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Quantum wave bandstop filters
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We propose and demonstrate, based on the concept of a microwave bandstop filter, two quan
wave bandstop filter structures. Both structures employ nanoscale gates in a heterojunction trans
to induce a quantum cavity connected by two one-dimensional wires. As the electron wavelength
changed by the gate voltage, we observed that, at certain gate voltages, the transmission of elec
waves through the cavity is partially blocked and the drain current drops as large as 50%. T
phenomenon is explained in terms of the destructive quantum interference between differ
electron wave modes in the cavity. ©1994 American Institute of Physics.
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Because of the similarity between electron waves i
quantum waveguide and electromagnetic waves in a m
wave waveguide, many microwave device concepts ca
instructive in engineering new high functionality quantu
devices.1 Previously, several structures based on such a
ogy have been proposed and discussed.2–8 Examples are a
stub-tuning device,2–5 a double-bend quantum waveguid6

and a cavity coupled to two quantum waveguides.6–8 How-
ever, most of these studies were limited to the comp
simulations and theoretical analysis. Experimentally, onl
stub-tuning devices, weak conductance modulations
function of gate voltage were observed and attributed to
quantum interference effect.4,5 Here we propose and demo
strate, based on the concept of a microwave waveguide
ity bandstop filter, two quantum wave bandstop filter str
tures consisting of field-induced nanoscale cavities and
dimensional ~1D! wires. As the electron wavelength
changed by the gate voltage, we observed that, at certain
voltages, the transmission of electron waves is parti
blocked and the drain current drops drastically. This p
nomenon is explained in terms of the destructive interfere
between different electron wave modes in the cavity.

The quantum wave filters employ two different types
nanoscale gate structures on top of a heterostructure t
duce, using field effects, a quantum cavity connected by
1D wires. The first type has a dot gate inside the gap
split gate@Fig. 1~a!#. The dot gate has an 80-nm-diam me
dot in the middle of a 30-nm-wide metal wire. When po
tively biased, the dot gate induces, at the heterostructur
terface underneath the gate, a nanoscale electron cavity
nected by two 1D wires. The negatively biased split g
controls the electron population in the cavity and wire, a
also improves the electron confinement.9 Since the cavity is
primarily defined by the positive bias on the dot gate, i
called an enhancement mode cavity.

The second type of gate structure has a straight wire
between a pair of U-shape split gates@Fig. 1~b!#. The nega-
tively biased U-shape split gate depletes the electron un
neath it and thus defines the cavity. The lithographic dim
sion of the cavity is 0.3mm30.5 mm, the actual dimensio
of confinement at the heterostructure interface can be m
smaller due to finite depletion width. The wire gate is po
tively biased to separately control the electron populatio
the cavity.10 In this case, the cavity is primarily defined b
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the negative bias on the split gate, it is called a depletion
mode cavity.

In both structures, the quantum cavity is coupled to the
two-dimensional electron gas~2DEG! reservoirs on both
sides through 1D wires~quantum waveguides!. If the Fermi
level is below the threshold of the first subband in the 1D
waveguides, the 1D waveguides become barriers, and th
electron transport through the structure is in tunneling re
gime. If the Fermi level is above the threshold of the first
subband in the 1D waveguides, the electron wave can propa
gate through the waveguides, and the transport is in propa
gation regime. In this experiment, we focus on the propaga
tion regime and study the case where only a single inciden
mode exists in the 1D waveguide.

The gate structures are fabricated on top of ad-doped
AlGaAs/GaAs heterostructure using electron-beam lithogra
phy followed by a lift-off of Ti/Au. The heterostructure con-
sists of a 0.5mm GaAs buffer layer on a semi-insulating
GaAs substrate, a 20 nm undoped Al0.3Ga0.7As spacer layer,
a d-doped layer with a Si concentration of 731012 cm22, a
15 nm undoped Al0.3Ga0.7As layer, and a 5 nmn-GaAs cap
layer with a Si concentration of 331018 cm23. The distance
between the gate metal and the 2DEG is 40 nm. At 4.2 K in
the dark, the 2DEG has a mean free path of 2mm.

The characteristic of both devices are measured a
T50.5 K in a He3 sorption pumped refrigerator. For the en-
hancement mode cavity device, the split-gate voltage is fixe

FIG. 1. Schematic diagram of the gate structures used to create a cavi
coupled to two 1D waveguides.~a! An enhancement mode cavity: cavity
induced by the positive bias on the dot gate.~b! A depletion mode cavity:
cavity created by negative bias on the U-shape split gate.
1/94/65(16)/2072/3/$6.00 © 1994 American Institute of Physics

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



e

r

r
r

t

,
e

.

f

at 20.5 V, and the drain current is measured as the dot-g
voltage is scanned positively to change the electron wa
length. For the depletion mode cavity device, the wire gat
fixed at 0.3 V, and the drain current is measured as the s
gate voltage is scanned negatively to change the elec
wavelength. The results are shown in Figs. 2~a! and 2~b!.
Two common features can be noted from the measureme
First, there are oscillation peaks near the onset of the cur
These peaks arise from the resonant tunneling through
energy levels inside the cavity and have been discus
before.9 Second, in the propagation regime of both types
devices, the oscillations diminish and the current stays r
tively flat except there is a deep current notch in the mid
of the current plateau. Notice that the current is directly p
portional to the electron transmissivity by Landau
formula,11 and the gate voltage controls the electron Fe
level hence the electron wavelength, therefore the obse
tion of current notch at a certain range of gate voltages
plies that the electron wave transmission is partially block
for a range of electron wavelengths. In other words, the
vice structures have a stopband for electron waves. F
Fig. 2~a! we see that, in the enhancement mode cavity,
current drops as much as 50%.

The effect of temperature on the current notch in
enhancement mode cavity is shown in Fig. 3. The measu
curves are vertically displaced for clarity. As the temperat
increases, the curve becomes smoother, the current notc
comes less pronounced, and finally disappears at 4.4 K.

We now show that the observed current notch can

FIG. 2. The drain current measured at 0.5 K.~a! For an enhancement mod
cavity, ~b! for a depletion mode cavity. Each shows a current notch in
current plateau.
Appl. Phys. Lett., Vol. 65, No. 16, 17 October 1994
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explained in terms of the destructive quantum interference
between different modes in the cavity. For simplicity, con-
sider a rectangular cavity coupled to two 1D waveguides as
depicted in Fig. 4~a!. Inside the two 1D waveguides, there is
only one transverse mode~channel! occupied: however, in
the cavity, due to the wider lateral dimension, there areN
channels~N>1) below the incident electron energy. Assum-
ing the contribution of the evanescent waves is negligible,
the cavity can be replaced byN 1D channels. Then we have
the following picture of the electron transport: an electron
wave incident from the source into a 1D channel, branches to

e
the

FIG. 3. Temperature effect on the current notch. As temperature increases
the current notch becomes less pronounced and disappears at 4.4 K. Th
curves are displaced for clarity.

FIG. 4. ~a! Schematic diagram of a rectangular cavity coupled to two 1D
waveguides. In the waveguides, only one transverse mode is occupied
However, in the cavity, several transverse modes are available.~b! Calcu-
lated electron transmission through the cavity based on the simple picture o
N-channel interference.
2073Y. Wang and S. Y. Chou
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N channels, and recombine into one 1D channel as outp
Thus the total electron transmission is simply a coherent s
of the transmission through each of theN channels. Notice
that although allN channels have the same length, the prop
gation constant in each channel is different and changes
the gate voltage is scanned, therefore a complicated inter
ence pattern is expected. It can be shown theoretically tha
zero temperature, the interference will always lead to ze
transmission for certain electron energies.6,7 Experimentally,
however, because of the finite temperature and drain bias,
transmission will never completely drop to zero. In Fig. 4~b!,
we show the computer simulation results based on a sim
model using the dimensions close to the enhancement m
cavity shown in Fig. 1~a!. The zero transmission does no
occur because we have neglected the interchannel scatte
in our simple model. As shown, the profile of the simulatio
is in reasonable agreement with the experimental curve. T
details of the calculation and analysis will be publishe
elsewhere.12

In summary, we have proposed and demonstrated t
quantum wave bandstop filters formed by field-induce
nanoscale cavities coupled to 1D wires. Both show ene
filtering effects in the propagation regime at certain electr
wavelengths. The phenomenon can be explained in term
the destructive quantum interference between different el
tron wave modes in the cavity. This experiment demonstra
2074 Appl. Phys. Lett., Vol. 65, No. 16, 17 October 1994

Downloaded¬07¬Aug¬2003¬to¬128.112.49.65.¬Redistribution¬subje
ut.
um

a-
as
fer-
t, at
ro

the

ple
ode
t
ring
n
he
d

wo
d
rgy
on
s of
ec-
tes

that a quantum cavity can behave as a filter for quantu
waves similarly to a microwave cavity for electromagneti
waves.
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