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Magnetoconductivity in a mesoscopic antidot array
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We describe studies of magnetotransport in antidot arrays formed by focused ion-beam implantation.

This shows the dominant role played by interconnects between dotlike reservoirs.

Two separate

Shubnikov-de Haas periodicities are observed at high and low fields, which allow separate measure-
ments of the depth of the reservoirs and the interconnects. A large negative magnetoresistance is ob-
served at low fields, which is interpreted as being due to the formation of propagating edge states as the

field increases.

I. INTRODUCTION

There has been intense interest in the study of quantum
dot and antidot arrays recently. The majority of work
has concentrated on the study of weakly modulated struc-
tures' % formed on gated arrays fabricated using
electron-beam lithography. These structures have been
the basis for the observation of the so-called Weiss oscil-
lations! ~* in which resonant structure is observed in the
magnetoresistance when the classical cyclotron orbit
comes into correspondence with the modulating poten-
tial. Work on more strongly modulated structures re-
cently has been the basis for the observation of the so-
called “pinball” resonances in which carriers make orbits
around strong scattering potentials,’® resulting in their
being bound to particular orbits containing one or more
of the antidot features. Some reports have also been
made of structures fabricated using focused ion-beam
(FIB) techniques,® 1° in which patterning is achieved
utilizing the modulation of the electron-energy profile by
the damage induced in the implantation process.

In this paper we report magnetotransport studies of
such FIB structures with a strongly modulating potential.
The study of magnetotransport shows us how we can
measure both the potential modulation induced by the
patterning process and the very large changes in conduc-
tion as one goes from a strongly to a weakly interconnect-
ed dot array. Optical studies® have suggested that
coherent orbits interconnecting adjacent dots can be ob-
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served, and we demonstrate that these have a dominant
influence on the transport properties of the array at high
fields.

II. FABRICATION

The starting material for the structures is a single
wafer of standard modulation-doped GaAs/Al, Ga,_,As
heterojunction grown on a semi-insulating GaAs sub-
strate by molecular-beam epitaxy (MBE). The structure
has a spacer layer of 200 A, a Si-doped Al,Ga,_,As re-
gion of 400 A, and a capping layer of 100 A. The elec-
tron density (V) and mobility (u) at T=4.2 K for the
sample prior to patterning were N, =3.5X10'! cm 2 and
1=6.5X10° cm?/Vs. After illumination these values in-
crease to N, =4.5X 10" cm 2 and u=1.2X 10° cm?/Vs.

A standard Hall bar geometry was lithographically
defined on the sample that was subsequently FIB pat-

TABLE I. Sample characteristics.

V acc Tpeam tqwell Spot size Period

Sample kV) (pA) (us) (um) (um)

1 20 30 1 0.4 1.0

2 10 30 1 0.8 2.0

3 20 30 1 0.4 0.8

4 20 30 1 0.4 1.0

5 42 30 1 0.2 0.8
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FIG. 1. A schematic view of the sample and focused ion-
beam patterning process.

terned to cover the region between the four potential
probes. Using an Oxford Instruments Microtrim
machine, Ga™’ ions were accelerated and focused to a
spot on the samples. A beam current of 30 pA and a
dwell time of 1 us were used to define a square grid of de-
pletion regions on four samples (sample 3, sample 4, sam-
ple 1, and sample 2), which have a grid separation of 0.8,
1.0, 1.0, and 2.0 um, respectively. A fifth sample (sample
5) was coated with ZnS to attenuate the Ga™ flux, and
was patterned with a 0.8-um grid with an accelerating
voltage of 42 keV. A summary of the process parameters
is shown in Table I.

The fabricated structures use the idea of damage-
induced depletion®~!! by utilizing the Ga™ ions to pro-
duce damage sites in the semiconductor, which, in turn,
act as electron traps. The dose level corresponds to a
deposition of ~200 Ga™ ions per doping point. For the
implantation voltages used (10-20 keV) the ions will be
channeled down to a depth of order 200-300 A,'%!3
where negatively charged traps will locally neutralize
some of the n-type Si doping, as shown in Fig. 1. This
creates a two-dimensional (2D) array of depleted regions
that consists of an array of wide 2D-electron-gas QDEG)
reservoirs connected by narrow constrictions (an antidot
array) as illustrated in Fig. 2, or a quantum dot structure
where the interconnects between reservoirs are pinched
off by the depleted regions, depending on the strength of
the modulating potential. In essence, the FIB process im-
poses a strong periodic potential that modulates the two-
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FIG. 2. A schematic view of the Hall bar studied and the ex-
tent of the patterned array.
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dimensional electron gas. The implantation process
creates only electron traps, since the carrier densities
after full illumination with visible light are always lower
after patterning than in unpatterned samples. It is im-
portant to note that the patterning extends beyond the
physical edges of the Hall bar and into the potential
probes.

III. EXPERIMENTAL RESULTS

The conductivity and magnetotransport properties of
the patterned structures have been studied as a function
of carrier density over a wide range using the persistent
photoexcitation effect. The shorter period, strongly pat-
terned, structures are close to an array of isolated quan-
tum dots, with the opposite limit of a weak antidot struc-
ture being achieved at high carrier densities. Estimates
of the sheet carrier density from the high-field magneto-
transport described below indicate that the sheet conduc-
tivity can vary by a factor of order 10° for a threefold in-
crease in carrier density, with radical changes in the car-
rier conduction process. In an effort to follow the sam-
ples through their transition from the strong to the weak
connectivity regime (corresponding to a transition from
the dot to the antidot picture, where the narrow intercon-
necting pathways between the 2DEG reservoirs are no
longer pinched off, but may act as an array of quantum
point contacts), the carrier densities of the structures
were increased by progressively illuminating the samples.
A magnetoresistance measurement followed each stage of
the illumination once the structures began to show a
measurable conduction. The magnetotransport measure-
ments were performed using a standard lock-in technique
in magnetic fields up to 14.5 T at temperatures of 350
mK and 1.6 K.

Figures 3 and 4 illustrate the gradual change in the na-
ture of the magnetoresistance in sample 4. The traces
are characterized by an initially large negative magneto-
resistance followed by the emergence of a resis-
tance minimum. As the zero-field resistance decreases,
the magnetoresistance develops a clear series of
Shubnikov—-de Haas (SdH) oscillations that allow us to
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FIG. 3. A series of magnetotransport traces of the conduc-
tivity as the electron density is increased by persistent photoex-
citation of carriers into sample 4 at 0.35 K.
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FIG. 4. The high-electron-density trace of the Shubnikov—de
Haas oscillations in sample 4 at 0.35 K. The sudden decay of
the amplitude of the oscillations is visible at ~1.5 T.

assign a filling factor of v=2 to the strong minimum.

For the highest densities (Fig. 4) a well developed set of
SdH oscillations have appeared, and the low-field magne-
toresistance has become much weaker. On closer inspec-
tion some unusual features of the oscillatory structure be-
come apparent. First, there is a strong attenuation in the
intensity of the oscillatory structure just below 2 T.
Second, a plot of the positions of the SAH minima reveals
they do not have a single constant period (Fig. 5). The
plots show a clear break at approximately the field value
where the intensity weakens, corresponding to the pres-
ence of two distinct electron densities in the structure.
Specifically it should be noted that the periodicity de-
creases at higher fields, corresponding to a lower carrier
density. This behavior is completely opposite to that seen
in narrow wires,'* where the 1D confinement leads to a
decrease in period at low fields due to the confinement en-
ergy. Thus we have two different measures of the local
carrier density in the structures. We choose the high-
field, lower-density value (Ny) as the most convenient
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FIG. 5. 1/B plot of the positions of the conductivity minima

showing the two different slopes and hence different carrier den-
sities seen at low and high fields.

G. M. SUNDARAM et al. 47

and widest-ranging measure, as it is readily measurable
from the initial stages of the experiment. It is also some-
what closer to the value deduced from Hall measure-
ments, which were only made extensively in the higher-
density region due to contact resistivity problems in the
more highly resistive state. Figure 6 shows a typical Hall
trace in the most strongly patterned structure (sample 5)
following full illumination. The field positions of the Hall
plateaus are at approximately 10—-30 % higher fields than
the high-field resistivity minima, and are, in general,
much more pronounced than the features seen in the
resistivity. This indicates the high electron mobility in
the conducting regions of the structure, as can also be
judged by the appearance of a weak fractionally quan-
tized feature at an occupancy of v=1% (p,, =19.4 Q), and
may be related to differences in carrier density in different
regions of the sample.

Figure 7 shows a plot of the zero-field conductivity as a
function of carrier density (N ). There is a rapid onset
in conduction that occurs at progressively higher carrier
densities as the patterning becomes stronger, when either
the period is reduced or the implantation voltage is in-
creased. This is accompanied by an increase in the mag-
nitude of the low-field negative magnetoresistance, which
is shown in Fig. 6 for a structure patterned at 42 keV.
This large negative magnetoresistance is a particular
feature of the strong patterning in our structures and has
not generally been so strongly pronounced in reports by
other workers.>”7 The closest similarities are with the
work of Ensslin and Petroff,® also on FIB-patterned
structures where a clear negative magnetoresistance was
also seen. At low carrier densities the zero-field conduc-
tivity of the array is often close to or below the quantum
unit of conductivity 2e?/h, suggesting that the structure
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FIG. 6. The carrier-density dependence of the zero-field con-
ductivity (at 7=0.6 K for samples 1 and 3, T=0.35 K for sam-
ples 4 and 5) close to the onset of conduction. The carrier den-
sity Ny was determined from the high-field Shubnikov—-de Haas
oscillations. The solid lines show fits to Eq. (6), with the param-
eters shown.
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FIG. 7. The magnetoresistance and Hall voltage at 0.35 K
for sample 5, showing the very large negative magnetoresistance
for a strongly patterned structure.

is behaving as an array of isolated point contacts. This is
consistent with our estimates of the physical size of the
constrictions (~0.3 um long and ~0.1 um wide), which
are comparable to or smaller than those used in single
point contact devices. In this regime the temperature
dependence of the negative magnetoresistance (studied in
detail in the accompanying paper'”) is approximately
linear, moving to an In7 dependence at higher carrier
densities.

Finally it should be noted that we see no evidence of
the resistivity peaks associated with pinball resonances
recently reported by Weiss et al.’> and Lorke, Kotthaus,
and Ploog,® in which the carriers perform orbits pinned
to sharp antidot potentials at a field corresponding to the
commensurability of the classical orbit with the applied
superlattice period. This in large part may be attributed
to the fact that the physical geometry of the structures of
Weiss et al.’ and Lorke, Kotthaus, and Ploog® are such
that they cannot be thought of as having a reservoir-
constriction-reservoir geometry, but only as a periodic ar-
ray of scattering centers.

IV. INTERPRETATION

The results indicate that the conductivity is very
strongly carrier-density dependent. At low densities
there is a strong localization of carriers in the dotlike
reservoirs formed between the patterning array. The
simultaneous observation of a very large negative magne-
toresistance suggests that the carriers may be delocalized
by the formation of edge states capable of propagating
between adjacent dots. In the high-field limit these edge
states become well formed and lose contact with the
reservoirs (dots), thus causing a reduction in apparent
carrier density.

This description is shown schematically in Fig. 8,
where the propagating edge states can be seen to pass
through the constriction regions between the adjacent
dots, and correspond in the bulk of the structure to star-
shaped orbits circling the depleted antidot array. By con-
trast, the orbits in the reservoir region correspond to
closed circles formed from the higher Landau levels.
Since the patterned regions extend beyond the edges of
the Hall bar into the contact regions, these closed-
reservoir orbits are not able to connect with the potential

7351

FIG. 8. A schematic picture of the electron orbits in high
fields, showing how the propagating edge states are limited by
the constrictions in the structure.

probes once the field is sufficiently large (>2 T) to form
decoupled edge states. This will be true even in the pres-
ence of macroscopic disorder due to fluctuations in the
ion-beam doping, since this occurs well beyond the
2DEG in the spacer layer. Consequently, only lower
Fourier components of the scattering are present, which
are not sufficient to mix different Landau levels (with
L,.~150 A), which remain in the adiabatic limit. This is
analogous to the mechanism proposed recently by Svo-
baoda et al.,'® in which edge states in macroscopic Hall
bars are decoupled from the localized states formed in the
bulk. A similar explanation has been offered by van Wees
et al.,'” who showed that potential probes fabricated as
point contacts to a macroscopic Hall bar could be used to
make selective contact only to lower Landau levels.

At low fields the dot or reservoir regions become im-
portant once the edge-state description breaks down.
The criterion for this is that the classical cyclotron orbit
(R,) at the Fermi energy exceeds the size of the smallest
constriction (the neck) and the electrons are no longer
able to propagate ballistically via the edge states.
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We estimate the constriction size to be of order 0.1 um
(in structures with periods of 0.8—1 um), which corre-
sponds to fields of 1-2 T using the cyclotron diameter.
In this field range we observe the transition between the
two types of behavior and hence the two-period SdH os-
cillations shown in Fig. 5. We are therefore able to iden-
tify the second low-field period with a measure of the car-
rier density (N;) and hence the Fermi level in the dots.
Within the framework of ballistic transport, at low fields
there exists a high degree of backscattering that takes
place within each reservoir when secular reflection takes
place at the reservoir boundaries (leading to the high de-
gree of localization, see Fig. 9). There is only a small
probability of interdot communication that increases
with the bending of the orbits by the magnetic field, until
the field is high enough to induce skipping motion along
the boundaries (edge states).

We can then plot the Fermi energies deduced from the
carrier densities measured at high and low fields,

TN, #?

EF_ m* > (2)
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FIG. 9. A schematic picture of ballistic motion in two hard-
walled reservoirs connected by a narrow constriction, showing
the high degree of localization.

as a measure of the relative energies of the band edges in
the reservoir (dot) and neck regions. This is shown in
Fig. 10, where it can be seen that the structures are re-
markably reproducible, and demonstrate a large modula-
tion of the potential at low carrier densities, which is pro-
gressively screened out as the density increases. For
weakly connected structures with only 1X 10'! cm ™2 car-
riers in the neck regions the modulation potential from
reservoir to constriction is ~4 meV, but falls to ~1 meV
by the time the neck region contains 3 X 10'! cm ™2 car-
riers.

Finally, at very high magnetic fields we see a transition
to a third, insulating state as the system reaches the
quantum limit, as can be seen in the rapid rise in resistivi-
ty shown in Fig. 3. This occurs at a filling factor =1.5
for the lowest-density structures where the spin splitting
is not resolved, and below v=0.7 for the higher densities.
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FIG. 10. A plot of the effective Fermi energies deduced from
the low-field E(N,) and high-field E(Ng) carrier concentra-
tions. These correspond to the depths of the reservoir (dot) re-
gions and the constriction (neck) regions.
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The large increase in p,, occurs as the edge states
propagating via the neck regions become depopulated
and all the carriers condense into the high degeneracy of
the lowest Landau states centered on the reservoirs. In
this case the system can undergo a classical metal-
insulator transition associated with a percolation thresh-
old as the interconnections via neck states are broken.
This picture is quite similar to the behavior observed
some time ago in low-mobility GaAs/Al Ga,_,As
heterojunctions,'®!® where similar rapid increases in the
quantum limit magnetoresistance were observed. Again,
the carriers were probably condensing into potential pud-
dles which then became isolated from the current source
and sink. In the quantum limit regime both the present
and earlier results'® also show that the resistivity becomes
much more strongly temperature dependent, as conduc-
tion then proceeds via activation across neck barriers.
No detailed analysis has yet been attempted.

It should be borne in mind that a classical percolation
picture operating in high magnetic fields is in sharp con-
trast to the Jow-field behavior. Specifically, the observa-
tion of a large negative magnetoresistance and the forma-
tion of propagating edge states in high field suggests a
quantum-mechanical view of localization at B =0 in
which the partial transmission through individual con-
strictions is the dominating factor. A percolation view
would be much more appropriate at high magnetic fields,
where the individual bond (i.e., edge state) breaking will
be discrete.

V. CONCLUSIONS

In summary, we find that strongly patterned antidot
structures exhibit three distinct regions of differing mag-
netotransport properties: (i) low fields, in which the
reservoirs are weakly interconnected and transport is
dominated by the carrier density with each dot or reser-
voir leading to a strong negative magnetoresistance; (ii)
high fields, in which propagating edge states are formed
that penetrate the neck regions and become disconnected
from the reservoirs; (iii) quantum limit, where the field is
high enough to depopulate the propagating edge and
neck orbits, and all the carriers condense into the reser-
voirs with no interconnections and a consequent percola-
tion threshold.

The relative importance and field ranges of these phe-
nomena can be modified by the strength and period of the
modulating potential and the overall carrier density. The
critical parameter is the size of the classical cyclotron or-
bit which determines the size of the ballistically propaga-
ting edge states. Our structures show behavior which is
qualitatively different from that reported in earlier works
on antidot arrays due to the much stronger nature of the
patterning profile and the dominant role of the intercon-
nects. The earlier works used structures in which the
modulating potential was either weak in comparison to
the Fermi energies of the underlying 2D electron gas!™*
or had small repulsive cores™® that allow ballistic propa-
gation in orbits that avoid, but become pinned to, the ad-
dition potentials.
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