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Electron tunneling cross-talk: Selective transmission in semiconductor nanowires
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The system presented here avoids, thanks to the quantum tunneling effect, collision between two incoming
electrons in a “crossing” made out of monomode wires of one semiconductor. The structure has two input
gates, through which two electrons of the same energy and opposite spins can enter the system. These two
electrons are resonantly cross-transferred between the two input and the two output gates.
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One of the challenges of modern technology is to controbnd d,. More specifically, four identical single-stub struc-
the electronic transport at the nanometer scale. At this lengttures, each consisting of a wire of length grafted in the
scale, since the electron mean free path becomes large commiddle of another wire of lengthd, are stuck between
pared to the size of the device, the majority of the observegodes 1 and 5, 5 and 4, 2 and 6, and 6 and 3, respectively.
features is due to the wave nature of electrons, being respoSuch side-branch structures are known to exhibit a gap in the
sible for a variety of quantum-interference effe¢sge, for  glectronic transmission at the eigenenergies of the grafted
example, Ref. 1 resonantof. Between nodes 5 and 6, another double-stub

Selective transmission of electrons from one quantumyicture of length @, is stuck, with two wires of lengtld,

wire to another one and the associated channel-drop tunngli,ched off at equidistant positions. This supports localized

ing processes exemplify such quantum-interference pheno”%'tates in the abovementioned ener ap. Owing to simple
ena, recently attracting much attention because of their fu gy gap. g P

damental interest and praciical importaAteTo be more nbwldlng blocks of the device, there are only three param-

specific, tunable directional transfer from one wave guideeters’ namely, wire lengilty, di, andd,, fully determining

to another is particularly important for signal multiplexing its Icharacterllstlcs._ ident electroni | hed onto th
in various routing devices and as a potential electron- N 9€neral, anyncigent electronic wave launched onto the

spectroscopy tool. The growing interest in this kind of sys-COUPliNg structure, e.g., from the input gate 1, generates, as a
tems can also be attributed to the advancement in modefigSult of scattering processes, the reflected wave at node 1,
semiconductor technologguch as the electron beam lithog- @long with the three transmitted waves at nodes 2, 3, and 4
raphy) that makes it possible to fabricate the nanostructureésee Fig. 1 The corresponding reflectidn;,) and transmis-
with a sufficient degree of control of their geometry andsion(ty,, n=2,3,4 amplitudes can be expressed in terms of
chemical composition. the elements of the Green functigrnof the system vi&
Accordingly, we propose a resonant-coupling structure,

built of semiconductor nanowires, which—under certain ra=2Fg(1,1 -1 (13
conditions—realizes the directional transfer of electrons withand
a good selectivity. More precisely, this structure lets the elec- t;, = 2Fg(Ln) (n=2,3,4. (1b)

trons of every-but-one energyrom a certain energy win- o
dow) propagate without perturbation from one input gate toln Egs.(1a) and(1b), i=\—-1 stands for the imaginary unit,
the other, while transmitting one electron of a preselectedvhile

and well-defined energy to another output gate.

This paper stress that, by linear superposition, two elec- % o
trons of opposite spins and having the same energy simulta \ /
neously sent through two input gates, can be cross-x
transferred to two other output gates by the quantum tunne
effect. Moreover, the simple system presented here enable
one to obtain closed-form expressions for its characteristic
wire lengths, and thus, to determine easily all the parameter:
necessary for its fabrication.

The system under consideration is sketched in Fig. 1. All o 0,
the wires are quasi-one-dimensional semiconductor guides/ \
For an illustrative example, GaAs quantum wires are taken
and assumed to behave as single-mode electron wave guides:

For symmetry purposes, the distamgdoetween nodes 1 and  FIG. 1. Sketch of the considered “electron tunnel cross-talk”
2 is the same as that between nodes 3 and 4, while the rest &fucture. Proportions between the distances within the device cor-
the device is built of only two distinct constituents of the respond to the particular system studied in Fig. 2, assuming all the
same semiconductor, namely, the finite wires of lengths wires are 10 nm wide.
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h? A =-[tan(ad,)]™? 6€e
L 24 i =~ [tartad))] (6
2m and
is related to the electron wave vecierdefined as B, =[sin(ad)]™ (j=0,1,2 (6f)
J J 7 ) -
a= E\J’Zm*E, (2b) For a cross transfer of one electron from gate 1 to gate 3,

one must satisfy the conditions

E andm’ being the electron energy and its effective mass, As=Ag=0 (79
respectively.
The necessary Green-function elements can be readily ofgnd
tained taking into account the symmetry of the system. Con- 2_ b
. ] Bs = BB, (7b)
sequently, for electrons incoming through gate 1, the expres-
sions for the reflection and transmission wave functionwhich, via Egs.(6a—6f), determine the characteristic dis-

amplitudes can be conveniently written as tances within the coupling structure.
Define the incoming electron probabilities of presence
Mi=z++23+2-1, (39
IJ:|‘P|J(E)|2 (J :112)1 (8a)
t=21+2- 23~ 2, (3b)

Where\Iflj(E) is the wave function of the incoming electrons.
In the same manner, we define

Oj:|‘POj(E)|2 (J :11213141 (8b)

3= - 2+723-7 (30

and

4a=2 -2 23+ 24, (3d) the transmission prqbabllltles at the output gates.
Now, for a single input at gate 1, define a quality fac@or
where characterizing the selectivity of the directional forward trans-
fer from gate 1 to gate 3 by

vy "THEIY @ 0= o )
2

with they,’s determined by the particular resonant-coupling (E'-Eo)
structure under consideratiérzor the structure of Fig. 1: such thatO4(E")=1,(E’)/2. With a good accuracy, the wire

Zn:

2 lengths should satisfy
2Bz
Y1=Y2— A+ A+ B, (5a) -
® agdo= (1 + 4”0)51 (103
Y2=AgtBo+ As, (5b)
aa
y3 — AO _ BO + A5 (50) C(odl = (1 + 4n1 + 5)5, (10b)
and and
~ 282 w
Ya=Y3T o A—By (5d) agdy = (20, % 8), (100)
where wheren; (j=0,1,2 are integers, while
A=A - —Bi (6a) 5= 3(1+4n.+2n,) |2 11
2A1+ A, - 2mQ (11)
Bzi is supposed to be small compared to 1. Note that the positive
B;=- , (6b) value of § in the expression fod; corresponds to the nega-

tive value of§ in the expression fod, and vice versa.

) ) Thus, Eqs.(108—<10¢ and (11) enable one to estimate

Ag=A; - }( B1 + Bi ) (60) the wire lengths for the desired device operation, once the
2\2A;+A,-B; 2A;+A,+B; directional-transfer energly, and the corresponding quality

factor Q are chosen. Note that several solutions dgyr d,,

and andd, are feasible, due to the different available values of
1 B? B? integersng, Ny, andn,.
Bs = oA +A-B.  2A +A.+B. )’ (6d) The performance of the proposed device can be tested by
1rme 1rme considering a structure built of GaAs wires. Choosiig
while =50 meV andQ=500, the distances within the coupling
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FIG. 2. Output-signal intensitie®,;=0, (dashed ling and O3
=0, (solid line) as a function of energy for the structure of Fig. 1
with dy=90 nm,d;=47 nm, andd,=43 nm, when two input elec-
trons are simultaneously present.

structure are determined from approximate EG8a—(100)
and(11), and rounded up or down to full nanometers, which
results indy=90 nm,d; =47 nm, andd,=43 nm. These wire
lengths are next used to compute the reflection and transmi
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Now, when two electrons are simultaneously transferred,
one from gate 1 to gate 3 and the other from gate 2 to gate 4
(see Fig. }, the output transmission probabilities are

0,=0,=2(zy + 2,) - 12 (128
and
0;=04=[2(z- ). (12b

In other words, two electrons of particular eneifgyare
cross transferred through the “electron tunnel crossing”
structure to gates 3 and 4, respectively. This electron “cross-
talk” effect is illustrated in Fig. 2.

A notch in the output signal can also be a property of
purely one-dimensional systems with two pairs of propagat-
ing state€ The results of the present paper show that this
“electron tunnel cross-talk” structure realizes a cross transfer
of two electrons, respectively, from gate 1 to gate 3 and from
gate 2 to gate 4. Moreover, the derived closed-form expres-
sions for the characteristic wire lengths within the coupling
structure prove useful in finding the optimal parameters for
the desired device operation, enabling one to engineer it at
will for specific applications.

S- Thanks to Dr. R. Kucharczyk for help with the numerical

sion amplitudes as a function of energy through the exactalculations and stimulating discussions and to Professors B.

Egs. (38~(30).

Djafari-Rouhani and A. Akjouj for their interest in this work.

1S. DattaElectronic Transport in Mesoscopic Systef@ambridge
University Press, Cambridge, 1995

2J. A. del Alamo and C. C. Eugster, Appl. Phys. LeB6, 78
(1990.

3C. C. Eugster and J. A. del Alamo, Phys. Rev. L&¥, 3586
(1991

4N. Dagli, G. Snider, J. Waldman, and E. Hu, J. Appl. Phg8,
1047 (199)).

5Z. L. Miskovi¢, R. A. English, S. G. Davison, and F. O. Good-
man, J. Phys.: Condens. Matt@r 10 749(1997).

6L. Dobrzynski, B. Djafari-Rouhani, A. Akjouj, J. O. Vasseur, and
M. L. H. Lahlaouti, J. Phys.: Condens. Mattét, L247 (1999.

7Z. Shao, W. Porod, and C. S. Lent, Phys. RevA® 7453(1994).

8T. B. Boykin, B. Pezeshki, and J. S. Harris, Jr., Phys. Rev&
12 769(1992.

193307-3



