Phi_T—CGammaprimes (sqrt (VGprime+(Gammaprims /2.0 )
{Gammaprime /2.0)) — {Gammaprime /2.07); // Egn 38

alsa
Vg = —Phi_T;
n = 1.0 Hhammaa/ (2. 0xsqrt (Vp+PhiT+a.0x%vt 1) /7 Egn 39
end
else
begin

if (VGprime = 0)
Vp=VGprime—Phi_T—Cammas{ sqrt (V Gprime+(Gamma / 2.0 # (Gamma /2 .00 )
—(Gamma/Z2.0)7:; 7 Egn 34
alse

Vp = —Phi_T;
n = 1.0 +Gamma/ (2. 0«sqrt (Vp+Phi_T+a.0x%vt 1)/ Egn 32
end

i
X1 = [VpV8) vt

iEE = In{1.04limexp (X1/Z2.0) )% In{1.04 limexp (X1 /2.0))1; 7 Egn 44
X2 = (VpVD) /vt
=1

ir n{l.04+limexp(X2,/2.0))*In{1.04 limexp (X2/2.07); S Egn 57
/

if (LEVEL = 2)

begin

Ve = Uerit_TaxNexLeff; J/ Eqm 45
Vdss = Ves(sqre( 0.25 + ((&ve/(Ve))esqre{ifE))) —0.5); J/ Egn 46;
Vdsaprime = Vex(sqrt( 0.26 + ($vt /NVels{sqrt (iff)—0.75xIn{iff )1 — 0.5)
+Evia(In (Ve /(2.08vt)) — 0.6 15 /7 Eqgm 47
if (Lambdas(sqrt (iff) = (Vdss/&vt) ) )
deltaV = 4.0¢%vtsaqrt (Lambdas{aqrt (iff) —(Vdsa/$vt])
+ (l1.0/64.0) ) S Egn 48
else
deltaV = 1.0/64.0;

VdsoZ = (VD-WE) jz.0; S B 49
Vip = sqrt{ pow(Vdss, 2} + pow( delta¥V ,2)) — sqrt{ pow( (Vdso2 — Vdss), 2)

+ pow (deltaVi, 21); /S Equ 50
Lo = sqrt{ (epsilonsi/Cox)+Xj); 7/ Eqn 51
Deltal, = LambdasLexln (1.04({Vdeo2Z—Vip) /(LesUerit_T )3/ Egn 52
Lprime = NesxLeff — Deltal + ( (Vdso24Vip)/ Uerit_T); // Egn 53
Lmin = MNexLeff /10.0; J/ Eqn 5§
Leq = 0.5%(Lprime + sqrt( pow(Lprime. 2) 4+ pow(Lmin, 2))): / Egn 55
X3 = (Vp-Vdao2-VE-aqrt { pow{Vdssprime, 2} + pow| deltaV, 2})

+ sqrt{ pow( (VdsoZ-Vdssprime), 2} + pow(deltaV ,2)))/%vt;
irprime = In{1.04 limexp(X3/2.0))*In{1.04 limexp (X3/2.0); // Eqm 56
Betad = Kpa Tx{Nps Weff/Leq); S Egn 58
eta = 0.5; )/ Egn 59 — nMOS
Qb0 = Gammaassqrt { Phi_Ty;  // Eqm 60;
Betalprime = BetaOx(1.0 +{Cox/(EOxepsilonsi))«xQboy; /7 Eqn 61

ng = 1.0 +Cammaa /{2.0%sqrt (Vp+Phi_T41le —6)); S Egm g9
end
else
ng = 1.0 4Gamma/(2.0%sqrt (VpdPhi-T4+1le—G6)); S B 69
:él; = sqrt (0.254+1fF); S Egn 7o
Xr = sqrt (0.25+4ir ), S7 Egn 71
gD = —nq=*( (4.0/15.0)%((3.0%pow( Xr,3) + 6.0%pow( Xr, 2)+Xf + 4.0xXrxpow( XE, 2}

+ z.0xpow (XF, 3))/(pow( (XfHXr), 2) ) ) —0.5): )/ Egm 72
Q3 = —ng*{ (4.0/15.0)%((3.0%pow( XE,3) + 6.0«pow ( XF, 2)+Xr + 4.0xXfepow| Xr, 2}
+ Z.O0xpow (Xr, 3))/(pow( (XHXc). 2) ) ) —0.5): S/ Egm 78
ql = —ng*{ {(4.0/3.0)x( {pow X204+ (XEeXr)4pow (Xr, 200/ { XEXr)) — 1.00; S Egm 7Y
if (LEVEL =— 2)
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if (VGprime = 0)

qB = (—Gammas+sqrt (Vp-Phi-T4le—61)# (1.0 $vt) — ( (ng—1.0)/ng)+ql;

else
qB = —VGprime/§vt;
elsa
if (VGprime = 0)
qbB = L—bamman:sqrt('\r’p{-Ph] THle —6))#({1.0/8vt) — ( (ng—1.00/nql*ql;
alsa

o
if (LEVEL = 2)

Beta = BetaOprime /(1.0 + (Cox/ (EQsepsilonsi))s$vtsabs(gBtetaxql));
elsa

Beta = Kp+{Weaff/Leff) /{14 ThetasVp):

qb = —VGprime /vt ;

Ispecific = Z.0xn¢Betaspow ( Bvt, 2); /¢ Egn 65

v

if (LEVEL = 2)
begin
Ida = Ispecific«(iff —irprime); S Em 66
Vibk = VD-VE—Ibn+2.0%Vdss; A Eqgm a7

if ( Vib = 0.0)
Idb = Ids*LIba;'Ibb T)#Vibsexp [ (—Ibb_T*Le) /Vik]): J/ Egn 68
else
Idb =
end
elsa
Ids = Ispecific*(iff —ir); S/ Eqn 66
£

Sthermal = fourkt+Betaxabs{ql);

// Eqn 75

S Egm 75

// Eqn 62

gm = BHetasfvts(sqrt( (4.0« iff /Ispecific) +1.0) — aqrt( (4.0%ir/Ispecific) + 1.0} );

Sflicker = (Kfxgmegm) /{Np+Welf+MNax Leff+Cox);

= conZxfvtsgB;
= conZsfvts{—ql-gB);
Cgaos WelfeNps (VGVE)
Crdox WebfxNpx (VGVD) ;
Crbox Leff+NpsVi3;
S Drain and source diodes
if (StoDewap = 0.0)
begin
Vi=p_n MOS+V(Bulk, Drain_int);
VI=pn MOS+V(Bulk, Scurce_int};
end
elsa
begin
VZ=pn MOS+V( Bulk, Drain_int):
Vi=pn MOS#V(Bulk, Source_int);
end
Idl= (Viz—6.0&N&fvt) 7 Areasla_T2Zs(limexp( V1/(NeVe_T2) j-1.0) @ 0;
Qdl=(V1<FexVi)? T‘b*Id.l+-kreaa=LC_1lJ T2V _T2f(1 Mj'lac(l—pcrwul -V1,/Vji-Tz).(1-M
Idz=(V1<=—5.0eNs$vt) 7 —Areasls_T2 : H

&
]
o
o
unn

))):0;

QdZ=(V1==FcxVj)? Tt.*ldl-l—-!hrea*CJIJ TZ*LFI-I—LI;'FE)*(FS*(V —FesVi_T2)+M/(2.0Vi_T2))

4 VIsV1— Fc*Fc*\r] T2+Vi TZ)‘])
3=Vl = —Bv) 7 —Ibv : O
Idd4=({V1<—Bv] ?_Areaxla_ TZ*(llmetpL (B W1 SV T2) - 104+ B /VeTZ2) @ 0
Ib_d = Id14Idz4Id54+1d4;
Qd = Qd14Qdz;
s
Isl= (V2> —06.0«MNs$vt) 7 Areasls_TZ#(limexp( VZ2/(NeVe_T2) J)-1.0) : 0;

Qal=(V2<FeaVi)? TtxlaldAreas | Cio_T2«Vj_T2/{1-M))e{l —pow{1-Vz/Vj_Tz),(1-M

Is2=(VZ2o<=—5.0sMNx¥vt )] T —Areaxls_T2 : 0;

113005

Qaz=(VZ>=FexVj17T Ttxlal+AreaxCio_T2+«(F14+(1/F2)%(Fix{V2—FesVi_T2)+ M/ (2.0 Vj_Tz))

#(VEV2-FoaxFoxVji_T2x Vi TE)'I) o5
Is3=(V2 = -Bv) 7 —Ibv : 0
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Is4=(V2<—Bv) 7—Areas[s_T2Z%(limexp(—(BvV2) /Vt_T2)—-1.04Bv/Vt_T2)
Ib_s = Isl4Is241s341s4d;
Qs = Qs14Qs2;

/Y

Current and noise contributions

if ( StoDswap > 0.0)
begin

end

if (RDeff > 0.0)
I(Drain, Drain_int) <+ V(Drain, Drain_int)/RDeff;
else
I{Drain, Drain_int) <+ V(Drain, Drain_int)/le—7;
if (RSeff > 0.0)
[(Source, Source_int) <+ V(Source, Source_int)/RSeff;
else
I(Source, Source_int) <+ V(Source, Source_int)/le—T;
I(Drain_int , Source_int) <+ pn_MOS«Ids;
if (LEVEL = 2)
I({Drain_int , Bulk) <+ pnMOSxIdb;
[(Gate, Drain_int) <4 pnMOS+0.5+ddt(qg);
I[(Gate, Source_int) <4 p_n_MOS%0.5+ddt(qg);
I(Drain_int, Bulk) <4 pnMOS+0.5+ddt(qb);
[(Source_int , Bulk) <4 p_n_MOS%0.5+ddt(qb);
[(Gate, Source_int) <+ pn_MOSs«ddt(qgso);
[(Gate, Drain_int) <4 pn_MOSs«ddt(qgdo);
[(Gate, Bulk) <4 p_n_MOSxddt(qgbo);
I[{Bulk, Drain_int) <+ pnMOS«Ib_d;
[(Bulk, Drain_int) <4 pnMOS+ddt(Qd);
[(Bulk, Source_int) <+ pn_MOSxIb_s;
[(Bulk, Source_int) <4 pn_MOSxddt(Qs);
I({Drain_int , Source_int) <+ white_noise(Sthermal ,”"thermal”);

I({Drain_int , Source_int) <+ flicker_ncise(Sflicker , Af, "flicker”)

I(Drain, Drain_int) <4 white_noise (fourkt /RDeff, "thermal”);

I(Source, Source_int) <+ white_noise(fourkt/RSeff, "thermal™);

else
begin

if (RSeff > 0.0)
I{Drain, Drain_int) <4 V(Drain, Drain_int)/RSeff;
else
I{Drain, Drain_int) <+ V(Drain, Drain_int)/le—T;
if (RDeff > 0.0)
I(Source, Scource_int) <+ V(Scurce, Source_int)/RDeff;
else
I(Source, Source_int) <+ V(Socurce, Scurce_int)/le-T7;
I{ Source_int , Drain_int) <+ pnMOS«lds;
if (LEVEL = 2)
I(Source_int, Bulk) <+ pn_MOS«Idb;
Gate, Source_int) <+ pn_MOS+0.5+ddt(qg):
Gate, Drain_int) <+ pn-MOS%0.5xddt({qg):
Source_int , Bulk) <+ pnMOS+0.5xddt(qb);
Drain_int , Bulk) <+ p_n_MOS+0.5xddt(qb);
Gate, Drain_int) <+ pn_MOS«ddt(qgso);
Gate, Source_int) <+ pnMOSsddt(qgdeo);
Gate, Bulk) <+ p_n_MOS«ddt(qgbo);
Bulk, Source_int) <+ pn_MOS«Ib_d;
Bulk, Source_int) <+ pn_MOSxddt(Qd):
Bulk, Drain_int) <4 pn_MOS«Ib_s;
Bulk, Drain_int) <4 p.n_MOSxddt(Qs);
Source_int , Drain_int) <+ white_noise (Sthermal ,”thermal”);

Pt bt bt et b bt bt et bt bt bttt
N T S B o T, B, B S, e, S, e, e, £,

Drain_int , Drain) <+ white_noise(fourkt /RSeff, "thermal”);

end
end
endmodule
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Source_int , Drain_int) <+ flicker_nocise (Sflicker , Af, "flicker”);
Source_int , Source) <+ white_nocise(fourkt/RDeff, "thermal”);
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Appendix 2 [1.b.]

Long channel model parameters (LEVEL = 1)

Mame Symbol  Description Unit Drefault nMOS  Default phOS
LEVEL Model selectar 1 1
L L length paramster m 10e — & 10e — &
W w width parameter m 10e — 6 10e — 6
Np Np parallel multiple device number 1 1
Ns Ns series multiple device number 1 1
Cax Cox gate oxide capacitance per unit area Ffm* 34e -3 34e—3
Xj X3 metallurgical junction length m 0.15¢ — 6 0.15¢ — 6
Dw Dw channel width correction m —0.02e — 6 —0.02¢ — 6
D1 Dl channel length correction m —0.05¢ — 6 —0.05 — 6
Vto Vio long channel threshold voltage v 0.5 —0.55
Gamma Gamma  body effect parameter VV 0.7 0.69
Phi Phi bulk Fermi potential v 0.5 0.87
Kp Kp transconductance parameter Afve S0e — 6 e —6
Theta Theta  mobility reduction coefficient /v 50e — 3 S0e — 3
Tev Tew threshold voltage temperature coefficient V/K 1.5¢ — 3 —14e—-3
Hdif Hdif heavily doped diffusion length m 0.9e —6 09 — 6
Rsh Rsh drain-source diffusion sheet resistance /square 510 510
Rsc Rse source contact resistance 1} 0.0 0.0
Rde Rde drain contact resistance Q 0.0 0.0
Cgso Cgso gate to source overlay capacitance F 1.5¢ — 10 1.5e — 10
Cgdo Cgdo gate to drain overlay capacitance F 1.5¢ — 10 1.5¢ — 10
Cgbo Cgbo gate to bulk overlay capacitance F 4e — 10 4e — 10
N N diode emission coefficient 1.0 1.0
Is Is leakage current A le —1 le — 14
Bv Bv reverss breakdown voltage v 100 100
Ibv Thw current at Bv A le — 3 le —3
Vi Vi junction potential v 1.0 1.0
Cjo 50 zero bias depletion capacitance F le — 12 le — 12
M M grading coefficient 0.5 0.5
Area Area relative area 1.0 1.0
Fe Fe forward-bias depletion capcitance coefficient 0.5 0.5
Tt Tt transit time s 0.le —9 0.le —9
Xti Xti saturation current temperature exponent 3.0 3.0
Kf KF flicker noise coefficient le — 27 le — 28
Af Af flicker noise exponent 1.0 1.0
Tnom Tnom parameter measurement temperature = 26.85 26.85
Temp Temp device temperature e 26.85 26.85
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Appendix 3 [1.b.]

Charge partitioning

The MOSFT is a four terminal device with a dynamic performance that requires accurate
calculation of the charge at each terminal. Previous notes indicated that the intrinsic chan-
nel charge equals the sum of the drain and source charges. However, the exact proportion

of intrinsic channel charge that belongs to the drain or to the source is often not known.
The assignment of the proportion of the channel charge to the drain and source charges is
called charge partitioning. The first release of the Ques EKV v2.6 model used the 50/50
partitioning scheme where 50% of the channel charge is arbitrarily assigned to both drain
and source. It's interesting to note that this partitioning scheme has no physical basis but
depends entirely on convenience. A second partitioning scheme, called the 40/60 partition-
ing, does however, have a strong physical basis’. Yet a third charge partitioning is often
employed for digital circuit simulation; this is known as the 0/100 partition. The second
release of the Ques EPFL-EKV v2.6 model includes an extra parameter called Xpart which
allows users to set the partitioning scheme for dynamic simulation calculations. Xpart de-
fault is set at 0.4 which corresponds to the 40/60 partitioning scheme. Figure 10 illustrates
a test circuit for determining the S-Parameters of an nMOS device connected as a capaci-
tance. Both the device capacitance and associated series resistance can be extracted from
S[1,1]. Ques equation block Eqnl gives the equations for extracting these properties. Other
equations in Eqnl show how the extracted capacitance can be represented as a ratio of the
basic parallel capacitance given by

C_parallel_plate = W - L - Coz. (30)

Modelling EKV v2.6 charge partitioning using Qucs EDD

Complex simulation results like those shown in Fig 10 suggest the question “How do we
check the accuracy of the model being simulated?”. One possible approach is to develop
a second model of the same device based on the same physical principles and equations
but using a different approach like the Quecs EDD /subcircuit modelling route shown in
Fig. 11. It is an EDD/subcircuit model of a long channel EKV v2.6 nMOS device which
includes charge partitioning. Figure 12 illustrated the same test circuit as Fig. 10 and the
extracted capacitance and resistance values for the EDD model of the long channel nMOS
device. A number of features observed from Fig. 10 and Fig. 11 are worth commenting on;
firstly that good agreement is recorded between the two sets of results, secondly that the
Verilog-A model includes both overlap capacitance and drain and gate source resistances.
Hence the slight difference in the capacitance ratio and the recorded values of Rin above
one Ohm for the Verilog-A model.

"William Liu, MOSFET models for SPICE simulation, including BSIM3+v3 and BSIM4, 2001, Wiley-
Interscience publications, ISBN (L471-39697-4.
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Figure 10: Test circuit for simulating EKV v2.6 charge partitioning effects: Xpart = 0.4

or QD/QS = 40/60
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Figure 11: Ques EDD model for a EKV v2.6 long channel nMOS device with

partitioning
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Figure 12: Test circuit for simulating EKV v2.6 EDD model charge partitioning effects:

Xpart = 0.4 or QD/QS = 40/60
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APPENDIX 4 [26]

Fundamental long channel DC model equations (LEVEL = 1)

<22
<23>
<24
<33

<34
<30
<58, 64>
<44

<57
<65

< 66>

Vg = V(Gate) — V(Bulk)

Vs =V(Source) — V(Bulk)

Vd =V(Drain) — V{Bulk)

VGprime = Vg — Vo + Phi 4+ Gamma - ' Phi

G e
Vp=VGprime— Phi— Gamma - (¢VGprime + [ an;ma} — m;zma)

Gamma
-ﬁp’ﬁ Phi + 1V
=Kp — —
! P "1+ Theta-Vp
Vp—V XI\11°
Xl:% If:[!n{l-l—iimerp(?)}]

Vp—Vd X2\ 71°
X2=p7 Ir= In{l—l—iémexp(T)}]

=1
o) -I—2

Vi
Ispecific=2-n-3- Vi

Ids = Ispecific- (If — Ir)

Where Vgprime is the effective gate voltage, Vp is the pinch-off voltage, n is the slope
factor, B is the transconductance parameter, Ispecific is the specific current, If is the
forward current, Ir is the reverse current, Vt is the thermal voltage at the device
temperature, Ids is the drain to source current. EKV equation numbers are given
in”<>" brackets at the left hand side of each equation.
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APPENDIX 5

Control Gate— Floatmg Gate

Oxide =——__

Source

_J L Drain

Vread
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APPENDIX 6

Simulation Results Tables
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