PHYSICAL REVIEW B 67, 235322 (2003

Quantum effects in the transport properties of nanoelectronic three-terminal Y-junction devices
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We report on a theoretical study of the electrical properties of three-terminal ballistic juEBIndevices,
consisting of three perfect leads and a ballistic coupling region, using a multiterminal scattering-matrix ap-
proach and the Landauer-@iler transport theory. The calculations have been performed for TBJ devices with
different structure properties, at both high and low temperatures, as well as at both small and large applied bias
voltages. The study is focused on the effects of quantum scattering, which is treated by exact numerical
calculations. It is shown that when operated in the push-pull fashion, i.e., by applying finite vfiagésand
V,=—V to the left and right branches, the TBJ devices exhibit strong nonlinearities in the output W{tage
calculated at the central branch. At high temperatures, the output v&taae a function ol shows the same
nonlinear characteristics as observed in recent theoretical analyses and experimental measurements. These
high-temperature electrical characteristics are found to be qualitatively insensitive to the structure details of the
devices and reveal little effect of quantum scattering. At low temperatures, the output Vultagfeows
fluctuations, and can assume either negative or positive values, depending on the chemical potential, at small
bias regions. These behaviors are explained in terms of the fluctuations seen in the transmissions between the
terminals, while the transmission fluctuations are shown to arise from strong scattering by quasibound states
formed in the junction cavity region and are therefore signatures of quantum effects. Based on the quantum
fluctuation nature of the device characteristics, a single multilogic device, constructed with a single TBJ, with
switching of the logic functions by means of a gate, is proposed.
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I. INTRODUCTION a symmetric TBJ of arbitrary shape operating in the push-
pull fashion, the output voltagé. from the central branch is

Rapid advances in nanoelectronic fabrication techniquesegative, monotonically decreasing as a functiofvdf Fur-
have, in recent years, made possible the realization of ele¢hermore, it was also shown that these characteristics are
tron waveguide devices with dimensions smaller than theresent also for devices with broken symmetry, provided that
elastic and inelastic scattering lengths of the conduction eledv/| is greater than a certain threshold. Promising applications
trons. Based on the ballistic and phase-coherent natures of TBJ devices in nanoelectronics, such as rectification,
the electron transport, various interesting nanoelectronic desecond-harmonic generation and logic function, were
vices, such as the directional couplethe quantum stub proposed‘*'“and have been demonstrated experimentally.
transisto, and the three-terminal ballistic junction In addition, very recently, based on the single, planar nature
(TBJ),>*° have been proposed. In particular, the Y-shapedf the device structure, the fabrication of TBJs using nanoim-
TBJ, also known as the Y-branch switch, was proposed as grint lithography on high-quality semiconductor heterostruc-
promising alternative for future low-power, high-speedtures has been demonstratédjiving possibility for future
switching devices.In such a device, electrons injected from mass production of these devices.
a source contact are deflected by a lateral electric field, cre- A natural and interesting extension of the analysis of Ref.
ated by gates in the branching region, into either of the twor is to consider also the effects of electron scattering in the
drain contacts. junction region. In TBJ devices, the conduction electrons can

Very recently, a different type of functionality of TBJ de- experience scattering caused by, e.g., abrupt changes in the
vices, revealing new and interesting nonlinear transport phegeometry and potential profile, complicated shapes of the
nomena, was theoretically propo%ednd experimentally  TBJs, as well as impurity and boundary roughniise latter
demonstrate8=° It was shown that when finite voltag#%  caused by, e.g., the process of etchingin particular, the
andV, are applied in the push-pull fashion, with=V and  central coupling junction of a TBJ may become a source of
V,=—V, to the left and right branches of a symmetric TBJ strong electron scattering as a result of the formation of qua-
device, the output voltagé. measured at the central branch sibound states. Such a quantum effect of ballistic cavities
is always negative. This property was observed in bottwas previously studied in two-terminal setups, for which the
Y-shape8'® and T-shapeti TBJs, suggesting that the ob- electron transport was found to show strong signatures of
served phenomena are inherent to TBJs in general. The oruantum scattering and interfereri€e?!
gins of the observed transport phenomena were analyzed by In this work, we present a numerical study of the electri-
Xu’ using the Landauer-Biiker transport theory* In this  cal properties of TBJ devices with realistic structure bound-
analysis, the TBJs were modeled by three saddle-ffainn-  aries based on a formalism in which guantum-mechanical
tacts connected via a ballistic cavity with adiabatic bound-scattering of electrons is fully includéd.Various TBJ de-
aries, thus neglecting the effects of electron scattering in theices with different shapes and sizes of the ballistic cavity
junction cavity region. The analysis showed that, indeed, foand of the connecting waveguides have been studied. The
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electric characteristics of the devices in both the linear- and y
the nonlinear-response regimes of transport have been calcu-
lated. Furthermore, the temperature dependence of the ob-
served features has been investigated.

In the nonlinear-response regime of transport, the study
has been focused on the analysis of the push-pull operation
of symmetric and asymmetric TBJ devices made from IlI-V
semiconductor materials with characteristic feature sizes
around 100 nm. We have found that at high temperatures, the
TBJ devices, when operated in the push-pull fashion, exhibit
the same electrical characteristics as in Refs. 7—10. We have
also found that these high-temperature characteristics are
qualitatively insensitive to the structure details of the devices
and reveal little effect of quantum scattering, which supports
the assumption made in Ref. 7. At low temperatures, how-
ever, it is found that the output voltagé. from the central
branch of the TBJs can exhibit fluctuations and can, depend-
ing on the chemical potential, assume either positeeen
for a symmetric TBY or negative values at small bias volt- FIG. 1. Schematics of a three-terminglbranch device. The
ages. Thus, a single TBJ structure may be used as a multiodeling of the TBJ is done by dividing the device into thin seg-
logic device with switching of the logic functions by tuning ments along thec direction, which are thin enough such that the
the chemical potential using a gate. potential profile in each segment is of transvefgedependence

The quantum-mechanical origin of the low-temperature©nly-
characteristics of the TBJ were further studied by transport
calculations in the linear response regime. We have founwith energye in an arbitrary segment labelddof lead b
that in the absence of scattering, the transmissions betwegwhereb=1,r,c labels the three, i.e., left, right, and central,
the left(right) and the central branches of the symmetric TBJbranches/armssatisfies the following Schdinger equation:
devices show unit or half-unit quantization steps depending
on the size of the .threef leads. For structures in which a cavity HWPi(x,y) = WPi(x,y), (1)
is formed at the junction between the three branches, fluc-
tuations on top of the transmission steps, resulting from scafgjth the HamiltonianH given by
tering by quasibound states formed in the cavity region, are
observed. The details of the features are found to depend )
strongly on the geometrical design of the devices. __h (

C

x> ay?

The rest of the paper is organized as follows. In Sec. I, a 2m*
we will give a brief overview of the method used in our
analyses. In Sec. lll, we will first present the model of theyhereU2'(y) describes the transverse confinement defined
device used in this work, and then show and discuss thgy the boundaries of the TBdhick solid lines in Fig. 1,
results of the calculations for the transmissions and the push_jg,i(y) is the transverse potential inside the segment, and
pull nonlinear operation of symmetric and asymmetric TBISyx i the effective mass of the electron. Expanding the wave
at two characteristic temperatures. A demonstration of mu'function\I’b'i(x y) in terms of a complete set of basis func-

tilogic functionality will also be presented and discussed intions b with eigenvalued €° in branchb (Refs. 22
this section. The paper is concluded in Sec. IV. 24) gi;/é";(y)} g depl ( B

+Uiy)+U(y), (2

Il. THEORETICAL MODEL Wiy =S RS, dPifabi+ ki)
The formalism used in the numerical calculations has “« n
been described elsewhéfeand only a brief overview will
be given in the following. In short, the method consists of an
implementation of the scattering-matrix metRdd® for b , _ _
three-terminal Y-junction devices, from which the transmis-WNeréxg" is a rk()eference coordLn_ate in segmeatong thex
sions and reflections of electrons between the three terminafdrection andkp'=[2m* (s —Ep")/#%]*? are longitudinal
can be obtained in terms of the scattering-matrix of the syswave numbers which may be either real or imaginary, thus
tem. corresponding to propagating or evanescent states, respec-
Any type of potential profile can be treated by dividing tively. The label+ (—) denotes a state that is propagating
the system into thin segments along thdirection of trans-  forward or evanescer{propagating backward or exponen-
port, which are thin enough such that the potential in eactiially increasing. The expansion coefficient¢d>,} and
segment can be assumed to be of transverse dependence oinnsverse eigenvalu¢&’'} can be obtained from the fol-
(see Fig. 1 for schematigsThe wave function of an electron lowing system of equations:

+abi—emikntxgh, &)
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transverse levell,, . In this work, we seM,, for each branch

2 [(G=EN) 8p.+(wh(yUY (v)¥5(y))1d2 =0, as large as it is necessary, i.e., we include all propagating
“ modes and a necessarily large number of evanescent modes
B=123... 4) to obtain the desired convergence in the transmissions.
_ _ _ ’ The nonlinear transport properties of the device can also
WhereU$"(y)=U’g*'(y)+U§"(y). be calculated from the transmissiolg/,(g). As stated in

The unknowns remaining to be found are the coefficientghe Introduction, we are interested in the calculations of the
{aﬁ*'i}. We have previously shovththat the coefficients for output voltageV, from the floating central branch, when
the outermost segments of a TBkrving as perfect, semi- finite voltagesV, andV, are applied in the push-pull fashion,
infinite lead$ can be related via a three-terminal scatteringi.e., withV,=V andV,=—V, to the left and right branches
matrix S(I,r,c) according to the follwing relation: of the TBJ. The current in the central branch can be calcu-

lated fron'1*

AC+ Ar+
r— | _ I+ 2e
A |=Strol AT, 2 IC=F[ J [Ne(e)~ Rec(2) I (e~ e, T)de
Al- A
whereA'=, A"™* andA°* are column vectors containing the _
coefficients{al,"}, {al"}, and{aS"} in the outermost seg- .-Z’r Tei(e)f(e=pi T)de (10

ments, i.e., the lead portions of the three branches, respec-

tively. The scattering matrix§(l,r,c) can be used for the where N, is the number of current-carrying modes in the
calculation of the transmission and reflection characteristicsentral lead, angy;= ug—eVandu, = ug+eV are electro-

of the TBJ. For example, the probability that an electronchemical potentials in the left and right reservoirs, respec-
incident with energye, in statem from leadb, to be trans- tively. The output voltage/, can be calculated fromaV,=

mitted to staten in leadb’ is given by —(me— mg), Where the electrochemical potential, can be
obtained from Eq(10) by requiringl.=0. In principle, the

kb' transmissiondT; and T, and the reflectiorR.. are func-
Torp= |(So’b)nm| (6)  tions of the applied voltages andV, . However, it has been

shown that most of the resistance in a ballistic device is due

to the contacté’ Thus, in the present calculations, the elec-

trostatic potential is assumed to be flat within the TBJ struc-

ture, and the voltage drops are assumed to occur only at the

three contacts. These assumptions lead to the simplified ex-

At S, Sy S.]/A™ pres_sion of Eq(10) for the current ., Whi(_:h dep_ends on the
applied voltages only through the Fermi function.

wherek?" andk® are the wave vectors in the leadlsandb,
respectively, an@,, is a submatrix of the scattering matrix
S(1,r,c), which is defined by rewriting Eq5) as

AT = St Si Se A" . (7)
Al Sr S Sel VAT lll. RESULTS AND DISCUSSION
At zero temperature, the total transmission between the two | the following, we will first briefly describe the model
branches andb’ at a given energy is given by TBJs used in our calculations. We then present and discuss
(0c9) the results of our calculations, which we have performed for

both symmetric and asymmetric TBJs at low and high tem-
' (8) peratures and in the linear and nonlinear regimes of trans-

port. For the nonlinear transport properties, we restrict our
where the summation is performed over all occupied statesnvestigation to the previously mentioned push-pull opera-
At finite temperatureT, we define the total transmission ac- tion, i.e., applying bias voltageg = —V,=V to the left and
cording to right branches of the TBJ, while calculating the output volt-
ageV, obtained by requirind.=0. The results are accom-
panied by spectra of the transmissions between the three
leads, which are used for understanding the details of the
observed nonlinear transport characteristics.

Torn(e)= ;n kibl(sorwnmz

af(s_MF !T)

e de, (9

Ton(pr T)= f;Tbras) -

wheref(e— ug,T) is the Fermi distribution function andg
is the chemical potential of the device at zero bias. The re-
flection of electrons into the same lead is defined by
Rop(e, T)=Tpp( e, T). Numerical calculations have been performed for a number
Here, we note that in the formulation, Ed) should con-  of Y-shaped TBJs, consisting of three electron waveguides
sist of an infinite number of coupled equations, correspondand a ballistic coupling region. In the calculations, the hard-
ing to an infinite-order wave function expansion in Eg).  wall confinement potential has been used in order to con-
In calculations, however, Eq4) has to be solved numeri- strain the electron motion within the TBJ. The effective mass
cally by truncating the number of basis functions at a highm* was chosen to ben* =0.047%n,, which corresponds to

A. Device model
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FIG. 3. V. vs V for a symmetric TBJ with the parameterg
=W,=70 nm, W,=50 nm, Wy=92 nm, L,=100 nm, andL,
=46 nm, calculated at =77 K. The different curves correspond
to wg=7 meV (dashed-dotted line ur=15 meV (dashed ling
ue=18.5 meV (dotted ling, and ug=21 meV (solid line). Inset
shows the transmissiofn, (ug,T) at T=77 K.

9 . . . . .
20 15 -10 -5 10 15 20

FIG. 2. Schematics of a TBJ device as modeled in the calcula- B. High-temperature transport
tions. . .
In Fig. 3, the calculated output voltae as a function of

the GalnAs system used in the experiments by Hieke anapplieql bias voltag¥/ aFT=77 K, is shown for a symmetric
Ulfward® and by Shorubalket al® TBJ with the geometrical parametevg=W,=70 nm, W,
Figure 2 shows a model of the Y-shaped TBJs considered 20 MM, Wo=92 nm, L.=100 nm, andL,, =46 nm. The
in the present paper. The shape and size of the TBJs ha erent curves correspond to different values of the chemi-
been defined by introducing a few characteristic geometricaf@! Potentialug . We also show the corresponding transmis-
parametersV, , W, , W,, Wy, L., andL,, (=Wy/2), and by sionT¢(ug,T) between the left and central leads, calculated
describing the structure boundaries by analytical formulas. IR T=77 K, in the inset of the figure.
terms of the parameters, shown in Fig. 2, the transverse po- 1he following observations can be made from the results
sitions of the outer boundaries of the TBJs vary within the®f Fig- 3. First of all, the output voltagé is negative for all

regionx,<X<xo+L, whereL=L,, +L., according to finite values of[V|. Second, in general, the dependence is
paraboliclike, in particular, at small values 0¥|. Third,
yo+y? yo—yP  x—x, - with the decrease qir, the absolute value of the curvature
yPUi(x) = 2 + > Si L7 E)’ of the parabolic behavior increases. These observations are
in perfect agreement with the ones made in Refs. 7-10 and
0 \W. 4+ vOt W can be explained by the same arguments as those given in
yout(x)zw Ref. 7. For completeness and for further discussions, we
' 2 briefly recall the main results of Ref. 7.
0 0 _ It was shown, in general, in Ref. 7 that in the limit of
+ (yr + Wo) (y°+W°)Sin XX T small biag V|, the output voltage of a symmetric TBJ device
2 L 2 operated in the push-pull fashion is given by
(12) 1
The transverse positions of the inner boundariesxfpr x Ve=— EaVer o(Vv%), (13
<XgtL, are given by
where
_ /w3
in _ _ v _ 2
yr (X)_ 4 (X XO) ’ a:e&Td(MF’T)/aMF (14)
_ _ Talpe, T)
yI"(x) = —yi"(x). (12)

The above equations show that the sign of the output voltage
We note that, as can be seen in Fig. 2, all the boundaries val., from the central branch, at small bias depends on the
smoothly in the model. Thus, it can be assumed that scatteslope of the transmissiondT. (ug,T)/dug: a positive
ings by boundary roughness and by impurities are nofnegative slope gives a negativ@ositive) output voltageV.
present in the modeled devices. at small bias. Since, the transmissiaR,(xg,T) is @ mono-
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FIG. 4. V. vs V for an asymmetric TBJ with the parameters 2 T y
W,=70 nm, W,=40 nm, W.,=50 nm, Wy=92 nm, L,=100 nm, 18+ 39 %
and L, =46 nm, calculated af =77 K. Different curves corre- 16| Sos 4
spond tour=7 meV (dashed-dotted line ug=15 meV (dashed é 08
line), ue=18.5 meV (dotted lind, and ue=21 meV (solid line). Mgl \y
Inset shows the transmissidi,(ur ,T) [solid line] and T, (g, T) 121 Tos

71819 20 21 22 23 24 25 26 27
# (meV)

[dashed lin¢at T=77 K.
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Transmission

tonically increasing function ofugr at T=77 K (inset of
Fig. 3), the behavior at small bias voltages is negative and
guadratically dependent 0w as predicted by Eq13). Fur-
thermore, since the transmission is approximately a linear
function of ug, the coefficienta depends approximately on 00 & 4O 8 @ &8 30 G 4B 25 ED
ue according toa=e/ ug . Thus, if the chemical potential is 2 (meV)

increasing, the coefficient is decreasing, yielding smaller

negative curvature of th¥, vs V curve, which is consistent FIG. 5. () V. vs V for the symmetric TBJ studied in Fig. 3 with
with the behavior observed in Fig. 3. the parametersV,=W, =70 nm, W.=50 nm, W,=92 nm, L,

In order to understand th€.-V characteristics at large —100 nm, and_,, =46 nm, calculated af =4.2 K. The different
bias voltages, it is interesting to consider the zero-curves correspond to different values pf. (b) Transmission
temperature equation To(ue,T) at T=4.2 K. The black dots indicate values pf- at

which the curves in Fig. ®) are calculated. Inset shows a blow up

e r of the region in theT(ug,T) curve aroundug=21 meV. Shaded
J TC|(s)ds=J' T, (e)de, (15 areas illustrate the integration windows of the integrals on the left-
K He hand side and right-hand side of E{.5) in the text. Note that

To(pe, T)=Te(ue, T).
which can be obtained from E¢L0), by requiringl ;.=0. In
this case, for a symmetric TBJ, for which, () =T, (), The results show that the output voltaye remains a
the electrochemical potential in the central propg, will  paraboliclike function o with a curvature that depends on
always remain at a value above the averaggoandw, if  ,_ in a similar way to that found for the symmetric device.
the transmission$(¢) and T (¢) are increasing functions  However,V, is no longer a symmetric function of with
of energy. Hencep.> ur andV; is negative and monotoni- respect toV=0, and can be positive at small values\of
cally decreasing with the increase of the absolute value of th¢he opbserved behavior again agrees perfectly with earlier
applied voltage|V|. Although the results of Fig. 3 are cal- theoretical predictiofsand experimental observatioh3he
culated aff =77 K, similar arguments based on the increas-prigin of the asymmetry is the difference in the transmissions
ing transmission function®; (e) andT, (¢) at this tempera-  petween the left and the central branches and between the

ture explain the large-bias behavior observed in Fig. 3. right and the central branchéseen in the inset of Fig.)4
We have also calculated thé, vs V dependence at

=77 K of an asymmetric TBJ, for which the width of the
right branch has been decreasedWh=40 nm (all other
parameters are identical to the ones for the structure studied We now consider the low-temperature transport properties
in Fig. 3. The results are shown in Fig. 4 along with the of the TBJs studied in Sec. Il B. In Fig. 5, we show the
corresponding transmission$.(ug,T) (solid line and  results calculated af=4.2 K for the symmetric TBJ previ-
Ter(ug,T) (dashed lingshown in the inset. ously studied aT =77 K in Fig. 3. In Fig. %a), theV, vsV

C. Low-temperature limit
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dependences, calculated at the same valugs:ods previ-  good approximation aT=4.2 K as well since the thermal
ously used in Fig. 3, are shown. It is seen that overalMpe energy,kgT<1 meV). Consider now the inset of Fig(th
versusV curves are symmetric with respect¥e=0 and are  \hich shows a blow-up of the region aroupg= 21 meV[a
bending toward negative valuesdf at large values ofV|.  yajue at which the/-V curve corresponding to the solid line
This is the same behavior as found in Fig. 3 and in previoug, Fig. 5@ was calculatell The two shaded areas in the

calculation$ and measurements®However, it is also seen inset mark the two integration regions on the left- and right-

in Fig. 5(a) that theV, vs V curves display slow oscillations hand sides of Eq(15). For the specific bias situation de-

and, depen_dmg on the_c_hem|cal potentigd, can assume  yieted in the inset{{~3 mV), the transmission probability
both negative and positive values at small bias voltage .

) . . .. 2-1h the energy range 19%5ur<22.5 meV, accessible to
These oscillatory and low-bias behaviors were not visible in

the previously shown high-temperature results, neither Werglectrons at the given bias voltage, is an increasing function

they observed in the experiments of Refs. 8—10 and the caP-f energy and thus, in order for current balance to be
culations of Ref. 7. achievedu, has to take on a value above the averagg of

The above oscillatory and low-bias behaviors are signa@Ndu: (see the insgthenceu.> u yielding a negativey .
tures of quantum effects and can be explained using the chaBy increasing the value of the bias voltage from zeve,
acteristics of the calculated transmissig(ugs,T) at T ~ decreases monotonically as long as bpthand ., remain
=4.2 K, shown in Fig. B). There, it is seen that the trans- on the upward slope of the transmission cufiveset of Fig.
mission exhibits a rich structure of dips, of varying ampli- 5(b)]. As V continues to increase, and thus effectively in-
tudes and widths. Similar dip structures and fluctuations havereasing the energy range for which electrons are transmitted
been previously found in the two-terminal conductance of aacross the TBJY. turns to increase at a bias voltage around
quantum channel with embedded cavitfed®?® and the V~3.5 mV. This is due to the fact that asis further in-
multiterminal resistance of a four-terminal junctibhAsso-  creased, the electron transmission probability between the
ciated with these dips i (ug,T), peaks are seen in the central and the left leads increadege the energy interval
calculated transmissiom,;(ug,T) as well as in the reflec- 17<up<19 meV on the low-energy side in the inset of Fig.
tion R (ug,T) (not shown here As shown for two-terminal  5(b)] whereas the electron transmission probability between
cavity structures®-2%28 as well as for four-terminal the right and the central leads correspondingly decrdases
junctions?® the rich dip structure seen ifi,(ug,T) origi-  the energy interval 23 u<26 meV on the high-enegry
nates from antiresonant scattering of the electrons by quasside in the inset of Fig. ®)], which effectively lowers the
bound states formed in the junction cavity region, and is alectrochemical potentigk. at the central lead towards the
signature of quantum effects. Thus the number and energyalue of u,. By further increasing the bias voltagé, con-
position of the dips seen i, (u«g,T) depend sensitively on tinues to decrease due to the overall increasing transmission
the structure of the cavity in the TBJ device. function. However, due to the fluctuating nature of the trans-

The irregular and nonmonotonic dependence ofmissions as a function ofip, V. displays corresponding
To(ue,T) on ug affects the push-pull operation of the TBJ fluctuations with variations of the bias voltage which can be
in the following way. At small bias, it was shown in Sec. understood by the previously given arguments. The behavior
[l B [Eg. (13)] that the sign of the output voltagé, from of the remaining curves in Fig.(8 can be explained in a
the central branch depends on the slope of the transmissiosimilar fashion.

ITe (e, )/ dug. Thus, a positive(negative, zerp slope We have performed similar low-temperature calculations
gives a negativépositive, zerp output voltageV,. Due to  for the asymmetric TBJ, previously studied in Fig. 4Tat
the fluctuating transmission characteristj/ésg. 5b)], the =77 K. The transport characteristics, calculated Tt

slope of the transmissiof,(ug,T) can be negative, zero, =4.2 K, are shown in Fig. 6. In Fig.(8), theV. vsV de-
or positive, depending on the value pf, and hence, the pendence, calculated at the same valuesoés in Fig. 4, is
output voltage in turn is sensitive to the chemical potential olshown. In addition, we also show the transmissions
the TBJ. As an example, consider the transmission of FigT¢(ug,T) (solid line) and T, (ug,T) (dashed lingin Fig.
5(b) at values ofug (marked by black dots for clarityat ~ 6(b). The thin, solid vertical lines mark values @i at
which the curves in Fig. ® have been calculated. At the which the curves in Fig. @) are calculated.
values of ug=7 meV and ug=18.5 meV, evidently In addition to the asymmetry, already observed and dis-
dTq(me,T) dug is negative and, hence the output voltagecussed at high temperatures, the same types of oscillations,
V. is positive at small biagsee dashed-dotted and dotted which were seen in the low-temperature transport character-
lines in Fig. %a)]. On the other hand, foug=15 meV and istics of the symmetric TBJ shown in Fig. 5, are seen to
ue=21 meV, the transmission slope is approximately zergoccur, both in the transmissions and tWg vs V curves.
and positive, respectively, correspondingly yielding a closeéAgain, the origin of the observed deviations from the high-
to zero and negativié, [dashed and solid curves in Figah]  temperature behavior is due to the scattering of electrons
at small bias. from quasibound states formed in the cavitylike coupling
We now turn to the explanation of the general oscillatorywindow between the three arms of the TBJ. As shown in Fig.
behavior of the TBJ devices seen in a large range of biaé(b), the transmission$.; andT,, exhibit strong fluctuations
voltage. At zero temperature, the condition, in which the out-due to the complex scatterings, giving rise to the oscillations
put voltageV, from the central branch of a symmetric TBJ observed in the calculated, vs V dependences. Recently,
device is determined, is given by E(L5) (this is a fairly = such type of oscillations have been observed in the low-
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FIG. 7. Transmission characteristics for TBJs with the param-
etersW,=W,=70 nm, Wy=92 nm, andL, =46, calculated af
=4.2 K. (a) Transmission3 . |(ug ,T) andT, (we,T) for four TBJI
structures withL,=100 nm. The different curves correspond to
structures withV/,=50 nm[solid lined, 100 nm[dashed lines 170
nm[dashed-dotted lingsand 232 nmdotted lineg. The thick lines
correspond to the transmissiof, (e, T) and the thin lines to
temperaturé/. vs V dependence of T-shaped TBJs based orT,(ug,T). Inset shows the geometries of the four TB#$.Trans-
high-electron-mobility GalnAs/InP  quantum-well ~struc- missionsT¢(ug,T) [thick lines] and T (ug,T) [thin lineg for
tures? (the high-temperature measurements of the same dévo TBJs withW;=100 nm. The solid lines correspond to a TBJ
vices were previously shown in Ref).9 with L,=300 nm. The dotted lines correspond to a TBJ with
=100 nm. Left inset shows the geometries and dimensions of the
two structures. Right inset shows the transmissibgéug ,T) and
Ti(ue,T) calculated aff=0 K. [Note that for all structure3,,

Due to their quantum-mechanical origin, the fluctuations™ T1e™ Tre= Ter and T, =T ]
observed in the low-temperature output voltagdV), as
well as the transmissions between the three arms of the TBSIONST¢ (w1, T) and T, (ue,T) for several symmetric TBJs
should be strongly dependent on the detailed geometry art T=4.2 K[note thatT;=T,.= T, =T, and the same dis-
structure of the device. To show this, we have investigate@ussion applies for electrons incident from the right and cen-
several TBJs with different shapes and sizes of the centrdfal leadg. All geometrical parameters bW, and L. are
coupling region as well as of the three branches. We havislentical to the ones used in the TBJ studied in Figs. 3 and 5.
found that the generic features discussed in Figs. 5 and 6 ate Fig. 7(a), L,=100 nm[fixed to the value previously used
observable for a wide range of TBJ geometries provided & Figs. 3 and $andW.=50,100,170, and 232 nm. For the
cavity is formed at the junction between the three leads. TBJ with W,=232 nm, y,"“t(x)=y|°=y2 and y?“‘(x)=y?

The influence of a cavity at the central junction region is+W, [Eq. (11)] and thus, the transverse position of the outer
exemplified in Fig. 7 where we show the calculated transmisboundaries of the TBJ is constant along thelirection of

FIG. 6. (8 V. vsV for the asymmetric TBJ studied in Fig. 4
with the parameterdV,=70 nm, W,=40 nm, W,=50 nm, W,
=92 nm, L,=100 nm, andL, =46 nm, calculated aT=4.2 K.
The different curves correspond to different valuesgf. (b)
TransmissionT . (ug ,T) [solid line] and T (ug,T) [dashed ling
at T=4.2 K. The vertical lines mark values @i at which the
curves in(a) are calculated.

D. Low-temperature transmission fluctuations
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transport[see dotted lines in the inset of Fig(aY]. Hence, TABLE I. Truth tables for logiaa) AND and(b) or gates. Due to

no cavity is formed at the junction between the threetheir inherent nonlinear electrical properties, TBJs can function as
branches. The dotted line in Fig(a], showingT¢(ue,T), logic gates.

shows that the transmission increases in perfect unit step
corresponding to the successive opening of one-dimension
subbands in the leads. Sindg>W, , in this case, the trans-

AND (a) OR (b)
Input Output Input Output

mission is limited by the number of open modes in the left/y, v, v, v, v, v,
right leads at a given value qfp yielding the observed unit

transmission steps whenever a new transverse mode in ti0 0 0 0 0 0
left/right lead falls belowug. In contrast, forw, compa- 0 1 0 0 1 1
rable to or smaller thakV, andW, , the transporftransmis- 1 0 0 1 0 1
sion) is limited by the number of modes open for conduction1 1 1 1 1 1

in the central lead. Consequently, for such a device, in the
absence of scattering, the transmissigpincreases in half-
unit steps whenever a new mode is opened in the centrahe transmissions in Fig. 7 are calculated. This is consistent
lead, as a result of electron waves incident from the centralith the picture that, as the area of the junction cavity is
branch being equally divided between the left and the righincreased, the quasibound level structure becomes more
branches of the symmetric TBJ. Naturally, for an asymmetriclense.
TBJ, the corresponding transmission spectral gf would
consist of half-unit and unit steps at valuesgf at which a
new mode is opened in any one of the three leads. All these
features have been verified in our calculatignst shown It has been previously proposed that due to the inherent
here. nonlinear electrical properties of TBJs, a single TBJ device
As W, is gradually decreased, a cavitylike structure iscould be used as a logic gdt&*'* For example, when dc
formed at the junction between the three branches of the TBYoltagesV, andV, are applied to the left and right branches
[see the inset of Fig.(@]. The thick lines show the trans- of a symmetric TBJ device, the output voltayg can be
missionT ¢ (ug,T) for the TBJs withW,=170 nm(dashed- positive (a binary value of Lonly when both of the applied
dotted ling, W,=100 nm (dashed ling and W,=50 nm  dc voltages are positive. Thus, the device operates as a logic
(solid line). In addition, the thin lines display the correspond- AND gate[Table k&)]. However, the device may also be used
ing transmissiofT,;(ug ,T) for the same structures. With the as a logicor gate if the negative output voltagk is taken
decrease o\, in general, the transmissioR, (ugr,T) is  as the binary value of [Table (b)].
seen to decrease gradually, partly due to the decrease in the The proposals of Refs. 7,13,14 were made for symmetric,
number of available subbands in the central lead. More imadiabatic TBJs wher¥ only assumes negative values dur-
portant, the formation of a cavity at the central junction re-ing the push-pull operation. However, as shown in Sec. Il C,
gion provides a source of scattering for incident electronghe output voltag®/; may assume both negatiaed positive
enabling reflection of electrons into, in this case, the left leadvalues at low temperatures for symmetric TBJs if quantum-
(not shown herg as well as transmission of electrons to themechanical scattering in the junction region is taken into
right lead, which is seen in the transmission curvesaccount. It was also shown that the sign and amplitudé.of
T, (ue,T). Furthermore, distinct and irregular fluctuations is strongly dependent on the chemical potengialdue to the
are also observed in the transmissions of the TBJ devices iffuctuations in the transmissiols,(ug,T) and T (ug,T)
the presence of a cavity in the central junction region. Theseaused by electron scattering at the junction between the
fluctuations are caused by the scattering of incident electrorifiree arms of the TBJ. Hence, in an experimental situation,
by quasibound states formed in the cavity region. the sign and amplitude o¥. may be controlled, e.g., by
In Fig. 7(b), the transmissions of two symmetric TBJs means of a gate situated on top of the TBJ structure, thereby
with W,=W, =70 nm andW_,= 100 nm are shown for two enabling multilogic functionality. By changing a voltage ap-
different lengths(and effectively also shapesf the central plied to the gate such thair is in a range for whictv, only
junction. The solid lines represent the transmissionsissumes negative values, the TBJ functions as a lagic
To(ue,T) (thick solid line and T, (ug,T) (thin solid line  gate (provided V>0 is defined as binary)1 Correspond-
of a TBJ with 300-nm-long junction regiorL{=300 nm), ingly, if the voltage applied to the gate is varied such fhat
see the left inset of Fig.(B). For comparison, the corre- is in a range wherd/. only assumes positive values at a
sponding results for a TBJ with ,=100 nm [previously  given value of|V|, the TBJ functions as a logior gate .
shown in Fig. 7a)] are shown as dotted lindsee the left In Fig. 8, the output voltag¥,., calculated aff =4.2 K,
inset of Fig. Tb) for geometrical comparison between the is shown as a function g&g for three bias voltages for the
two structure$ It is seen that, in comparison, more periodssymmetric TBJ studied in Figs. 3 and 5. Clear and well-
of fluctuations are observed in the transmissions of the TBdefined regions, in which the output voltaggis negative or
with the larger junction region. In particular, at even lower positive, are seen in the three curves calculated for different
temperaturegsee the right inset of Fig.(B)], the transmis-  values of|V|. Hence, the multilogic functionality previously
sion is found to exhibit rapidshort-period fluctuations, mentioned applies for this TBJ. In the intervals @f de-
which are rapidly smeared out alreadyTat 4.2 K at which  noted by I, lll, V, and VII,V, is mainly negative and thus the

E. Logic functionality
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[ I Il v v vl Vil chemical potential. These behaviors have been explained in
' ' ' ' terms of the fluctuations seen in the transmissiBiéue , T)

and T, (ug,T) and are signatures of quantum effects. We
have examined the transmissions for several TBJs and have
concluded that the origin of the observed transmission fluc-
tuations is the electron scattering in the junction region be-
tween the three branches of the TBJ, where a cavity can
form. Due to the quantum-mechanical nature of the scatter-
ing, the transmission fluctuations are found to be very sensi-
tive to the size and shape of the cavity, as well as the position
and size of the connecting branches.

We emphasize that the two main characteristic features of
the TBJs studied in this paper, i.e., the nonlinear electrical
behavior, and the fluctuations in the transmissions and the
sign of the output voltagd/., are based on two different
) mechanisms, the ballistic nature of the electron transport and

FIG. 8. Output voltage/. as a function ofug at T=4.2 Kfor  qantum interference, respectively. The overall nonlinear be-
the TBJ previously studied in Figs. 3 and 5 with paramei&fs havior of theV. vs V dependence has been found, in agree-
100, 1L MentWithexperimentiobe ohus even i room emper
as show.n in the figure ture, as Iong as _the mean—frge path of the system is larger

' than the device siznote that it has been shown experimen-
tally that the mean-free path of electrons in IlI-V semicon-
ductor heterostructures can be of the order of 100 nm at
room temperature and a fewm at 300 mK(Ref. 9]. The
. ' ; __quantum interference effects on the other hand are far more
tive values and thus the functionality of the TBJ compliesgeitive to temperature and vanish already at moderately
with the logic OR truth table shown in Tableb). We have |y temperatures, due to the decrease of the phase-coherence
analyzed several other TBJ structures with different geomrength with increase of temperature, caused by electron-

etries and sizes and found similar results, provided that @n5n0n and electron-electron scattering, and the thermal
cavity is present at the central junction region. Naturally, dueS earing originating from the terms(s—p;,T) and
|

to the quantum nature of the observed effects, the observed Jf (s — ug , T)/de in Egs.(10) and(9). In our calculations,

characteristics are very sensitive to the detailed structure %{” quantum interference effects for the structures studied in
the TBJ. this paper disappear due to thermal smearing alreadly at
=30 K. However, for structures small enough compared to
IV. SUMMARY AND CONCLUDING REMARKS the phase-coherence length and with quasibound level spac-
) ~_ings larger than the thermal energyT, the quantum effects
In this paper, we have shown that based on the ballistigeported in this paper are expected to be observable at high
and quantum-mechanical nature of the electron transportemperatures.
TBJs _exhlblt interesting trans_port chf_;lracterlsncs. Using a Finally, we have proposed and demonstrated that based on
formalism based on a scattering-matrix appréaeind the  the |ow-temperature characteristics found in Sec. Il C, a
Landauer-Bttiker theory of transport; we have performed single TBJ device can function as an extremely compact
numerical calculations for TBJ structures with dlfferentmun”ogiC gate, the functionality of which may be tuned by
structural properties, at both high and low temperatures ag;eans of a gate. We believe that the observed quantum ef-
well as for small and large applied bias voltages. fects at low temperatures may be observable and significant
_ In the nonlinear regime of transport, the push-pull operaz|so for other types of three-terminal junction structures

ageV; at the central branch of the device. At high tempera-yhich the quantization effects may be large enough to permit
tures, the symmetric TBJ devices, when operated in th@igh-temperature operation.

push-pull fashion, exhibit the same electrical characteristics
as in Refs. 7-10, i.e., negative output voltagefor all finite
values of|V| as well as a paraboliclike dependence\oat ACKNOWLEDGMENTS
the limit of small-bias voltage. We have found that these
high-temperature characteristics are qualitatively insensitive This work was supported by the Swedish Foundation for
to the structural details of the devices and reveal little effecStrategic Researcl8SH and the Swedish Research Council
of quantum scattering. Thus, our results support the assumgpvR) and by the European Commission through the Informa-
tions made in Ref. 7. tion Society TechnologiegIST) Program Project NEAR.

In contrast, at low temperatures, we have found ¥at Furthermore, the authors would like to thank Ivan Sho-
exhibits slow fluctuations, and can assume either negative aubalko for sharing of experimental results prior to publica-
positive values at small bias regions, depending on théion.

yc (mV)

TBJ functions as a logieND gate[Table (a)] (again defin-
ing positive values oV, as binary 1 In contrast, in the
intervals of ug denoted by I, IV, and VIV, displays posi-
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