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We report experimental results on gat¥ebranch switches made from InAs ballistic electron
waveguides. We demonstrate that gating modifies the electron wave functions as well as their
interference pattern, resulting in anticorrelated oscillatory transconductances. Our data provide
evidence of steering the electron wave function in a multichannel transistor structt280®
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Quantum effects in nanostructures provide insights intaabove-mentioned devices further indicafethat all of the
fundamental issues that cannot be addressed in atomic phy®ported main features can be described classically without
ics settings and offer perspectives for future applications innvolving ballistic (and coherenttransport.
computing% In the regime where quantum effects dominate, In this letter, we report an experimental demonstration of
electron transport exhibits different properties. For examplea YBS in the quantum regime using InAs electron
when the device size becomes less than the elastic mean-fra@aveguides. All transport characteristics reported here are
path, electrons can traverse through the conductor ballistiacquired with an excitation voltage less than the thermal en-
cally, leading to conductance quantization. In addition, phasergy in order to keep the system near equilibrium. The char-
coherent transport plays an important role in nanometer-scakgcteristics of our YBSs show significant deviation from the
devices. Among devices exploiting these quantum effectsglassical transport features. Here, we will discuss the fabri-
the Y-channel transistor is attractive on its own right. Thecation, transistor characteristics, and a qualitative explana-
original proposal of theY-channel transistor, ol¥-branch tion of the observed features.
switch (YBS) (Ref. 2 came from an electron wave analogy ~ Our transistors are built on InAs single-quantum wells
to the fiber optic coupler. The semiconductor version of YBS(QWSs) grown by molecular-beam epitaxy. A typical structure
has a narrow electron waveguide patterned intdracon-  has a 2um undoped AISb buffer, a GaSbh/AISb smoothing
figuration with one source and two drain terminals. A lateralsuperlattice, a 100 nm AISb bottom barrier, and a 17 nm
electric field perpendicular to the direction of electric currentinAs QW. Two-dimensional2D) electron gas in InAs QWs
in the source waveguide steers the injected electron wavgan have a long mean-free paﬂbl“ and long coherence
into either of the two outputs. YBS offers several advantagegength. The surface Fermi-level pinning position in InAs is
as a fast switch as evidenced by THeefs. 3 and #opera-  above its conduction-band minimum, allowing for the physi-
tion of quantum point contactQPQO. Most interestingly, in  cal width of InAs conducting wires being only nanomet&ts.
the case of single mode occupation, the switching can be Magnetotransport studies are used first to calibrate the
accomplished by a voltage of the order/der), wherer is 2D electron concentratiofn,p) and mobility (u,p) of the
the transit time of electrorfsWith a proper design, the as-grown sample. Quantum Hall plateaus and Shubnikov de
switching voltage for a YBS can become smaller than theqaas oscillations, both characterizing 2D electrons, are

thermal voltagekgT/e, as opposed to 40-80 timeslyfT/e  clearly observed on photolithographically patterned Hall
needed for the current transistors. Heggjs the Boltzmann  pars. We obtained am,p, of 3.09x 102cm2, 2.08

constant and’ is the absolute temperature. Switching at low x 102 cni2, and 1.08<102cm™2, and a w,p of 1.06
voltages would make such devices less noisy and consume 1¢# cn?/V s, 1.67x 10% cn?/V s, and 1.54
less power, though at the expense of speed. ~ X10*cm?/Vs, at 300 K, 77 K, and 4K, respectively. The
devices reported to date have yet to demonstrate the quantwg|culated to be 14 nm, 140 meV, and 307 nm at 300 K, 17
switching7. In almost 8alll of the efforts, such as ltrllzose iN anm 114 meV, and 397 nm at 77 K, and 24 nm, 85 meV, and
T-branch, Y-junction,”™ and ballistic rectifiers;** the 264 nm at 4 K, respectively. To verify the relatively long
electrical characterizations were carried out at a source-draigastic mean-free path independently, we have used electron-
bias significantly larger thaksT/e. As a result, the transport  peam Jithography and wet etching to fabricate cross junc-
mechanisms deviate too much away from theaj equilib-  ions for bend resistance measureméfisst room tempera-
rium condition, which deems it necessary to maintain thecure, 100 nm cross junctions indeed display negative bend
long coherence length. Therefore, the coherent transpofgistancd? which can be destroyed by magnetic focusing in
plays no significant role in the characteristics of devices rey nerpendicular magnetic field, further confirming the ballis-
ported so far. Recently, Monte Carlo simulation on they. transport®

The operation of YBS requires lateral electric field. We
¥Electronic mail: yang@umd.edu used an in-plane gate structdfein which two isolated, co-
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FIG. 2. The measured two-terminal source-drain conductance of a QPC and
its numerical derivativécircles as a function of common-mode gate bias-
ing. The numbering of quantized conductance plateaus is also indicated.
Within the shown gate bias range, there is no measurable dc gate leakage
current(<1 pA).
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FIG. 1. (a) Atomic force micrograph of a finished YBS, where the narrowest tance. As shown by horizontal lines in Fig. 2 wilRg

neck has a width of 76 nm. The dark region is etched and the AISb buffer is=1150(), the calculated_;N fits well with the measured data,

e o e oo et o onanoes b s 2nd 5 1 excellen: agreement with the peak posidon in he

zr?dc Drain2 as a function of the différential gate volta@ . The sum of the derivative. Thls Observ_atlon of the quantized conductance

two conductances(d) Conductance of Drainl is subtracted by that of NOt Only verifies the gating effect, but also demonstrates that

Drain2. the fabricated devices, including the QPCs and the YBSs, are
indeed smaller thaf,.

Because of the ballistic coherent transport, the character-
planar, conductive regions on the opposite sides of¥he stics of gated YBS are expected to be drastically different
junction are used as the two side gates. When we apply bigfom their classical counterparts, such as differential pair am-
to these two side gates differentially, a lateral electric fieldpiifiers. Figure 1b) shows the transfer characteristics of our
perpendicular to the symmetry axis of thfgunction arises. YBS with a 76 nm wide junction. There is no measurable
In contrast, with the two side gates shorted, a gate bias ingate leakage current<1 pA) in our measurements. The
duces or depletes the electrons in the channel in the samgnsconductances through Drainl and Drain2 are shown as a
way as a typical field-effect transistor does through capacifynction of the sweeping differential gate voltage:—0.83 V
tive coupling. The practical difficulty in realizing YBS has <Vgater< 0.83V, With Vyarei=—Vgates WhenVgare; andVgare:
been in fabricating nanometer-scale electron waveguidegre swept, the electric field in the lateral direction steers the
without depleting electrons in narrow channels. We haveyave functions and the interference pattern of the injected
overcome this hurdle by using InAs, for it has zero-lateralelectrons. Under such differential gating, the conductances
depletion width. The fabrication procedures are: First, thehrough Drainl and Drain2 show peaks and valleys, and
large-area bonding pads with leads are defined by photolithese oscillatory features are anticorrelated. The sum and the
thography, metal evaporation, and lift off. Second, electrondifference of the two measured conductances are shown in
beam lithography is used to define the YBS patterns, as weligs. 1(c) and 1d), respectively.
as the two side gates. Third, using the patterned electron- The oscillatory transconductance is a manifestation of
beam resist as an etch mask, wet chemical etching is subsghase coherence in a multimode one-dimensional electron
quently applied to form a trench, which physically and elec-waveguide. Using a model InAs wire structure with 17 nm
trically isolates the side gates from the conductiYe thick and 76 nm wide, we estimate that there are nine one-
branches. Figure(&) shows an atomic force micrograph of a dimensional modes populated under equilibrium at 4.2 K.
YBS device. Conductance through Drainl in our device is slightly bigger

In order to verify the gating effect and to obtain insight than that through Drain2, as shown in Figb)l Such asym-
into our sample system, we first characterized the QPC danetry is a nonuniversal feature, resulting from variation in
vices using the standard lock-in technique at 4.2 K. The twaonfinement potential, impurity distribution, surface rough-
side gates are shorted for a common-mode measurement. tigss, and contacts in the device. In other words, the overall
the common-source configuration, the ac excitation voltag@otential profile in the device defines the oscillatory features
at the drain is kept low at 3@V, to avoid the undesirable, in conductance and the scale of these features is a fraction of
distracting “self-gating” effect’ The drain current is fed to a  2€?/h. This type of mesoscopic behavior is no surprise for
transimpedance amplifier with an input impedance less thadevices with sizes smaller than the phase coherence Iéjngth.
10 Q and a gain of 1 M) or 10 M(). The ac conductance is We now qualitatively explain the feature in Figck the
recorded as the gate voltage is swept from -1V to 1 V.sum of two conductances increases with an increasing lateral
Figure 2 shows the typical current-voltage characteristics oélectric field in either polarity. The eigenenergies of the
a QPC and its numerical derivative. As expected, a series dfansverse one-dimensional modes, the corresponding wave
plateaus, amplified as peaks in the derivative, is observedunctions, and the longitudinal component of the electron
The measured conductance may be expressedGgs wave functions are defined by the given device potential.

=1/[1/(N-2¢?/h)+Rg], where N is the number of one- Electrons in theNth transverse channel propagating in a
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waveguide from the source can be reflected back with amthat are always out of phase in the presence of multiple
plitude ry, transferred to the Drainl waveguide with ampli- modes?® Our observation not only verifies the quantum
tude €5 and transferred to the Drain2 waveguide with am-steering of electron wave functions in a semiconductor wave-
plitude e, In a Y-switch with symmetric branches and guide, but it also opens up possibilities for further studies of
symmetric confinement with respect to the axis of the sourcguantum switches in multiple-terminal nanometer-scale
waveguide, odd number transverse modes have a maximustructure for information processing.

of the wave function on this axis. When scattering between ) i i

transverse modes is ignored, the sum of conductances js NS Work is supported in part by LPS and ONR. One of
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