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2-D Analytical Modeling and Simulation of Gate and Drain
Leakage Currents in CG GC-DM-JAM MOSFET

2.1 Introduction

It is already discussed that the cylindrical gate-all-around (GAA) or nanowire structures are
reported to have better gate controllability, smaller short-channel effects (SCEs) and negligible
corner effects over other multi-gate structures in MOSFETs (Song et al., 2009). It is also
discussed that JAM MOSFETs have higher drive current over the conventional junctionless
(JL) MOSFETs (Choi et al., 2014). However, they are reported to suffer from higher leakage
currents, and higher hot carrier effects (HCEs) due to high lateral electric field near
channel/drain interface than the JL MOSFETs (Poorter and Zoestbergen, 1984; Sahay and
Kumar, 2016). Literatures suggest that dual material (DM) gate engineering can reduce the
HCEs and BTBT currents (Baruah and Paily, 2014) while graded-channel engineering can
reduce the effects of SCEs and HCEs in JL/JAM MOSFETs (Cong et al., 2014; Li et al., 2014;
Pratap et al., 2014a, 2015, 2016; Kumari et al., 2015; Chauhan et al., 2017; Bousari, Anvarifard
and Haji-Nasiri, 2019; Goel et al., 2019; Priya and Balamurugan, 2019). The literature also
shows that that a graded channel in multi-gate structure also reduces the SCEs and HCEs in the
MOS transistors (Chen et al., 2013) (Goel et al., 2016). In view of the above observations, the
present chapter is devoted for developing a theoretical framework for the analysis of drain
current and gate leakage current characteristics of the cylindrical gate (CG) graded channel
(GC) dual-material (DM) JAM MOSFET possibly for the first time in the literature. Unlike the
doping consideration in the IM MOSFET reported by Chen et al. (Goel et al., 2016), the

channel of our proposed CG-GC-DM JAM MOSFET consists of a lower doping level near the
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source side than that of the drain-side region. Since GIDL and gate leakage are important
parameters for the MOS transistors, they have been also modelled in addition to the modeling

of the drain current for the first time in the JAM MOSFET structures.

In this chapter, we report a 2-D analytical model for various electrical parameters such as
central potential, lateral electric field, threshold voltage, roll-off, DIBL, and subthreshold slope
(SS). Leakage current reliability issues has also been addressed by modeling the complete drain
current (considering GIDL) and gate leakage current in CG-GC-DM-JAM MOSFETs. The 3-
D Poisson’s equation in cylindrical coordinates has been solved to obtain the channel potential
using the superposition technique. The potential function has then been used for modeling
various performance parameters mentioned above. We have also compared our proposed
device performance parameters with those of the DM-JAM and GC-JAM for various control
and screen gate lengths to show the superiority of the proposed JAM MOSFET. The validity
of the models have is established by comparing the theoretical results with the commercial 3-

D TCAD (COGENDA™) device simulation data. The layout of this chapter is given below:

Section 2.2 presents the 2-D analytical modeling of the channel potential, channel electric
field, threshold voltage, roll-off, DIBL, SS, total drain current (including GIDL) and gate
leakage current of the CG GC-DM JAM MOSFET. Some important model results and related
discussions have been presented in Sec. 2.3. Finally, Sec. 2.4 includes the summary and
conclusion of the present chapter.

2.2 Analytical modeling

Fig. 2.1 shows the 2-D view of the modeled GC-DM-JAM MOSFET structure. Here L, L1,
and Lo represent the length of the channel, control, and screen gate lengths (L=L;+L>)
respectively. The radial and applicate (length axis) are denoted by r and z, angular axis 0 is not

shown due to the 2-D nature of the figure. @,,;, @, represent control and screen gate
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workfunctions. n, n* and n"" represent moderately, highly and degenerately doped n-type

semiconductors respectively.
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Fig. 2.1: Cross-section view of cylindrical gate GC-DM-JAM MOSFET.
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Moreover, gate material with higher work function (tungsten) has been considered in the
control gate region (Region 1) and lower work function gate material (copper) over the screen
gate region (Region 2). The graded channel can possibly be fabricated using asymmetric halo-
doping as used in (Pavanello et al., 2001) Oxide thickness #,. has been taken to be 2 nm. Due
to very heavy doping in the source-drain region, depletion region extension in source and drain
region is negligible, hence been neglected in the model formulation (Najmzadeh et al., 2012;

Gupta, 2015)

2.2.1 Modeling of device potential

Since charge density remains the same throughout the angular coordinate (0-2m) for a given
radial distance from the center. Therefore, potential is invariant in 6 and has not been
considered for the cylindrical Poisson’s equation. Poisson’s equation in cylindrical coordinates

could be written as (Cong ef al., 2014):
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CYjn)  1d i) _ﬂ[l — exp [@” (2.1)
t

dz? rdr dr £si

Let the potential distribution function in the channel RegionR; for(j = 1, 2) (where R; and R>
represent Regions-1 and 2 respectively as shown in Fig. 1) can be represented as: ;(r, z),
where Vr is the thermal voltage of 25.9 mV at room temperature and Vy ; is the quasi-fermi

level for the region. Appling depletion approximation for junctionless MOSFET in (1), the 2-

D potential distribution 1;(r,z) in the channel regionR;, j = 1, 2 has been obtained by

solving the following Poisson’s equations:

a*;(r,z) 41 d rdll)j(T,Z) _ _an;
dz? rdr dr &g

J=1 2 (2.2)
where, N;and N; are the doping concentrations of the channel region R;,(j = 1, 2) for GC-
JAM MOSFET and GC-DM-JAM MOSFET; whereas for DM-JAM MOSFET N;=N-.
Similarly ¢, is the gate material workfunction forR;,(j = 1, 2) for GC-DM-JAM and DM-
JAM MOSFET, whereas for GC-JAM MOSFET®,,,;= @,,,. It should be noted that both DM-

JAM and GC-DM-JAM MOSFET have ®,,;> ®,,,5. q and &g; are the electrostatic charge and

permittivity of substrate materials (e.g., Si), respectively.

The superposition technique is valid for a linear homogeneous system of equations.
Moreover, the potential formulation by this method is limited to the device with a gate length
greater or equal to 20 nm. Quasi ballistic modeling of device potential should be considered to
model devices with gate length below 20 nm. Appling superposition technique to solve the
Poisson’s equation of (2) by separating them into 1-D Poison’s equation (long channel), ¢;(r)
and 2-D Laplace equation (short channel), v;(r, z) and can be expressed as (Li et al., 2013;

Goel et al., 2019; Priya and Balamurugan, 2019).

Yi(r,z) =vj(r,z) + ¢;(r) (2.3)
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do; N;
14,46, _ _ av; (24)
rdr ar Esi
d?v;(r, d dvj(r,
avirz) 1d v _ (2.5)

dz? rdr dar

Due to moderately-high to high doping of the channel, there might be band gap narrowing and
change in electron affinity. To incorporate these effects in our present model, we have included
the Slotboom and Graaf model under moderately-high to heavily doped conditions (Najmzadeh

et al.,2012; Pratap et al., 2015).

AEy; = Bp(In(N;/By) +/In(Np/Bn)? + Bc) (2.6)
E;)) = E,— A, (2.7)
X7 =x+4E, /2 2.8)

where, By = 6.92 x 1073eV, By =13 x107cm?3and S, =05 are some empirical
constants at room temperature; E ;5f and )(ff T are the effective energy bandgap and electron
affinity after incorporating the above model. E; and y are the energy bandgap and electron

affinity of the semiconductor material.

For long channel potential,¢;(r) and short-channel potential v;(r,z) can be solved by the

following boundary conditions as (Trivedi et al., 2013):

% =0 (2.9)
e 2| = ConglVas = Vi = 9, 2)] (2.10)
o L = Gy 2)] @.11)

Vi(r,0) = Vo = $1(r) 2.12)
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Vo(r, L) = Vhiz — b2 (r) — Vps (2.13)
Voij = Vr In(Ns p/Nj) (2.14)

where, V;s and Vjs are the gate-to-source voltage and drain-to-source voltage, respectively.

Vebj = @m,j — @s; is the flat band voltage and ¢n; is the metal workfunction for

regionsR;,(j = 1, 2);@; ;is the semiconductor potential is given bygg ; = )(;-"f I+ E;,];f /2q —
@r;jand @f ; = Vr ln(Nj / nl-), (where n; intrinsic concentration of the substrate material) ¢y ;is
the Fermi level for regions Rj;(j=1,2),0,andCpy = ox/toy permittivity and gate-oxide
capacitance t,,, = R In(1 + t,,/R) is the effective gate-oxide thickness; Vi and R are the
thermal voltage and radius of the device; V), j represent the barrier potential at source/channel

and drain/channel junction for regions R;,(j = 1, 2) respectively. Following the methodology

adopted by [10], [26], the Eq. (4) and (5) for corresponding long channel potential

function,¢; () and short-channel potential function, v;(r, z) can be solved by above boundary

condition and expressed as:

—qN; qN;R?> qN;
¢;(r) = |G=tr? + T = 2o 4 Vos — Vi | 2.15)
M —Bnz
vi(r,2) = £5Jo () [Cn,je R 4Dy e R ] (2.16)
where f3,, are the eigenvalues which must satisfy the following condition:
_ EsiPn
]O(.Bn) - _mjl(ﬁn) (2-17)

where Jy and J; are the Bessel’s function of order 0 and 1, respectively. C, ; and D, ; are
constants for regions R;,(j = 1, 2) which is determined by boundary conditions and continuity

equation Eq (18)-(19) and are given by Eq (25), (26):
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Y1(r,L1) = o (r, L1) (2.18)

dy(r,Lq1) — dy,(r,Lq)

o 1y (2.19)

In Eq. (12)-(13) and (18)-(19) by removing the summation by multiplying with

f Rbn 1Jo (Bn —)d ( ) and integrating, we derive the following equations:

From Eq. (12) and (13) we get

Cn,l + Dn,l = Dy,

(2.20)
B Bl

anexp( )+Dn2exp( )=D11

2.21)
Form Eq. (18)-(19) we get

n nl nk

u[Cnlexp (ﬁ 1) +Dn1exp( B 1)] bV +a;w = u[an exp (ﬁ 1) +
D, , exp (%)] — b,V + a,w

(2.22)

BAUo* (B +11*(Bn “aNR?
U= o”( ; 1°( )],W = BnJ1(Bn), bj = 45; (2.23)
qN;R?> qN;R
V = Bufi(Br) = 2Bl & = |Ves = Vyni + 5=+ 5] (2.24)
(Cn,1> _ l( 1 exp(—ﬁnL/R)) <A11 + Q11> (2.25)
Dny) ~2\-1  exp(BuL/R) D1y '
(Cn,z) _ _1<exp( —BnlL/R) —1> (Alz + Qu) (2.26)
D,, —exp(BuL/R) 1 Dy, '
L

Qu1 = cosh (22) (Byy + C1y) (2.27)
Q12 = cosh (22) (B, + C1y) (228)
A= 2[sinh (B22)], 4y, = Souttelwea oD p, - Tty (2.29)
Cyy = w(azu—al), Dy, = w (2.30)

Page |59



Chapter 2: 2-D Analytical Modeling and Simulation of Gate and Drain Leakage Currents in CG GC-DM-
JAM MOSFET

A12 — (Vbi1+b:tV—Wa1)’ Blz — V(bzu—bl) (2.31)
C12 _ w(a;—az)’ D12 _ Vbi2+VD5:b2V—Wa2 (2.32)
2.2.2 Modeling of the lateral electric field
The electric field could be defined as a gradient of potential and can be expressed as:
ay(r,z)
E.j= —;—Z (2.33)
R B ) B Bn _ —
Evj=35Jo (25) 22 [C,, exp(nz/R) = Dy exp(—Buz/R)] (234)

2.2.3 Modeling of threshold voltage

The threshold voltage (V;;) is an important parameter for any MOS device and it can be
defined as the gate-to-source voltage at which, minimum central potential equals intrinsic
Fermi potential for a junctionless device (Gupta, 2015). Since the region R;has lower doping
than the regionR,, therefore the lowest minimum potential lies in the region R;. To calculate
threshold voltage, we need to calculate the minimum central potential (i.e., at r = 0). Therefore,

for obtaining minimum central potential:

ay;(r.z)

2.35
dz 1r=0,2=Zmin ( )

R D, i
g = R (ﬂ) 2.36
min Z.Bn Cn,j ( )
wmin(rr Zmin) = Ves + Qoj+/ Cn,an,j (2.37)

where, ag; = a; — Vgs

Now equating minimum potential to the Fermi potential (¢y;) and changing Vg to Vi, (Gupta,

2015).

Ymin (7, Zmin)|v(;5=vth = @r,j (2.38)
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(Vgs + 24/CjDnj)|, = Vu (2.39)

¢s=Vtn

where V;; is the long channel threshold voltage represented by,
ViL = @5; — Qo (2.40)

Since we have considered region R; for minimum central potential, therefore (Pratap et al.,

2014a; Goel et al., 2016)

Replacing, A1, = E; — Fi2Vip and Dy = Eqq — F11Vy, (2.41)
where, C; ,, - Dy = Gy + GV, + G5V, (2.42)
Now threshold voltage could be expressed as:

01V” + 0.V, + 05 = 0 (2.43)

From (34), we can write as [22], [25]:

—0,+ [(9,2-40,03)
Vpp = —2—*° (2.44)

20,

1 1

Eiq = " [Vir + b1V —wagq)], Erz = " [((Vpiz + bV —wag, + Vps)], F = % (2.45)

Gy = M1 My, G, = My Moy + M3 Myq, G = My My, (2.46)

0, = 4G5 — 1,0, = 4G, + 2V,;, 05 = 4G, — V,,° (2.47)
[ —Bnl

Mll -_ Z _Elz + Nl - Ell[N3 - Nz] (T) exp (%):l (2.48)
F[ —Bnl

Myy == |[N5 — Nylexp (2222) — 1] (2.49)
1 BnL F BnL

My, = n _—E12 — N; + E11[N3 + Ny]exp (Tl)]a M;, = " [1 — [N3 + NzJexp (Tl)] (2.50)

N, = Ny[By; + Cyq] fal2), Ny = sinh (£22) 2.51)

1 21P11 11 , ]\[2 = cosh (T)r 3 R .

2.2.4 Modeling of threshold voltage roll-off and DIBL
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Threshold voltage roll-off can be defined as the difference in threshold voltage between the

short channel and long channel device and can be expressed as (Cong et al., 2014):

Vroll—off = Venlsnort nannet — Ver (2.52)

Threshold voltage decreases with high drain voltage for short channel devices called drain
induced barrier lowering (DIBL). The (DIBL) is an important property of short channel devices

and an important SCEs parameter, which can be expressed as (Li et al., 2014):

_ _ Valvpg=00sv—Valvpg=1v
DIBL = Vps(0.05V)—Vps(1V) (mV/V) (2.53)

2.2.5 Drain current modeling

Drain current of a device is an important parameter for switching purposes. Higher the ratio
of Ion/Iorr higher is the noise tolerance and swing of the device. Drain current can be derived
from the potential and threshold voltage formulations derived above. A complete drain current

model for various regions is expressed as (Pratap et al., 2015, 2016);

Ipepefor — 1V < Ve < OV

[ o= Ly forOV < Ve < Vyy

DS T LsqeforVy, < Vgs < Vps + Vi,
LinforVps +Vyy, < Vg < Vpp =1V

(2.54)

Ive could be defined as the gate induced drain leakage due to band-to-band tunneling in the
overlap region near the drain junction. BTBT generation rate could be defined as ( Bouhdada

et al., 1997; Sachdeva, Vashishath and Bansal, 2018; Goel et al., 2019);

-B
BTBT,en = A X E4; €xp (K) (2.55)
_ qurO.S _ T[mTOISEg,ZO.S _
where, A = TennzE, 08 and B = —oaah 2.13MV /m
Eztot S Ezsi + Ezh (2.56)
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Iy = 2R?AL X BTBT,,, (2.57)
By =128 [Ple p, oS, (2.58)
si qNp,s (ﬁfoxw)
N tzox St
Ysi = Vps — Vis) = Vpz + % X
qND,Stzoxgsi 2 2
[—gzox + (Vbs = Ves) — Vfb,z] — ((Vps = Vis) = Vib2) (2.59)

10*R?/312/5 2e5Ps;
w = W, AL = CIN—D,S (260)

where, AL is the length of the overlapped area, m,=0.37mo where my is mass of electron at rest,
E,i and Ej, are vertical and horizontal field respectively and 4 is the Plank constant (Chen, Wong

and Wang, 2001).

Lsup could be calculated by the minimum potential method as (Pratap et al., 2016);

-V
1- exp( VDS j
Isub = Zﬂ-Rz/‘qu',lquTniJ L 1 L (261)
J.R dz
0 J.exp Wmin (r’zmin ) di"
0 VT

As the minimum potential is highest for region-1, only region-1 is taken for the calculation

(Najmzadeh et al., 2012; Pratap et al., 2014a)

Hinax ~ Hinin
B :ﬁ, Hinax=1330 and fiyin=65 cm?/Vs, Ny.o;=8.5x10'%cm’, 7 = 0.73  (2.62)

1+( d ]

Nref
0sV2psa

o 27Rites£.2Cox PVes — Vens)" Vpsar — Tt (2.63)
sat — VYDsa e |

(1_'_%)([4—145(115) +Vr6s(1 + exp (VDSV—:Dt)
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6l// i (OaZ i )
g, =0.1 in mia at Vag =V,
s / Vs GS ="th (2.64)
2Vsat
Vins = Ven(1 —65), Ec = P (2.65)
_ Ves—Vin
VDsat - (VGS—Vth)tﬂeff,z (2.66)
1+ LVsat
Loy = Aln Vps—Vpsat (2.67)

2
M)
E(;L+\/1+( el

where, y is a fitting parameter varying between 0.5 to 1.5 for short channel and 2 for long
channel MOSFETs. y taken here is 1.26 (Pratap et al., 2015). Ly is the characteristics length,
whereas pis a fitting parameter depending on technology varying between 0 and 1, whose value
taken here is 0.0046. The analytical expression and calculation of its values can be found in
(Im et al., 2002). Ec is critical field andV,,is the critical velocity assumed as 1.03x107cm/s

(Pratap et al., 2015, 2016).4 is also a fitting parameter whose value depends on permittivity

. . . . Eoxtsi . . .
and thickness of semiconductor and gate oxide given by E"x—t& Current in the linear region
Sitox

could be calculated as below

anﬂeff_lcox [ 2 GSVDSZ
I, == Voo — Voo Y2V o —
tn (EcL+Vps)(L—Lsat) (Ves ths) DS T T,

(2.68)

2.2.6 Subthreshold slope modeling

Subthreshold slope (SS) is an essential parameter and important for switching characteristics

of the device. SS could be formulated as below (Li et al., 2013);

5§ = Vs

" dlogUsup) (2.69)
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2.2.7 Gate leakage current modeling

Gate leakage current is an important leakage phenomenon responsible for the power
dissipation in any circuit applications therefore, we need to minimize this. Direct tunneling
through the thin oxide layer is the major cause of gate leakage and is a strong function of
applied gate voltage. The major contribution to this current is from direct tunneling of an
electron from the conduction band of the substrate to the gate (ECB-electron conduction band
tunneling). Considering the trapezoidal tunneling barrier for thin gate oxide (Darbandy, 2013).

Gate current density Ji could be expressed as in (Yeo, King and Hu, 2003). Given:

3/
1—(1__|V0x.j|> 2]
Pbi

3thox,j

_BG

d d
]G e'p/acc = AG X CGj-p/aCC (Qobi; Lox onVGS) exp

y (2.70)

2
A; = W,BG = 8n /sti(pgi (2.71)

cdep/acc _ exp [ﬂ (|Vox,j|—<0bi n 1)% (1_|Vox,j|)] (@) P,

GJ Ppi Pbo Ppi tox
2.72)
P = Cox {VT In [1+ex”('VG5V+TAVGS'Vf b'f)]} (2.73)

where, @p; and @, ,are tunneling barrier and band offset whose values for Si-SiO are 3.10 eV,
msi=0.37mp and a;=0.6 is a fitting parameter, a;covers most of the secondary effects
accounting for the unknown density of states at electrode interface and the effective masses of
the oxide. It should be noted that ECB dominates the direct oxide tunneling process for Si-
Si0;-metal for thin gate oxide (Darbandy, 2013) a,; (ECB) for Si/SiO; is 0.6. AVis also a

fitting parameter used to fit the base of modeled and simulated curve and given by Vesmax(Vpp)-

Page |65



Chapter 2: 2-D Analytical Modeling and Simulation of Gate and Drain Leakage Currents in CG GC-DM-
JAM MOSFET

Vi given in (Yeo, King and Hu, 2003). V,,, ].is the potential buildup in the thin oxide layer and
is given as:

dep dep/acc

dep/acc __ acc dep/acc __ Vox,j . : .
Vox.j = Vos = Vpp,j — ¢/ (R) and E, ;"™ = s the gate oxide electric field

qb]c-iep (R) could be obtained by Eq. (15 ) putting =R, whereas,

Ver itCR=Von
CrR ,25jexp (—Gf’] zVI; Ch‘L)

d)JaCC(R) == VGf,j + CR + VT - ZVTLW 4y (274)
_ _ _ 4e5VT _ qN ;
Verj = Ves — VipjVenj = ©5,j,Cr = e 0 = EsiV]T (2.75)

Where qb]c-lep and qb]‘-lccare the surface potential in depletion and accumulation respectively for

regions R; and R2 and LW. is LambertW function (Lin et al., 2007). Gate current, /g, could be

expressed as:

d d
”Rz(faile +]c;,esz2)rf07’i Ves < Vin

Io = |mR*(JoP Ly + JESL,), for; Vs < Vas < Vs (2.76)
”Rz(fg,cflq +JE5L,), for; Ves = Viya

Where,V,, ;are the threshold voltages for region R; and R: taken as an individual device with

length L; and L>=L-L;.

2.3 Result and discussion

In this section, we have compared our modeled results of proposed GC-DM-JAM and GC-
JAM MOSFETs with that of DM-JAM MOSFET for highlighting the merits of our proposed
device. For fair comparisons, arithmetic means of doping N;and N, (graded channel) have been
taken for the uniformly doped DM-JAM MOSFET (Trivedi et al., 2013; Li et al., 2014; Pratap

et al., 2014a; Goel et al., 2016). Similarly arithmetic mean of gate work functions ¢,,; and @2
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have been taken for GC-JAM MOSFET (Li et al., 2014; Goel et al., 2016). The specifications
of the structures are as given in Table 2.1. The analytical results have been validated against 3-
D numerical simulation data from TCAD based device simulator from COGENDA™., The

Fermi-Dirac, Lucent mobility, Bandgap narrowing, and HotCarrier

TABLE 2.1: Specifications of different JAM MOSFET structures

Source/Drain Channel
Gate Work-
MOSFET Doping Doping Dielectric
function
Type (cm) Gate-oxide
i (Ns/Np) (eV)
NN,
(em™) VN2
GC-DM-JAM 10%° 10'3/10"° SiO2 4.9/4.7
GC-JAM 10%° 10'%/10%° Si02 4.8
DM-JAM 10%° 5x10'8 SiO2 4.9/4.7

models have been invoked for the 3-D device simulations (VisualTCAD, 2017). Further, BBT
and direct tunneling models have been enabled for GIDL and gate leakage current respectively.
The simulated data have been calibrated for electron mass and density of states to match against
the experimental data obtained from the Ip-Vis plot as shown in Fig. 2.2(a) (Fan et al., 2015).
Fig. 2.2(b) shows the energy band diagram for all three device structures. It could be seen,
BTBT width is of the order (GC-DM-JAM>GC-JAM>DM-JAM MOSFET). Therefore, the
band-overlapped region near channel/drain junction in GC-DM-JAM MOSFET is minimum
due to the longest tunneling width among the three structures. Fig. 2.2(c) shows the variation
of carrier temperature against the length of the channel. It could clearly be observed that GC-
DM-JAM MOSFET has the lowest carrier temperature near the channel/drain junction.
Therefore, having the least impact ionization generated hot carriers. Fig. 2.2(d) shows a

simulated 3-D structure of GC-DM-JAM MOSFET.
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Fig. 2.2: (a) Simulation model calibration against experimental /;-Vgs data of Junctionless-
FET from (Fan et al., 2015). (b) Simulated energy band structure for all three devices. (c)
Variation of Carrier temperature with a channel length (simulated). (d) A 3-D view of
simulated cylindrical gate GC-DM JAM-MOSFET.
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In Figures, 2.3-2.7 “L” represents the length of the channel in the z-direction. Fig. 2.3 shows
variations of central potential with the length of the channel (L=40 and 20 nm) for all the three
different device structures. At radius of R=5nm and Vgs= Vps =0.1V for (a) with a ratio of
L;:L>=1:3 and (b) L;:L>=3:1 respectively. It can clearly be observed that GC-DM-JAM has the
highest source to channel potential (i.e., highest threshold voltage) among three, thus having
the highest immunity to SCE’s. As the channel length decreases the barrier potential also
decreases for GC-DM-JAM, GC-JAM and DM-JAM, MOSFETs. An analysis of the above
figures indicates that the potential barrier increases rapidly with an increase of Li:L, thus
reducing the effects of SCEs. It would be interesting to note that with an increase of L;:L> ratio
the position of the minimum potential barrier shifts towards the drain side, thereby reducing
the reliability towards HCEs. Fig. 2.4 (a) shows variations of central potential with the length
of the channel (L=40 and 20nm) for all the three different devices structures at Vgs= Vps =0.1V
and radius (a) R=5nm, (b) 7nm with a ratio of L;:L>=1:1. Furthermore, it could be observed
that at a radius of (R=7nm) GC-JAM MOSFET have higher reliability towards SCEs than DM-
JAM MOSFET. This can be attributed to the decreased gate-dependent control over SCEs with
an increase in radius for the DM-JAM, compared to the doping dependent control over SCEs
in GC-JAM MOSFET. Fig. 2.4 (b) shows lateral electric field variations with the length of the
channel with a ratio of L;:L>=1:1 for a high drain field (Vs=0.1, Vps=1V) at R=40 and 20 nm.
Fig. 2.5, shows lateral electric field variations with the length of the channel with a ratio of (a)
L;:L>=1:1, for L=40 and 20 nm (b) L;:L>=1:3 and L;:L>= 3:1 for L=40 nm respectively at low
drain field (Vps=Vs=0.1V). HCEs are dominant at high drain field and low gate field. It could
be observed that the GC-DM-JAM MOSFET has the largest electric field peak and source-side
field whereas having the smallest field at the drain side for all ratios of L;:L>. From the above
observation, it could be inferred that the GC-DM-JAM MOSFET has the best average electric

field distribution, higher source acceleration (i.e., speed of the device) and the highest
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reliability towards HCEs. Further, it could also be observed that with an increase in the ratio
of L;:L», the peak electric field shifts towards the drain side. Thereby increasing the effect of
the high electric field in the drain side of the channel (Li et al., 2014; Pratap et al., 2014a; Goel
et al., 2016). From the detailed analysis of figures 2.3-2.5, it could be observed that SCEs
decrease and HCEs increase with an increase in L;. L2, therefore we have to choose an optimum
value for the same. Thus, for further analysis an optimum value of L;:L,=1:1 has been chosen.

In Fig. 2.6 and 2.8, “/” represents different channel lengths for various technology nodes.

Fig. 2.6 shows the variation of (a) threshold voltage and (b) roll-off against different channel
lengths (20-200 nm) for three different device structures at (Vps=0.5 V) with L;:L>=1:1. It is
to be noted, GC-DM-JAM MOSFET has the highest threshold voltage (i.e., lowest SCEs) and
lowest roll-off [21], [22]. Fig. 2.7 (a) shows the variation of drain current (in log scale) against
gate voltage for all the compared devices. It is observed that GC-DM-JAM MOSFET has the
highest lon/Iorr ratio and lowest GIDL. GIDL is the leakage current in the off-state of the
device. It could be noted that GIDL leakage for DM-JAM is more than GC-JAM MOSFET,
although having similar drain current characteristics, due to low HCEs in GC- JAM. Fig 2.7
(b) shows GIDL current against drain voltage, it is observed that GIDL current is lowest for
the GC-DM-JAM MOSFET. Fig 2.7 (c) shows gate leakage current (in logarithmic scale)
against gate voltage for all the compared devices. Gate leakage is the leakage current at on state
of the device. It could be noted that gate leakage is the lowest for GC-DM-JAM MOSFET for
all operating regions. Gate leakage current is a strong function of gate field. Therefore, we
could observe a sudden increase in gate leakage at high gate field (at Vgs>0.6 V) as both

regions R;;(j=1,2), are working in the accumulation regime. Fig 2.7 (d) shows the variation of

gate current with temperature. It could be inferred that gate leakage for GC-DM-JAM
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MOSFET is least even at a high temperature thus showing its immunity towards increase in
temperature. Fig. 2.8 shows (a) DIBL and (b) Subthreshold slope (SS) against different channel
lengths (20-200nm) for three different device structures. It is to be observed that both DIBL
and SS are least for the GC-DM-JAM MOSFETs. Thus, the proposed device is more immune

towards drain voltage variations and has steep switching characteristics.

2.4 Conclusion

A 2-D analytical model of surface potential, lateral electric field, threshold voltage, roll-off,
DIBL, the complete drain current (including GIDL), SS and gate leakage current for short-
channel GC-DM-JAM, GC-JAM and DM-JAM MOSFET has been presented in this chapter.
A comprehensive analysis of the above models has been carried out and compared with each
other on the basis of performance metrics. An analysis of device parameters, radius R of the
CG-device, channel length, and L;:L, ratio variations have been carried out. It has been
observed in the present study that GC-DM-JAM MOSFET gives the highest reliability in terms
of SCEs against drain voltage variations, Hot carrier effects (i.e., HCEs), leakage current
(GIDL and gate leakage) and against temperature variations. Furthermore, it also increases
lon/lorr ratio, reduces DIBL, and SS. GC-DM-JAM MOSFET effectively suppresses HCEs
and leakage currents thereby increasing its reliability and Ion/Iorr (6.2x10' against 2.15x101°
of GC-JAM MOSFET and 8.4x10% of DM-JAM MOSFET). Moreover, at increased radius-R
GC-DM-JAM MOSFET gives greater reliability than DM-JAM MOSFETs which is essential
from fabrication (higher structure stability) and switching (higher ON-current) point of view.
These enhanced electrical features and lower leakage characteristics at both the on and off-

state makes the proposed device suitable for analog/digital applications.
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