Quantum wave bandstop filters
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We propose and demonstrate, based on the concept of a microwave bandstop filter, two quantum
wave bandstop filter structures. Both structures employ nanoscale gates in a heterojunction transistor
to induce a quantum cavity connected by two one-dimensional wires. As the electron wavelength is
changed by the gate voltage, we observed that, at certain gate voltages, the transmission of electron
waves through the cavity is partially blocked and the drain current drops as large as 50%. This
phenomenon is explained in terms of the destructive quantum interference between different
electron wave modes in the cavity. €994 American Institute of Physics.

Because of the similarity between electron waves in ahe negative bias on the split gate, it is called a depletion
guantum waveguide and electromagnetic waves in a micranode cavity.
wave waveguide, many microwave device concepts can be In both structures, the quantum cavity is coupled to the
instructive in engineering new high functionality quantum two-dimensional electron ga@DEG) reservoirs on both
devices! Previously, several structures based on such anakides through 1D wirequantum waveguidgslf the Fermi
ogy have been proposed and discusséExamples are a level is below the threshold of the first subband in the 1D
stub-tuning devicé;® a double-bend quantum waveguftle, waveguides, the 1D waveguides become barriers, and the
and a cavity coupled to two quantum waveguitigsHow-  electron transport through the structure is in tunneling re-
ever, most of these studies were limited to the computegime. If the Fermi level is above the threshold of the first
simulations and theoretical analysis. Experimentally, only insubband in the 1D waveguides, the electron wave can propa-
stub-tuning devices, weak conductance modulations as @ate through the waveguides, and the transport is in propa-
function of gate voltage were observed and attributed to thgation regime. In this experiment, we focus on the propaga-
quantum interference effe¢f.Here we propose and demon- tion regime and study the case where only a single incident
strate, based on the concept of a microwave waveguide cawmode exists in the 1D waveguide.
ity bandstop filter, two quantum wave bandstop filter struc-  The gate structures are fabricated on top of-doped
tures consisting of field-induced nanoscale cavities and onea|GaAs/GaAs heterostructure using electron-beam lithogra-
dimensional (1D) wires. As the electron wavelength is phy followed by a lift-off of Ti/Au. The heterostructure con-
changed by the gate voltage, we observed that, at certain gaégsts of a 0.5um GaAs buffer layer on a semi-insulating
voltages, the transmission of electron waves is partialliGaAs substrate, a 20 nm undopedq &ba, -As spacer layer,
blocked and the drain current drops drastically. This pheg sdoped layer with a Si concentration ok20* cm™2, a
nomenon is explained in terms of the destructive interferences nm undoped Al Ga, -As layer, ad a 5 nmn-GaAs cap
between different electron wave modes in the cavity. layer with a Si concentration of>810'® cm 3. The distance

The quantum wave filters employ two different types of petween the gate metal and the 2DEG is 40 nm. At 4.2 K in
nanoscale gate structures on top of a heterostructure to ifhe dark, the 2DEG has a mean free path qfr@.
duce, using field effects, a quantum cavity connected by tWo  The characteristic of both devices are measured at
1D wires. The first type has a dot gate inside the gap of —0 5 K in a Hé sorption pumped refrigerator. For the en-

split gate[Fig. 1(a)]. The dot gate has an 80-nm-diam metal hancement mode cavity device, the split-gate voltage is fixed
dot in the middle of a 30-nm-wide metal wire. When posi-

tively biased, the dot gate induces, at the heterostructure in-
terface underneath the gate, a nanoscale electron cavity con-

nected by two 1D wires. The negatively biased split gate Enhancement mode cavity Depletion mode cavily

controls the electron population in the cavity and wire, and

also improves the electron confinem@rince the cavity is Dot-Gate wire-Gate

primarily defined by the positive bias on the dot gate, it is i — D30

called an enhancement mode cavity. @] o [ Tosn it [: ::l Iovsu
The second type of gate structure has a straight wire gate | = -

between a pair of U-shape split gaf€sg. 1(b)]. The nega- 05 — ez,

tively biased U-shape split gate depletes the electron under-
neath it and thus defines the cavity. The lithographic dimen- @
sion of the cavity is 0.3umX0.5 um, the actual dimension

f confinemen he heterostructure interf n m o )
of co ement at the heterostructure interface can be mug G. 1. Schematic diagram of the gate structures used to create a cavity

S_ma"er_ due to finite depletion width. The wire gate is _pOSi_'coupIed to two 1D waveguidesa) An enhancement mode cavity: cavity
tively biased to separately control the electron population innduced by the positive bias on the dot gats. A depletion mode cavity:

the cavity'® In this case, the cavity is primarily defined by cavity created by negative bias on the U-shape split gate.

(b)
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FIG. 2. The drain current measured at 0.5(&.For an enhancement mode
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FIG. 3. Temperature effect on the current notch. As temperature increases,
the current notch becomes less pronounced and disappears at 4.4 K. The
curves are displaced for clarity.

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. 49). Inside the two 1D waveguides, there is
only one transverse modehannel occupied: however, in
the cavity, due to the wider lateral dimension, there ldre
channelgN=1) below the incident electron energy. Assum-
ing the contribution of the evanescent waves is negligible,

cavity, (b) for a depletion mode cavity. Each shows a current notch in thethe cavity can be replaced By 1D channels. Then we have

current plateau.

the following picture of the electron transport: an electron
wave incident from the source into a 1D channel, branches to

at —0.5 V, and the drain current is measured as the dot-gate
voltage is scanned positively to change the electron wave-
length. For the depletion mode cavity device, the wire gate is
fixed at 0.3 V, and the drain current is measured as the split-
gate voltage is scanned negatively to change the electron
wavelength. The results are shown in Figéa)2and Zb).

Two common features can be noted from the measurements.

First, there are oscillation peaks near the onset of the current.
These peaks arise from the resonant tunneling through the
energy levels inside the cavity and have been discussed
before® Second, in the propagation regime of both types of
devices, the oscillations diminish and the current stays rela-
tively flat except there is a deep current notch in the middle
of the current plateau. Notice that the current is directly pro-
portional to the electron transmissivity by Landaur’s
formula!! and the gate voltage controls the electron Fermi
level hence the electron wavelength, therefore the observa-
tion of current notch at a certain range of gate voltages im-
plies that the electron wave transmission is partially blocked
for a range of electron wavelengths. In other words, the de-
vice structures have a stopband for electron waves. From
Fig. 2(a) we see that, in the enhancement mode cavity, the
current drops as much as 50%.

The effect of temperature on the current notch in the
enhancement mode cavity is shown in Fig. 3. The measured
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curves are vertically displaced for clarity. As the temperatureG. 4. (a) Schematic diagram of a rectangular cavity coupled to two 1D

increases, the curve becomes smoother, the current notch
comes less pronounced, and finally disappears at 4.4 K.

aveguides. In the waveguides, only one transverse mode is occupied.
owever, in the cavity, several transverse modes are availdl€alcu-
lated electron transmission through the cavity based on the simple picture of

We now show that the observed current notch can bel-channel interference.
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N channels, and recombine into one 1D channel as outputhat a quantum cavity can behave as a filter for quantum
Thus the total electron transmission is simply a coherent surwaves similarly to a microwave cavity for electromagnetic
of the transmission through each of thechannels. Notice waves.

that although alN channels have the same length, the propa- The authors would like to thank W. Y. Deng for the
gation constant in each channel is different and changes a®mpute simulation and useful discussions. This work is par-
the gate voltage is scanned, therefore a complicated interfetially supported by ONR, ARPA, and ARO

ence pattern is expected. It can be shown theoretically that, at

zero temperature, the interference will always lead to zero

) _ o
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. . . 3 H
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