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6.1 Introduction

Junctionless transistor posses numerous advantages as compared to conventional
MOS devices due to absence of a junction. However, JLT suffers from several drawbacks
also, among which the following two are most prominent and causes performance

degradation of the device [1-3].
1. higher off-state current
2. carrier mobility degradation

Consequently, in this chapter approaches for mitigation of above two problems has been
proposed, modelled and analyzed.

In the JLT for proper switching off of the device, the body region of the device should
remain fully depleted and to achieve this condition the work function difference between the
gate material and the substrate should be sufficiently high so that the resulting electric field
can keep the device in fully depleted condition [4-20]. If this condition is not achieved proper
turn off will not be possible. A high-k gate dielectric can also be used to reduce the leakage
current[21]. However most of the high-k dielectrics are not compatible with Silicon and use
of high-k dielectric reduces the carrier mobility due to excessive lateral electric field. In
addition JLT requires high substrate doping concentration for achieving a good conductivity
in its on-state. However, high doping concentration results in Coulombic scattering which
leads to carrier mobility degradation. Consequently in conjunction with the technique for
reduction of leakage current, carrier mobility enhancement techniques have also been
developed in this chapter. Some of the techniques proposed here for mobility enhancement

can be used for leakage current reduction also.

In addition to the above drawbacks, corner effect is also observed in some non-
conventional structures of JLT such as, rectangular, pentagonal, hexagonal etc. In such

devices two electric flux lines at the corner are not parallel and mutually crossed at a point
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away from the oxide semiconductor interface. At that point the resultant electric field is
considerably higher causing premature local turn on of the device [22-26].

In case of cylindrical device although the flux lines are not parallel there is a
uniformity throughout the entire periphery. Hence such localized effect is not observed.
However, the packing density of circular device is less compared to rectangular or hexagonal
device. Consequently, for getting a higher packing density the possible device structures are
rectangular or hexagonal. With these structures possibility of device failure is present due to
corner effect. In this chapter a new technique for reduction of the corner effect is presented,
modelled and analyzed.

6.2 Leakage Current Reduction

Leakage current in any MOS devices imposes limitation on the gate length
minimization. In order to find the minimum possible gate length upto which a device can be
scaled down the gate leakage as well as drain leakage have to be considered. As discussed in
Chapter 3 the scale length is the parameter from which the minimum gate length can be
obtained upto which a MOS based device such as JLT can be scaled down. The scale length

depends on the following quantities-

1.Channel thickness (tsi)

2.Gate oxide thickness (tox)

3.Dielectric constant of gate dielectric (€ox)
4.Dielectric constant of substrate semiconductor (esi)

To find out the minimum possible gate length for a JLT structure the possible
combination of tsi and tox has to be found out for which the scale length will be minimum for

a particular gate dielectric and substrate material.
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Let us consider the gate dielectric to be SiO2, substrate material to be n-type Silicon with
doping concentration 10'° /cm? , the drain to source voltage to be Vg¢=0.1 V and work

function of gate material is pm=5.4eV.

For a Double gate JLT, from the threshold voltage expression, the expression for gate

dielectric thickness (tox) can be obtained as,

_ (8 Sox Ssi (Vds +Vfb _VTh)_ Sox tsiqud)
4ty € AN, (6.1)

The breakdown field of SiO: is 0.5 GV/m

Therefore the maximum possible threshold voltage will be

VThmax=0.5x10%Xtox (6.2)
Putting (6.2) in (6.1),

_ (8 Sox Ssi (Vds +Vfb _VThmax)_ Sox tsiqud)
> at; €, qN,

B (8e, e, (V, +V, —05x10°t )—€, t,’aN,)
" at; g qNy

_ (8 Sox Ssi (Vds +Vfb)_ Sox tsiqud)
* (4x10° €, e, +4t, €, qN,) (6.3)

ox —si

or,

Again atomic diameter of Si is 0.333 nm. Hence the minimum possible channel thickness is
tsi= 0.333 nm

Hence the minimum possible gate oxide thickness will be

tox:1.7133 nm
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The scale length will be

/1 — \/tsi (4 Esi8tox+ on tsi) — 091276nm
Sox

The relationship between minimum gate length and scale length can be obtained from

subthreshold current. For a double gate JLT subthreshold current expression can be written

as,
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Equation (6.4) can be rearranged as,
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The minimum gate length and scale length relationship is,
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Maximum tolerable leakage current is 100 nA/um [27]. Therefore, the minimum gate length
can be obtained as Lmin=3.316xA=3.0267 nm

Similarly, for pentagonal JLT, the expression for gate dielectric thickness (toxp) Can be

obtained as,

_ (3785 eo>< esi (Vds +Vfb _VTh) _361 eox tsind)

oxp 9.5¢, gN, (6.5)
_ (37.85¢, € (Vi +Vy,) —3.61¢€,, t;aN,)
P (18.9x10° €, €, +9.5¢, gN,) (6.6)

For a pentagonal JLT,

Diameter of inner circle=1.38ts

Hence minimum possible side length is,
t5=0.333/1.38=0.241 nm

Hence the minimum possible gate oxide thickness will be

tox:1.6528 nm
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The scale length is
A=0.7574nm
and the minimum gate length= 3.546xA= 2.6857 nm

for hexagonal JLT, the expression for gate dielectric thickness (toxn) can be obtained as,

_((4+ 24/3) €oxSsi Vs +Vie ~Vinma) — V3 €oc i AN)
oxh 2\/§tsi = qu (67)

_ (4 + 2\/§) Cox Ssi (Vds +Vfb) - \/§ Sox tsiqud
o (2+\/§) Xlog Sox Ssi +2\/§tsi Ssi qu (6 8)

For a hexagonal JLT,

Diameter of inner circle=1.73ts

Hence minimum possible side length is,
t5=0.333/1.73=0.192 nm

Hence the minimum possible gate oxide thickness will be
tox=1.6462 nm

The scale length is

2=0.4314nm

and the minimum gate length= 3.324xA= 1.434 nm

For octagonal JLT, the expression for gate dielectric thickness (toxo) can be obtained as,

qud

o) tsi

_ Sox Ssi (Vds +Vfb _VThmax) -0.6¢

t
0.36t, <, qN,

(6.9)
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S Ssi (Vds +Vfb) -0.6 Sox tsiZqu
% 0.5x10° g, €, +0.36t, €, qN, (6.10)

ox —si

For a octagonal JLT,

Diameter of inner circle=2ts

Hence minimum possible side length is,

t5=0.333/2=0.1665 nm

Hence the minimum possible gate oxide thickness will be

tox=1.6503 nm

The scale length is

A=0.7246nm

and the minimum gate length= 3.123xA=2.2629 nm

For rectangular JLT, the expression for gate dielectric thickness (toxr) can be obtained as,

8 Cox S (a'si +bsi)(vds +Vfb _VT )_ Sox qubsiasiz_ Sox qN agb ?

toxr — hmax d~sitsi (611)
4agb; €, qN,
t = 8 Sox S (asi + bsi)(vds +Vfb)_ Sox qubsiasiz_ Sox qua‘sibsi2 (612)

4x10° €, &, (8, +by) +4agb, € AN,

ox i

For a rectangular JLT, the scale length is minimum when width to thickness ratio is one

(square). Hence considering a square JLT
Diameter of inner circle=ts;
Hence minimum possible side length is,

t5=0.333 nm
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Hence the minimum possible gate oxide thickness will be

tox=1.6469 nm

The scale length is

2=0.4723nm

and the minimum gate length= 3.47xA= 1.6389 nm
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Fig. 6.1: Variation Minimum Possible Gate Oxide Thickness with Channel Thickness
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Table 6.1: A comparison of minimum gate length for different materials at breakdown field
(0.5 GV/m for SiO2, 0.2 GV/m for HfOy)

Structures Minimum tox (nm) Minimum gate length (hm)

Si Ge Si Ge

SiO; HfO, SiO; HfO, SiO; HfO, SiO; HfO,

Double Gate | 1.7133 | 4.0930 | 1.6100 | 4.0932 | 3.0267 | 1.2387 | 2.4926 | 1.4297

Pentagonal | 1.6528 | 4.1448 | 1.6528 | 4.1449 | 2.6857 | 1.0117 | 2.3432 | 1.0112

Hexagonal | 1.6462 | 4.1342 | 1.6462 | 41344 | 1.434 0.5819 | 1.1832 | 0.6720

Octagonal 1.6503 | 4.1358 | 1.6505 | 4.1389 | 2.2629 | 1.3497 | 2.5188 | 1.5579

Rectangular | 1.6469 | 4.1348 | 1.6470 | 41351 | 1.6389 | 0.8874 | 1.6655 | 1.0199

Table 6.2: A comparison of minimum gate length for different materials for 0.1GV/m

Structures Minimum tox (hm) Minimum gate length (nm)

Si Ge Si Ge

SiO2 HfO; SiO2 HfO; SiO2 HfO; SiO2 HfO:

Double Gate | 7.1887 | 8.0770 | 7.1892 | 8.0775 | 4.5914 | 1.5988 | 4.9820 | 2.2360

Pentagonal | 7.8893 | 8.2690 | 8.0835 | 8.2692 | 4.6267 | 1.5328 | 3.7027 | 1.6045

Hexagonal | 7.9698 | 8.2384 | 7.9702 | 8.2388 | 2.2796 | 0.7583 | 2.1289 | 0.9089

Octagonal | 8.0733 | 8.2568 | 8.0739 | 8.2575 | 4.6507 | 1.6170 | 4.4551 | 1.9137

Rectangular | 7.9897 | 8.2415 | 7.9902 | 8.2421 | 3.0595 | 1.0697 | 2.9022 | 1.2711
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Table 6.3: A comparison of minimum gate length for different materials for 0.08 GV/m

Structures Minimum tox (nm) Minimum gate length (hm)

Si Ge Si Ge

SiO; HfO: SiO; HfO, SiO; HfO, SiO; HfO,

Double Gate | 9.9065 | 10.029 | 8.6959 | 10.030 | 4.1281 | 1.8780 | 4.7849 | 2.1735

Pentagonal | 9.5186 | 10.323 | 10.036 | 10.324 | 4.2210 | 1.8394 | 4.8920 | 2.1271

Hexagonal | 9.8646 | 10.279 | 9.8650 | 10.280 | 2.0854 | 0.8928 | 2.4174 | 1.0335

Octagonal | 10.024 | 10.308 | 10.025 | 10.309 | 4.2702 | 1.8415 | 4.9498 | 2.1313

Rectangular | 9.8952 | 10.039 | 8.8959 | 10.285 | 2.7929 | 1.2325 | 3.2363 | 1.4238

6.2.1 The Method for Leakage Current Reduction

The leakage during off state is maximum at the middle of the channel along y-
direction as the lateral electric field that creates the depletion is minimum. When it is required
to develop a device having high current capability the channel thickness may go high. This
may result in insufficient depletion along the central axis of the device. This situation can be
aggravated if the work function of the gate material is not sufficiently high. To overcome this
problem a layer of dielectric can be placed at the centre of the channel where the electric field
is weakest as shown in Fig. 6.4. By placing so the region where the electric field is weakest
becomes devoid of any carriers due to the presence of that dielectric material. During the on
state adequate amount of current will flow through the rest of the channel region as the
channel is heavily doped. The placement of the dielectric layer may increase the threshold
voltage. By selecting a dielectric with proper dimension and dielectric constant it is possible
to adjust the threshold voltage as per requirement. For drain current modelling of the
modified structure the approach adopted in last chapter can be adopted. The segmentation of

the modified structure is shown in Fig. 6.5. The equivalent circuit of one segment of the
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modified structure is shown in Fig. 6.6. It is a parallel combination of five resistances- two
depletion layer resistances (Ra(X, Vgs, Vas)), two non-depletion layer resistances (Rnd(X, Vgs,
Vs)) and the centre dielectric resistance (Rai).

The resistance provided by centre dielectric is given by,

AL
~ e,

Where, p is the resistivity of the dielectric

The equivalent circuit reduces to parallel combination of two depletion layer resistances and
the centre dielectric resistance when the segment is fully depleted and parallel combination of
two non-depletion layer resistances and the centre dielectric resistance when the segment is

completely neutral. However all the five resistances appear when the device is partially

HH <

Fig. 6.4: Cross sectional view of a double gate JLT with dielectric at channel centre
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Fig. 6.5: 3-D view of a double gate JLT with dielectric at channel centre showing segmentation
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Fig. 6.6: Equivalent circuit of a segment (a) A segment with combination of insulator, depletion and neutral
semiconductor region (b) A segment with combination of insulator and neutral semiconductor region (c) A

segment with combination of insulator and depletion region
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The equivalent resistance of one segment is,
R/(X1 Vs, Vds)=Rd(X, Vgs,Vas)||Rnd(X, Vgs,Vs) ||Rai [|Rnd(X, Vgs, Vas)||Rd(X,Vgs, Vas) (6.13)

The drain current through one segment for the proposed structure can be obtained by
replacing R(X, Vgs,Vas) With R/(X, Vgs,Vas) in equation (5.6) of chapter 5

, _ #{(Mm+DAL} —g(MAL)

| 6.14
‘ R/ (\/gs ’Vds) ( )
Considering the complete channel the drain current expression can also be written as,
L)—-¢(0
|- L) =4 619

L
Z R’(X,Vgs,Vds)
x=0

6.2.2 Results and Discussion and Validation

The model is simulated in MATLAB simulation environment. Result obtained in the
MATLAB simulation has been compared with the simulation result obtained from Cogenda
VisualTCAD 1.8.2 2D device simulator. Fermi Dirac statistics is used for all the simulations.
The transfer characteristics of the modified structure is compared with that of conventional

structures.

Fig. 6.7 shows the transfer characteristic of JLT for tg=2nm, 4nm, 6nm. The length of
the dielectric is Lgi=10nm and the dielectric constant is 3.9. The drain current in the
subthreshold decreases as the thickness of the dielectric increases as it is able to block more

leakage current with higher thickness of the centre dielectric.

Fig. 6.8 shows the transfer characteristic for Lg=6nm, 8nm, 10nm. The thickness of
the dielectric is tsi=2nm and the dielectric constant is 3.9. The drain current decreases with
increase in length of the central dielectric as the resistance offered by the dielectric increases

with increase in length.
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Fig. 6.9 shows the transfer characteristic for €4i=3.9, 10, 22. The length and thickness
of the dielectric are Lgi=10nm, tg=2nm. The subthreshold current decreases for higher

dielectric constant of the dielectric.

The comparison of current density variation with gate voltage for different
dimensions and dielectric constant shows that the proposed structure exhibits better
subthreshold behaviour with reduced off-state leakage current. The current reduces with

increase in length, thickness and dielectric constant of the dielectric placed at the central axis.

In Fig. 6.10 a comparison of the present structure with conventional structure is done
keeping effective channel area same at 100nm2. From the figure it is clear that the leakage
current reduction by placing a dielectric layer at the channel centre is not simply because of
effective channel thickness reduction. In all the simulations SiO2(e0x=3.9) has been taken as
the gate dielectric and the work function of the gate material is taken as ®m= 5.4€eV. In all the
figures it is seen that the subthreshold current of the JLT with centre dielectric is less
compared to the conventional JLT, while in the on state the drain current density for all the
structures of JLT are almost equal. The model is in close agreement with TCAD simulation
results. Although the drain current expression shown in equation (6.15), takes the complete
channel into account, to reduce computation time expression of equation (6.14) may be used
which is fully analytical in nature. The comparison for computation of the two models is

shown in table 6.4.

Table 6.4 Comparison of simulation of two drain current models

Simulation time

TCAD 11 sec
Equation (6.15) 0.915 sec
Equation (6.14) 0.124 sec
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Fig. 6.7: Transfer Characteristic Comparison for different centre dielectric thickness

Average Error = 4.5%
Maximum error =6.9%

Minimum error =0%
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Fig. 6.8: Transfer Characteristic Comparison for different dielectric constant value of centre dielectric

Average Error = 4.2%
Maximum error =6.5%

Minimum error =0%
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Fig. 6.9: Transfer Characteristic Comparison for different centre dielectric length

Average Error = 2.75%
Maximum error =5.1%
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Fig. 6.10: Transfer Characteristic Comparison of conventional JLT and JLT with centre dielectric layer with

same effective channel area (200 nm?)

Average Error = 3.15%
Maximum error =6.3%

Minimum error =0%
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6.3 Mobility Enhancement

In this section two techniques are proposed to enhance the carrier mobility of a DG
JLT.

1. The first technique uses two gate dielectrics placed diagonally with each other. The
dielectrics used are SiO2 and HfO2 with dielectric constants 3.9 and 22 respectively. The

dielectrics are placed in following two ways.
a. Symmetrically as shown in Fig. 6.11
b. Asymmetrically as shown in Fig. 6.12

2. The second technique uses a gradual doping concentration variation in the channel as
shown in Fig. 6.13. The doping profile of the channel is shown in Fig. 6.14

6.3.1 Drain Current Model for The Proposed Structures
@ Structures With Diagonal Dielectric
The effective dielectric constant of the Symmetric structures is,

/ Coxt Eox2 L

eOX:
(L—x)e

(6.16)
+X €y

ox2

The depletion width for the structure of Fig. 6.11 can be obtained by replacing e, with €/

in the depletion width expression obtained in chapter 4 as,

] (6.17)

€., AN,

0oX

W/ =t \/4tsi Ssi toqud +€éx tszqud _8€gX€5i (¢gs _¢O)
ds — “si

Replacing W, with W, in resistance expressions of chapter 5 the drain current expression

can be obtained for the structure.
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Gatel

Fig. 6.11: Cross sectional view of a Symmetric DG JLT with two dielectrics diagonally placed

Channel length (L) 20nm
Source-Drain length (Ls=Lg) 5nm
Channel thickness (tsi) 10nm

Gate oxide thickness (tox) ~ 2nm
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(Gatel

Fig. 6.12: Cross sectional view of a Asymmetric DG JLT with two dielectrics diagonally placed

Channel length (L) 20nm
Source-Drain length (Ls=Lg) 5nm
Channel thickness (tsi) 10nm

Gate oxide thickness (tox) ~ 2nm
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Fig. 6.13: Cross sectional view of a DG JLT with gradual variation of doping concentration in the channel

Channel length (L) 20nm
Source-Drain length (Ls=Lg) 5nm
Channel thickness (tsi) 10nm

Gate oxide thickness (tox) ~ 2nm
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Fig. 6.14: Doping profile of the DG JLT with gradual variation of doping concentration
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For the asymmetric structure of Fig. 6.12 the effective dielectric constant for gatel and gate2
are-

c _ eoxleoxz L
oxgl ™
(L-x)e

+X €y

ox1l

c _ onleoxz L
0=
M (L=-X) e, tX ey

ox2

The depletion width variation due to gatel and gate2 for the structure of Fig. 6.12 are

W, =
4(€si toqud +tsi ongl qu)
+
4 eoxgl qu
\/16(esi toqud +tsi eoxgl qu)2 _8 eoxgl qu (2 onglesi (¢gs _¢01)_ eoxgl tsiqud)
4 ongl qu
and
Wy, =
_4(€si toqud _tsi Soxg2 qu) 4
4 e0xg2 qu
'\/16(€si 1:oqud _tsi ongZ qu)2 +8 ongZ qu (ongz tsiqud _2 ongzesi (¢gs _¢02))
4 ongz qu

Total depletion width can be written as,

Weg =Wy + W, (6.18)

The electric field due to the two gates of the asymmetric structure will be different.
Consequently, the depletion width for the two halves of the device will start reducing at two
different gate voltages, Vi1 and V2. The overall threshold voltage of the device will be the
minimum of these two values of the gate voltage. Hence the threshold voltage for the

proposed asymmetric structure can be written as,
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Vth = min(vthllvthz)

Where,

oxgl 5| qN +465| 0X SIqN

Vhl = ¢01 +Vfb + 2
IS

oxglesi

0xg2 SI qN SI ox SIqN
2¢

oxg 2 si

¢02 Vfb -

(6.19)

(6.20)

The longitudinal potential at the centre of the channel due to gatel and gate2 respectively can

be given as,
_ e, , -
C
(Vds+Ca112)e 5 ail X
ﬂ{l_ R
e
P (X) = bl L e |-
(e * —e %)
B ) L+ 21 ) Lty oL L ]
{(Vds+Caﬂlz)e : }e /11 Caﬂl (e & —€ /11)81l
X
/11 _
€ A 2
,Lthg L € _Caﬁa
(e * —e?)

(6.21)
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L+L
=T C 2
Vo +CA0e = =
L =
¢02(X)= L+Ld _25 € eﬂz -
(e -e )
— L+Lg C l 2 727 L+Ld 725 5 -
{(Ve+CyA, e = - 2 2 3Je * -Cy4,° (e —e “)e”
e”’2 i
Lty Lk e’ _Cbﬂzz
€ * —e*)

(6.22)
Where,
N 1
Ca - S 52 Pgs
€& A
N 1
Cb - _q_d 2 Yys
& A
Total longitudinal potential at the centre of the channel can be given as,
B (X) = by (X) — ¢, (X) (6.23)

The drain current expressions for the proposed structures can be obtained by
replacing the Wq and ¢o(X) in the drain current expressions of chapter 5 with W' and ¢o'(x)

obtained from (6.18) and (6.23).
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Fig. 6.13 shows a DG JLT with gradual variation of doping in the channel. The
doping in the source and drain region is kept constant at 10%/cm?® while in the channel it is
maximum at the source-channel and drain-channel boundary (10%°/cm® and gradually
decreases in the x- direction to a minimum of 10%8/cm?® at the middle of the channel. Gradual
doping variation keeps all the features of a JLT. The doping profile for the structure is shown
in Fig. 6.14.

(b) The Structure With Gradual Doping Concentration

The expression for the doping variation with channel position can be given as,
N, (X) =ax*+bx+c

Where,

a= 4(Nd maxLZ_ Ndmin)

b=_4(Ndmax B Ndmin)

Ny 1S the maximum doping concentration and N,., iS the minimum doping

d max

concentration, L is the channel length.

Nd(X) — 4(Ndmax — Ndmin) X2 _4(Ndmax — I\Idmin) x+ N

Lz L d max (6 24)

The drain current expression for the structure of Fig. 6.13 can be obtained by replacing N,

with N, (x) in equation (5.19) of chapter 5.
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6.3.2 Mobility Model for The Proposed Structures
@ Structures With Diagonal Dielectric

Field dependent mobility expression for n-type and p-type semiconductor can be written as
[28],

4 ==Y _ 1 55510° L (6.25)
E E 111
I+ ()
6.91x10
- 0.38
4 =—Ys _ _575x107 ! (6.26)
E E 2637
I+G——7)
1.45%10

The longitudinal and lateral electric field for the symmetric two dielectric structure is

obtained by taking the negative gradient of potential obtained in chapter 4 as,

/
El(x):_d¢5(X,Y):_d¢0(x)+ ae / de, (X) ¥
dx dx t, (4t €, +t, ) dx (6.27)
where,
i L+l ) -
(V,, +CA%)e —Cf:
et
E—— et +
dg(x) 1] (e * -e %)
dx A Ll g2 b L L L
{(V+CA%)e # -~ Je *-CA%(e * —e *)e’
e/i _Z
AEIT e’
- €5 -e”) | (6.28)
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and

:_d¢(X, y) __ 86(/)x _
Sy T T Tt e, 1, e AP (6.29)

Therefore the mobility variation in x and y direction can be written as,

0.9

1
+( E,(x) it
6.91x10° (6.30)

1, (X) =-1.55x10°

0.9

1

+( E, () i
6.91x10° (6.31)

1y (y) = ~1.55x10°

Hole mobility expressions can also be written proceeding in a similar way.

0.38

1
X) = -5.75x10?
Hpa () 500 v
+( )
1.45x10
(6.32)
0.38
41,(y) = ~5.75x10? 1 (6.33)
El(y) 2.637
+(—2)
1.45x10

For the asymmetric structure the electric field due to the two gates are different in
magnitude and opposite in direction to each other. Hence the resultant electric field which
can be obtained by taking the vector addition of the two electric fields due to the two gates is
simply the difference between the two electric fields. The longitudinal and lateral electric

field for the asymmetric two dielectric structure is obtained as,
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EZ(X) — d¢02(X) _ ¢01(X) _

dx dx
|: 460x2 (¢02(X))_ 4€ox1 (d¢01(X)) y2
tsi (4 esi 1:ox+ eox2 tsi) dX tsi (4 esi tox+ eoxl 1:si) dX (634)
Where,
A (X) _
dx
B L+Ly 5 T
CaA
(Vds+Caﬂlz)e A Ly .
ﬂj_ —_
oL L S—e 4
1 e * —e*)
A L+Lg 2,k L+Lg Lo L
{Vy+Ca%e * —"je 4 C a6~ —e A)e”
% 3
e
L+ Lk e ”
i e * —e ) ]
(6.35)

and
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A, (X) _

dx
_ Lol , -
C. A
2 ) b”*2
ﬂQ _
e Ze)
, Lty Lk e” +
1 (e 2 —e )
2 e O gt
{(Vds + Cb/lz )e - }e Cb/iz (e —€ )e
X
22 —_
e I e %
+Ld _25
i € = —e %) ]
(6.36)
Ez (Y) =
8¢e,, 8¢e,
(¢ _¢02(X))_ (¢ _¢01(X)):| y
|: (4 esn ox ox2 S|) ® tsi (4 Esn ox oxl sn) ®
(6.37)
Therefore the electron mobility variation in x and y direction can be written as,
r 0.9
4, (X) = —1.55x10° L (6.38)
1+( EZ(X) )1.11
L '6.91x10°
r —0.9
4 (y) = —1.55x10° L (6.39)
1+( Ez(y) )l.ll
L '6.91x10°

Hole mobility expressions can also be written in a similar way.
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r 0.38

11,,(X) = —5.75x10? ! (6.40)
E2 (X) 2.637
+(—2 . 2)
1.45x10
r 0.38
2 1
M, (y) =-5.75x10 (6.41)
EZ (y) 2.637
+(— )
1.45x10
(b)  The Structure With Gradual Doping Concentration
Doping dependent expression for mobility can be given as [28],
-2.33
. =88T % 4 ;250T" (6.42)
1+ —9_—10.88T
{1.26 x10"T 2 } "
-2.33
p, =54.3T°% + N407T" (6.43)
1+ ———94_—10.88T %
{2.35 x10"T 2 } "

Where,

T, =;ﬁ, T is temperature in Kelvin. Considering T as the room temperature (300K)

mobility expression can be written as,

1250

=88+ X (6.44)
14| Nalogg
1.26x10
4, =543+ :07 (6.45)
1+{‘j:n}088
23510
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Substituting N, (x) from (6.24) in (6.44) and (6.45) the mobility expressions for the structure

with gradual doping variation can be obtained as,

1250

1+ LX)N 0.88
1.26x10

1, =88+ (6.46)

407

Hy; =54.3+
1+{P“KX)}088

(6.47)
2.35x10"

6.3.3 Results, Discussion and Validation

The models for the proposed structures simulated in MATLAB simulation
environment. Result obtained in the MATLAB simulation has been compared with the
simulation result obtained from Cogenda VisualTCAD 1.8.2 2D device simulator. Fermi-

Dirac statistics is used throughout all the simulations.

Fig. 6.15-6.20 shows the comparison of electron and hole mobility variation and
electric field variation with channel position along x and y directions in the subthreshold
region (Vgs < V). In Fig. 6.15 longitudinal electric field variation with channel position
along x direction is shown. In Fig. 6.16 transverse electric field variation with channel
position along y direction is shown. In Fig. 6.17 electron mobility variation with channel
position along x direction is shown. In Fig. 6.18 hole mobility variation with channel position
along x direction is shown. In Fig. 6.19 electron mobility variation with channel position
along y direction is shown. In Fig. 6.20 hole mobility variation with channel position along y

direction is shown.

Fig. 6.21-6.26 shows the comparison of electron and hole mobility variation and
electric field variation with channel position along x and y directions in the on state (Vg >
V). In Fig. 6.21 longitudinal electric field variation with channel position along x direction
is shown. In Fig. 6.22 transverse electric field variation with channel position along y

direction is shown. In Fig. 6.23 electron mobility variation with channel position along x
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direction is shown. In Fig. 6.24 hole mobility variation with channel position along x
direction is shown. In Fig. 6.25 electron mobility variation with channel position along y
direction is shown. In Fig. 6.26 hole mobility variation with channel position along y

direction is shown.

In all the cases the channel length is taken as L=20nm, source and drain lengths are
taken as Ls=Lq4=5nm, the gate dielectric thickness is taken as, tox=2nm, the Si layer thickness
is taken as, ts=10nm, the drain to source voltage is taken as, V4s=0.001V and the work
function of the gate material is taken as, ®m=5.4eV. A lower value of the applied drain
voltage is taken to reduce the applied electric field below the Silicon breakdown field
(3x10°V/cm). From the figures it is clear that the mobility in the subthreshold region is
maximum for the conventional JLT and minimum for the JLT with gradual doping
concentration variation in the channel. On the other hand in the on state, carrier mobility is
minimum for conventional JLT and maximum for gradually doped JLT. The carrier mobility
for the JLT with gradual doping concentration has a maximum value at the middle. The
doping concentration at the middle of the channel is minimum resulting a high mobility at the
middle.

A comparison of transfer characteristics for the structures is also shown in Fig. 6.27
and Fig. 6.28. In Fig. 6.27 the JLT with gradual channel doping concentration variation uses
SiO; as the gate dielectric while in Fig. 6.28 comparison for the same structure with HfO as
the gate dielectric is also shown. From the figures it is seen that the proposed structures also
shows lower leakage current compared to the conventional one. According to Fig. 6.27 the
JLT with two dielectric placed diagonally has a better subthreshold characteristics with lower
off state leakage current. But Fig. 6.28 reveals the fact that gradual doping concentration
variation in the channel reduces the leakage current to a minimum among the structures. The
better result shown by the two dielectric JLT in Fig. 6.27 is only because of the presence of a

high K dielectric and not because of it structural changes.

In all the plots the conventional DG JLT is denoted as Struct 1, the JLT with

symmetric diagonal dielectric is denoted as Struct 2, the JLT with asymmetric diagonal
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dielectric is denoted as Struct 3 and the JLT with gradual doping concentration in channel
with SiOz as the gate dielectric is denoted as Struct 4.

& Structl Solid Line - Model
%105 @ Struct Symbols - TCAD
~k— Struct3 2
2.5%10° » - Structd /
B .
=
o 5 ]
= 2x10° 4 |
: 4
.
o 13%10° -
E
& 1x10° 4
g
3 &,
0.5%10° « v
D -
0 5 10 15 20
Channel Position Along x-Direction (nm)

Fig. 6.15: Longitudinal electric field variation with channel position along x direction (Subthreshold)

Average error = 5.1%
Maximum error =8.3%

Minimum error =0%
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Fig. 6.16: Transverse electric field variation with channel position along y direction (Subthreshold)

Average error = 3.1%
Maximum error =7.6%

Minimum error =0%
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Fig. 6.17: Electron mobility variation with channel position along x direction (Subthreshold)

Average error = 3.2%
Maximum error =7.5%

Minimum error =0%
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Fig. 6.18: Hole mobility variation with channel position along x direction (Subthreshold)

Average error = 3.1%
Maximum error =8.7%

Minimum error =0%
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Fig. 6.19: Electron mobility variation with channel position along y direction (Subthreshold)

Average error = 2.9%
Maximum error =8.3%

Minimum error =0%
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Fig. 6.20: Hole mobility variation with channel position along y direction (Subthreshold)

Average error = 2.7%
Maximum error =7.4%

Minimum error =0%
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Fig. 6.21: Longitudinal electric field variation with channel position along x direction (On state)

Average error = 3.3%
Maximum error =5.6%

Minimum error =0%
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Fig. 6.22: Transverse electric field variation with channel position along y direction (On state)

Average error = 3.7%
Maximum error =8.2%

Minimum error =0%
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Fig. 6.23: Electron mobility variation with channel position along x direction (On state)

Average error = 3.3%
Maximum error =8.2%

Minimum error =0%
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Fig. 6.24: Hole mobility variation with channel position along X direction (On state)

Average error = 4.6%
Maximum error =9.2%

Minimum error =0%
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Fig. 6.25: Electron mobility variation with channel position along y direction (On state)

Average error = 4.3%
Maximum error =7.7%

Minimum error =0%
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Fig. 6.26: Hole mobility variation with channel position along y direction (On state)

Average error = 3.1%
Maximum error =8.6%

Minimum error =0%
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Fig. 6.27: Transfer Characteristics Comparison with SiO; as the dielectric for gradual channel doping variation

Average error = 3.4%
Maximum error =5.8%

Minimum error =0%
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Fig. 6.28: Transfer Characteristic comparison with HfO; as the dielectric for Gradual channel doping variation

Average error = 2.1%
Maximum error =5.8%

Minimum error =0%
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6.4 Implementation of The Proposal for Leakage Current Reduction and Mobility
Enhancement in CMOS Inverter Circuit

The basic circuit diagram of a CMOS inverter using JLT is shown in Fig. 6.29.

R'.-M
P Channel JLT
—_—
O
Vo i
‘Iﬂl'
N Channel JLT| —
CO’A‘.
W, or GND O

Fig. 6.29: CMOS Inverter Using JLT

6.4.1 Conventional JLT

RyN(X,Vy, V) = 1 A
qﬂp pn WWd
1 AL
Rd p(x’vgs’vds) =
qﬂnnp WWd
1 AL

R N(X,V,,Vy) =
" ( ’ ‘ ) qzunnn W(tsi _Wd)
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1 AL

R X,V ,V, )=
" p( ® dS) qtup pp W(tsi _Wd)

Since the substrate is heavily doped, the approximate carrier density of the non-depleted
region of n-channel JLT is given as,

The carrier density of the depleted region of n-channel JLT is given as,

n2

P, = '2
Ne, NS
2 4

the approximate carrier density of the non-depleted region of p-channel JLT is given as,

Where, n; is intrinsic carrier concentration
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For p-channel JLT

¢O (O) = AVds - B¢gs _Cp

and

¢o (AL) =

A/Vds - B/¢gs _C:)

Department of ECE, Tezpur University | 239



Chapter 6 | Enhancement of Performance Parameters of JLT

Where,
L+ly+AL L+AL  Lelg-2L-AL  2(L+ly)-L-AL Ly Lk
oN, ,(e * -e * -e 4 +e 4 -e t te t)
C =——21
P ¢ Lk
Si (e 1 —e /1)
L+Ly+AL L+l Lilg-2L AL 2(Lilg)-L-AL Ll L
; ON, ,(e * -e * -e * e+ -t e 4
C =——"21
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i (e 2 —e ,1)

Voltage Transfer Characteristics
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Vor |————, dVia
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W

dVost __,
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VoL \“a:h_

Vo Vi1 Vi Via

Fig. 6.30: Voltage Transfer Characteristics of Inverter [29]

Input Low:

To find input low the p-channel JLT is considered to be non-saturated and n-channel JLT is
considered to be saturated [29].

|dpnonsat: l dnsat
At Saturation,

¢gsn :Vgsn _Vfbn =0 (649)
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or,

dnsat — dpnonsat

g(AL) —4(0) _ #(AL) —#(0)

Rn(\/gs ’Vds) Rp(\/gs ’Vds)
AL
Rp(V,.,V,.)=R V)=———
p(Vgs ds) d p(Vgs d ) q,Unantsi
AL

RNV, Vi) = Ryn(Vye, Vi) = W

[(A" = AV, = (B' =B)g,, —(C, —C)In, =[(A" = AV,

-(C,-C)n,

[(A" = A)Vys —Vou) = (B' =B)(Vyy —Vin =) = (C, —C )N,

= [(A/ - A)(Vout) - (Cé _Cn)]nn

Idn (\/out) = Idp (\/in ’Vout)

ol

dp
d\/out aVin
= = —1
avi, dig, _ ol dp
dVOUt avout

(B'~B)=—(A' - A)
or, P

(6.50)

(6.51)
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=V
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¢gsp :Vgsp _Vfbp =0 (652)

P(AL) —¢(0) _ #4(AL) —4(0)
I?d (\/gs ’Vds) Rnd p(\/gs ’Vds)

{(A' = AV, —(C, =C,)}p, ={(A' = AV, —(B' = B)g,,, — (C; —C,)}p,

{(A" = A)Vy Vo, ) (C, —C,)}P,
={(A' = A)(V,,) — (B = B)(V;, ~Vy,) = (Ch —C,)}P, (6.53)

I dp (\/out) = Idn (\/in ’Vout)

Ol
OV Ne
dVin dldp Ol gn
Vo OVou

—(A’—A)&z(B’ -B)
(A/ - A) ppvdd - (A/ - A) pp (Vin _Vfbn) _{(C:) _Cp) pp _(Cr: _Cn) pn)
(A" =A)(p,+P,)

=V

out
Vin :Vfbn :VIH

Output Low:

dnsat — dpnonsat

Vi =V
[(A - A) Vg —Vou) —(B'- B)(Vy — Vi, _Vfbp) - (C; _Cp)]np
= [(A/ - A)(Vout) - (Cr/1 _Cn)]nn

v - (A" = ANV, +(B' —=B)n Vy, —(C, —C,)n, +(C; —C,)n, _y
o (A = A)(n,+n,) o
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Output High:
Idnnonsat = Idpsat
V, =0
V. = (A/ - A) pded _(B/ - B) anfbn _(C:) _Cp) pp +(Cr/1 _Cn) Pn :VOH
out
(A" =A)(p, +p,)

Inverter Threshold Voltage

p(AL) —4(0) _ #(AL) —4(0)
Rnd n(\/gs ’Vds) Rnd p(\/gs ’Vds)

¢gsp = gsn =0
Vdsp :Vdd _VI
Vi =V,

dsn

(A/ - A)Vdsn - (B/ - B)¢gsn - (C[/J _Cp) o (A/ - A)Vdsp - (B/ - B)¢gsp - (Crﬁ _Cn)
AL B AL
2q/’ln r]nWtsi Zqﬂp pthsi

N A(A = AV, —(C, —C)}= 1, p,{(A = AV, -V,)—(C, -C)}

_ Py (A = AV, +{1n,(Cr ~C,) — 11, P, (C; ~C,)}

Vv, ;
(lunnn +/up pp)(A - A)

Noise Margin:

Noise margin for logic 1 voltages

(A/ - A) pded _(B/ - B) pnvfbn _(A/ - A)(pn + pp)vfbn _(CIIIJ _Cp) pp +(Cr{| _Cn) pn
(A"~ A)(p, +p,)

VNMH :VOH _VIH =
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Noise margin for logic 0 voltages

(A/ - A)nnvdd _(B/ - B)npvfbp - (A/ - A)(nn + np)vfbp + (C:) _Cp)np —(C; _Cn)nn

Vi, =V, =V, =
NML IL oL (A/ —A)(nn +np)
Fall Time
Vo
oy :Cout dVOUt
Vi Idn
V, =0V, g Vi =0.N,,
| _ q/un nnWtsi [(A/ A) out (Crﬁ _Cn )]
dn AL
VO dVOUt
t, = Coutj 7 7
v, q;unnnWt [(A A) out (Cn_Cn)]
AL
ALC (c’ C)) (C’ C.)
t, = put In
. qunnnvvtsi(A’—A{ Yoy M ey
Rise Time
v
s dV
LH :Cout | =
Vo dp
V, =0Ng, oog Vo =0.9V,
A, PWE A — AV —Veu) = (€5 —C)H
dp AL
Vl dVOUt
t, = CoutJ- 7 7
A q:up pthsi [{(A - A)(Vdd _Vout) _(Cp _Cp)}]
AL
ALC,, (C,-C,) (C,-C,)
t|_H = t/ In{vdd Vi / } {Vdd o #}
q:up pthsi(A _A) (A - ) (A _A)
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Propagation Delay

ALC (¢ -¢C)

_ out _ _(Crll_Cn)
fo. = qﬂnnnvvtsi(A’—A){ "y T M Ty }}

(C:) _Cp)}_ In{vdd _VI (C:) _Cp)}:l

(AN -A) (AN -A)

ALC
to = L In -V
PLH Qe PV, (A~ A){ Vaa —Vou

Propagation delay is given as,

t = Lo + o4

P 2
Power Loss
Pd =Vout|ds

6.4.2 JLT with A Dielectric Layer at Centre

RyN(X,Vy,,Vy) = 1 A
q/Llp pn WWd
1 AL
Rd p(x’vgs’vds) =
q/’lnnp WWd
1 AL

R N(X,V V) =
" ( ’ d) q/unnnW(tsi_tdi _Wd)

1 AL
q/up pp W(tsi _tdi _Wd)

Rnd p(X’Vgs 7Vds) =
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Lely  Lelg-2L N 1 Ly L L2 2Alel)-l bl L
Vi * -e * )+(——“——2¢gs)/12(e A-et-e 4t +e 4 -e F t+e t)
0) e A
¢0( )_ Zﬂ _25
G
L_+Ld L+Ly-2L, Ly L L2l 2Aleb)-l Ll L
_vV e’ -e * )_¢ e’ -e*-e * +e * -e * +e ) N, 1
IR os Ltk ok P LY
e * -e*) e * -e”) et -et)
¢0(0):Avds_B¢gs_Cn
¢ (AL) =
L+Ly+AL L+Lg-2L AL L+Lg+AL L+AL L+Lg—2L,-AL ALrly)-L-AL Lty b
V (e A —e A ) (e A —e A —e A +e A —e A +e l)
ds o L ~ s bt L,k
€7 e O
aN, 1
- Ll L
Sl (e A e 1)
¢O(AL): A/Vds_B/¢gs _Cr<
For p-channel JLT
¢O(O):Avds_B¢gs_Cp
and
¢ (AL) = AV, —B'g, —C,
Where,
L+Ly+AL L +AL L+lyg—2L -AL 2(L+Lg)-L,—AL HLtL Lk
N e -e * -e +e 4 -e * +e 4
Cp:_q aﬁ,2( — - )
= S
si (e 2 —e /‘{)
L+l +AL LAl Lelg-2L-AL 2(Lilg)-L-AL el L
;) ON, ., (e * -e * -e +e 4 -e t te *)
Cp:_ A L, L
= T s
Sl (e y _e j,)
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Input Low:
|dpnonsat: l dnsat

At Saturation,

¢gsn :Vgsn _Vfbn =0 (654)

or,

dnsat — I dpnonsat

g(AL) —¢(0) _ #(AL) —¢(0)
Rn(\/gs ’Vds) Rp(\/gs ’Vds)

PAL
qu,nW p(t; —t;) + Wt

Rn(vgsivds) = Rndn(vgs1vds) ” Rdi ” Rndn(\/gs’vds) =

PAL
N W p(ty —ty) +Wty;

Rp(vgs’vds) = Rd p(Vgs’Vds) I Rdi I Rd p(Vgs1Vds) =

{(A/ - A)Vdsp - (B/ - B)¢gsp - (C:) _Cp)}{q/unnpwp(tsi _tdi ) +Wtdi}
={(A/ - A)Vdsn - (B/ - B)¢gsn - (Crﬁ - Cn )}{q/unnnw p(tsi _tdi ) +Wtdi}

{(A/ - A)(\/dd _Vout) - (B/ - B)(Vdd _Vin _Vfbp) - (C,/) _Cp)}{q:unnpwp(tsi _tdi ) +Wtdi}

={(A/ - A)(Vout) - (B/ - B)(Vin _Vfbn) - (Cr/1 - Cn )}{{q/un IqnW p(tsi _tdi ) +Wtdi}} (655)
ol gy,
d\/out — avin =1
av;, dlg, ol dp
cI\/out a\/out
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or,

{au,n W p(t; —tg;) + Wt F+{au,n W p(t; —ty;) + Wty }

(B'-B)=—(A"-A) {au,n W p(t,; —tg) +Wt,}

(A/ = AV {qun W p(tg —ty) +3Wt, + Z{Q,Unnpw Pty —tg)
(A" = AX{au,n W p(ty —ty) + 2Wt,, + quuN W p(ts —t5)}
(A" = A{au,n W p(t; —ty) + 2Wt,, + Aun W p(ty =15 )}V, +V,)
(A" - A{au,nW p(t; —ty) +2Wt, + qlunnpwp(tsi —t4)}
{(C,/) -C ){au,n W p(t; —ty) + Wt} - (C, —C Hau,nW p(t; —t;) + Wty 3}
(A" = AY{au,n W p(t; —t,) + 2Wt, + qun W p(tg —14)}

=V

out
Vin = (Vdd _Vfbp) :VIL
Input High:

dnnonsat dpsat

¢gsp :Vgsp _Vfbp =0 (656)

#(AL) —¢(0) _ #(AL) —#(0)
Rn(\/gs ’Vds) Rp(\/gs ’Vds)

PAL
e, PW oty —tg) + Wi,

RNV, Vis) = RyN(Vge, Vi) 1T R ITRN(V V) =

PAL
au, PW oty —tg) + Wty

Rp(vgs’vds) = Rnd p(Vgs’Vds) ” Rdi ” Rnd p(VQS’VdS) =

{(A = AV, (B ~B)gh,, — (C, —C,)HTu, P plt, —t,) +Wi, }
={(A/ - A)Vdsn - (B/ - B)¢gsn - (Cr/1 _Cn )}{q/up an p(tsi _tdi) +Wtdi}
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{(A - A)Vag —Vou) — (B' - B)(Vy —Vi _Vfbp) - (C:) _Cp)}{q,up ppr(tsi 1) + Wty }

={(A' = A)Vy) ~ (B =B)(V;, V) —(C; ~C, ) HTuz, PV plt, —t) + Wi, } (657)
Olgn
d\/out — avin =-1
dVin dldp _ al dn
d\/out aVOUt

{qﬂp ppr(tsi _tdi) +Wtdi} _ (B/ _ B)
{qﬂp PW p(ty —ty) + Wt}

—(A'=A)

(A" - AN, PW oty —tg) +WE, Vg — (A - AN, P W oty —1y) +WE 3V, —Vy,,)
(A/ - A){qﬂp PW p(ty —ty) +2Wt,; + Qu, ppr(tsi —t)}
3 [(C; - Cp){qﬂp ppr(tsi —t;) + Wty } - (Cr: -C, ){qlup PW p(ty —ty) + Wty }]
(A/ - A){Qﬂp PW p(ty —ty) +2Wt,; + qu, p,W oty —t3)}

=V

out
Vin :Vfbn :VIH

Output Low:

V= (A/ - A){qlunnpwp(tsi —t5) + Wty Vg N (B/ - B){QIunanp(tsi —t4) +Wtdi}vfbp
o (AI - A){qu(t5| _tdi )(:unnn + :unnp) + 2V\/tdi} (A/ - A){qu(t3| _tdi)(/unnn + lunnp) + 2V\/tdi}
3 (C; - Cp){QIunanp(tsi —ty) + Wt} - (Crfn -C H{au,n W p(tg —t;) + Wt} vV
(A= AW p(ty —ty) (e, + 1,0, )+ 2Wt, } >
Output High:

_ (A - A){ae, pW p(tg —15) + Wt JV,, B (B' - B){a, PW plty —ty) +Wit; Vo,
M(A = A{au, (P + PIW Aty —ta) + 2Weg} (A= A, (p, + P W plty —ty) + 20ty }
_(C:) —C Ay, p W p(ty —ty) + Wt 3+ (C,-C, Haw, PW p(ty —ty) + Wt } _v
(A" = A){a, (p, + P W p(t; ~ty) + 2Wt,} >
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Inverter Threshold Voltage

#(AL) —¢(0) _ #(AL) —4(0)
Rn(\/gs ’Vds) Rp(\/gs !Vds)

PAL
qu,nW p(t; —t;) + Wt

Rn(vgs’VdS) = Rndn(vgs’vds) I Rdi I Rndn(vgs’vds) =

PAL
Au, PW oty —ty) + W

Rp(vgs’vds) = Rnd p(Vgs’Vds) I Rdi I Rnd p(vgs’vds) =

¢gsp = gsn =0
Vdsp =V —V,
Vi =V,

dsn

{(A/ - A)Vdsn - (B/ - B)¢gsn - (Cr/1 - Cn )}{qﬂnnnw p(tsi _tdi) +Wtdi}
={(A — AlNVyep — (B’ — B)&ysp — (C,/D —C))Hag, p W o(t; —t;) +Wt, }

_ {au, P W p(t; —ty) +Wt H(A — AV, +gW p(t,; —t,){e,n, (C, —C,) — Hp Py (C,/; -C.)}
(A/ —A{gW p(t; —t;) (w0, + Hy pp) +2Wt, }

Vv

Noise Margin:

Noise margin for logic 1 voltages

B B (A - A){qﬂp ppr(tsi —t5) TWt i Vo
VNMH _VOH “Vin T /
(A - A){qlup(pn + pp)Wp(tsi —ty)+2Wt,}
B [(B/ - B){q,Up PW p(t —ty) + Wty 1+ (A/ - A){qlup (p, + pp)Wp(tsi —ty) + 2Wt, IV,
(A" - A{a, (P, + P, )W p(ty —ty) +2Wt, }
—(C:} —Cp){q,up ppr(tsi —ty) + Wt }+ (Cé _Cn){Qﬂp PW p(t; —ty) + Wty }
(A/ - A){Qﬂp(pn + pp)Wp(tsi —tg) + 2Wt, }
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Noise margin for logic 0 voltages

Vi =V —Vor = — (A" - AXaLNW p(tg —ty) + WV
(A" = A{gW p(tg =t ) (N, + Iunnp) +2Wt, }
[(A/ AW p(t; —ty ) (44N, + p2,0,) + 2Wt 1= (B’ = B){au,n W p(t; —t,) +Wt, 3V,
(A" = A{AW p(t —t ) (o, + p20,) + 2Wt, 3
. (Cp —C ) {aun W p(t; —t;) + Wi 3= (C, = C ){qu,n W p(t; —t,) + Wty }
(A/ = A{aW p(tg —tg)(u,n, + ,Unnp) +2Wt, }

Fall Time:

V, =0V, . .V, =0.9V,,

H and

— {q/'ln nan(tsi _tdi) +Wtd|}[(A/ ) out (Crﬁ — C:n )]

I

dn pAL
t \jg dVout

HL o {qlunnnwp(tm td| ) +Wtd|}[(A/ A) out (Cr/1 - Cn )]

PAL
ALpC c/-C c'-c
tHL — p out - |:|n{\/ ( )} {\/1 ( n/ n)}:|
{9u,n W p(tg —tg) +Wt; H(A = A) (A=A (A =A)
Rise Time:
= Cou Vo
Vo Idp

V, =00, o Vi =0.9V,,

Department of ECE, Tezpur University | 251



Chapter 6 | Enhancement of Performance Parameters of JLT

_ {q,Up ppr(tsi — 1) +Wtdi}[{(A/ — A) Vg —Vou ) — (C; - Cp)}]

op PAL
t _ C T dVOUI
- OU'[VO {q;up ppW p(tsi _tdi ) +Wtdi}[{(A/ - A)(Vdd _Vout) - (C:) _Cp)}]
PAL
c'-C c'-cC
t|_H = ALpCOUt ] In{vdd _V1 - ( p/ p)}_ln{vdd _Vo _( p/ p)}
{as, P W p(tg —t5) +Wtg (A - A) (A -A) (A -A)

Propagation Delay

_ ALpC,, (€ -C)y (G, -C)
tF’”L‘{qunnan(tsi—tdi)+Wtdi}(A’—A)['”{V' (A’—A)} o (A -A) }}

— AI-pCout _ _(C;_Cp) _ _ _(C:J_Cp)
tPL“_{cwo,)Wp(tsi—tdi)+Wtdi}(A’—A){'n{v““ Vou a1 M TV Ty }}

Propagation delay is given as,

t = tPHL +tPLH
P 2

Power Loss

P, =V,,I

out " ds

6.4.3 JLT with Diagonal Dielectric (Symmetric)

Rdn(X’Vgs ’Vds) = = AL
qﬂp pn WWd
Ry P(X,V,Vy) = 1 AL

¢ ¢ qynnp WWd
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1 AL
quen, w (tsi _Wd)

I:\)nd n(X’V Vds) =

gs’

1 AL
q/“lp pp W(tsi _Wd)

Rnd p(X’Vgs ’Vds) =

[ bk Lo N, 1 Ly L Lg2h 2l b el L]
V(e " -e * )+(—"—/112 At —ef-e f e A e oge )
#,(0) = )
b AEIVR
e * -e*)
_+7Ld L+ly-2L, Ly L L2l 2Alel)-L el L _
L, et -e Py (et -et-e B oqe Mt e M te t)
B ot L
(e * -e ") (e * -e ")

Ly L Lelg2l o 2Alelg)-l Llily L

gN, ,(e* -e"-e * +e A et teh)
! NEIPENN
Sl (e jﬂ _e 11)
Where,
A, = \/tsi (4, to+ € ty)
8€gx

¢O (O) = Aivds - Bl¢gs _Cln

¢0(AL):
L+lg+AL  L+ly—2L-AL L+Lg+AL LAl Lelg-2L-AL 2Lely)-L-AL LLely L
v Ao—e A )_¢ e * -e * -e A~ +e A et ote )
ds o L g P T LS
e * -e ™) € “ —e &)
L+Ly+AL LAl Lelg-2L-AL 2(Ltlg)-L-AL L+l b
gN, ,(e * -e * e A 4+e A —e t te h)
_ Ll L
eS| (e M _e gi)

¢0 (AL) = Ailvds - Bll¢gs _Clln
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For p-channel JLT
¢O (O) = Aivds - Bl¢gs - Clp

¢0 (AL) = A{Vds - B]{¢gs _C:I{p

Where,
L+Ly L L+Lg-2L 2(L+Ly)-Lg Ltk Lk
c __ OGN, (e —etr—e 4 4e A —e h te h)
1p — /11 L+l L
Ssi = 2
e * -e*)
L+Ly+AL L+AL L+Ly—2L—AL 2(L+Ly)-Ls—AL Lty Lk
o~ N (e * —e A —e A 4e A —e " e M)
ip — c /11 Ll L
si (e P —e /11)
Input Low:

|dpnonsat= l dnsat

At Saturation,

¢gsn :Vgsn _Vfbn =0 (658)

or,

dnsat — dpnonsat

#(AL) —#(0) _ #(AL) — #(0)
Rn(\/gs ’Vds) Rp(\/gs ’Vds)

AL
Rp(VQS’Vds) =R, p(Vgs’Vds) - C],Un—VVt
n''p Si
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AL
q/un r]n\/\/ts,i

Rn(vgslvds) = Rndn(vgsvvdg) =

[(A.L/ - A.)Vdsp _(Bl/ - Bl)¢gsp _(Cllp _Clp)]np = [('A&/ - Al)vdsn _(B:I{ - Bl)¢gsn - (Clln _Cln)]nn

[(A = A)Vag —Vou) = (B] =BV = Vi, =Vi)) = (C, =Cy ),

_ I - _ i~
= [(A1 Ai)(vout) (Bl Bl)(\/in Vfbn) (Cln C1n )]nn (6_59)
g,
dvout aVin
= = —1
dVin d I dn al dp
dVOUt 6V0Ut
(n, +n,)

or, (B/-B)=—(A - A)— —

p

(All B Ai)(nn + 2np)Vdd _(Aj{ B Ai)(nn + np)vin _(AJ{ B Ai)(nn + np)vfbp _{(Cj(p _Cp)np _(Clln _Cln)nn}
(A -A)n, +n,)

:Vout
Vin = (Vdd _Vfbp) :VIL

Input High:

dnnonsat dpsat

¢gsp :Vgsp _Vfbp =0 (660)

$(AL) —¢(0) _ #(AL) —#(0)
Rd (\/gs 'Vds) Rnd p(\/gs ’Vds)

{(Al/ - AL)Vdsp _(81/ - Bl)¢gsp _(Cllp _Clp)}pp :{(Ail - Ai)vdsn _(81/ - Bl)¢gsn _(Clln _Cln)}pn
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{(Ail - Ai)(vdd _Vout) - (Bll - Bl)(vdd _Vin _Vfbp) - (Cllp _Clp)}pp

_ I _m! B i~
—{(A1 Ai)(\/out) (Bl Bl)(\/in Vfbn) (Cln C1n)}pn (6_61)
oly,
dV,,. oV,,
= - _1
dVin dldp _ aldn
dVOUt aVOth

(A —A>%=<B{ -B,)

(Aj{ - Ai) ppvdd - (All - Ai) pp (Vin _Vfbn) _{(CJ{p _Clp) pp - (C]{n _Cln) pn)
(A = AP, +Py)

:Vout

Vin :Vfbn :VIH

Output Low:

V.o = (Ail B A1)npvdd +(Bll B Bl)npvfbp _(Cllp _Clp)np + (Clln _Cln)nn —V
out (A{_A_)(nn‘f‘np) oL

Output High:

V. = (Aj{ - Ai) ppvdd _(BJ{ - Bl) anfbn _(C]{p _Clp) pp +(C:|{n _Cln) pn "y,
o (A =A)(p,+P,) o

Inverter Threshold Voltage

#(AL) —¢(0) _ #(AL) —#(0)
Rnd n(\/gs 'Vds) Rnd p(\/gs ’Vds)

¢gsp = @gsn = 0

Department of ECE, Tezpur University | 256



Chapter 6 | Enhancement of Performance Parameters of JLT

Vi =V =V,

dsp

\Y

dsn

=V,

(A‘J{ - A‘J_)Vdsn - (B:l{ - Bl)¢gsn - (Cl/p _Clp)
AL
2QILlnnnWtsi
- (A1/ - Ai)vdsp - (Bl/ - Bl)¢gsp - (Clln _Cln)
B AL
2qp, P WL

Ha (A = AN, =(CL, —Ci)}= 1, P {(A = A) Vg —V)) = (C, —=Cy, )}

— :up pp(Aj{ - A.I.)Vdd +{/unnn (C]{n _Cln) _:up pp(C]{p _Clp)}

V, ,
(N, + 1, P, ) (A — A)

Noise Margin:

Noise margin for logic 1 voltages

v vy (A -A)DVe (B -B)P Ve~ (Cly ~Cy)P, + (Co=Cu)P,
e (A~ A)p, + p,)
nT Fp

Noise margin for logic 0 voltages

Vo 2V V. = (A= ANV —{(A = A)(n, +n,)+ (B -B)n Wy, +(C/, —-C,,)n, —(Cj, —C, ),
NML IL oL (Al/ B Al)(nn N np)

Fall Time:

Vo

t — C dVout
HL out I

vV, dn

V, =0.1V,

OH and V; =0.9V,,
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— a4, nnWt5| [(Ai Ai) out (Clln — Cln )]

|
an AL

K dVout
tHL = Cout I /

v, q:unnnth [(Ai Ai) out (Cln _Cln)]

AL
ALC C -C C -C
tHL — out/ {In{\/o ( ln)} {\/1 ( 1n)}:|
qu,n Wt (A — A) (Ai A) (Ai A)
Rise Time:
= Cout dVOUt

Vo Idp

V, =0V, g Vi =09V,

_ q'LlP pthSi [{(A_ll - A‘l)(\/dd _Vout) - (CJ{p _Clp)}]

oo = AL
t. . =C \./f dVout
H OUtVO q:up pthsi [{(Ail - Ai)(vdd _Vout) - (Cl/p - Clp)}]
AL
ALC

ty, = {In{vdd—l Coo Gy oy, v, —(Cllp_c“)}}
i, VL, (A~ A) CEry CEry

Propagation Delay

ALC (Clln C1n ) (Clln B Cln )
— out I
tort g, Wt (A - Ai){ - (A -A) A—p) Mo (A -A) }}
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ALC,, (C,-C,,)
. I:In{vdd _VOH M}_ In{vdd _VI -

t _ _ (C]{p _Clp)}
" qu, p W (A - A) (A -A)

(A -A)

Propagation delay is given as,

Lo + o

2

t, =

Power Loss

P, =V,

out

ds

6.4.4 JLT with Diagonal Dielectric (Asymmetric)

RyN(X,Vy,,Vy) = ! AL
qﬂp pn WWd
1 AL
Rd p(x’vgs’vds) =
q/’lnnp WWd
1 AL

Rndn(x,Vgs V) =

q/unnn W (tsi _Wd)

1 AL
q/up pp W(tsi _Wd)

Rnd p(x’vgs ’Vds) =
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Vds (e

L+Ly-2L,
A

Ly
hoe

)+(-

N,

si

72¢gs)ﬂlz (e g

Ll

L Lelg-2l
_eh_g A

2(L+Ly)-L
A

1

Ll Lk

—e * +e )

+€

A

Ly
4

L

g h

e A

(e *

P RE]

- )1)

Lly-2L,  2(L+ly)-L

A

Ll L

—e " +e )

+€

L+Ly-2L,

2(L+Ly)-

NE
(e * -e ")
A RE]

25

L

Ay

e A

2
(e

¢02 (0) =

b
) ]1)

Ly L L2l 2(Lly)-L

E
b)ie " —e-e t +e *

P R

L+ly  Lelg-2L,

Ly Ly
e _p % e %
:V“( )_%s(

5

L+Ly-2L,

M ok
(e = -e*)

2AL+Ly)-L

—ef-e % te

Pl B

b g ko4 %)

Pl B LY

(e % -e *)

Ll L Ll

2L+Ly)-L

B R e

%

Pt BPLY
(e " -e®)

Sl L

23

- X +e '12)

&s

d 92
- A
' e ” -e

Where,

\/t (46 t,+ <
A =

oxg 1

tsi (4 eSi t0x+ <
A = 8 e

oxg 2

t

oxgl “si

)

t

oxg2 “si

)

¢01 (O) = Aivds - Bl¢gs -C

LY

")
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¢02 (0) = szds - Bz¢gs - C2n

¢ (0) = 4,(0) — ¢, (0) = (A — AV, — (B, — B¢, — (C,, = Cy,)

¢01(A|—):

L+lg+AL  L+ly—2L-AL L+Lg+AL LAl Lelg-2L-AL 2Lely)-Li-AL LLely L
V(eﬂl—e”i ) (e * -e " -e A +e A et ote?)
ds ol L ~ Py e b

e * -e ™) € * —e *)
L+Ly+AL LAl Lelg-2L-AL 2(L+lg)-L-AL Lely L
gN, .,(e * -e * -e A 4+e A —e h 4e h)
L+L, L
(S o=

si (e M _e 21)
¢ (AL) =

L+lg+AL  L+ly—2L-AL L+Lg+AL Lol Lelg-2L-AL 2(Lelg)-L-AL Lely L
V(e‘?—e*? ) (e 7 -e % -e 2 4e 2 —e h te”)
ds Lol L ~ s P LY

(e = -e ) e —e *)

L+L,+AL LAl Lelg-2L-AL 2(Lely)-L-AL oLely L

CgNy (e 2 -e ® e % 4 B -e ®o4e )
Lol L
E. 2—d 2=
Sl (e AQ _e ﬂ?)

¢ (AL) = AV, — B¢, —C;,

¢ (AL) = AV, — By —C3,

¢ (AL) = ¢, (AL) — ¢, (AL) = (A - AV, —(B] ~ B¢, —(C;, —C3,)
For p-channel JLT

¢,(0) = ¢, (0) — ¢, (0) = (A — AV — (B, —B,)¢,, —(C,, -C,,)

and
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% (AI—) = ¢01(A|—) _¢02 (AI—) = (Al/ - Aé)vds _(Bll - B£)¢gs _(Cl/p _Cép)

Where,
L+ly L L+Ly 2L, 2(L+Ly)-Lg Sl b
c N, ,,(e* —e*-e ~ +e A —e 4 4e *)
1p — c. 21 HLthg b
Si (e A _e ji)
L+Ly L L+Ly 2L 2(L+Lg)-Lg Ll b
c —_ 9N, (e —e-e %2 4e % e % 4e )
2p — c. A Lt Lk
SI (e 2’2 _e A’Z)
L+Ly+AL L +AL L+Ly—2L,—AL 2(L+Ly)-L—AL HLtLly Lk
c ——qNaﬂf(e A e A e A e A —e " e M)
ip — c oL+l L
Si (e A —e /11)
L+Ly+AL L+AL L+Ly—2L,—AL 2(L+Ly)-Lg—AL Lty b
c! ——qNaﬂf(e 2 e 2 —e 2 e % —e "~ +e )
2p c. oLtk L
Si (e 2y —e 12)
Input Low:
|dpnonsat: l dnsat
At Saturation,
¢gsn :Vgsn _Vfbn =0 (662)
or,
Idnsat = Idpnonsat
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¢’ (AL) —¢'(0) _ ¢'(AL) —¢'(0)

Rn(\/gs ’Vds) Rp(\/gs ’Vds)
AL
R 1Vs =R S’VS T aun Wt
p(\/gs d ) d p(Vg d ) q,unantSi
AL
Rn(vgslvds) = R”dn(\/gS1VdS) - m

[(A:; - As)vdsp —(Bé - B3)¢gsp _(C:gp _Cgp)]np
= [(%/ - A3)Vdsn - (BS/ - BB)¢gsn - (Cén _C3n)]nn

A=(A-A)
B, =(B,-B,)
C,, =(C,, —Cy,)
C,,=(C,-C,)
A=(A-A)
B, =(B/-B,)
Csp =(C, —Czp)
Can =(Ciy —Cyy)

[(AS = A) Vg —Viu) = (Bs = Bo)(Vyy =V, =Vi,) = (C3, = C )0,
= [(ABI. - Az)(vout) - (BQI, - BS)(Vin _Vfbn) - (C?/,n _C3n)]nn (663)
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ol g,
dVout avin
e prd —1
dv,, di, Al
dVout aVout

(B;—By)=—(A - A)——

p

(A3/ - A3)(nn + 2np)vdd - (A; - AS)(nn + r]p)\/in - (ASI - AS)(nn + np)vfbp _{(C?{p _CSp)np - (C:;n _CSn)nn}

(A -A)n,+n))
=V

out

Vin = (Vdd _Vfbp) :VIL
Input High:

dnnonsat dpsat

¢gsp =Vog Vi = 0

P(AL) —#(0) _ #(AL) — #(0)
Rd (\/gs ’Vds) I?nd p(\/gs ’Vds)

[(A; = Ay, = (B; = By)dhy, —(Ca, —C5,)1p,
= [(Azl - Az)vdsn - (B?/, - BS)¢gsn - (C?/:n _CSn)] P,

[(Asl - A?,)(Vdd _Vout) - (Bé - BB)(Vdd _Vin _Vfbp) - (Calp _CSp)] Py
= [(ABI, - AB))(Vout) - (B:?/, - Bs)(\/in _Vfbn) - (Cén _C3n)] pn

Olgn.
Vo _ Ny 4
dVin dldp _ 6Idn
dvout aVout

(6.64)

(6.65)
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—(Aé—&)%=(83’—83)

(Aé B A3) pded _(A3/ B A3) pp(vin _Vfbn) _{(C:;p _C3p) pp _(Cén _CSn) pn)
(A= A)(p, +P,)

=Vou

Vin :Vfbn :VIH

Output Low:

v - (A; = ANV, + (B —B;)n Vy, —(C;, —Cy,)n, +(Cs, —Cy)n, _y
out (A;—%)(nn-i-np) oL

Output High:

V. = (A; - A3) ppvdd _(BEIE - BS) anfbn _(CSIp _CSp) pp +(Cén _C3n) Pn ny,
™ (A =A)P,+P,) -

Inverter Threshold Voltage

g(AL) —¢(0) _ #(AL) —¢#(0)
Rnd n(\/gs ’Vds) Rnd p(\/gs ’Vds)

¢gsp = gsn =0
Vdsp =V —V,
Vi =V,

dsn
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(A5 = AV — (B; — B3)dyen — (C3p —Csp)
AL
2q:"lnnnWtsi
_ (A3/ B A%)Vdsp - (Bé B B3)¢gsp - (C(;n _C3n)
B AL
ZQﬂp pthsi

HaI(A = AV, = (Cg, = Ci )1 = 12, PI(A = A) Vg = V) = (C3, —Cy))]

_ :up pp (A/ - A)Vdd + [lunnn{(Clln _Cén) - (Cln _CZn )}_lup pp{(Cllp - Cép) - (Clp _C2p)}]
(i, + 12,0, ) (A = A)

VI

Noise Margin:

Noise margin for logic 1 voltages

Vo =V, V= (A —A)P Vs, —(Esé—Bs)/pnvfbn ~(C4,=Ca)P, +(Ch-Ca)P,
(A =A)(P, +P,)

OH —

V

NMH fon

Noise margin for logic 0 voltages

Vo 2V V. = (A = ANV —{(A = A)(n, +1,) + (B} = BN IV, +(Ch, —Cy )N, = (Cs, —Cy ),
NML IL oL (A; B AS)(nn N np)

Fall Time:

V,
¢ dVv
tHL — C d out

out I
vV, dn

V, =0.V,, ..V, =0.9V,,

H and

[ _ a4, nnVVtsi [(A\'; — AS)Vout _ (CS/n - C3n )]
dn AL
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Vo
t — C J‘ dVout
" o \ q:un r‘InWtS| [(% A3) out (Csl‘n _C3n )]

AL

ALC (Ci -C,) (Ci.—C,.)
— out | 3n/\ _ 3n
o qynnnvvtsxA;—As){”{V" Woa) M WA }}

Rise Time:

Vy
_C,, J- dv,,

Vo Idp

V, =0.1V,

o and Vi =0-No

_ q'up pthsi [{(A:; - AS)(\/dd _Vout) _(C?ip _Csp)}]

lep =
P AL
tLH = Cout Jl / dvout /
v, q/up pthsi [{(AS - A’s)(\/dd _Vout) - (C3p _C3p)}]
AL
ALC (Cé -C,) (Cei -C;,)
— out | —V _ P P _| —V _ P p
tLH Qﬂp pthSi (Aé - A3)|: rI{Vdd 1 (A; . A3) } n{Vdd 0 (Aé _ Ag) }:|

Propagation Delay

ALC (C. -C,) ! -c,)
t — out | 3n 3n 3n
Pt qlunnnWtsi (Aé - As)|: n{VI (As A?,) } {VOH (A; - AS) }:|
ALC ( 3p ~Cap) (C3/ -C;,)
— out | -V p PN _ p p
to au, pthsi(ASI _ As){ NM{Vas —Von (A3 A) — v In{Vy -V, (Asl “A) }}

Propagation delay is given as,

Department of ECE, Tezpur University | 267



Chapter 6 | Enhancement of Performance Parameters of JLT

t = tPHL +tPLH
P 2

Power Loss
P, =Vl

out " ds

6.4.5 JLT with Varying Doping Concentration

RyN(X,Vg, V) = 1 AL
qﬂp pn WWd
1 AL
|:zd p(X’Vgs ’Vds) =
qﬂnnp WWd
1 AL
R.yN(X,Vy,Vy) =
nd ( gs d ) q,Unnn W(tSi —Wd)
1 AL

Rn p(X’V s WV s) =
‘ ’ ‘ q/’lp pp W(tsi _Wd)

n — Nd(x)+\/Nd2(x)+ni2
2 4

n_2

P, = >
Nd(x)+\/Nd(x) e
2 4 '

p

_NL(9 +\/N:(x) n?
2 4 '

n2

N9 \/ NGO
2 4 '

n,
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¢o(0):
L+Ly L+l 2L, N (0 1 Ly L L+ly—2L 2(L+Ly)-Lg S T
V(e * —-e * )+(_qd()_42¢93)/12(e i _et-g * 4+ +  —eg 4 4e )
si
ot b
(€4 —e ')
Ltly L+Ly—2L L+Ly L L+Lg—2L 2(L+Lg)-Ls Lty Lk
_V(eﬂ—ei )_¢(eﬂ~—ei—el +e *  —e * +e *)
— Vds L+Ly NS gs SLtly Lk
(E r —e A) (e 2 _a ,1)
Ltly L L+l 2L 2(L+Lg)-Lg Sltby ok
gN,(@©) ., (e * -e*-e * +e * —e * +e *)
- A Lty L
Ssi (e ) _e7 7)
¢0(O):AVdS_B¢gs_CAn
% (AL) =
L+lg+AL  L+ly—2L-AL L+Ly+AL LAl Lelg-2L-AL 2(Ltlg)-L-AL Lely L
V (e A —e A ) (e A —e A —e A +e A —e A +e ﬂ)
ds ol L ~ Py P TP L
€7 e ) € —e')
L+Ly+AL LAl Lelg-2L-AL  2(Lelg)-Li-AL  oLely L
qNAALX#(e Ao—-e 4 —e *  +e -e * +e *4)
B iy L
esi 2 2
€7 e )

#(AL) = AV, —B'g —C;
For p-channel JLT

#,(0) = AV, —Bg —C,,
and
#(AL) = AV, —B'g, —C,,

Where,
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L+Lg+AL L +AL L+ly—2L—AL 2(L+Ly)-L—AL oLty Lok
c - qNa(O)/lz(e to—e * —e 4 +e 8 -e * +e *)
4p — c. Ll L

SI (e A _e )_)

L+Lg+AL L +AL L+lyg—2L—AL 2(L+Lg)-Ls—AL HLtly L
cl - qNa(AL)ﬂb2 e * —-e * —e A +e A —-e * +e *)
ap T o PR R

si (e A —e 1)

Voltage Transfer Characteristics
Input Low:

|dpnonsat= l dnsat

At Saturation,

¢gsn :Vgsn _Vfbn =0 (666)

or,

dnsat — dpnonsat

P(AL) —#(0) _ #(AL) — #(0)
Rn(\/gs ’Vds) Rp(\/gs 'Vds)

AL
R ,V =R ’V s) T T W
p(\/gs ds) d p(VQS d ) CI,Unantsi
AL
R0V Var) = RV Vi) =

[(A/ - A)Vdsp - (B/ - B)¢gsp - (Czllp _C4p)]np = [(A/ - A)Vdsn - (B/ - B)¢gsn - (Cz/m _C4n)]nn

[(A/ - A)(Vdd _Vout) _(B/ - B)(Vdd _Vin _Vfbp) _(Cip _C4P)]np

= [(A/ - A)(Vout) - (B/ - B)(Vin _Vfbn) - (Cin - C4I’1)]nn (667)
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ol g,
d\/out — a\/in — _1
dVin dldn _ aldp
dVOut aVOut
n n
(B’ -B) :—(A’ - A)M
n

p

(A/ - A)(nn + 2np)vdd - (A/ - A)(nn + np)Vin - (A/ - A)(nn + np)Vfbp _{(Cip _C4p)np - (Cin _C4n)nn}

(A =A)n,+n,)

=V,

out

Vin = (Vdd _Vfbp) :VIL
Input High:

dnnonsat dpsat

¢95P =Vog Vi = 0

g(AL) —#(0) _ #(AL) —#(0)

Rd (\/gs 'Vds) Rnd p(\/gs ’Vds)

(6.68)

{(A' = AV, —(B' = B)gyy, = (Ci;, —C,, )30, ={(A" — AV, —(B' ~ B)g,, — (Ciiy —C, )P,

{(A/ - A)(Vdd _Vout) - (B/ - B)(Vdd —Vin _Vfbp) - (Cip _C“P)}pp

Z{(A/ - A)(Vout) - (B/ - B)(Vin _Vfbn) - (Czlln B C4n )} P,

ol g,
dVout a\/in
= =-1
dVin dli dp ol dn
dv, oV

(6.69)
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—(A - A)% =(B'-B)

n

(A/ - A) ppvdd - (A/ - A) pp (Vin _Vfbn) _{(Cip _C4p) pp - (Cin _C4n) pn)
(A" =A)(p, + P,)

=Vou
Vio =V =Viy
Output Low:
V. = (A/ - A)npvdd +(B/ - B)npvfbp _(Cip _CAp)np +(Cz/1n _C4n)nn ny
out — / —YoL
(A =A)(n,+n,))
Output High:
V. = (A/ - A) pded _(B/ - B) anfbn _(Ctllp _C4p) pp + (Cz{n _C4n) Pn ny
out — / — YOH
(A =A)(p, +p,)

Inverter Threshold Voltage

g(AL) —¢(0) _ #(AL) —¢#(0)
Rnd n(\/gs ’Vds) Rnd p(\/gs ’Vds)

¢gsp = gsn =0
Vdsp =V —V,
Vi =V,

dsn
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(A/ - A)Vdsn - (B/ - B)¢gsn - (Cz/ln _C4n)
AL
2q/’lnr‘ln\/\/tsi
(A/ - A)Vdsp - (B/ - B)¢gsp - (Céllp _C4p)
AL
2qlllp pthSi

s (A = AV, =(Cy, —C)} = 14, P, {(A = AV —V,) = (C,, —C,,)}

_H pp(A/ — ANV + 44,0, (Ci —Cu)— 1, pp(Czllp -C.p)
(lunnn +/up pp)(A/ _A)

VI

Noise Margin:

Noise margin for logic 1 voltages

- _ (A/ B A) ppvdd _(B/ B B) anfbn _(Czllp _C4p) pp +(C‘/‘n _C4“) Pn
=Vou —Viy = / ~Vien
(A= A)(p, +p,)

VNMH

(A/ - A)nnvdd _{(A/ - A)(nn + np) + (B/ - B)np}vfbp + (Czllp _C4p)np _(Cin _C4n)n

n

VNML :VIL _VOL = (A/ _ A)(nn N np)

Noise margin for logic 0 voltages

Fall Time:

V,
¢ dVv
tHL — C d out

out I
vV, dn

V, =00V, g Vi =09V,

I _ qie, r-‘nWtsi [(A/ — A)Vout _ (Czlln — C4n )]
dn T AL
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v,
’ dVout
t, = CoutJ‘ / /
v, q:unnnWtsi [(A - A)Vout _(C4n _C4n )]
AL
ALC (! -C,) ! -c,)
t — out In 4n 4n 4n
" qun W (A —A){ Yoy My !
Rise Time:
v,
cdV,,
_CoutJ‘ |
Vo dp
V, =0y, ,oq Vi =0.9V,,
v P Wt [{(A — A)Vyy —V,,) —(C., —C, )}
ap AL
Vl
tLH = CoutI / dVOUt /
A qll’lp pthsi [{(A - A)(Vdd _Vout) - (C4p _C4p)}]
AL
ALC ( 40 —Cy ) (Ci -C, )
t — out In _ P PN _ In -V - p p
LH Qﬂp pthSi (A/ _ A) |: {Vdd l (A/ ) } {Vdd 0 (A/ _ A) }
Propagation Delay
ALC (! -C,) ! -c,)
t — out In 4n 4n 4n
" G W, (A —A){ =Ty e Ty
ALC ( 4 C4 ) (Ci _C4 )
t — out In -V p p p p
PLH q,up pthSi (A/ _ A) { {Vdd OH — (A/ ) } {Vdd I (A/ _ A) }
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Propagation delay is given as,

Lo + o4

2

t, =

Power Loss

P =V

out

ds

6.4.6 Results

The comparison of voltage transfer characteristics for V¢=2V, 1.5V and 1V is shown
in Fig. 6.31, Fig. 6.32 and Fig. 6.33. The comparison of output current variation with input
voltage for V=2V, 1.5V and 1V is shown in Fig. 6.34, Fig. 6.35 and Fig. 6.36. The
comparison of transient response for Vg4=2V, 1.5V and 1V is shown in Fig. 6.37, Fig. 6.38
and Fig. 6.39. The comparison of switching power loss for V4=2V, 1.5V and 1V is shown in
Fig. 6.40, Fig. 6.41 and Fig. 6.42. Table 6.5 shows the noise margin for different structures at
Va=2V, 1.5V and 1V. Table 6.6 shows the rise time and fall time for different structures at
V=2V, 1.5V and 1V. Table 6.7 shows the propagation delay for different structures at
Va=2V, 1.5V and 1V.

In all the plots inverter using the conventional DG JLT is denoted as Struct 1, the JLT
with symmetric diagonal dielectric is denoted as Struct 2, the JLT with asymmetric diagonal
dielectric is denoted as Struct 3, the JLT with gradual doping concentration in channel with
SiO2 as the gate dielectric is denoted as Struct 4 and the JLT with centre dielectric layer is

denoted as Struct 5.
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Cutput Voltage (V)

Cutput Voltage (V)

2
_ Dashed Line - Model Structl
IEE it S Symbols - TCAD ® Struct?
EE[EI—% « Struct3
16m
A Structd
1.4m B Structs
12m
1m \\
0.5 = \‘\.
0.6 1\ \\
0.4 '\
02+ \ .\.\
0 i i \‘wﬂ-ﬂ
0 0.3 1 1.3
Input Voltage (V)
Fig. 6.31: Voltage Transfer Characteristics for V4=2V
13
14 Dashed Line - Model Stctl
Symbols - TCAD ® Struct?
L3 = P 4 Struct3
o —
12 —_— A Structd
1'1 Rt e B Structs
iy -—
oo T - “2\
05 = N
0.7 = ““} .
0.6 = ™ !\1\:
0.5 \‘\ \
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03 = \},\\ LN
02 =
0.1 = \\‘\ \
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Fig. 6.32: Voltage Transfer Characteristics for Vg4=1.5V
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1 Dashed Line - Model Stractl
— Svmbaols - TCAD ® Struct?
== MEQ — 4 « Struct3
0.8 S *'E:“ A Structd
s B Struct?
—— _
E T — r— \ﬂ\%
5064 e T Y
on VA —_
:‘_.E . — .. H‘“:-L\
5 L
g 0.44 e ~ ?QQ\\&&
\ o
02= LY k ;\ |
e e
k\ ""H-..__L
- =1
0 02 04 0.6 0.8 1

Input Voltage (V)

Fig. 6.33: Voltage Transfer Characteristics for V4=1V

Table 6.5 : Noise Margin of CMOS inverter of different structures of JLT

Structure Vyq=2V V494=1.5V V=1V

NM+ (V) NML (V) NMh (V) NML (V) NMh (V) NML (V)

Model TCAD|{Model [ TCAD|Model [ TCAD|Model [ TCAD|Model [ TCAD|{Model[TCAD

Structl |0.559|0.550(0.172|0.170|0.432|0.428|0.142|0.143|0.227|0.228|0.092|0.090

Struct2 |0.530|0.526 | 0.465|0.470|0.412|0.409|0.125|0.129|0.211|0.213|0.078|0.077

Struct3 |0.293|0.3000.370|0.390|0.062|0.063|0.094|0.093|0.015|0.012|0.032|0.031

Struct4 |0.710|0.680|0.523|0.510|0.581|0.580|0.496 | 0.492|0.562 | 0.557 | 0.456 | 0.452

Struct5 |0.671|0.668 | 0.436|0.430|0.491|0.487|0.413|0.410|0.425|0.421|0.398|0.391
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Table 6.6 : Rise Time and Fall Time of CMOS inverter of different structures of JLT

Structure

Vdd:2V

Vdd:l.SV

Vdd:].V

Rise Time

(ns)

Fall Time
(ns)

Rise Time

(ns)

Fall Time
(ns)

Rise Time

(ns)

Fall Time
(ns)

Model TCAD

Model TCAD

Model

TCAD

Model TCAD

Model TCAD

Model TCAD

Structl

0.059/0.055

0.0540.052

0.043

0.044

0.042|0.041

0.029|0.034

0.028 0.0036

Struct2

0.053]0.056

0.0510.047

0.041

0.04

0.038|0.039

0.021|0.021

0.023(0.025

Struct3

0.076| 0.78

0.080(0.079

0.073

0.75

0.077|0.074

0.062|0.063

0.064|0.063

Struct4

0.042|0.043

0.043/0.041

0.031

0.033

0.026|0.023

0.018|0.017

0.016(0.017

Struct5

0.061/0.063

0.060{0.062

0.049

0.047

0.043|0.041

0.035|0.031

0.038(0.039

Table 6.7 : Propagation delay of CMOS inverter for different structures of JLT

Structure V=2V V=15V Vig=1V
Model TCAD Model TCAD Model TCAD
Structl 0.031ns | 0.033ns | 0.023ns | 0.024ns | 0.012ns | 0.014ns
Struct2 0.029ns | 0.026ns | 0.021ns | 0.021ns | 0.011ns | 0.012ns
Struct3 0.046ns | 0.048ns | 0.029ns | 0.27ns | 0.015ns | 0.016ns
Struct4 0.022ns | 0.023ns | 0.018ns | 0.019ns | 0.008ns | 0.007 ns
Struct5 0.029ns | 0.028ns | 0.022ns | 0.024ns | 0.013ns | 0.01ns

6.5 Corner Effect

In this section a study corner effect found in four structures of JLT viz. rectangular,
pentagonal, hexagonal and octagonal has been presented. A technique for reduction of corner
effect has also been presented, where the gate width is reduced than the actual requirement.
This is commonly known as gate underlap technique. After application of this method in
these structures the gate does not remain a single piece of metal or a single piece of
polycrystalline Silicon. Instead it becomes a set of gate with a number of segments. The

number of segments depend upon geometry of JLT. Since the corner effect arises due to
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superposition of the electric fields emanated from two adjacent gate segments, the effect can

be obtained by vector addition of these electric fields at the corner.
6.5.1 Mathematical Formulation of Corner Effect of Different Structures

The corner effect in different structures can be formulated by formulating the electric
field at the corners of the structures. The electric field at the corner is obtained by taking the

vector addition of two components from two adjacent gates.

For a rectangular JLT the resultant lateral electric field obtained by vector addition of

x and y component of the electric field is given as,

Ereq (4 Y) = (B 00)7 + (Ea ())° (6.70)
Where,
E () =— 0y (f, — 4 (D)X
* - asi (4 Ssi t0x+ Cox asi + Cox bsi) > ’ (671)
8e, B
Erea(Y)=— b (de.t e, ate. b) (9 —9,(2))y (6.72)

for pentagonal JLT the resultant electric field is

E s (% Y) = (B (0)” + (B (¥))° = 0.62E 1 () Epers (V) (6.73)
498t <. 19.92
E X) = 0oX__—si _ 7)) — 0X _ 7)) X
pent (X) 498¢,t +19¢,,t, (00 = 60(2)) t,(4.98¢,t, +1.9¢,, tsi)(‘]jgs %(2))
498t . 22.6¢
E — ox_—si _ 7)) — 0x _ 7
per () 498¢,t +19¢, t, (05 = 60(2)) t,(4.98¢,t, +19¢, tsi)(‘égs #(2)y

for hexagonal JLT the resultant electric field is
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Ehex (X, y) = '\/( Ehex (X))2 + (Ehex (y))2 - Ehex (X) Ehex (y) (674)
E..(X)=- 4 o, (95 — ()X

" - \/§tsi (Ztox esi + eox tsi) ¢ ’ (675)
() =~ (4, ~,(2)

" y - tsi (Ztox esi + on tsi) ® ’ y (676)

for octagonal JLT the resultant electric field is

Enet (%, Y) = (Bt (%)) + (B ())? —LALE 1 () Eoee (¥) 677)
£ (x)=— 2 o (9~ (2))X
" 242(e4t, 06t g,) 0 (6.78)
E_(y)=- 2o (4, -~ (2))
V)= 242t (et +06t,e,) = ! (6.79)

6.5.2 Corner Effect Reduction Technique

A technique for reduction of corner effect in the structures mentioned above using
gate underlap [30] is shown in Fig. 6.46. Here the width of the gate is reduced from both ends
for all the sides of the structures.

Rectangular JLT

The electric field at the corner with gate underlap,

8¢
E X)=E, _ (xX)cos@ =—- X —d(2))xcosd
Come”eCt( ) reCt( ) a; (4 € Lyt € A5t € bsi) (¢gs ¢0( ) (6.80)
E e (¥) = E (¥) 0080 = - 8 S (b, — (2))ycOS O
cornerrect rect aSi (4 Esi t0X+ EOX aSi + EOX bsi) gs 0 (6 81)
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The resultant electric field at the corner is

ECOH‘IEITECI (X’ y) = Erect (X’ y) COS 0 (682)
a, X a Y
where, € =tan (t_) =tan (t_) (6.83)

Drain current model for the rectangular JLT can be obtained following similar approach as in
chapter 5.

The resistance of the non depleted region without gate underlap

ndrect(Z Vgs’Vds) = 1 AL
q/unrectn 4tsi esi toqud+ on si qN ox 3| (¢0 ¢gs)
ox qu

The resistance of the depleted region without gate underlap

1 AL
Rdrect(Z’Vgs’Vds) = q,u p
prect .- 4tsi € toqud+ eox i qN Cox Ssi (¢0 ¢gs)
si ox qu

The resistance of the non depleted region with gate underlap

R (2,VsVgs) = - o
ndcornerrect \=? Y .gs?* Tds q/uncornerrectn 4t i Ssi toqud+ on si qN Cox Ssi (¢0 ¢gs)
ox qu

The resistance of the depleted region with gate underlap

dcornerrect (Z Vgs ’Vds) = 1 AL 2
q:upcomerrect p . \/4tsi € toqud + eox i QN -8 Eox i (¢0 - ¢gs)
! ox qu
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The effective mobility at the corner without gate underlap,

09
1
X,y) =—-1.55x10°

/unrect( y) 1+ (M)Lll

6.91x10° (6.84)

0.38
/uprect(xa y) =-5.75x10" -
N M)z.ew
1.45x10" (6.85)

The effective mobility at the corner with gate underlap,

r 0.9

1

M 111
+ 3 )
6.91x10 (6.86)

Hicornerrect (X! y) = _1.55X103

1

1+ (EcorLct(X;y))Z-w
1.45x10 (6.87)

/upcornerrect (X' y) = _5'75X102

The equivalent resistance at the corner without and with gate underlap is given as
Rrect(z,Vgs, Vds)= Rdrect(Z,Vgs, V) || Rndrect(Z,Vgs, Vds) || Rarect (2, Vgs, Vas)

and

Rcornerrect(Z, Vgs, Vds)= Rdcomerrect(Z,Vgs, Vds) || Rndcornerrect(Z, Vgs, Vas) || Rdcornerrect (Z,Vgs, Vds)
The drain current at the corner without gate under lap

_ (M +DAL) —H(mMAL)

I drect —
Rrect (\/gs ’Vds) (6.88)

The drain current at the corner with gate under lap
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_ p((Mm+1AL) —p(mAL)

dcornerrect ~
Rcornerrect (\/gs ’Vds)

(6.89)

Fig. 6.46: Cross-sectional view of a rectangular JLT with lateral gate underlap

Pentagonal JLT
The electric field at the corner with gate underlap,

Ecornerpent (X) = Epent (X) cosf =

498t . 19.92 ¢
ox_—si _ 7)) — 0x
{4.98 et +1.9¢, t, (4 =00(2)) t,(4.98¢,t +19¢, t,)

si ToX

(2 _¢0(Z))X} cosd

Ecornerpent (y) = Epent (y) cosf =
{ 4.98t,, e, 226¢,

— Z —
498¢,t +19¢, t, (s = (2) t,(4.98¢,t, +19¢,,t,)

si -0x

(25 —¢o(2))Y}COSH

The resultant electric field at the corner is
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Ecornerpent (X' y) = Epent (X’ y) cos 9 ' (690)

where, 6= tan‘l(i) = tan‘l(l)

OX 0X

Drain current model for the rectangular JLT can be obtained following similar approach as in
chapter 5.

The resistance of the non depleted region without gate underlap

1 AL
Rndpent (Z’Vgs ’Vds) = 4
q/’lnpentrI tsi Esi toqud+ on Si qN ox SI (¢0 ¢gs)
ox qu

The resistance of the depleted region without gate underlap

1 AL
deent (Z’VQS ’Vds) -
q:uppentp . 4tsi i oqu + eox si qN Eox Ssi (¢0 ¢gs)
si ox qu

The resistance of the non depleted region with gate underlap

1 AL
Rndcornerpent (Z1Vgs ’Vds) =
qluncornerpentn 4tsi Ssi toqud+ on Si qN Sox Ssi (¢0 ¢gs)
Sox qu

The resistance of the depleted region with gate underlap

R (ZV. V)=t AL
dcornerpent \ =1 Y gs1 Yds/ —
qlupcornerpent p t _ 4tsi esi toqud+ on si qN ox SI (¢0 ¢gs)
* ox qu

The effective mobility at the corner without gate underlap,

0.9

1

pent(X y))l 11
6.91x10° (6.91)

/unpent (X! y) = _1'55X103

1+(
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0.38

1

1+ ( Epent (X’ y4))2.637
1.45x10

’uppent(xl y) = _5'75X102

The effective mobility at the corner with gate underlap,

r 0.9

1

Ecornerpent (X’ y) )l.ll
6.91x10°

luncomerpent (X’ y) = _1-55X103
+(

1

Ecornerpent (X’ y) )2.637
1.45x10*

Hpcornerpent (X’ y) = _5.75X102

+(

r 0.38

(6.92)

(6.93)

(6.94)

The equivalent resistance at the corner without and with gate underlap is given as

Rpent(Z,Vgs, Vds)= Rdpent(z,Vgs, Vs) || Rndpent(Z,Vgs, Vas) || Repent (Z,Vgs, Vs)

and

Reornerpent(Z,Vgs, Vds)= Rdcornerpent(Z, Vs, Vds) || Rndcornerpent(Z,Vgs, Vds) || Rdcornerpent (Z,Vgs, Vs)

The drain current at the corner without gate under lap

_ p((m+DAL) —g(mAL)

I dpent ~
pen Rpent (\/gs ’Vds)

The drain current at the corner with gate under lap

_ p((m+DAL) —p(mAL)

dcornerpent ~
IQcornerpent (\/gs 7Vds)

(6.95)

(6.96)
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where, 0= tanl(ti) = tanfl(l)

0X 0X

Drain current model for the rectangular JLT can be obtained following similar approach as in
chapter 5.

The resistance of the non depleted region without gate underlap

ndhex(z Vgs1Vds) = 1 AL
q/unhexn 4t i Ssi toqud+ eox si qN Sox Ssi (¢0 ¢gs)
ox qu

The resistance of the depleted region without gate underlap

1 AL
Rdhex (Zivgs ’Vds) =
q'uphexp . 4tsi S toqud+ on si qN Cox Ssi (¢0 ¢Qs)
si ox qu

The resistance of the non depleted region with gate underlap

R (ZV.V, )=— " AL
nacomerhex e q:uncornerhexn 4tsi Esi toqud+ on si qN ox SI (¢O ¢gs)
ox qu

The resistance of the depleted region with gate underlap

dcornerhex (Z Vgs IVdS) = 1 AL
q/upcornerhex P L _\/4t i i toqud + on si C{N €y Esi (¢0 ¢gs)
’ = qu

The effective mobility at the corner without gate underlap,

0.9

1

Epent (X1 y) )1.11
6.91x10° (6.98)

Hihex (X’ y) = _1'55X103
+(
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0.38

1

1+ ( Epent(X’ y4))2.637
1.45x10

Hipey (X, Y) = =5.75x 107

The effective mobility at the corner with gate underlap,

0.9

1
X) = _1.55 X 103
/uncornerhex( y) . M)Lll
6.91x10°
0.38
/upcornerhex (X, y) = _5-75X102 1
1.45x10*

(6.99)

(6.100)

(6.101)

The equivalent resistance at the corner without and with gate underlap is given as

Rhex(Z,Vgs, Vds)= Rahex(Z,Vgs, Vds) || Rndnex(Z,Vgs,Vs) || Ranex(Z,Vgs, Vs)

and

Rcornerhex(Z,Vgs, Vds)= Rdcornerhex(Z, Vs, Vds) || Rndcornerhex(Z,Vgs, Vds) || Racomerhex (Z,Vgs, Vds)

The drain current at the corner without gate under lap

| _ #(m+DAL) — g(mAL)
anex Rhex (\/gs ’Vds)

The drain current at the corner with gate under lap

_ #((m+DAL) —p(MmAL)

| =
dcornerhex R
cornerhex (\/gs 7Vds )

(6.102)

(6.103)
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Fig. 6.48: Cross-sectional view of a hexagonal JLT with lateral gate underlap

Octagonal JLT

The electric field at the corner with gate underlap,

2¢e
E X)=E__(X)cos@ =— R —@,(2))xcosd
corneroct ( ) oct ( ) 2.42t8| (ESI tox + O.6tSI EOX) (¢gs ¢0( ))
E e (¥) = Es () COS0 = — 2o (b, — th(2))y oSO
corneroct oct 2. 42t5i (Esi tox +0. 6t5i eox) gs 0

The resultant electric field at the corner is

Eorneroct (X1 ¥) = Eoet (X, y) COS 0 (6.104)
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where, 0= tanl(ti) = tanfl(l)

0X 0X

Drain current model for the rectangular JLT can be obtained following similar approach as in
chapter 5.

The resistance of the non depleted region without gate underlap

R. (zV.V,)=—2* AL
nect e q/unoctn 4tsi esi toqud+ eox si qN ox sn (¢0 ¢gs)
ox qu

The resistance of the depleted region without gate underlap

doct(z Vgs1Vds) = 1 AL
0 poct P o \/4tsi € TN, + €5, 170Ny —8 e (d — ¢gs)
! ox qu

The resistance of the non depleted region with gate underlap

R (ZV. V)= — 2 AL
nacornerect e q/uncorneroctn 4t ESI toqud+ on si qN ox SI (¢O ¢gs)
ox qu

The resistance of the depleted region with gate underlap

R (V. V)= L AL
dcorneroct \ =1 Ygs? Yds/ — 2
q:upcorneroct p t — 4tsi esi toqud + eox si qN 8 eo>< eS| (¢0 - ¢gs)
SI ox qu

The effective mobility at the corner without gate underlap,

0.9

1
" Eqet (%, yz )1.11
6.91x10 (6.105)

Hioct (X’ y) = _1'55X103
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0.38

1

1+ ( Eoct (Xa yz )2.637
1.45x10

/upoct(x’ y)= ~5.75x10?

The effective mobility at the corner with gate underlap,
0.9

1

n Mt(x’ay))l-ll
6.91x10

Hicorneroct (X! y) = _1.55X103

0.38

1

M) 2.637
1.45x10*

lupcorneroct (X! y) = _5-75X102
1+(

(6.106)

(6.107)

(6.108)

The equivalent resistance at the corner without and with gate underlap is given as

Roct(z,Vgs,Vds)= Radoct(Z,Vgs, Vas) || Rndoct(Z,Vgs, Vas) || Rdoct (2,Vgs, Vas)

and

Reorneroct(Z, Vgs, Vds)= Rdcorneroct(Z, Vgs, Vds) || Rndcorneroct(Z,Vgs, Vds) || Rdcorneroct (Z,Vgs, Vds)

The drain current at the corner without gate under lap

_ p((M+1)AL) — g(mAL)

I doct
Roct (\/gs ’Vds)

The drain current at the corner with gate under lap

_ #(m+DAL) — g(mAL)
dcorneroct I?corneroct (\/95 ’Vds)

(6.109)

(6.110)
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Fig. 6.49: Cross-sectional view of a octagonal JLT with lateral gate underlap

6.4.3 Results, Discussion and Validation

The proposed method for corner effect reduction in different structures of JLT has
been modelled and the same has been simulated in MATLAB simulation environment. Result
obtained in the MATLAB simulation has been compared with the simulation result obtained
from Cogenda VisualTCAD 1.8.2 2D device simulator. Fermi-Dirac statistics is used

throughout all the simulations.

Comparison of corner effect in the structures is shown in Fig. 6.50 by varying the
resultant electric field with channel position. It is seen that electric field is minimum at the
centre and increases linearly towards the corner. This may cause premature turn on with a

large localized current at the corners. The electric field variation is maximum for the
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rectangular structure and decreases with increase in the vertex angle. In other words corner

effect decreases with increasing vertex angle.

In Fig. 6.51-6.54 the comparison of electric field variation is shown for different
structures of JLT with and without gate underlap. For a JLT with gate underlap the electric
field variation is much lower compared to the complete gate all around device.

A comparison of output characteristics of different structures is shown in Fig. 6.55-
6.58 and transfer characteristics is shown in Fig. 6.59-6.62 with and without gate underlap.
Though the use of gate underlap technique reduces the on-state current but it is highly
effective in reducing the subthreshold leakage current by reducing the corner effect.

In all the cases the channel length is taken as L=20nm, source and drain lengths are
taken as Ls=Lq=5nm, the gate dielectric thickness is taken as, tox=2nm, the length of one side
is taken as, tsi=10nm, the drain to source voltage is taken as, V4s=0.1V and the work function

of the gate material is taken as, ®m=5.4eV.
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Fig. 6.50: Electric field variation with channel position for rectangular, pentagonal, hexagonal and octagonal

JLT

Average error = 0.7%
Maximum error =1.1%
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Fig. 6.51: Comparison of electric field variation with channel position for rectangular JLT with and without gate

underlap
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Fig. 6.52: Comparison of electric field variation with channel position for pentagonal JLT with and without gate

underlap
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Fig. 6.53: Comparison of electric field variation with channel position for hexagonal JLT with and without gate

underlap
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Fig. 6.54: Comparison of electric field variation with channel position for octagonal JLT with and without gate

underlap
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Fig. 6.55: Comparison of output characteristics for rectangular JLT with and without gate underlap

Average error = 0.8%
Maximum error =1.1%

Minimum error =0%

Department of ECE, Tezpur University | 307



Chapter 6 | Enhancement of Performance Parameters of JLT

6x1073

5x%10-3

4x103

3x10°3

Drain Current (A)

2x1073

1x10-3

Solid Line - Model a—
Symbols - TCAD i
| M .
*_J
& Without Gate Underlap
..-"
-
I S ]
.’f“'
rd I
I pr i = !
. =% With Gate Underlap
}. __.____-I'
.-"-rp-
L g ,/l ~* |
L
| Py #.I/ ]
4 /',
/™
0 01 02 0.3 04 05 06 07 0.8 09 1
Drain to Source Voltage (Vas)

Fig. 6.56: Comparison of output characteristics for pentagonal JLT with and without gate underlap
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Fig. 6.57: Comparison of output characteristics for hexagonal JLT with and without gate underlap
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Fig. 6.58: Comparison of output characteristics for octagonal JLT with and without gate underlap
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Fig. 6.59: Comparison of transfer characteristics for rectangular JLT with and without gate underlap
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Fig. 6.60: Comparison of transfer characteristics for pentagonal JLT with and without gate underlap
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Fig. 6.61: Comparison of transfer characteristics for Hexagonal JLT with and without gate underlap
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Fig. 6.62: Comparison of transfer characteristics for octagonal JLT with and without gate underlap
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6.6 Conclusions

A method for reducing the off state leakage current of a double gate JLT by placing a
dielectric layer at the centre has been proposed. The model for the proposed structure has
been obtained and compared with simulation results obtained from TCAD. It is seen that the
JLT with dielectric layer has lower subthreshold current compared to the conventional JLT.
So by using this technique we can achieve proper turnoff even with a lower K gate dielectric

and lower work function gate material.

Two techniques for enhancement of carrier mobility are also proposed and the
analytical model for the same has also been developed. Simulation study shows that the
mobility in the subthreshold region for the proposed structures are less compared to the
conventional one while in the on state the proposed structures show much higher mobility as
compared to the conventional one. Among the proposed structures the structure with gradual
variation of channel doping concentration shows the best results. Transfer characteristics

comparison shows that the structure has better subthreshold characteristic also.

A study on corner effect in rectangular, pentagonal, hexagonal and octagonal
structures of Gate All Around JLT has also been presented by comparing the electric field
variation with position from centre to corner. The study shows that octagonal JLT exhibits
minimum corner effect while rectangular JLT exhibits maximum corner effect. A technique
for reduction of corner effect has also been presented for the above mentioned structures. The
analytical model for the technique proposed has been obtained. The same has been simulated
in MATLAB. The results obtained from MATLAB has been compared with the results
obtained from TCAD. The simulation shows a reduced corner effect in the structures with

gate underlap.
Contributions

This chapter provides a method for reduction of off-state current using dielectric layer
of appropriate dimension along the central axis of the device. This chapter also presents

technique for carrier mobility enhancement with a function based doping profile. In this
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chapter it has been attempted to look at a particular problem found in some non-conventional

structures of JLT. A method for corner effect reduction has also been presented in this

chapter.
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