
Microelectronic Engineering 81 (2005) 544–552

www.elsevier.com/locate/mee
Simulation of multiple-gate quantum stub transistor

Edval J.P. Santos *, Alexandre B. Guerra

Laboratory for Devices and Nanostructures, Departamento de Eletrônica e Sistemas, Universidade Federal de
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Abstract

The quantum stub transistor has the potential for ultrafast, ultra low power signal processing in high density inte-

grated circuits. However, the single gate stub transistor presents the shortcoming of requiring highly precise gate voltage

to close the channel. By using a tight-binding model, we have shown that the multiple gate configuration can be used to

reduce this problem. Besides, stubbed waveguides are known to develop a band structure, we propose that a stubbed

wire with spin–orbit coupling (Rashba effect) could be used for spin polarized transport. This is an interesting feature,

which can be used for spintronics devices. We also discuss how the Rashba effect is incorporated in our simulation

program.

� 2005 Elsevier B.V. All rights reserved.

Keywords: Stub transistor; Simulation; Multiple gate
1. Introduction

Quantum stub transistor is based on the inter-

ference among paths as the carrier travels in the

device. The electron has two main paths, one
straight from source to drain and the other going

by the stubs. These trajectories interfere construc-

tively and destructively, depending on the stub

length. The variation of the stub length may be

accomplished by using a voltage applied to the

stub. As a result, the conductance, G, as a function
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of the stub voltage displays an oscillatory behav-

ior. A minimum of G is a reflection resonance or

antiresonance and a maximum of G is a transmis-

sion resonance or just resonance. The transmission

zeroes occur as a function of the length of the stub,
Lstub, given by kLstub = np, and the resonances are

given by kLstub = (n + 1/2)p. Although, such de-

vice is conceptually simple, it presents the short-

coming of requiring highly precise gate voltage to

close the channel [1–14].

Spintronics has attracted very much attention

because it opens the possibility of using spin de-

grees of freedom to process information in ad-
vanced integrated circuits [15]. Despite its great

potential, spintronics has suffered difficulties from
ed.
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the technological standpoint, because it would be

necessary to use ferromagnetic materials to polar-

ize and to analyse the spin current. Ferromagnetic

materials are used to generate the magnetic field to

split the electron energy levels as a result of the
Zeeman effect. Such materials are not compatible

with standard semiconductor processing and be-

yond that magnetic fields are not easy to confine.

Even if the compatibility problem is solved, practi-

cal devices would require magnetic materials capa-

ble of generating strong enough fields in small

volumes. One alternative is the use of the spin–

orbit coupling in semiconductor crystals to achieve
the required energy level splitting, this is known as

the Rashba effect. The spin–orbit interaction is

well known for bound electrons [16–19].

Stubbed waveguides are known to develop a

band structure [21]. We propose that a multiple

gate stub transistor presents less demanding volt-

age requirements to close the channel, and should

the channel display the spin–orbit coupling, it will
transport selectively spin up or spin down carriers,

and therefore could be used for spin polarized

transport. The simulation of double- and triple-

gate stub transistor with no spin–orbit coupling

is presented. This behavior can be calculated by

using the recursive Green function technique as

proposed by MacKinnon [22] and used to calcu-

late the conductance of many nanodevices [22–
25]. We also discuss how the Rashba effect can

be incorporated in our simulation program. The

paper is divided into five parts: introduction,

spin–orbit coupling, simulation of electron trans-

port, results and conclusions.
2. Spin–orbit coupling

The spin–orbit coupling term is well known for

bound electrons, it can also be derived for electrons

in vacuum by applying the Foldy–Wouthuysen

transformation [29,30] to the Dirac equation,

expanding it in v/c. Assuming r� E ¼ 0.

ðr � ðEWÞ ¼ ð$WÞ � Eþ ð$� EÞWÞ.

HSO ¼ � e�h
4m2c2

E � r� p ¼ e�h
4m2c2

$V � r� p

! a
�h
½r� p� � ẑ ¼ a

�h
ðrxpy � rypxÞ; ð1Þ
where E ¼ ð0; 0;EzÞ is the electric field in the z-

direction, r are the Pauli spin matrices, rx =
|›æÆfl| + |flæÆ›|, ry = �i|›æÆfl| + i|flæÆ›|, rz = |›æ Æ›|
� |flæÆfl|, and p is the momentum of the electron.

The coupling strength, a, treated as a constant, is
inversely proportional to the energy gap and the

effective mass of the material used [20,26],

a � e�h2

4m2
0c2

Ez

ðm�Þ2
� ð6� 10�45Þ Ez

ðm�Þ2
J .m. ð2Þ

The electric field may be induced by the bulk

inversion asymmetry (Dresselhaus effect) or the

structure inversion asymmetry. The structure

inversion asymmetry may be due to the structure
of the semiconductor crystal, or the confinement

potential [16]. This later effect is known as Rashba

effect or Rashba mechanism, after Emmanuel I.

Rashba studied it in crystals. The asymmetry of

the confinement potential is of particular interest

because it is not related to a particular crystal

structure. The confinement potential may result

from the built-in or applied potential, and there-
fore may be tailored by device design. The spin–or-

bit splitting has been observed successfully in

compound semiconductors, using a gate to control

the coupling [17,18]. The experimentally observed

a values are 0.9 · 10�11 eV m, with carrier concen-

tration 1.9 · 1012 cm�2 in InGaAs [17], and

0.6 · 10�11 eV m, with a carrier concentration of

1.0 · 1016 cm�2 in InAs, and does not change
much with electron density. In silicon, the struc-

ture inversion asymmetry induced splitting is small

[16]. The effect is also expected in 1D structures

[19,20,31].

In this work, the geometry shown in Fig. 1 is

considered. The carrier propagates in the y-direc-

tion, and is confined in the x- and z-directions.

To study the behavior of charge carriers, it is
necessary to build a model Hamiltonian. The

model Hamiltonian for the 2D wire shown in

Fig. 1, is presented in Eq. (3).

H ¼ p2x
2mx

þ
p2y
2my

þ p2z
2mz

þ V ðx; zÞ þ a
�h
½rxpy � rypx�;

ð3Þ

where V(x,z) is the confining potential, and

E ¼ ð0; 0;EzÞ is the electric field in the z-direction.
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Fig. 2. Dispersion curve under spin–orbit coupling. For the

stub transistor, the bias is set to select single mode transport.
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Fig. 1. Device geometry for the multiple-gate quantum stub

transistor. Vs is the source voltage, Vd is the drain voltage, and

Vgate is the gate voltage.
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For this calculation, the z-dependence is not con-

sidered, except for the electric field, which is hid-

den into a, and mx = my = m.

H ¼ p2x
2m

þ
p2y
2m

þ V ðxÞ þ a
�h
½rxpy � rypx�

¼ H 0 þ
a
�h
½rxpy � rypx�. ð4Þ

In this paper, the only source of spin–orbit (SO)

coupling is the field in the z-direction. The unper-

turbed Hamiltonian,H0, has solutions of the form:

Wð0Þ
n ðx; yÞ ¼ Cn/nðxÞeiky y ; ð5Þ

where /n(x) is dependent on the confining poten-

tial. To calculate /n(x), one needs to

solve:
p2x
2m/nðxÞ þ V ðxÞ/nðxÞ ¼ EðxÞ

n /nðxÞ. For a infi-

nite potential well (hard wall potential) for

|x| > b/2, /nðxÞ ¼
ffiffi
2
b

q
cos ð2n�1Þp

b x
� �

, and /nðxÞ ¼ffiffi
2
b

q
sinð2npb xÞ for n = 1,2,3,. . . For a parabolic po-

tential, V(x) = Mx2x2/2, /n(x) = Hn(x) is the Her-

mite polynomial of nth order.

As the coupling is considered weak, the effect of
the spin–orbit coupling is taken into account

through first order perturbation theory [20].

H 0 � E a d
dx � ia d

dy

�a d
dx � ia d

dy H 0 � E

" #
ð6Þ

Assuming that the potential has a reflection

symmetry in the x-direction, neglecting mixing be-
tween subbands,
R
/�

mðxÞðd=dxÞ/nðxÞ ¼ 0 [21].

Using the unperturbed wavefunctions to calculate

the matrix elements for the n-th subband, one gets:

Eð0Þ
n � E aky
aky Eð0Þ

n � E

" #
; ð7Þ

where Eð0Þ
n is the energy of the n-band of the unper-

turbed problem.

Solving for the eigenvalues, the energy splitting
is directly proportional to the spin–orbit coupling

strength. The dispersion relation is shown in Fig.

2. The coupling generates two parabolic curves,

E+ and E�.

E�ðkyÞ ¼ Eð0Þ
n � aky ¼ Enx þ

�h2

2m
k2y � aky ð8Þ

The results presented so far is for a single cross-

section of the device. When the slices are placed to-

gether with periodicity a, the energy levels of the

slices will split, as a result of the periodicity of

the structure. This result is well known in tight-
binding Hamiltonians.

Enx ! Enx � 2t cosðkyaÞ � 2itso sin ðkyaÞ ð9Þ
Solving for ky yields four solutions.

kya ¼ � tso
t
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EF

t
E
EF

� En

EF

� �
þ t2so

t2

s" #
ð10Þ

kya ¼ þ tso
t
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EF

t
E
EF

� En

EF

� �
þ t2so

t2

s" #
ð11Þ

where t ¼ �h2=2ma2 ¼ EFk
2
F=ð2paÞ

2
, a = 2atso, and a

is the lattice parameter. One should keep in mind
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that in the tight-binding approximation En -

En�2t (tso = 0).

In order to keep track of the eigenvalues, solve

for tso = 0 (a = 0) to get En, then use the expression

above to calculate the four values of the wavenum-
ber for each eigenvalue. Use that to follow the

eigenvalues and eigenvectors calculated with

tso 6¼ 0 (a 6¼ 0).

The wavefunctions can be approximated by

Wþ
n ðx; yÞ ¼

X
n

/nðxÞ
eikyyffiffiffi
2

p ½j "i þ j #i� ð12Þ

W�
n ðx; yÞ ¼

X
n

/nðxÞ
eikyyffiffiffi
2

p ½j "i � j #i� ð13Þ

As the carrier flows in the device with a given

energy, it may have two different wavenumbers

kþ1 and k�1 . Hence, there is a different phase,

depending if the spin is up or down. The phase

difference between paths is 2tso/t. The stub transis-

tor can be used to select different type of carriers,
and therefore could be used to built a spin filter.

Considering a = 0.25 nm, a = 10�11 eV m, m* =

0.042m0, 2maa/�h2 = 0.0656, if L = 1 lm, then

(Dk)a = 3.5p, which is a quite large phase differ-

ence, which can be exploited in the stub transistor

configuration. The difficulty with the single gate

stub transistor is that the channel is closed at a

very specific voltage, this shortcoming is reduced
in the multiple gate configuration, as will be seen

from the simulation results.
3. Simulation of electron transport

There are many approaches for the calculation

of electron transport [34,37]. There is always a
compromise between accuracy [28] and computing

power [22]. For the purpose of this paper, we have

chosen an approach which can be carried out with

a personal computer [25].

Quantum effects are observed when one of the

dimensions of the nanostructure is of the order

of the Fermi wavelength. As the electron flows

through the device, it may suffer scattering events.
These events are classified as elastic or inelastic. In

elastic scattering, the wavefunction preserves its

phase coherence. In this work, it is assumed that
all scattering events are coherent, i.e., the mean

free path for inelastic scattering is larger than the

device dimensions [25,32,33,35–37,39,40].

To calculate the current density, one can solve

Schrödinger equation to obtain the wavefunctions,
as presented in the previous section, then use the

current operator shown in Eq. (14).

jy ¼
e�h
2mi

½Wy oW
oy

� oWy

oy
W� þ ea

�h
WyrxW ð14Þ

In the quantum regime, Landauer [37] has

shown that the conductance is related to the trans-

mission probability, as given by Eq. (15).

G ¼ gvgsGQ

X
jT ðEÞj; ð15Þ

where GQ = e2/h = 3.873 · 10�5S is the conduc-

tance quantum, and gs = 2 is the spin degeneracy.

T(E) is the quantum transmission probability,

|T(E)| = 1 for open channels, and |T(E)| = 0 for

closed channels. As the energy, E, changes, chan-
nels will open or close. This step-like behavior of

the conductance is observed experimentally. In a

semiconductor, one has to include the valley

degeneracy, gv. The numerical value of gv has a

dependence on the cross-sectional shape [41].

To calculate the Landauer conductance, the

quantum transmission probability must be ob-

tained. This is achieved by calculating the elec-
tron wavefunctions. Various methods have been

used for the calculation of the Landauer conduc-

tance in a nanodevice. Among such methods, one

can mention the recursive Green function ap-

proach develop by MacKinnon [22], and used

by Ando to study point contacts [23]. Nicolic

and MacKinnon [24] have used this method to

study the effect of the interface roughness on
the electron transport. Another approach is the

transfer function method, which was used by Gil-

bert and Ferry [27] in 3D simulation of the FD-

SOI MOSFET. All examples presented above

have used the tight-binding approximation for

the Hamiltonian.

In this Hamiltonian, a set of wavefunctions,

{Wl} (l = l1 l2 l3), each localized at different site,
form an orthonormal basis ð

R
W�

lWmdr ¼ dlmÞ for

the solutions. The tight-binding Hamiltonian has

a simple matrix representation (see Appendix A),

hence it is quite suitable for numerical calculations.
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A simplified assumption to reduce computational

time, is that the wave functions associated with

the lattice are localized with no superposition.

3.1. The algorithm

The device is divided into N slices. To setup the

calculation, two extra slices are added, slice 0 and

slice N + 1, to represent the reservoirs. The confin-

ing potential, V(x,y), is discretized in the square

lattice, as shown in Fig. 3.

First, consider the device without spin–orbit

coupling. Considering the matrix representation
of the Hamiltonian, the tight-binding approxima-

tion results in a modified Schrödinger equation

to include the interaction between neighbor sites,

as shown in Eq. (16) [23]. To calculate the trans-

mission probability, the wavefunction is calculated

first at slice 0, by solving the eigenvalue problem

using the 2M · 2M system shown in the Appendix

A (M is the number of sites per slice). The first line
of the matrix is Schrödinger equation (Eq. (16)),

and the second line is the condition Wi =

eikaWi�1 = kWi�1, where a is the lattice parameter.

E þ kt þ t
k

� �
I � H 0

h i
Wi ¼ 0 ð16Þ

Hence,

En ¼ E þ kt þ t
k

ð17Þ

For En = E, k = ± i, and En�E = ± 2t, k = ± 1. The

propagating modes with physical interest have

k = 1. Therefore, the conductance steps will occur
Fig. 3. Quantum device connecting two reservoirs. The device

is divided in N slices, with M sites each, for a total of N · M

sites.
at E = En�2t. Making En�E = 2t in Eq. (17), one

gets an equation for k.

k2 � 2kþ 1 ¼ 0 ð18Þ

The spin–orbit coupling may be considered as a

perturbation.

H ¼ Ho þ H so ð19Þ

Using time-independent degenerate perturba-

tion theory, one gets the following energy splitting

due to the spin–orbit coupling

Dð1Þ ¼ h0jH soj0i; Dð2Þ ¼
X jhkjH sojlij2

E0
D � E0

ki

. ð20Þ

It is assumed that the perturbation is small, so

that the second order term is negligible, therefore

band mixing is neglected. This leads to

a � �h2

mW
ð21Þ

tso �
t
N

ð22Þ

To include the Rashba effect, one has to solve

for the following eigenvalue problem [38]

Eþ ktþ t
k

� �
I �H 0

h i
Wþ

m � T so þ i
tso
k
I � iktsoI

h i
W�

m ¼ 0

ð23Þ

Eþ ktþ t
k

� �
I �H 0

h i
W�

m þ T so � i
tso
k
I þ iktsoI

h i
Wþ

m ¼ 0

ð24Þ

where,

T so ¼

0 �tso 0 ... 0

tso 0 �tso ... 0

0 tso 0 ... 0

..

. ..
. ..

.
�tso

0 0 0 ... 0

0
BBBBBBB@

1
CCCCCCCA
. ð25Þ

If tso = 0, Eq. (23) and (24) become degenerate

and reduce to Eq. (16).

Substituting Wþ
m of Eq. (24) into Eq. (23), one

gets Eq. (26), which is a generalization to Eq.

(16), to include spin–orbit coupling.
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ðEI � HÞ 	 iT so þ kðt 	 tsoÞI þ
1

k
ðt � tsoÞI ¼ 0

ð26Þ
Notice that iTso is hermitean.

E � E0
n þ kðt 	 tsoÞ þ

1

k
ðt � tsoÞ ¼ 0; ð27Þ

where E0
n is the solution of H0 ± iTso�E = 0.

Solving for k.

k ¼
E0
n � E �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE0

n � EÞ2 � 4ðt2 � t2soÞ
q

2ðt 	 tsoÞ
ð28Þ

The matrix is now 4M · 4M.
t�1ðHi;i � EIÞ �I t�1T so it�1tso
I 0 0 0

�t�1T so it�1tso t�1ðHi;i � EIÞ �I

0 0 I 0

0
BBB@

1
CCCA

Wþ
i

Wþ
i�1

W�
i

W�
i�1

0
BBB@

1
CCCA ¼ k

I 0 it�1tsoI 0

0 I 0 0

it�1tsoI 0 I 0

0 0 0 I

0
BBB@

1
CCCA

Wþ
i

Wþ
i�1

W�
i

W�
i�1

0
BBB@

1
CCCA

ð29Þ
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The transmission probability is related to the

Green function.

T ðEÞij ¼ �t½U�1ðþÞGðEÞNþ1;0ðKð�Þ �KðþÞÞUðþÞ�ij
ð30Þ

Now the conductance can be calculated under

the Landauer formalism as a sum of the two spin

components.

G ¼ Gup þ Gdown ¼ gv
e2

h

X
u

jT up
u j2 þ

X
v

jT down
v j2

" #

ð31Þ
We have implemented this algorithm in C using

CLAPACK, and now the program is being ex-

tended to include the application of a voltage po-

tential to the stubs.
0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

Gate voltage (Volt)

Fig. 4. Simulation of the quantum transistor with one pair of

symmetrical stubs. The voltage barrier is 2EF, W = 10 nm,

a = 0.5 nm, and L = 275 nm (length of main wire). Stub length

is 48 nm.
4. Results and discussion

The stubbed waveguide consists of a nanowire
with one or more periodically spaced stubs [42].

Here, we present the results without spin–orbit

coupling as we are extending the spin–orbit ver-
sion of the program to simulate the quantum stub

with applied voltages.

In our previous paper [42], we have simulate the

one-sided stub transitor. In this work, we have

simulated the double sided stub transitor. This
configuration has the advantage of using a simetri-

cal confining potential. As an example of the cal-

culation, consider the configuration with one pair

of stubs. The simulation is presented in Fig. 4.

The confining potential has a barrier of 2EF, the

width of the main wire is W = 10 nm, the grid

parameter is a = 0.5 nm, and the length of main

wire is L = 275 nm. The stubs are 48 nm long on
each side of the wire.
In Fig. 5, the simulation results for the double-

stub configuration is presented. The parameters

are all the same as in the single pair case. Except

that, now there two pais space 10 nm from each

other. Notice that for the double stub, one gets a
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Fig. 5. Simulation of a double gate quantum stub transistor.

The presence of the double gate generate a doublet. The voltage

barrier is 2EF, W = 10 nm, a = 0.5 nm, and L = 275 nm (length

of main wire). Stub length is 48 nm, and spaced 10 nm.
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dublet at each anti-resonance. The consequence is

that the transmission zero has now become a

blocked region, and not only a single voltage zero,

as for the single stub.

With three stubs one has a triplet (Fig. 6). The
blocked region is even wider. For this simulation

the stub pairs are spaced of 10 nm. The other

parameters are identical to the previous simula-

tions. Each simulation takes over 10 h on pentium

IV class microcomputer.
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Fig. 6. In the triple gate configuration the block region is much

wider. The voltage barrier is 2EF, W = 10 nm, a = 0.5 nm, and

L = 275 nm (length of main wire). Stub length is 48 nm, and

spaced 10 nm.
5. Conclusions

The numerical simulation of the DC transport

of the multiple gate stub transistor has been pre-

sented. We have also shown how the spin–orbit
coupling can be introduced into the program.

The program is based on the recursive Green func-

tion technique to calculate the quantum transmis-

sion probability. This approach has the advantage

of making it easier to simulate different device

geometries.

The simulation results show that the multiple

gate stub transistor displays a much wider antire-
sonance region. This is a positive step in making

such devices practical.

We have rewritten the program to include spin–

orbit coupling, and our next step is to introduce

the possibility of applying an external voltage to

the stubs, which will be presented in our next

paper.
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Appendix A

The Schrödinger equation of the device is writ-

ten as shown in Eq. (A.1). The diagonal matrices,

Hii (i = 1, . . .N), represent the slices and the off-

diagonal matrices represent the coupling between

neibhoring layers.

H 11 V 12 0 ... 0

V 21 H 22 V 23 ... 0

0 V 32 H 33 ... 0

..

. ..
. ..

. ..
.

0 0 0 ... HNN

0
BBBBBBB@

1
CCCCCCCA

W1

W2

W3

..

.

WN

0
BBBBBBB@

1
CCCCCCCA

¼ E

W1

W2

W3

..

.

WN

0
BBBBBBB@

1
CCCCCCCA
;

ðA:1Þ
where V iiþ1 ¼ � �h2

2m�a2 I ¼ �tI
This equation can be solved using the Green

function technique.
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ðEI � HÞG ¼ I ; ðA:2Þ
where I is the identity matrix, and G is the Green
function matrix.

The solution of this eigenvalue problem yields

two sets of eigenfunctions and eigenvalues. One

set propagates to the left, and the other to the

right. The eigenfunction can be combined in a ma-

trix. The left-going waves is represented as U(�)

and the right-going waves is represented as U(+).

To decide the direction of propagation, one checks
the eigenvalues associated with the eigenfunction.

If the eigenvalue is real and less then one, it is a

right-going evanescent mode, a real eigenvalue lar-

ger then one is a left-going evanescent mode. For

complex eigenvalue, one should check the imagi-

nary part. If the imaginary part of the eigenvalue

is positive the wavefunction is propagating to the

right. A negative imaginary part is a wavefunction
propagating to the left. Equivalently, one can com-

bine the eigenvalues in a diagonal matrix form,

K(�) for the left-going waves and K(+) for the

right-going waves. These wavefunctions are used

to calculate the initial Green function G00,

G00 ¼ ½EI � H 0 � tðUð�ÞKð�Þ�1Uð�Þ�1Þ��1
.

ðA:3Þ
To include scattering, consider that at the 0th

slice, the wavefunction has two components, one

incident and the other reflected ðW0 ¼ WðþÞ
0 þ

Wð�Þ
0 Þ. At the N + 1-slice there is only the transmit-

ted component ðWNþ1 ¼ WðþÞ
Nþ1Þ.

W0

W1

..

.

WNþ1

0
BBBB@

1
CCCCA ¼

G00 G01 ... G0;Nþ1

G10 G11 ... G0;N

..

. ..
. ..

. ..
.

GNþ1;0 GNþ1;1 ... GNþ1;Nþ1

0
BBBBB@

1
CCCCCA

V 0

0

..

.

0

0
BBBB@

1
CCCCA

ðA:4Þ

The Green function can be thought as making

the connection between the two reservoirs. Its cal-

culation can be used to get the transmission

probability.

WðþÞ
Nþ1 ¼ GNþ1;0V 0 ðA:5Þ

The Hamiltonian matrix of a slice is constructed
with Hii = V(slice, i)�4t (two dimensional), and
Hi,i+1 = Hi+1,i = �t, where t is the coupling

strength between sites. The Hamiltonian matrix,

H, is M · M.

Hi ¼

V 1 � 4t �t 0 ... 0

�t V 2 � 4t �t ... 0

0 �t V 3 � 4t ... 0

..

. ..
. ..

. ..
.

0 0 0 ... V M � 4t

0
BBBBBBB@

1
CCCCCCCA

ðA:6Þ

where Vi in the diagonal is the confining potential

energy profile at a given slice. This potential en-
ergy is the device profile.

The calculation starts with G00 and the device is

constructed recursively slice by slice until the N + 1

slice is reached. As the slices are added, the new

value of the Green function is calculated as

follows:

Giþ1;iþ1 ¼ ½EI � Hi � t2Gi;i�
�1

Giþ1;0 ¼ �tGiþ1;iþ1Gi;0 ðA:7Þ

Finally, at the second reservoir

GNþ1;Nþ1¼½EI�HN�tUðþÞKðþÞU�1ðþÞ�t2GN ;N �
�1

GNþ1;0 ¼ �tGNþ1;Nþ1GN ;0 ðA:8Þ
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