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Twin Silicon Nanowire FET (TSNWFET)

V=1V

$S =71 mVidec.
DIBL = 13mV/V
V,=0.24V

Drain current (Idld) [mA/um]

SN 3 Oxde 4 10*
£
¢ 2 10*
2 10°
Twin Si Nanowires E
g107*
8 £
-
” 5” ‘ \ .
o 6
1042
Side si

Our model:

0.0 0.4
Gate Voltage (V) [V]

Sun Dae Suk, et al.,

0.8

IEDM Tech. Dig. p. 735, (2005)

0 04 08 12
Drain Voltage (V,) [V]

gate metal Gate
gate di it K. H. Cho, et al., Appl. Phys. Lett. 92, 052102 (2008)
nanowlrc )

. .
2R

'

Li.
Quantum transport in cylindrical nanowire heterostructures 4-7.12.08 3 (40) |W‘ 1 ‘A‘ S



Resonant tunneling in nanocolumns
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Our model:
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@ Schrodinger equation
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Cylindrical coordinates (r 0 z)
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= q,
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e one band envelope function in the effective mass aproximation

w19 [ d 1 92 92
[_2[J (r8r (rar> t 72392 ) 2> +V(r, Z)] Y(r,0,z) =E¥(r,0,z2)
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= 2D problem solved within scattering theory
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¥(r,0,z) = m=0,+1,+2,...
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2D scattering theory in cylindrical coordinates for two leads

ar
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> definition of scattering region: constant potential outside it

V17 TG[O,R],Z<—dZ
V(rnz) =S V(nz) rel0,R],—d,<z<d,,
Va, re[0,R],z>d,

> boundary conditions for no gate leakage current
W(R7Z) =0,z€ (—oo’oo)

> scattering boundary conditions on transport direction z
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Asymptotic regions: definition of channels

e outside the scattering region: separation of variables

v(ns) =¢(r)e(z), E=E +¢

¢ radial equation: transversal modes

2 2 m2
h(d Ld )¢<r>:EL¢<r>, re0.R).

dr?  rdr r?

21
V2
O(R) = 0:>¢n () mm(xmnr/li'),
m) _ B X\
EJJZ _ﬂ( R ) ,n—172,...

where x,,, is the nth root of Bessel function J,,(x)

= {¢,§’">(r)} orthonormal system of functions
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Asymptotic regions: definition of channels

¢ transport direction: plane waves

[ K d?

_ZHG’ZZ_FVS:| 0(z) = £9(2), lz| >d;, s=1,2

Aetkiz _|_Befik127 7 < _dz
Ce"2 4+ De "% z>d,,

£ has continuous spectrum, ks (€) =/ (2u/h?)(e —V;)
A,B,C,D at most two of them are linearly independent

= general solution: combination of channels ¢,§m)(r)<p(£,z).
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Scattering states

e incident from source s = 1 (left)

eiklr1771(z+dz) ¢I§m> (r) _|_ i (S(m)) ’ (E)eiikln’m(Z*’dZ)q)(lm) (r)’
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> Ky (E) = \/(2,u/hz)(E—Ei'Z> ~V,),s=1,2,neN,, meZ

EfE(f:l) —V; > 0=-(snm) = open channel = N, (E) nr. open channels

E —E(l":l) — Vs < 0 =(snm) = closed channel
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Scattering states

e incident from drain s =2 (right)

= A T X
(S " ) (E)e_lkl",’”(z-i—dZ)q)(/m)(r)v z< _dz
=1 2n,1n’ n
@) 1
lllnm(EanZ):i . [l ~ T .
V2T | gikoun(e=d) (") (1) 4 ¥ (S<m>>2 L (Eyelmcdlg (),
n'=1 n,Zn'

z>d,

> wave scattering matrix or generalized scattering matrix
S(”’)(E) has Ny (E) + Now(E) infinite columns

> consider S(E) infinite dimensional matrix,
but (@)m’s/n, = G(EfE(ﬁ) — V;) O Oy "cuts" the meaningless terms
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Open and closed channels

U =0.19mg, R = 5nm
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© Tunneling coefficient
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Reflection and transmission probabilities

e density current

77 = 53 (YOVRE P V)

e reflection probability from (1n) into (1n')

1 kl
RE; )= a ’Sln 1n’ ’2

e transmission probability from (1n) into (2n)

1 kz
Tn(n) d ‘S1n2n ‘2
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Current scattering matrix

Stw.1a(E)? = R, (E) S1w 2n(E) = T2 (E)
S2wn(E)P = T, (E) Saw an (E)? = RUN(E)

> $ has (N1 +N2) x (N1 +Nz) non-zero elements
> SST=575=1
> total tunneling coefficient

TO(E) =Y TV (E)
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O R-matrix formalism
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Wigner-Eisenbud problem

m

(9> 19 m 9?
5 (et iy e o) HVd ) = Bt 1=12.

T

R

defined on a closed domain

o N

-d
with mixed boundary conditions

dx(rz)
97 |—ia.

xRz) = 0 (Dirichlet otherwise)

= 0 (v. Neumann at interfaces to leads)

= {x1(r,z)};>1 orthonormal system of functions
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Scattering wave function inside the scattering region

e expansion of scattering states in Wigner-Eisenbud functions
) (E, 2) Z Eu(r2), z€[~d,d), re(0R]

e define the R-function
P& urn)ur?d) ©

R(E ') = — —
(Enar,2) pim E-E 24

oy (E,r,7)

l//,(,s) E.rz) / dr' v |R(E,¥,—d,,1z) o7
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— R(E,r,d;,1r2) 57

Quantum transport in cylindrical nanowire heterostructures 4-7.12.08 18 (40) |W‘ 1 ‘A‘ S



Relation between R and S-matrix

e continuity of the wave function
S(E) = [i —2(i +i1%(E)1%(E))*‘} O(E)
where define the R-matrix: real and symmetric

A

R R /
Rsn,s’n’(E) = /Odrl"/o di’/V/R(E;r,(_1)Sdzar/a(_1)sdz)(Pn(r)q)n’(r,)

> R infinite dimensional matrix
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R-matrix representation of S matrix

e current scattering matrix

with the symmetric and complex matrix

A . = & (E)a] (E)
O(E) = RV*(E)R(E)KV*(E o(E
(E) (E)R( l; E Ez
where
(@00 E) = k() [ drr s (100, 5 =120 1

> Q infinite dimensional matrix
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Resonances

Split Q& matrix around a Wigner-Eisenbud energy E;,

(=)

= ST = ST
A (05404 o) d N
QZZ chae M +Q,

S E-E E-E)

PO 6B, BT O
I LY.
E—E;, — &, (E)

Poles of the S matrix

E—E,—&(E)=0| = Ey=Ey —il}/2

where

2 A

Br=(1+i0) "o, &(E)=—iBl-ay, S =0[1-201+i0;)"']6.
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© Model systems
Quantum dot
Core/shell quantum ring
Double-barrier heterostructure
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Quantum dot with same radius
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D> separable potential: V(r,z) =V(z) = no channel mixing

> increasing well depth = deviations from steps at E(f’,z

.
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Quantum dot surrounded by host material
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> nonseparable potential: V(r,z) # V(z) = channel mixing
> dips due to quasi-bound states of evanescent channels

.
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Channel mixing

> interchannel potential

/¢n rz¢n()rdr'

D> attractive potential = V,,,(z) < 0 = at least one bound state
X}
Eip
> through channel mixing it becomes a quasi-bound state (resonance) whose
real part gets embedded into continuum spectrum of the lower channel
X
E, E,
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Channel mixing

> interchannel potential

/¢n rz¢n()rdr'

D> attractive potential = V,,,(z) < 0 = at least one bound state
X}
Eip
> through channel mixing it becomes a quasi-bound state (resonance) whose
real part gets embedded into continuum spectrum of the lower channel
X bt
E, E,
> P.F. Bagwell (1990) for & potential
S.A. Gurvitz and Y.B. Levinson (1993) for extended potential
J.U. Nockel and A.D.Stone (1994) Fano profile
V. Gudmundsson (2004) and (2005) for quantum wire tailored in 2DEG
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Quantum dot surrounded by host material: localization probability density

© % 2 0 0 10 N N @
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E=0.5%eV, n=2
> maximum around quantum well, decreases exponentialy to left and right

> number of nodes give information about the evanescent channel
> resonant back-reflection

.
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Quantum dot surrounded by host material: localization probability density
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> similar pictures for m # 0, but w(r=0,z) =0

.
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Quantum dot surrounded by host material: deeper well
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nodes in the z-direction for higher-order quasi-bound states

.
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Core/shell quantum ring
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> same quantum well, but off-centered
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Core/shell quantum ring: localization probability density
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> extension of the quasi-bound states over whole cylinder radius
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Core/shell quantum ring: deeper quantum well
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> nodes in the z-direction for higher-order quasi-bound states

> interference patterns decided by interband and intraband tunneling
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Double-barrier heterostructure along the nanowire
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> sharp peaks in transmission coefficient
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Double-barrier heterostructure along the nanowire

S SRR RN A RS R

T
11 L2 i
L1120 132122 1423 )

3 m=
1

132 33 3,4é

b

| i
4 3 =
i +41e-06 ~

i """ Toprr(E+E| D 1e-09
i \\, = Topey(B4E, )
L DBRT<S+E 3)
IR & I R B I | S o fe12
0.1 02 03 04 05 06 07 08 09 1
E [eV]
> V(rz) =V, T (E) =T, E™
(r,z) = Vpprr (z) = Tan' (E) = Tpprr (€ +E7 )
> poles of the S-matrix denoted by symbols
> resonant poles well separated by others
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Double-barrier heterostructure along the nanowire: localization probability density

(n,i) i=1 i=2 i=3 i=4

Il
)

n

n=3

> the peaks indexed by (n,i)

> n denotes the incident channel
> 7 denotes the resonance between the barriers

> similar pictures for m # 0, but y(r=0,z) =0
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Conclusions

solution of 3D Schrddinger equation for cylindrical symmetric open systems
R-matrix formalism for cylindrical coordinates

efficient numerical method

v Vv Vv V

for attractive nonseparable scattering potential = dips in tunneling
coefficient due to quasi-bound states of the evanescent channels

> for non-uniform potential along the nanowire = peaks in tunneling
coefficient due to quasi-bound-states between barriers

> quantitative description of peaks through the poles of the S-matrix

P.N. Racec, E. R. Racec, H. Neidhardt, WIAS Preprint 1376 (2008)
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General solution

oo

L (an(E)ei) 4 by (Eye Yo, (1), 2 < —d
1

n=

V(E,nz) =
y (Cn(E)eikZ»(Z_dz) _{_dn(E)e*”Qn(Z_dz))(Pn(r)’ z>d,
=1

n'=

kn(E) = \/ QW) E —ELy— Vo), s = 1,2, n=1,2,...
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General solution

e the outcoming- and ingoing coefficients are related throught
wave transmission matrix S

by (E) a|(E)
by (E) a(E)
aE) | =30 4
c2(E) d(E)

(S(E))ngws .8 =1,2, n,n'=1,2,... = infinite dimensional matrix

.
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Double-barrier heterostructure along the nanowire
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> similar pictures for m # 0, but y(r=0,z) =0
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