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l) Introduction: device simulation
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l) Introduction: device simulation

(1) Compute Ug,

(2) Compute / fill LDOS



l) Introduction: nanowire MOSFET

(1) 3D electrostatics

(2) 1D transport



l) Introduction: semiclassical approach
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l) Introduction: semiclassical ballistic transport

Ballistic peaks
1) |
______________________ TOP. A
3
S > K AL
Lﬁ =
EF2 Sourc ‘> j |
S— "(X) e
| > X
Xo

n(x;) = " [LDOS (E,x,) f (E,,) +LDOS (E. %) (Ey,)|dE

I :2_:11‘ T(E)[f(EFl)_ f(EFz)]dE



Introduction to Computational Nanotechnology - Beckman Institute, June 2004

2) Solving the Wave Equation
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II) Solving the Wave Equation: steady-state
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II) Solving the Wave Equation: Bound States

Energy

finite differences



II) Solving the Wave Equation: Discretization
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II) Solving the Wave Equation
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II) Solving the Wave Equation
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II) Solving the Wave Equation: open systems

source injection: “scattering states”

<«— contact 1 < device »— contact2 —»
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II) Solving the Wave Equation

drain injection: “scattering states”

«— contact 1 < device > contact2 —»
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II) Solving the Wave Equation: A 1D Device

<«— contact 1 < device »— contact2 —»
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II) Solving the Wave Equation

E”i#[ o it (2t0+Ec)” #t()"|+1] (i=1,2...N)
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but there is a problem at the first node (i = 1) and the last
node, (i = N) because they couple to nodes outside the device.



II) Solving the Wave Equation: Open boundary conditions

<«— contact 1 < device »— contact2 —»
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Il) Solving the Wave equation: Treatment of i = 1
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II) Solving the Wave Equation: Open boundary conditions

E" # [#to" 0 (2 + Ecy)" 1 #1 2] =0

=" alkia 4 (eikla #e#ikla)

to account for the open boundary condition at x = 0, we
1) add "t,€* to the diagonal

2) add t,(e"*" e™*) to the first column of the RHS
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II) Solving the Wave Equation
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Il) Solving the wave Equation: The solution

[EI" Hn #1||#2]$ =S
(not an eigenvalue problem - energy continuous)

formal solution:
P =G"S
GR(E)=[EI"H" #,"#,]

(N x N retarded Green'’s function)
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II) Solving the Wave Equation: The self-energies and k
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Il) Solving the Wave Equation: E, in the leads

Infinite lead
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Il) Solving the Wave Equation: E, in the leads

E,

E = Ec +2t,(1- coska) \

h*k?
om
i
|
\
\\

\

E

\
\
\

be sure!

E <<4t,

\

—rtf a

24



Introduction to Computational Nanotechnology - Beckman Institute, June 2004

3) Computing n(x)
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[II) Computing n(x): in the bulk

n(x)=# ‘ "’ k(Xi)‘zf(E$ EF)
K

n(x)=—" T(E#E,)
Kk
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[II) Computing n(x)

now attach a device to a bulk contact E ..

contact device
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N ™

11}

| | 2
| N =H |" ()| f(ESER)
| | A
" L " Kkofinjected absorbing
contact
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[[I) Computing n(x)

sum over the distribution
of injected k’s from
source contact

#|"\ )] f(ESE)

S0 N

normalization length computed assuming weight by Fermi
in the contact unit amplitude function of the
1 injected wave source

———¢e
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[[I) Computing n(x)
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[[I) Computing n(x)

() :f izg‘wh(xi)‘z fO(E_ EFl)dE
LDOS(x ,E)

this is the portion of the local density-of-states within the device due
to injection from contact 1.
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[II) Computing n(x)

n(x) = PLDOS(x,E) fo(E" Er;)dE+ $LDOS,(x;,E) fo(E" Ef,)dE

0 0

LDOS,, LDOS, can be computed semi-classically
or
gquantum mechanically
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[II) Computing n(x): local DOS in a MOSFET
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[[I) Computing n(x)

(on-state, Vp = 0.4 V)
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LDOS x,E) = LDOS (x,E) + LDOS (x,E)

n,(x,E) = f,(E)LDOS (X,E)

n,(x,E) = f,(E)LDOS,(x,E)




[[1) Computing n(x): bound states again
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“broadening”
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IVV) Computing I

let’s derive the current expression beginning with:
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IVV) Computing Iy
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IVV) Computing Iy
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IVV) Computing I5: Finding T, ,(E)
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IVV) Computing I5: Finding T, ,(E)
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V) Computing I5: T, ,(E) fora MOSFET

T, (E)=1" |#," 1’

Energy

Position

-04

0.2 0

Energy

0.2
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V) NEGF Formulation: The wavefunction approach

—
D

t L »2
5 = = 3)
5 = =
= = 4
= = “5)
j—llI|||||I|||||I|||||I|||||I|||||I|||||I|||||I|||||—rE—>
position 6)

energy channels are independent!
(ballistic)

Guess E. (x)
For each energy:

[El -H —El_zz]w =S
Determine n (x):
n(x;) = N (X;) +n,(X;)

solve Poisson for E. (x)

go to 2
Determine |,

ID =11"2" 12'1
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V) NEGF Formulation: Key Results
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V) NEGF Formulation: density matrix

Weneed " "

We have:
# .8
%.(
% (
" =g, (
% (
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m un H

at each node. """ =(G#1)(#1B GH)
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V) NEGF Formulation: density matrix

ETop
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V) NEGF Formulation: density matrix

E
! dk
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V) NEGF Formulation: density matrix
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V) NEGF Formulation: spectral function

Erop
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V) NEGF Formulation:

1) G=[EI"H"#,"#,]

2) rlzi(zl—zl”)

3) A1=G" 1GH

1‘ NxN
f 2 x
NxN

recap

f(E-Eg,)dE

(retarded Green’s function)

(broadening)

(spectral function)

(density matrix)
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V) NEGF Formulation: transmission

1eik1x teikzx
n 2
Jine =17 — —— ‘Jtrans = ‘t‘ Un
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V) NEGF Formulation: transmission
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V) NEGF Formulation: key results in NEGF form

G=[EI"H"#,"#,]" . _to(e)l ’ 8
. %#_Al(E)f( er) | Lo
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V) NEGF Formulation: key results in NEGF form

1) Guess Ugr(X)
2) For each energy:

GE)=[EI"H"#,"#,]

3) Determine ! (x):

v = o AE)
= %#gf(E&EFl)dE
4) solve Poisson for Ugg(X)

energy

T -

1 B T ——

5) goto2
——=—— [Ny ———— *
position 6) Determine Ifrom T(E)

energy channels are independent! T (E) :trace[-- G 2(;“]
(ballistic) >
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V1) Scattering

(on-state, Vpp = 0.4 V)
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V1) Scattering

(on-state, Vpp = 0.4 V)
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V1) Scattering: filling states from contacts”

1e|”?XkX. > > telkx
re™ —ne
i i A

—H ® ® ® ® ® ® ® ® ® ® ® #-_—>

G(E)=[EI"H" #," #,]
G"(E) = f(E)AL(E) + f,(E)A,(E)

"oy O/@EG (E)
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V1) Scattering: “in- and out-scattering from contacts”

G"(E)= fA(E)+f,A,(E)=G""G" +G" I G"

nin

[ Lzszz#Lz] “in-scattering”

G’ (E)=(1" £)A(E)+(1" fo)AL(E)=G#"G" +G#5"G"

[" 0 = (1# fL2)$L2] “out-scattering”

nin n out
[ 2t 1 —#1,2] 5g



V1) Scattering

in-

scattering
" X —
1> — 2,
out-
scattering

1

G(E)=[EI" H" #," #," #sead

G"(E)=Gf",G"+Gf,",G" +G#L_G"
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V1) Scattering: Buttiker probes

in-

scattering
n ¢ — n
#H 0) L& 1—> X 4-:
n eatt — % tseika O( —
. 0 of t
g N)N sca(::]ering
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G(E)=[EI" H" #," #," #5.0]

o

G"(E)=Gf",G" +Gf," ,G" +G#L,G"

nin
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V1) Scattering: Fermi’'s Golden Rule

G(E)=[EI" H" #," #," #5ca] |

Gn(E):G" inGH (II in:u:i|-n+||i2n+n iSncatt)
’ Scatt
’ iSnca'[t( E)# Gn (E * h$)o/gcatt (" Scatt = i[#Scatt $ #géatt])

see: Chapter 8 in S. Datta, Electronic Transport in Mesoscopic Systems,

Cambridge Univ. Press, 1995. o



VIl) Summary

1) Boltzmann Transport Equation
f(r.k)
2) Non-equilibrium Green’s function formalism

G(r,r"E)
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1) The NEGF provides a convenient formalism for

solving the single particle Schrodinger equation with
open boundary conditions.

2) NEGF can describe devices at a continuum (eff
mass) or atomistic (e.g. tight binding) level.

3) NEGF also provides a rigorous basis for going beyond
the single electron Schrodinger equation.

4) NEGEF is rapidly becoming an essential tool for device
engineers.
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