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Abstract 

In this paper, a new nanoscale graded channel (GC) gate stack (GS) double-gate (DG) strained-Si MOSFET structure and its 

two-dimensional analytical model have been proposed, An abrupt transition of strained-Si layer doping at the interface has 

been assumed and the effects of the doping and the lengths of the high and low doped regions have been taken into account. 

The model is used to obtain the expressions of surface potential and electric field in the two regions. The analysis is extended 

to obtain the expressions for threshold voltage (Vth), subthreshold current and subthreshold swing. It is shown that a graded 

doping profile in the channel leads to suppression of short- channel-effects (SCEs) like Vth roll-off, drain induced barrier 

lowering (DIBL) and hot carrier effects. The results so obtained have been compared with simulated results obtained using the 

device simulator ISE-TCAD is found to be in good agreement. 
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1. Introduction 

Over the past few years, complementary metal oxide 

semiconductor (CMOS) technology has witnessed the 

emergence of denser and faster integrated circuits with high 

yield and reliability achieved through innovative device 

design, use of high quality material and shrinking device 

dimensions. However, the miniaturization of MOSFETs into 

the deep submicron regime leads to SCEs such as threshold 

voltage (Vth) roll-off and DIBL which degrade the device 

performance. In order to reduce the SCEs, the doping 

concentration of channel should be increased. However, a 

high channel doping leads to large junction capacitance and 

degraded mobility [1]. In order to overcome the scaling 

limitations on single gate MOSFET and to achieve high 

packing density for future ULSI circuits, the DG MOSFET 

was proposed [2–4]. Besides high shrinkage features, the DG 

MOSFET offers many other advantages such as stranger gate 

control ability, higher current drive, steep subthreshold 

characteristics and increased short channel immunity. 

Recently, many novel channel engineered structures have 

also been reported in literature to address the challenge of 

SCEs and higher performance for deep submicrometer VLSI 

integration. Lateral channel engineering with GC doping has 

also been investigated as one of the possible solution for 

reducing the SCEs present in deep sub micrometer devices 

[5–8]. The studies have illustrated that laterally asymmetric 

channel design leads to a simultaneous increase in 

transconductance and suppression of SCEs. The GC 

architecture also provides tremendous improvement in the 

analog characteristics due to larger transconductance and 

reduced drain conductance [9, 10]. In the present work, the 

impact of GC doping profile in FD GC DG strained-Si 
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MOSFET has been studied to investigate the effectiveness of 

laterally asymmetric channel design in suppressing SCEs and 

hot carrier degradation in deep submicrometer regime. To 

precisely analyze the FD symmetrical GS DG strained-Si 

MOSFET immunity the SCEs and hot carrier effects, the 

exact two-dimensional expressions comprising channel 

potential, threshold voltage, subthreshold current and 

subthreshold swing are needed, especially for the device 

applied to the integrated circuits. In this paper, based on the 

exact resultant solution of two dimensional Poisson’s 

equation, the physics model of channel potential, 

subthreshold swing and threshold voltage for symmetrical 

GS DG strained-Si MOSFETs’ are developed. And the 

validity of the analytical model is verified using the 

numerical simulation. 

2. Strained-Si MOSFET 

2.1. Effect of Strain on Bandgap 

In the presence of strain, the silicon thin layer experiences 

biaxial tension and changes its band structure [11-14]. The 

strain can increase the electron affinity of silicon, it also can 

cause the bandgap and the effective mass of carriers decrease. 

The above strain-related effects on the silicon band structure 

are modeled as follows [15, 16]: 

( ) 0.57C s SiE X−∆ =              (1) 

( ) 0.4g s SiE X−∆ =               (2) 

3
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   (3) 

where X  is the strain in equivalent Ge mole fraction in the 

relaxed SiGe butter layer, ( )C s SiE −∆  is the increase in 

electron affinity of silicon due to strain, ( )g s SiE −∆  is the 

decrease in the bandgap of silicon due to strain, TV  is the 

thermal voltage. ,V SiN  and ,V s SiN −  are the density of 

states (DOS) in the valence band in normal and strained-Si 

respectively, 
*

,h Sim  and 
*

,h s Sim −  are effective masses of 

hole DOS in normal and strained-Si, respectively. 

2.2. Effect of Strain on Flatband Voltage 

Since the structure is symmetrical, the effect of strain on the 

front-channel flatband and back-channel flatband voltage of 

this structure MOSFET can be modeled as follows [15, 16]: 

( ) ( )FB s Si FB Si FBV V V− = + ∆             (4) 

where 

( )FB Si M SiV φ φ= −  

,
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,/ / 2Si Si g Si f Siq E qφ χ φ −= + +  

,ln( / )f Si T CH i SiV N nφ − =  

In the above relations, Mφ  is the work function of the gate, 

Siφ  is the work function of unstrained-Si, f Siφ −  is the 

Fermi potential of unstrained-Si, ,g SiE is the bandgap of 

unstrained-Si, q is the electronic charge, NCH represents the 

channel doping concentration (NCH= NAL in the first region 

and NCH= NAH in the second region), ,i Sin is the intrinsic 

carrier concentration in unstrained-Si. 

It is also important to consider the effect of strain on the 

built-in voltage across the source-body and drain-body 

junctions in strained-Si thin layer, which can be written as 

, , ( )bi s Si bi Si bi s SiV V V− −= + ∆          (5) 

where 

,

,
2

g Si
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3. Model formulation 

3.1. Two-Dimensional Model for Surface 

Potential 

A cross-sectional view of the nanoscale graded channel FD 

symmetrical DG strained-Si MOSFET is shown in Figure 1, 

the step-function GC doping distribution region is presented 

in Region I and Region II with a length of L1 and L2 where 

NAH and NAL represent the high and low doping 

concentration for both regions, respectively. L is the channel 

length of the DG MOSFET. The structure is symmetric, with 

a double-layer GS, oxide and high-k layers, with no overlap 

with the source extensions. The channel region can be 

divided into two different regions since the step-function GC 

doping. Neglecting the effect of the fixed oxide charges on 

the electrostatics of the channel, refer to Figure 1 the 
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Poisson’s equation of the potential distribution in the two 

strained-Si is given by. 

Region I 

2 2

2 2

( , ) ( , )L L AL

Si

x y x y qN

x y

φ φ
ε

∂ ∂+ =
∂ ∂

     (6) 

1(0 ,0 )s Six L y t −≤ ≤ ≤ ≤  

Region II 

2 2

2 2

( , ) ( , )H H AH

Si

x y x y qN

x y

φ φ
ε

∂ ∂+ =
∂ ∂

    (7) 

1 2( ,0 )s SiL x L y t −≤ ≤ ≤ ≤  

 

Figure 1. Cross-sectional view of GC GS DG strained-Si MOSFET. 

where the electrostatic potential ( , ),L x yφ  ( , ),H x yφ is 

referenced to the Fermi level, q represent the electronic 

charge and εSi is the dielectric constant of strained-Si layer, 

s Sit −  is the thickness of strained-Si layer, the x -axis is 

parallel to the channel, and the y -axis is perpendicular to 

the channel. The potential distribution in the vertical 

direction in the strained-Si layer of the two regions can be 

approximated by a parabolic profile. 

2

11 12( , ) ( ) ( ) ( )L sLx y x c x y c x yφ φ= + +       (8) 

( 10 ,0 s Six L y t −≤ ≤ ≤ ≤ ) 

2

21 22( , ) ( ) ( ) ( )H sHx y x c x y c x yφ φ= + +       (9) 

( 1L x L≤ ≤  0 s Siy t −≤ ≤ ) 

where ( )sL xφ and ( )sH xφ  is the channel surface potential at 

gate-oxide/strained-Si interface in the strained-Si layer of the 

two regions, respectively. The coefficients 11( )c x , 12 ( )c x , 

21( )c x and 22 ( )c x  are functions of x  only. (6) and (7) 

can be solved using the following boundary conditions: 

(i) At the top side, the electric flux (displacement) at the 

gate-oxide/strained-Si layer interface is continuous, i.e., 

'

0

( )( , ) ox sL GSLL

Si oxeffy

x Vd x y

dy t

ε φφ
ε=

−=         (10) 

'

0

( )( , ) ox sH GSHH

Si oxeffy

x Vd x y

dy t

ε φφ
ε=

−=        (11) 

where εox is the dielectric constant of the gate-oxide, GSV is 

the gate-to-source bias voltage
' ( )GSH GS FBH s SiV V V −= − ,

' ( )GSL GS FBL s SiV V V −= − , ( )FBH Si M SiHV φ φ= − ,

( )FBL Si M SiLV φ φ= − . SiHφ  and SiLφ  are the work 

function of unstrained-Si in the high doped region and low 

doped region, respectively. oxeff
t  is the effective oxide layer 

thickness of the insulator layer, oxide and high-k layers, and 

is defined as 

1
1 2

2

oxefft t t
ε
ε

= +                (12) 

where 1t  is the thickness of SiO2 ( oxε = 1ε ) layer and 2t is 

the thickness of the high-k layer ( 2ε ). 

(ii) At the bottom side, the electric flux (displacement) the 

gate-oxide/strained-Si layer interface is continuous, i.e., 

' ( , )( , )

s Si

ox GSL L s SiL

Si oxeffy t

V x td x y

dy t

ε φφ
ε

−

−

=

−=      (13) 

' ( , )( , )

s Si

ox GSH H s SiH

Si oxeffy t

V x td x y

dy t

ε φφ
ε

−

−

=

−=     (14) 

(iii) At the source side, the channel potential must be equal to 

built-in potential for the junction of source and body. 

,
(0)

SL bis s Si
Vφ −=                (15) 

(iv) At the drain side, the channel potential must be equal to 

built-in potential for the junction of drain and body plus the 

drain-to-source bias voltage. 

,
( )

SH bid s Si DS
L V Vφ −= +            (16) 

where DSV  is the drain-to-source bias voltage. 

(v) At the junction between the Region I and Region II, the 

potential and the electric flux must be continuous. 

1 1( ,0) ( ,0)L HL Lφ φ=             (17) 
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1 1

( , ) ( , )L H
x L x L

d x y d x y

dx dx

φ φ
= ==        (18) 

Using the boundary conditions (10), (11), (13), (14) and 

1

2

( , )
0

s Siy t

d x y

dy

φ
−=

= , with the symmetry condition of 

structure. One can obtain the following expression of 

two-dimensional channel potential: 

' '
2( ) ( )

( , ) ( ) ox s GSK ox s GSK
s

si oxeff si oxeff s si

x V x V
x y x y y

t t t

ε φ ε φφ φ
ε ε −

− −= + −                     (19) 

where ( )s xφ represent the surface potential at gate-oxide/strained-Si interface，
'

GSKV  represents the 
'

GSLV  and 
'

GSHV  in the 

first region and in the second region, respectively. 

Substituting into (19) in (6) and (7), one can obtain the differential equation that deals only with the surface potential in the 

first region and the second region as： 

2
2

2

( )
( )sL

sL L

d x
x

dx

φ α φ β− =                                    (20) 

2
2

2

( )
( )sH

sH H

d x
x

dx

φ α φ β− =                                     (21) 

where 
2 2 ox

si oxeff s sit t

εα
ε −

=  

'2ox GSLAL
L

si si oxeff s si

VqN

t t

εβ
ε ε −

= −  

'2ox GSHAH
H

si si oxeff s si

VqN

t t

εβ
ε ε −

= −  

The solutions for (20), and (21), which are simple second-order non-homogenous differential equations with constant 

coefficients, can be written as: 

( ) exp( ) exp( )sL Lx A x B xφ α α δ= + − −                              (22) 

( ) exp( ( 1)) exp( ( 1))sH Hx C x L D x Lφ α α δ= − + − − −                       (23) 

where 2
L

L

βδ α=
2

H
H

βδ α= . 

Now, using boundary conditions (iv) and (v) to solve for A, B, C and D, one can obtain: 

2 , ,( )cosh( ) ( )exp( )

2sinh( )

H L H bis s Si L bid s Si DSL V L V V
A

L

δ δ α δ δ α
α

− −− − + − + − + +
=                  (24) 

2 , ,( ) cosh( ) ( )exp( )

2sinh( )

H L H L bis s Si bid s Si DSL V L V V
B

L

δ δ α δ δ α
α

− −− − + + − −
=                   (25) 

1

1
exp( ) ( )

2
H LC A Lα δ δ= + −         (26) 

1

1
exp( ) ( )

2
H LD B Lα δ δ= − + −        (27) 

The position of minimum surface potential is calculated by 

differentiating (22) and equating the resulting expressions to 

zero. It has been obtained as: 

min

1
ln( )

2

B
x

Aα
=                (28) 

The minimum surface potential is then obtained from (20) as: 

,min 2sL LABφ δ= −              (29) 

The electric field distributions in the high and low doped 

region are given as: 
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( ) exp( ) exp( )HE x A x B xα α α α= − −      (30) 

( ) exp( ( 1)) exp( ( 1))LE x C x L D x Lα α α α= − − − −  (31) 

3.2. Two-Dimensional Model for Threshold 

Voltage 

The threshold voltage thV  is that the value of the gate 

voltage GSV at which a conducting channel of SOI MOSFET 

is induced. In a conventional unstrained-Si MOSFET, the 

threshold voltage is taken to be that value of gate source 

voltage for which ,min ,2s F Siφ φ= , where ,F Siφ  is difference 

between the extrinsic Fermi level in the bulk region and the 

intrinsic Fermi level. In the GC device, the surface potential 

minimum is determined by the high doped region, therefore, 

the threshold voltage is defined as that value of gate voltage 

at which the minimum surface potential ,min ,2sH F Siφ φ=  

For the strained-Si SOI MOSFET, the threshold condition 

under the front gate is modified as: [15, 16] 

,min ,2sH F Si s S i thφ φ φ φ−= + ∆ =          (32) 

where 

,

,

( )
ln( )

g s Si V Si

s S i T

V s Si

E N
V

q N
φ −

−
−

∆
∆ = − +

thφ  is the value 

of surface potential at which the volumetric inversion 

electron charge density in the strained-Si device is the same 

as that in the unstrained-Si at threshold. Therefore, one can 

determine the value of threshold voltage by substituting (29) 

into (32) and solving for Vth as: 

2

2

4
( )

2

AL
th FBL S si

si

qN
V V

η η σξ
α ε σ −

− + −
= − +      (33) 

where 

2

2
( (1 cosh( )) (1 exp( )) (1 exp( ) 2 )thL F L E L

µη α α α φ ϖ
α
−= + + − − − − −  

2cosh( )Lσ α ϖ= −  

2
2

4 2
( ) thF E FE

µ µξ φ ϖ
α α

= − − + −  

H Lµ β β= −  
2 , ,2

cosh( ) exp( )bid s Si DS bis s SiF L V V V L
µ α α

α − −= − − +  

2 , ,2
cosh( ) exp( ))bid s Si DS bis s SiE L V V V L

µ α α
α − −= − + + − −  

2sinh ( )Lϖ α=  

3.3. Subthreshold Current Model 

The current density primarily flows from the drain to the 

source and consists of both terms of drift current and 

diffusion current. The developed two-dimensional potential 

model can be used to drive an explicit analytical current 

equation in the subthreshold regime. In the weak inversion 

region, the current is principally diffusion dominated and 

proportional to the electron concentration at the virtual 

cathode. Therefore, the subthreshold current derived for this 

GC DG Strained-Si MOSFET can be expressed as [17–20]: 

/min ( )
( ) (1 )DS TV V

n n

n y
J y qD e

L

−= −          (34) 

where nD represents the diffusion constant and VT the 

thermal voltage. To evaluate the subthreshold current, we 

need to find the carrier concentration, nmin(y), at the point 

along the channel where the potential is minimum. Since the 

minimum potential min ( )yφ varies with distance from the 

two gates, we can obtain the value of the minimum potential 

by replacing minx in (28). 

Using Botzmanm distribution, the electron density at virtual 

cathode can be written as： 

min ( ) /2

min ( ) ( / ) Ty V

i CHn y n N e
φ=          (35) 

where ni is the intrinsic free-carrier density. With ( 0X = ,

10 31.25 10in cm−= × ; 0.2X = ,
10 34.02 10in cm−= × ;

0.4X = ,
10 345.25 10in cm−= × ) [12–14]. The proposed 

structure can be considered as two GC GS DG strained-Si 

MOSFETs. both devices are given by the first and the second 

region, respectively. It is clear that the first device is based by 

the voltage ( PV ) which can be calculated from (22) for 

1x L= , 1 1 2
exp( ) exp( ) L

PV A L B L
βα α
α

= + − − , and the 
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second one is based by the voltage DS PV V− . In the weak 

inversion domain, the subthreshold current for each region 

can be obtained by integrating (34) along the channel taking 

into account the basing voltage of each device. So, the total 

subthreshold current in our study can be given as: 

sub subL subHI I I= +              (36) 

With subLI and subHI represent the subthreshold current for 

the first and second region, respectively, can be given as: 

minmin //2 ( )S TT VVL T
subL

S

K V
I e e

E

φφ= −        (37) 

minmin //2 ( )S TT VVH T
subH

S

K V
I e e

E

φφ= −       (38) 

where SE  represents the constant electric field, 

min min2( ) /S S s SiE tφ φ −= − . minsφ  is the minimum 

potential at (strained-Si/SiO2) Interface given by 

min min min( ,0)S xφ φ= . minφ represents the minimum 

potential 
min min min

1
( , )

2
s Six tφ φ −= , HK and LK  are 

constant defined as 

/2

1( / )(1 )P TV V

L n T i AHK q WV n L N eµ −= − , and 

( ) /2

2( / )(1 )DS P TV V V

H n T i AHK q WV n L N eµ − −= − with W is 

the width of the DG MOSFET, the nµ  is the mobility of 

electron, [12–14] 

2

2

(1 7.969 10.90 ) (0 0.15)

(1.789 1.708 2.663 ) (0.15 0.4)

on

n

on

X X X

X X X

µ
µ

µ
 × + − ≤ ≤

=  × + − ≤ ≤
                 (39) 

,max ,min

,min

,1 ( / )

n n

on n

Ak r nN N α

µ µ
µ µ

−
= +

+
         (40) 

with
2

,max 1430 /n cm V sµ = ⋅ , 
2

,min 55.3 /n cm V sµ = ⋅ ,

17 3

, 1.072 10r nN cm−= × , 0.73α =  and X  is the value 

of effective Ge mole fraction in relaxed SiGe buffer. 

3.4. Subthreshold Swing Model 

Subthreshold slope, S, is an important parameter 

characterizing the subthreshold region and is defined as: 

,min 1ln(10)[ ]
s

GS

KT
S

q V

φ −∂
=

∂
           (41) 

Thus, using (29) in (41), S can be obtained as: 

1
12

2 1

1
ln(10){2[ ( ) ( ) 1]}

2

KT
S AB AP BP

q

− −= + +   (42) 

Where 1 2

1 exp( )

2 sinh( )

L
P

L

α
α α
− −= , 2

exp( ) 1

sinh(
P

α
α α

−=
2

L

2 L)

. 

4. Results and Discussion 

The model is compared with the two-dimensional device 

simulation results in order to verify its accuracy. 

Figure 2 shows the curve of surface potential against the 

horizontal distance in the channel for L=20 nm. In Figure 

2(a), it can be seen that the GC GS DG strained-Si deign 

introduces a decrease of the potential barrier with the values 

of effective Ge mole fraction in the relaxed SiGe buffer. And 

it is clearly seen that the GC structure exhibits a step change 

of the potential along the channel. Due to this unique feature, 

the light doped region of the channel of the GC structure is 

essentially screened from the drain-potential variations. This 

means that the drain-potential has very little effect on the 

drain current after saturation reducing the DIBL. Figure 2(b) 

shows the variation of the surface potential of the GC GS DG 

strained-Si MOSFET with the gate length ratio (L1/L2) 

keeping the total channel length, L constant. As the gate 

length ratio reduces the step change of the potential moves 

toward the source end. Due to this, the peak electric field will 

shift more towards the source resulting in a greater 

uniformity in the electric field in the channel. Thus, a proper 

optimization of the ratio of the lengths of the high and low 

doped regions can lead to the suppression of short channel 

effects in an effective manner and can improve the 

performance of the device. Figure 2(c) shows the variation of 

the surface potential of GC GS DG strained-Si MOSFET 

against the light doped concentration and against the high 

doped concentration. It can be seen that the surface potential 

increased with the light doped concentration of the region 

light doped, keeping the high doped concentration NAH 

constant. Identically, the surface potential increased with the 

high doped concentration of the region high doped, keeping 

the light doped concentration NAL constant. 
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Figure 2. Variation of the surface potential along the channel for 20 nm GC GS DG strained-Si MOSFET as a function of: (a) strain X (Ge content in the SiGe 

layer), (b) gate length ratio (L1/L2), (c) doping concentration of region I/II. 

Figure 3(a) shows the variation of threshold voltage with the 

channel length for different values of effective Ge mole 

fraction in the relaxed SiGe buffer and for a strained-Si 

thickness of 10 nm. It is observed that short channel effect 

becomes apparent when the channel length is below 10-15nm 

and is marked by the sharp decrease in the Vth value. The 

gate-source/drain charge sharing and source-body/drain-body 

built-in potential barrier lowering due to overlap of the lateral 

source-body and drain-body depletion regions becomes 

significant for such short-channel lengths. It is also observed 

that the threshold voltage is lower for higher strain in the 

silicon film for a given channel length. It is evident that there 

is a significant fall in the threshold voltage with increasing 

strain, and the reduction in Vth is almost linear. The reduction 

in Vth with increasing Ge content is due to the decrease in the 

faltband voltage, and the decrease in the 

source-body/drain-body built-in potential barrier and an 

earlier onset of inversion caused by the decrease in thφ . 

Figure 3(b) shows the variation of threshold voltage with the 

channel length for different light doped concentration of the 

light doped region. It is clearly shown that the threshold 

voltage increase with increasing the light doped 

concentration of the light doped region, keeping the values of 

effective Ge mole fraction unchanged and keeping the high 

doped concentration NAH constant. Figure 3(c) compare the 

threshold voltage roll-off at drain source bias (VDS=0.3 V) 

and X=0.2, for different lengths for conventional strained-Si 

DG MOSFET. It is shown that the threshold voltage roll-off 

effect is considerably reduced in case of GC GS DG 

strained-Si MOSFET even for channel lengths down to 10 

nm. Moreover, the GC GS strained-Si DG MOSFET has a 

lower DIBL than the conventional strained-Si DG MOSFET 

which indicates the fact that the incorporation of GC and 

high-k designs lead to an improvement of SCEs. 

Figure 4 shows the variation of subthreshold current with 

gate voltage for different high-k dielectric constants. It is 

clearly shown that the subthreshold current reduces as the 

increasing dielectric constant 2ε . It is to note that the device 
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with low leakage current and high ratio, Ion/Ioff, can provide 

the circuit with high quality commutation OFF-state to 

ON-state when it is in digital operation for ULSI application. 

Therefore, the proposed GC GS DG strained-Si MOSFET 

design can be considered as a potential candidate for the 

nanoscale CMOS-based digital circuits. 

 

Figure 3. Variation of threshold voltage along the channel for a 100nm GC GS DG strained-Si MOSFETs as a function of: (a) strain X (Ge content in the SiGe 

layer), (b) doping concentration of region I, (c) dielectric constant 
2ε . 

 

Figure 4. Subthreshold current variation for different dielectric constant 
2ε  (L=20nm, t1=0.5nm, t2=2nm, ts-Si=10nm). 
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Figure 5 shows the evolution of the subthreshold swing for 

different dielectric constants 2ε  for this structure, where the 

effect of the GS design on the law of scaling capability of the 

DG MOSFET is presented. Clearly, for equal electrical and 

geometrical parameters, the GS DG strained-Si MOSFET 

provides a better subthreshold swing and a small OFF-current 

with respect to conventional strained-Si MOSFET. Therefore, 

in GS DG strained-Si MOSFET, the GC and high-k design in 

which the doping is kept low at near the source side and high 

near the drain end provides excellent immunity against the 

SCEs and enhancement in subthreshold swing compared to the 

uniformly doped and conventional devices. 

 

Figure 5. Graphical abacus which allows studying the scaling capability of the proposed gate stack DG strained-Si MOSFET design. 

5. Conclusion 

A two-dimensional analytical model for GC GS DG 

strained-Si MOSFET has been developed to investigate the 

effectiveness of GC design in suppressing the short channel 

effects. The model was used to obtain the surface potential, 

electric field, threshold voltage, subthreshold current and 

subthreshold swing of the device. The results so obtained 

have been compared with simulated results obtained from 

device simulator ISE-TCAD and have been found to be in 

good agreement. It was observed that the shift in the position 

of minimum surface potential was negligible even when 

drain bias was increased for channel lengths down to 20 nm. 

This clearly indicates that introducing a step doping profile in 

the channel leads to suppression of SCEs. The impact of GC 

design can also be seen as a delayed onset of threshold 

voltage roll-off with decreasing channel lengths. Thus, by 

using GC design, it is possible to obtain both the advantages 

that is almost no threshold voltage roll-off and a subthreshold 

slope value, i.e. comparable to the unity doping device for 

channel lengths less than 90 nm. It was also found that the 

GC design leads to a reduction in the peak electric field at the 

drain end, which reduces the impact ionization and hot 

carrier effects thus improving the hot carrier reliability of the 

device. 
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