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DG d i l tDG device layoutDG device layoutDG device layouty

Device specifications:Device specifications:p
L 2 t 1 6 N 1 1015 3L = 25 nm t = 1 6 nm ε = 7 N = 1x1015cm-3L = 25 nm, tox = 1.6 nm, εox = 7, Na = 1x10 cmox ox a
Near midgap metal with work function 4 53 eVNear-midgap metal with work function 4.53 eVNear midgap metal with work function 4.53 eV 
Idealized Schottky contacts with work function 4 17 eVIdealized Schottky contacts with work function 4.17 eVy
R l id b l t t ti ll i l t i l ti Si l t' t /Replace oxide by an electrostatically equivalent insulating Si-layer: t'ox = toxεsi/εoxReplace oxide by an electrostatically equivalent insulating Si layer: t ox  toxεsi/εox



C f l i f DG MOSFETConformal mapping of DG MOSFETConformal mapping of DG MOSFETConformal mapping of DG MOSFETpp g
S h t Ch i t ff l t f tiSchwartz-Christoffel transformationSchwartz Christoffel transformation
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S bth h ld t ti l d liSubthreshold potential modelingSubthreshold potential modelingSubthreshold potential modelingSubthreshold potential modelingp g
Solve Laplace’s equation in (u iv) planeSolve Laplace’s equation in (u iv)-planeSolve Laplace s equation in (u,iv) plane
Obtain analytical solution for 2 D inter electrode potential distributionObtain analytical solution for 2-D inter-electrode potential distributionObtain analytical solution for 2 D inter electrode potential distribution
Map back to (x y) planeMap back to (x,y)-planeMap back to (x,y) plane
Apply to subthresholdApply to subthresholdApply to subthreshold

P i l di ib i ( hi id )Potential distribution (thin oxide approx):Potential distribution (thin oxide approx):( pp )
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Q t h i l d liQuantum mechanical modelingQuantum mechanical modelingQuantum mechanical modelingg
I f lt thi b di (UTB ) th ff t 2⎡ ⎤In case of ultra-thin bodies (UTBs) the effect 22 2ψ( ) 2d y y⎡ ⎤⎛ ⎞In case of ultra-thin bodies (UTBs) the effect

( )ψ( ) 2 ( ) ( )d y y E
⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟

( )
f t t l fi t d i t l t i ( )ψ( ) ψ( ) ψ( )y yq x y E yϕ ⎛ ⎞− + =⎢ ⎥⎜ ⎟of structural confinement dominates electronic ( )* 2 ψ( ) ψ( )

2 cq x y E y
d H

ϕ+ ⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦of structural confinement dominates electronic ( )22 ym dy H⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

fi t
ym dy ⎝ ⎠⎢ ⎥⎣ ⎦

confinement
⎣ ⎦

confinement
Th fi d l t t b d b Ei f ti d th i l diThe confined electrons are perturbed by Eigenfunction and the eigenvalue correspondingThe confined electrons are perturbed by Eigenfunction and the eigenvalue corresponding 

b li t ti l i ti l t t t to the first subband of the longitudinal valley:parabolic potential variation along gate-to-gate to the first subband of the longitudinal valley:parabolic potential variation along gate to gate g y

axis ⎛ ⎞axis 215 4⎛ ⎞axis 215 4y⎛ ⎞
⎜ ⎟To accurately model the quantum effects

15 4( ) 1 yyψ
⎛ ⎞

= ⎜ ⎟To accurately model the quantum effects, 1 2( ) 1
8

yψ = −⎜ ⎟
⎝ ⎠

To accurately model the quantum effects, 1 2( )
8

y
t t

ψ ⎜ ⎟
⎝ ⎠the Schrödinger equation along the gate to

8 si sit t⎝ ⎠the Schrödinger equation along the gate-to- si si⎝ ⎠the Schrödinger equation along the gate to
gate axis is solved 2gate axis is solved 24gate axis is solved 4EThe resulting eigenfunctions are in terms of 1E =The resulting eigenfunctions are in terms of 1 * 2E

tg g 2
l im tparabolic cylindrical functions (even and odd l sim tparabolic cylindrical functions (even and oddp y (

C di l t d it l iinfinite polynomials) Corresponding electron density along y-axisinfinite polynomials) Corresponding electron density along y axis p y )
F l bb d h l i l is given as:For lower subbands the polynomials are is given as:For lower subbands, the polynomials are g, p y

t t d t i t l ti f thtruncated to give compact solutions of the ⎛ ⎞truncated to give compact solutions of the ( ( ) )E x E⎛ ⎞⎡ ⎤
g p
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Q t h i l d li (R lt )Quantum mechanical modeling (Results)Quantum mechanical modeling (Results)Quantum mechanical modeling (Results)g ( )
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Q i F i t ti l d li i thQuasi Fermi potential modeling in theQuasi-Fermi potential modeling in theQuasi Fermi potential modeling in the Q p g
s bthreshold regimesubthreshold regimesubthreshold regimesubthreshold regimeg

Diff ti l f f d ift diff i ti i l d t bt i f ll i i f th iDifferential form of drift-diffusion equation is solved to obtain following expression of the quasi-Differential form of drift diffusion equation is solved to obtain following expression of the quasi
Fermi level:Fermi level:

⎡ ⎤⎛ ⎞
Fermi level:  

2 2C xπ⎡ ⎤⎛ ⎞2 2 2( ) l C xV C V E fπ⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟2( ) lnV x C V Erf= − −⎢ ⎥⎜ ⎟1( ) lnF thV x C V Erf
k L V k L

= ⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦thk L V k L⎝ ⎠⎣ ⎦s th sk L V k L⎝ ⎠⎣ ⎦

C and C are obtained from boundary conditions parameter k depends upon V a value ofC1 and C2 are obtained from boundary conditions, parameter ks depends upon Vds, a value of1 2 y s ds
k 0 26 (f V ≤0 25V) d 0 19 (f V ≥0 25 V) i ffi i t Th bk =0.26 (for Vd ≤0.25V) and 0.19 (for Vd ≥0.25 V) gives sufficient accuracy. The aboveks 0.26 (for Vds≤0.25V) and 0.19 (for Vds≥0.25 V) gives sufficient accuracy. The above
expression is evaluated for two different regions x≤x and x≥xexpression is evaluated for two different regions x≤xm and x≥xmp g m m

i th iti f th t f th b i ix is the position of the top of the barrier given as:xm is the position of the top of the barrier, given as:

( )F kL ( ),F k uL ( ), mF k uLx =
2 ( )mx K k

=
2 ( )m K k2 ( )K k

u is the position of top of the barrier in (u v) spaceum is the position of top of the barrier in (u,v) space.m ( )
To completel e al ate the q asi Fermi le el e pression e also need the al e of Fermi le elTo completely evaluate the quasi-Fermi level expression, we also need the value of Fermi levelTo completely evaluate the quasi Fermi level expression, we also need the value of Fermi level 
at the top of the barrier (V ) given as:at the top of the barrier (VFm), given as:  p ( Fm) g

⎡ ⎤ ⎛ ⎞⎛ ⎞dV⎡ ⎤ ⎛ ⎞⎛ ⎞
⎜ ⎟1 exp dsV⎡ ⎤ ⎛ ⎞⎛ ⎞
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thV dxV V V⎝ ⎠ ⎜ ⎟⎢ ⎥∫/2ln 1 lnth
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( )Fm th thLV V V

n xdx V⎜ ⎟⎢ ⎥ ⎛ ⎞∫
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1 expsoL dsn xdx V−
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∫ /2 1 exp
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( ) hn x V
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Q i F i t ti l ( lt )Quasi Fermi potential (results)Quasi-Fermi potential (results)Quasi Fermi potential (results)p ( )
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Near threshold regimeNear-threshold regimeNear-threshold regimeNear threshold regimeg
A t th th h ld th ff t f h i b i t tAs we move to the near threshold the effect of charge carriers becomes more importantAs we move to the near threshold, the effect of charge carriers becomes more important
and can’t be neglected The total potential inside the de ice bod is gi en asand can’t be neglected The total potential inside the device body is given as:and can t be neglected. The total potential inside the device body is given as:

( )( ) ( )( )( ) ( )x y x y x yϕ ϕ ϕ≈ +( )( , ) , ( , )L Qx y x y x yϕ ϕ ϕ≈ +( )( , ) , ( , )L Qy y yϕ ϕ ϕ

( ) I t l t d t ti l( )x yϕ : Inter-electrode potential( ),L x yϕ : Inter electrode potential( ),L yϕ

( ) Ch t ti l( )x yϕ : Charge potential( ),Q x yϕ : Charge potential( ),Q yϕ

F h t i ti l th L/2 ( t ) th l t l l t i fi ld d t hFor characteristic length < L/2 (present case) the lateral electric field due to chargeFor characteristic length < L/2 (present case), the lateral electric field due to chargeg (p ) g
i i li ibl th d i t f bl d i ltcarriers is negligible near the device center for reasonable drain voltagescarriers is negligible near the device center for reasonable drain voltagesg g g

Th h t ti l th t b l t d b l i 1 D P i ’Thus charge potential near the center can be evaluated by solving 1-D Poisson’sThus charge potential near the center can be evaluated by solving 1 D Poisson s
eq ationequationequation
Classical treatment of charge carriers results in underestimation of the total potential andClassical treatment of charge carriers results in underestimation of the total potential, andClassical treatment of charge carriers results in underestimation of the total potential, and
thus to model accurate potential we solve Poisson’s equation with charge densitythus to model accurate potential we solve Poisson s equation with charge densitythus to model accurate potential we solve Poisson s equation with charge density
calculated quantum mechanicallycalculated quantum mechanically.calculated quantum mechanically.



F tiFew assumptionsFew assumptions…Few assumptions…p
We assume that only first subband is occupiedWe assume that only first subband is occupied.y p

f f f• Although this assumption is quite justified for UTBs it generates some error for• Although this assumption is quite justified for UTBs, it generates some error forg p q j , g
l ti it hi h thi krelativity higher thicknessesrelativity higher thicknesses.y g

Th b t d ft l i th P i ’ ti d l i• The error can be corrected after solving the Poisson’s equation and replacing one• The error can be corrected after solving the Poisson s equation, and replacing oneg q p g
bb d h d it ith t t l h d it i l di ll bb dsubband charge density with total charge density including all subbandssubband charge density with total charge density including all subbands.g y g y g

W d t i t ti ti th th h ld ltWe assume a non-degenerate carrier statistics near the threshold voltageWe assume a non degenerate carrier statistics near the threshold voltage

At the onset of threshold the charge density is still low and thus the non• At the onset of threshold, the charge density is still low and thus the non-At the onset of threshold, the charge density is still low and thus the non
degenerate statistics gives negligible errordegenerate statistics gives negligible error.degenerate statistics gives negligible error.



Q t P t ti l M d lQuantum Potential ModelQuantum Potential ModelQuantum Potential Model
Poisson’s equation with quantum mechanical charge density at the devicePoisson s equation with quantum mechanical charge density at the devicePoisson s equation with quantum mechanical charge density at the device 
center:center:center:

( )'⎧ ⎫( )'0 / 2 / 2t t y t⎧ ⎫+ ≤ ≤( )0    / 2 / 2ox si sit t y t− −⎧ ⎫+ ≤ ≤
⎪ ⎪

( )
2 ( )

ox si siy
d ⎪ ⎪⎪ ⎪

2 ( ) ( )Qd y E Eϕ ⎪ ⎪⎪ ⎪⎡ ⎤ 2* 2
( ) ( )Qd y E Eϕ ⎪ ⎪−⎡ ⎤⎨ ⎬⎛ ⎞* 2
2

( )15 4
Q E EqkTm yj Fd

⎡ ⎤= ⎨ ⎬⎛ ⎞⎢ ⎥2 15 4exp 1 / 2 / 2lqkTm yj Fdy t y t
⎨ ⎬⎛ ⎞⎢ ⎥ ≤ ≤⎪ ⎪⎜ ⎟2 2exp 1  / 2 / 2l

si si
jdy t y t
k

−⎢ ⎥− − ≤ ≤⎪ ⎪⎜ ⎟⎢ ⎥2 2p
4 si siy

t kT tπ ε⎪ ⎪⎜ ⎟⎢ ⎥ ⎝ ⎠⎪ ⎪⎣ ⎦
4 si s sit kT tπ ε ⎢ ⎥ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭⎩ ⎭

T t l t ti l t th d i tTotal potential at the device center:Total potential at the device center:p

2 '15 11 4N ⎛ ⎞215 11 4qN t t t⎛ ⎞15 11 4(1/ ) o si si oxqN t t tkϕ ϕ
⎛ ⎞

≈ +⎜ ⎟(1/ )
8 120 15c L kϕ ϕ≈ − +⎜ ⎟

⎝ ⎠
( )

8 120 15c L t
ϕ ϕ

ε ⎜ ⎟
⎝ ⎠8 120 15si st ε ⎝ ⎠⎝ ⎠

{ }⎛ ⎞⎡ ⎤{ }/ 2 (0) (1/ )E E k⎛ ⎞⎡ ⎤{ }* / 2 (0) (1/ )2 j b i Q LE E q kkT ϕ ϕ ϕ ϕ⎛ ⎞⎡ ⎤+ + − − −⎣ ⎦⎜ ⎟ F i l bb d{ }/ 2 (0) (1/ )2 j g b i Q L
l

E E q kkTmN
ϕ ϕ ϕ ϕ+ +⎣ ⎦⎜ ⎟ :For single subband{ }

explN ⎣ ⎦⎜ ⎟= −⎜ ⎟
:For single subband

2 expoN kT
= ⎜ ⎟⎜ ⎟

2 kTπ ⎜ ⎟⎜ ⎟
⎝ ⎠
⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞( / 2 )E E q qϕ ϕ ϕ ϕ⎛ + + ⎞⎡ ⎤( / 2 )j g b i L QE E q qϕ ϕ ϕ ϕ⎛ + + − − − ⎞⎡ ⎤
⎜ ⎟∑ ∑

( )
exp j g b i L Qq q

N g N
ϕ ϕ ϕ ϕ⎛ ⎞⎡ ⎤

= −⎜ ⎟⎢ ⎥∑ ∑ :With single subband2 expo v DN g N
kT

= ⎜ ⎟⎢ ⎥
⎣ ⎦⎝ ⎠

∑ ∑ :With single subband 
valleys j kT⎢ ⎥

⎣ ⎦⎝ ⎠
∑ ∑ g

tivalleys j kT⎣ ⎦⎝ ⎠ correctioncorrection



C i ith i l i l tiComparison with numerical simulationsComparison with numerical simulationsComparison with numerical simulationsp
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S bth h ld t d liSubthreshold current modelingSubthreshold current modelingSubthreshold current modelingg
D i b d d if diff i h b dDrain current based on drift-diffusion theory can be expressed as:Drain current based on drift-diffusion theory can be expressed as:

⎡ ⎤⎛ ⎞V⎡ ⎤⎛ ⎞
1 exp dsVWq kTμ
⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟1 exp ds

nWq kTμ − −⎢ ⎥⎜ ⎟pnq
V

μ ⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦thVI ⎝ ⎠⎣ ⎦

2d LI ⎝ ⎠⎣ ⎦= 2d LI
dxdx

∫∫ ( )n x∫
2 ( )soL n x−
∫

2 ( )soL−

n (x) is charge-sheet density along the channel direction Again using non-degeneratenso(x) is charge-sheet density along the channel direction. Again using non-degenerate   so( ) g y g g g g
i t ti ti ( ) b i t dcarrier statistics n (x) can be approximated as:carrier statistics nso(x) can be approximated as:

{ }⎛ ⎞⎡ ⎤{ }/ 2 ( 0)E E q xϕ ϕ ϕ⎛ ⎞⎡ ⎤+ + − −⎣ ⎦{ }/ 2 ( ,0)
( ) j g b iE E q x

N
ϕ ϕ ϕ⎛ ⎞⎡ ⎤+ + − −⎣ ⎦⎜ ⎟∑ ∑
{ }( )

( ) j g b iq
n x g N exp

ϕ ϕ ϕ⎣ ⎦⎜ ⎟= −
⎜ ⎟∑ ∑ 2( )so v Dn x g N exp

kT
⎜ ⎟=
⎜ ⎟∑ ∑

valleys j kT⎜ ⎟
⎝ ⎠

∑ ∑
valleys j ⎝ ⎠⎝ ⎠

is the potential difference bet een the Fermi le el of intrinsic silicon and doped siliconφb is the potential difference between the Fermi level of intrinsic silicon and doped silicon.φb is the potential difference between the Fermi level of intrinsic silicon and doped silicon.

t hift i i t i i F i l l f diff i l t d h l d it t tφi represents shift in intrinsic Fermi level from difference in electron and hole density statesφi represents shift in intrinsic Fermi level from difference in electron and hole density states

( 0) i t ti l l th S D t li Th t ti l b i t d bφ(x 0) is potential along the S-D symmetry line The potential can be approximated byφ(x,0) is potential along the S D symmetry line. The potential can be approximated by 
parabolic function given as:parabolic function given as:p g

2
⎛ ⎞

2
⎛ ⎞ ϕ :Potential at source/drain⎛ ⎞
⎜ ⎟ /s dϕ :Potential at source/drain
x x⎜ ⎟ /s dϕ ote t a at sou ce/d a

( ) ( )0 mx x⎜ ⎟−
+ ⎜ ⎟ P t ti l t t f th b i( ) ( )/, 0 m

dxϕ ϕ ϕ ϕ≈ + − ⎜ ⎟ ϕ :Potential at top of the barrier( ) ( )/, 0 m s d mx Lϕ ϕ ϕ ϕ+ ⎜ ⎟
⎜ ⎟

mϕ :Potential at top of the barrierLx⎜ ⎟±
2mx⎜ ⎟±

⎝ ⎠ x :Position of the top of the barrier2m⎝ ⎠ mx :Position of the top of the barrier2⎝ ⎠ m p
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C l iConclusionsConclusionsConclusions
A precise q ant m modeling frame ork for short channel nanoscaleA precise quantum modeling framework for short-channel nanoscaleA precise quantum modeling framework for short channel nanoscale

DG MOSFETs in subthreshold and near threshold regime is developedDG MOSFETs in subthreshold and near-threshold regime is developedDG MOSFETs in subthreshold and near threshold regime is developed

Eigenfunctions are obtained as a direct solution of SchrodingerEigenfunctions are obtained as a direct solution of SchrodingerEigenfunctions are obtained as a direct solution of Schrodinger
equationequationq

It’s been shown that in case of ultra thin body devices the classicalIt s been shown that in case of ultra-thin body devices the classicaly
i l i l h i lpotential is lower than quantum potentialpotential is lower than quantum potentialp q p

M d l ifi d b i l i l ti (ATLAS)Model verified by numerical simulations (ATLAS)Model verified by numerical simulations (ATLAS).y ( )


