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Abstract — We have fabricated metal-based Aharonov-Bohm ring structures by using electron beam
lithography and lift-off techniques and examined various quantum interference phenomena resulting
from wave natures of electrons. Oscillations of magnetoresistance were observed at low temperatu-
res, which we attribute to quantum interference and coherent back scattering effect of normal
electrons. The intensity of aperiodic fluctuation was measured and explained by the general formula
of the conductance fluctuation. Non-local behavior of the electron transport involving the reciprocity
relation in the magnetoresistance was seen in the ring structures. Also, mesoscopic rings from
the modulation-doped AlGaAs/GaAs heterostructures have been fabricated by using electron beam
lithography and chemical wet etching techniques. The magnetoresistance has been measured at
10 mK in order to examine the transport characteristics in the regime where the quantum effects
anc the ballistic transport dominate.
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1. Introduction

Recent advancement in microfabrication techno-
logy has allowed fabrication of a variety of lateral
quantum structures, called “mesoscopic”, where the
electrical properties should be described by the
quantum mechanics [1]. The study of such structu-
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res has been the focus in both basic physics and
device applications [2]. The critical dimension is
comparable to the inelastic scattering length of elec-
trons (L,=D0)", D=
mean time between inelastic scatterings), so that

-the diffusion constant, t=

various wave natures of electrons can be explored.
For the study of quantum transport in a single wire,
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the most important dimension is the length of the
wire which has to be smaller than L,. For Aharonov-
Bohm (A-B) study [3], the perimeter of the ring
structure should be less than L,. The ratio of the
channel width to the ring diameter is another impo-
rtant factor, since the magnetic field enclosed by
the ring produces periodic oscillations in the mag-
netoresistance, while the field piercing the channels
produces aperiodic fluctuations. There are several
quantum resistance behaviors in the mesoscopic st-
ructures, such as quantum interference and nonlocal
behavior. The critical dimensions of mesoscopic st-
ructure have been discussed elsewhere [4].
Investigations of the A-B effect [5], the coherent
back scattering effect [6], and the conductance fluc-
tuation [77, originated from the phase interference
of normal electrons in the mesoscopic structures,
have been conducted in normal metals and semico-
nductor heterostructures [8]. In the A-B effect ex-
periment, the path of electrons is split into two cha-
nnels and then recombined. If the coherence is mai-
ntained between two channels, the interference ef-
fect can be observed. The magnetic flux enclosed
by the loop shifts the relative phase defined by ¢ =2
ne/th-ds. The change of k/eS in magnetic field
where S is the average area of the ring, yields cha-
nge of 2n in the relative phase, and this phase shift
results in the conductance oscillations. In the meso-
scopic ring structure, there is a possibility that the
electron waves can be scattered back to the initial
point along the closed path in the loop and scattered
back along the same path in the reverse direction
(weak localization effect) [9]. When the coherent
back scattering effect exists, the period of the con-
ductance oscillation is &/e (2S) in magnetic field be-
cause the electron wave travels the entire loop.
The magnetoresistances of mesoscopic samples
showed random fluctuations which are reproducible.
This behavior results from the quantum mechanical
interference of the electron wavefunctions. The su-
perpositions of the wavefunctions depend on the
impurity configuration, on magnetic field, and on
the driven current. The fluctuations always have
amplitudes of AG~e*/h(E /R (L,JLY*, E.=hD/
L,» [10]. The amplitude of the fluctuations decrea-
sed as the sample dimension became larger than
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the coherence length.

Since electron wavefunctions extend over the re-
gion of mesoscopic size L,, the properties of elect-
ron are not classical, local objects. Therefore, the
conductance contains non-local behaviors [11]. For
instance, the conductance is not zero far from the
classical current paths through the sample. Neither
it is symmetric under the reversal of the magnetic
field, which is called the reciprocity relation [12,
15].

Mesoscopic structures in the semiconductor hete-
rojunction having high mobility are expected to
show a variety of quantum mechanical phenomena
associated with electron interference. Recently,
there has been growing interest in understanding
the transport characteristics in the regime where
the quantum effects and the bailistic transport me-
chanism dominate. The two-dimensional electron
gas (2DEG) at AlGaAs/GaAs heterojunction has both
elastic and inelastic scattering lengths of several
microns. Extensive studies of electron interference
effects as well as quantization of resistance and a
phase preserving electron wave guide, have been
done by confining the 2DEG to a narrow conducting
channel [13].

We have used electron beam lithography and lift-
off technique/chemical wet etching technique to
produce the metal/semiconductor A-B ring structu-
res. Transport measurements exhibited the A-B in-
terference and coherent back scattering effects, con-
ductance fluctuation, and nonlocal resistance beha-
vior in magnetoresistance spectra.

2. Fabrication of Aharonov-Bohm Ring
Structures and Measurement of
Magnetoresistance

In order to investigate the quantum interference
effects of normal electrons, test structures of metal
(Sb and Al) and 2DEG AlGaAs/GaAs heterostruc-
ture were fabricated as shown in Fig. 1. The metal
ring structures were fabricated on a 1000 A thick
silicon oxide layer which was thermally grown on
a silicon substrate by electron beam lithography at
30kV. The electron beam exposure was done to
the polymethylmethacrylate (PMMA) resist layer
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with a total thickness of about 400 nm on the silicon
oxide, followed by a lift-off of 30 nm thick Sb and
Al It consists of a closed square loop with dimen-
sions of 0.8 by 0.8mm and a linewith of 0.2 ym.
And semiconductor ring structures were fabricated
on the 2DEG AlGaAs/GaAs heterostructure which
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hg 1. Scanmng electron micrographs of (a) Sb, (b)
Al, and (c) two dimensional electron gas from
AlGaAs/GaAs heterostructure Aharonov-Bohm
loop structures,
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was grown by molecular beam epitaxy (MBE). The
electron beam exposure was done to a polymer
(SAL) resist layer with a total thickness of about
400 nm on the substrate, followed by a chemical
wet etching(H. PO, : H;O, : H,0) of the modulation
doped AlGaAs layer. It consists of a closed square
loop with dimensions of 2.5 by 2.5 mm and a line-
with of 0.4 mm.

Dilution refrigerator with a superconducting mag-
net was used in order to measure the magnetoresi-
stance. We calculated the resistances from the vol-
tages measured hy the four-point probe method.
Lock-in amplifier measurement technique with low
frequency AC current(10 ¥ Ampere) was used to
improve the signal-to-noise sensitivity, while the
magnetic field was swept at 200~ 300 gauss/min.

Results and Discussion

Two sets of the magnetoresistance curves in a
large magnetic field ranging from 0 to 3 Tesla, are
shown in Fig. 2 and Fig. 3 for Sb and Al loops, res-
pectively. All curves are offset for clear display and
zero-field resistances of the loops are 420 Q for Sb
and 8856 for Al Both figures display noise-like
patterns generally known for the conductance fluc-
tuation [7]. But it differs from the thermal noise,
because it is reproducible. It is also called “magne-
tic fingerprint”, since it depends on the microscopic

configuration of the elastic scattering centers in the
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Fig. 2. Magnetoresistance spectra of the Sh sample at
different temperatures.
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Fig. 3. Magnetoresistance spectra of the Al sample at
different temperatures.

coherent region of a sample [14]. The reproducibi-
lity has been checked and confirmed well for both
samples.

Several observations in the magnetoresistance
curves for Sb and Al rings need to be discussed.
In Fig. 2, the fluctuations in Sb sample are seen
to grow gradually as we lower the temperature, and
superposed on the nearly temperature-independent
background. In order to inspect them in more detail,
nine curves at different temperatures are shown
in Fig. 4. Nearly monotonic behavior is transformed
into the rapidly changing one with many peaks and
valleys as the temperature decreases. Especially,
small peaks on the large signal are seen with a
period which corresponds to that of A-B oscillations
at T=65 mK. Otherwise, the large signals have no
periodicity (aperiodic fluctuation). In order to show
the periodicity more clearly, the Fourier transfor-
mation spectrum of these data is plotted in Fig. 5(a).
The peak pointed by an arrow reflects the A-B k/e
oscillation, since the estimated diameter of 0.8 ym
from the peak position at 108 T ! agrees well with
the average diameter of the Sb ring measured by
g
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Fig. 4. Magnetoresistance spectra of the Sh sample in
the magneic field of 0.7~1.0T.

scanning electron microscope{ The same type of h/e
oscillation is also observed in the Al sample and
shown in Fig. 5(b)}.
of the fluctuation amplitude has been investigated,
and the relation is found to be AG~T "2 The ma-
gnitudes of the fluctuation estimated from the rela-
tion of AG~O(1) ¢*/h also agree well with the
theory on the universal conductance fluctuation
(UCF) [101.

Compared with the Sb sample, the Al sample

The temperature dependence

shows a quite different behavior as illustrated in
Fig. 3. First, fluctuations are nearly temperature-in-
dependent both in magnitude and shape. It means
that the electron’s phase-coherent length, L, is co-
mparablely larger than the sample’s dimension of
about 2 um in the temperature range explored. The
magnitude of the conductance fluctuations is ~0.5 ¢
/h, which is larger than that of Sb sample. Secondly,
the fluctuations are superposed on a nearly tempe-
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Fig. 5. Fourier transformation spectrum of the magne-
toresistance of Sb-sample at 65 mK. The mag-
netic field was swept in the range of 05~127T
(a). Fourier transformation spectrum of the ma-
gnetoresistance of Al-sample at 65 mK. The
magnetic field was swept in the range of 0~1.3

T (b).

rature-independent background magnetoresistance,
which has a dip centered at B=1 Tesla. To see
it more clearly, we changed the direction of the
field and obtained data given in Fig. 6. It is obvious
that we have a parabolic background which, howe-
ver, is not symmetric about B=0, but about B=1
Tesla. It can be explained by the geometry emplo-
yed for the measurements as can be seen in Fig. 1;
Hall resistance which is proportional to B is added
to the longitudinal one which is proportional to B2.

Due to a large electron phase coherent length
we can expect the manifestation of the reciprocity
relation put forward by Buttiker [15] which is noted
as the equation; Ry3(B)=Ru1:(—B). This relation
is well demonstrated in Fig. 7 for the Al loop. It
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Fig. 6. Magnetoresistance spectrum of the Al-sample
at 0.109 K.
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Fig. 7. Reciprocity relation of magnetoresistance of the
Al-sample at 0.109 K.
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verifies the fact that electrons in the Al loop move
coherently during multiple elastic scatterings to
preserve a time-reversal symmetry included in the
Hamiltonian.

Al becomes a superconductor below the transition
temperature of 1.14 K and the critical field of 105
Gauss. Our sample shows the superconductivity at
zero field below 1.20 K. At temperatures above the
superconducting transition, we have observed //2
oscillation (AAS oscillation) [6] which is not shown
here. It developes into the Little-Parks oscillation
[16] as the normal state changes over to the super-
conducting one. Moreover, we have observed a resi-
stance anomaly in the mesoscopic Al loop near the
superconducting transition regime [17], which will
be discussed in a separate paper [18]. Compared

Journal of the Korean Vacuum Society Vol. 2, No. 4, 1993
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with normal electron properties, mesoscopic super-
conducting system have attracted less attention. Re-
cently, several theoretical and experimental investi-
gations have appeared in analogy to the mesoscopic
effects in the normal state [19].

Mesoscopic rings from the modulation-doped Al-
GaAs/GaAs heterostructure have been fabricated by
using electron beam lithography and chemical wet
etching techniques (Fig. 1). We have measured the
magnetoresistance at 10 mK in order to study the
transport characteristics in the regime where quan-
tum effects and ballistic transport dominate. It was
observed that the quantum interference signal was
superposed on the mixture of Shubnikov de Haas
oscillations and quantum Hall plateaus, and the in-
tensity decreased at high magnetic fields. The resu-
Its will be reported in a separate paper in detail.

In summary, We have fabricated metal-based and
AlGaAs/GaAs-based Aharonov-Bohm ring structures
and examined various quantum interference pheno-
mena resulting from wave natures of electrons.

This research has been supported in part by Ko-
rea Telecomm.
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