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Regular two-dimensional arrays of antidots with periodicities in the range of 200-500 nm are
prepared in GaAs-Al:Ga, -xAs heterostructures by means of Ga-focused ion-beam implantation.
Transport measurements at low magnetic fields reveal a strong negative magnetoresistance origi-
nating from the localization of the electrons in the potential valleys between antidots. The low-
temperature mobilities of the carriers deduced from the B=0 resistance are in the range of
1000-30000 cm?/Vs. Under illumination mobility changes by more than a factor of 20 can be
achieved. For high magnetic fields well-defined Shubnikov-de Haas oscillations and quantum
Hall plateaus are observed. Close to B=0 a very small structure in the magnetoresistance occurs
reflecting the commensurability of the cyclotron diameter and the periodicity of the antidot array.

Low-dimensional quantum structures are of current in-
terest in fundamental physics as well as in device engineer-
ing.! One-dimensional transport has been realized by
various technologies?~* revealing intriguing results such
as quantized conductance and ballistic transport through
a narrow constriction. Zero-dimensional electronic be-
havior of quantum dots has been demonstrated by far-
infrared spectroscopy,® resonant tunneling,® as well as ca-
pacitance techniques.” The transport through an array of
quantum dots represents a difficult problem since the
transport depends not only on the zero-dimensional (0D)
subband structure itself but also very strongly on the
thickness and the height of the barriers in between the
quantum dots.

In this paper we use an antidot lattice,® where circular-
ly damaged regions created by focused ion-beam implana-
tion are surrounded by good-quality material of a
molecular-beam-epitaxy (MBE) grown two-dimensional
electron gas (2D EG). With decreasing periodicity of the
antidots this allows us to study the transition from a 2D
EG with a periodic array of scattering centers to an array
of confined states, which arise from the overlap of the an-
tidots. Using the persistent photoeffect, the carrier densi-
ty Vs of the 2D EG and therefore the depletion length of
the implanted antidots can be changed. This gives us the
possibility to change the Drude mobility of the implanted
material by more than a factor of 20. For low magnetic
fields (B < 0.5 T) we observe a pronounced negative mag-
netoresistance due to the localization of the carriers, lead-
ing to an estimate for the localization length as well as for
the depletion length of the implanted regions. Further-
more, for Ny >2x10"" ¢cm ™2 a small resistance oscilla-
tion arises from the commensurability of the cyclotron di-
ameter 2R, and the periodicity p of the antidot lattice.
For high magnetic fields, where 2R, < p, the transport is
dominated by well-defined Shubikov-de Haas (SdH) os-
cillations and broad quantum Hall plateaus.

The implanted GaAs-Al,Ga;—-,As heterostructure is
grown by molecular-beam epitaxy [growth sequence in
Fig. 1(a)] and contains a 2D EG (N, =3x10!' cm 72,
1 =300000 cm?/Vs at T=4.2 K) which is situated 300
nm below the surface of the sample to reduce the damage
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created by the implanted ions. It has been shown in Ref. 9
that the ions channel up to 500 nm below the surface by
conserving the beam diameter almost completely. There-
fore the damaged area extends completely into the 2D
EG, as indicated in Fig. 1(a). The mesa structure is a
Hall geometry with four voltage probes on either side, as
shown in Fig. 1(b). Only half the structure is implanted,
allowing a direct comparison of the measurements on the
implanted and nonimplanted regions. The implantation is
carried out with single charged ’'Ga ions having an ener-
gy of 150 keV. The beam current is 4.2 pA, the typical
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FIG. 1. (a) Schematic cross section of the as-grown sample.
From the top: GaAs cap layer ¢ =8 nm, Al;Ga; -xAs (x=0.3)
undoped layer a =268 nm, Al,Ga;-xAs Si-doped (N;=10"8
cm %) layer d=9 nm, Al,Ga,-,As spacer layer s=15 nm.
The shaded areas indicate the damage due to the Ga™* implana-
tation. (b) Schematic of the mesa-etched pattern. The dotted
area indicates the implanted periodic antidot array.
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spot size 80 nm, and the dwell time 800 ns. This leads to a
dose of 21 Ga* ions per antidot or an equivalent dose of
3.3%x10"" cm ™2 in the region of the antidot for large
values of p, where there is no overlap between the anti-
dots. After implantation the samples are annealed at
700°C for 1 min in forming gas atmosphere.

The dc transport measurements are performed in a su-
perconducting magnet (0-10 T) at liquid He tempera-
tures T=4.2 K. The magnetic field B is oriented perpen-
dicular to the plane of the 2D EG. Since the implanted
regions of the samples are highly resistive (up to 1 M@
for low carrier densities, care is taken to avoid heating of
the electrons by using very small currents, for some sam-
ples as low as 20 nA. The samples are cooled down in the
dark. A red light-emitting diode (LED) is used to il-
luminate the samples and therefore change the carrier
density N, via the persistent photoconductivity effect.
The time constants for the decay of the nonpersistent pho-
to effect after switching off the LED are considerably
longer (about a factor of 10) for the implanted material
compared to the bare sample.

Figure 2 presents the results of the longitudinal magne-
toresistance pxx as a function of B for a sample implanted
with an antidot array with periodicity p =512 nm. The
uppermost curve is recorded without any illumination of
the sample. For low magnetic fields, p,, first drops, next
passes a minimum at around B=1 T, and then increases
continuously. This negative magnetoresistance arises
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FIG. 2. Longitudinal magnetoresistance for a sample with
p=512 nm. The traces from the top to the bottom of the figure
are measured with increasing illumination. Note the big change
in the scale of the ordinate for the different curves.
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from the delocalization of the carriers as a function of B,
as will be discussed later. The indicated carrier density of
N;=0.5%10"!' cm ~2? is derived from the Hall resistance
Pxy, which is a linear function of B. The Drude mobility u
is obtained from p,, (B=0).

Illumination of the sample leads to an increase in N; as
well as u. Furthermore, a series of minima in p,, develops
in addition to this first described minimum. An evaluation
of the position of these minima as a function of 1/B and a
comparison with the carrier density N, deduced from
pxy(B) clearly reveals that these oscillations are the SAH
oscillations of the 2D EG. Within our measurement accu-
racy there is no detectable deviation from the 1/B periodi-
city even for antidot arrays with p as low as p =200 nm.
For the highest illumination state there is an additional
structure in the drop of p,x around B=0.2 T. The bump
is related to the commensurability of the classical cyclo-
tron diameter 2R, -2(2pNs)'/ 2h/eB and p. That effect
has been discovered by Weiss et al.'® and was explained
by the formation of Landau bands'"!2 due to the superim-
posed lateral periodic potential. We like to point out the
remarkable feature that the mobility x4 in the implanted
region of the sample can be enhanced by more than a fac-
tor of 20 by simple illumination. At the same time the
mobility in the bare nonimplanted sample only doubles
from x =300000 cm?/V's to u =600000 cm?/Vs.

Figure 3 shows p, together with p,, for three samples
with different periodicities p. The measured traces are
chosen because the three samples have about the same
carrier density (2.4-2.5)x10'" ¢cm ~2. However, the il-
lumination time for the three samples differs significantly.
The smaller p, the more photons are necessary to establish
a given value of N;. We conclude that the antidots not
only act as scattering centers leading to a decrease from
4 =300000 cm?/Vs (bare sample) to x=1000 cm?/Vs
(implanted sample, p =512 nm) in the dark, but also trap
a certain number of electrons, leading to a decrease in /V;.
This also follows from the fact that for the nonilluminated
sample with p=512 nm the carrier density in the bare
sample is N, =3x10!' cm ~2, whereas the implanted sam-
ple has a much lower N, =0.5%10"' cm ~2. A simple cal-
culation reveals that about 31 electrons are trapped per
implanted Ga* ion. The deduced values for u for the
three curves in Fig. 2 differ greatly, whereas the quality of
the SdH oscillations as well as of the Hall plateaus are
comparable. Again additional shoulders on the low-field
resistance are observed, shifting in agreement with the po-
sitions of the arrows beiné calculated by the condition
2R.=p,i.e., B=202pN;)"*h/ep.

In 1D wires negative magnetoresistance has been ob-
served > and was successfull6y explained by the weak
localization of the electrons.!>!® In our case, due to the
different dimensionality of our system, these theories are
not valid. Neither is it possible to describe our results by
the 2D localization theory,'” which does not consider the
periodicity and for small values of p also the additional
confinement of the carriers. The question whether this
negative magnetoresistance is due to weak localization
effects or due to inhomogeneities induced by the implant-
ed ions remains to be solved and will be clarified in future
investigations. Hence we evaluated the localization be-
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'p= 200 nm 20 havior in a more phenomenological way. We assume, that

6 - the minimum in p,, in the low-field regime (SdH minima
Ns=2.4x10" cm A s are not considered) is reached when the cyclotron diame-

a p=6400cm //,Vs——/’—’ ter fits within the effective width between two antidots.
dio This concept is sketched schematically in the inset of Fig.

4. We can thus give an upper limit for the depletion

1s length d4epi of the carriers, following the relation

(2dgepi+2R.) =p. Figure 4 summarizes the data ob-

ok . . . 0 tained in this way for different values of p. As mentioned
p= 360 nm 20 earlier the illumination dose to achieve a given value of N;
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FIG. 3. Longitudinal (left-hand scale) and transverse (right-
hand scale) magnetoresistance for three different periodicities of
the antidot array. The curves are chosen, because they repre-

sent samples with different p values but comparable carrier den-
sities.
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FIG. 4. Evaluated depletion length as a function of carrier
density for samples with different periodicities of antidots. The
smaller the p, the higher the density of trapping centers and thus
the more photons that are necessary to achieve a certain value of
N;. The decrease of dgcpi With decreasing p is therefore mainly
due to the high-illumination powers for small values of p. The
inset in the upper right-hand corner of the figure shows the con-
cept of the geometrical consideration leading to an estimate for
the depletion length.

in the implanted material depends strongly on the number
of trapping centers, i.e., the periodicity p of the antidots.
Figure 4 clearly indicates that the depletion length dgepi
decreases with increasing N; for all values of p. With in-
creasing N, the screening behavior of the 2D EG is im-
proved, and in addition more DX centers in the depletion
region of the antidots are ionized, leading to an extension
of the 2D EG in these regions, because the electrons are
attracted by the newly created positive charges. These
two effects qualitatively explain the decrease in dgcp. We
conclude from Fig. 4 that we can realize antidots with
dgepi < 50 nm.
We use the usual expression for the depletion length '8

2e0kAE ] 12

ddepl - [ Npe 2

where AE is the value of the energy pinning (=E,/2 for
free GaAs surfaces), and Ng the volume concentration of
charges. For the observed value of d¢epi=50 nm and an
estimated Nr=10'® cm ~3 we find for the energy pinning
in our antidot system AE =19 meV. Consequently, the
potential in between the two well-separated antidots is
given by two half parabolas connected by a straight line.
As the periodicity p decreases, the length of the approxi-
mately straight line segment of the interantidot potential
decreases. The interantidot potential becomes a complete
parabola in the limit of this segment shrinking to zero.
This kind of potential has been realized in so called 3D
electron gases. It has been shown!? that this parabolic po-
tential is screened out by an increasing number of charges.
In the present case the height of the potential AE is com-
parable to the Fermi energy of the electrons. Thus the
electrons can screen out part of the depletion length. For
free GaAs surfaces the value of AE is more than an order
of magnitude larger, resulting in a value of dqep almost in-
dependent of N;. In the present case however, by extrapo-
lating for a given value of N, the dgycp vs p dependence we
find a zero depletion width when the period p is about
equal to the beam diameter. This tells us in agreement
with the previous argument, that we can realize very small
values of dgepi.

For high magnetic fields the value of N; deduced from
the periodicity of the SdH oscillations represents the car-
rier density between the antidots, in agreement with the
low-field Hall effect (see Fig. 3). To check the nature of
the scattering centers we extrapolate the low-field Hall
effect and find that the Hall plateaus are slightly shifted
to lower magnetic fields with respect to this extrapolated
line. According to the experiments by Haug et al.,?° this



RAPID COMMUNICATIONS

12310

indicates the presence of attractive scattering centers, in
agreement with the observed trapping of carriers.

In conclusion, we present magnetotransport investiga-
tions on periodic arrays of antidots fabricated by Ga* fo-
cused ion-beam technology. At low magnetic fields a neg-
ative mangetoresistance is observed which enables us to
deduce a depletion length smaller than 50 nm for an array
with p =200 nm. The B=0 Drude mobility of the elec-
trons can be changed by illumination by more than a fac-
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tor of 20. At high magnetic fields well-defined SdH oscil-
lations and quantum Hall plateaus are observed.
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