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Breakdown of the quantum Hall effect in periodic and aperiodic antidot arrays

G. Nachtwei, G. Ltjering, D. Weiss, Z. H. Liu, K. von Klitzing, and C. T. Foxon
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(Received 9 October 1996

We have studied the breakdown of the quantum Hall effect in GaA&&Ll ,As heterostructures with
antidot arrays as a function of the density and distribution of antidotspé&uwndic arrays(lithographic antidot
diameter 100 nmand periods from 400 to 1000 nm, the breakdown current is systematically reduced with
increasing antidot density and determined by the peak value dbtla¢current density. Iraperiodic arrays
the breakdown current is markedly lower than in periodic arrays of the same antidot density due to higher local
current densities at the same total curr¢80163-182¢07)08811-5

Since 1990, the quantum Hall effe@@HE) (Ref. 1) has  um,'? since our measurements of the electron temperature
been used to realize the uiit of the electric resistance. For clearly show the relevance of electron heatthd? for the
high precision measurements with relative uncertainties abreakdown of the QHE in antidot arrays.
low as 10 °, the sample current should be as high as pos- The samples investigated were patterned on a high-
sible but below the critical current where the nearly nondis-mobility GaAs/GgAl,_,As wafer with an electron density
sipative current flow breaks down. Therefore, a lot of experi-of Nng=3.04<x10" cm™2 and a Hall mobility of wuy
ments on samples with different material propefiiésand =1.64x10P cn?/Vs corresponding to a mean free path
geometrie¥™’ have been performed to understand the phys7 m¢p Of 15 um. The Hall barswidth w=50 um, distance
ics of the breakdown of the QHE. Since these results arbetween potential probds=50 um) were defined by pho-
hardly reconcilable within one conclusive model, differenttolithography. Two arrays of antidotperiodic with the lat-
mechanisms for the breakdown as intra-Landau-femed  tice constant and aperiodic with the same average antidot
inter-Landau-level transitior’sor a phenomenological de- spacing(a)) were written on each sample by electron beam
scription on the basis of electron heatifig; are still under lithography and etched by reactive ion etchfisge scanning
debate. The breakdown current was found to scale linearlglectron microscop€SEM) photograph, inset of Fig.]J1This
with the sample width for lower electron mobilitiés.This  arrangement permits an immediate comparison of the QHE
demonstrates that a nearly homogeneous current distributidsreakdown in periodic and aperiodic antidot arrays of the
exists at currents close to the breakdown in the presence ofsame average antidot densiisee inset of Fig. @)]. The
high degree of disorder. In contrast, a sublinear increase dithographic antidot diameted; is about 100 nm. The distri-
the breakdown current with the sample width was found inbution function of antidots in the aperiodic arrays is of ap-
high-mobility sample$, indicating an inhomogeneous cur- proximately Gaussian shape with a broadening parameter
rent flow at the breakdown. Additionally, an inhomogeneousy, of about 1/4(a) (Fig. 1 for the sample wit{a)=600
current flow leads to a breakdown in distinct local areas ohm). Some relevant sample parameters are presented in
the sampl€-’ Thus, the degree of disorder and the homogeTable I. The values of the mean free path at zero magnetic
neity of the current distribution are important for the break-field andT=1.3 K in the antidot arrays are comparable to the
down. average antidot spacing. Hence, the zero-field resistance is

In this study, we investigate the influence of periodic anddetermined by scattering at the antidots.
aperiodic antidot arrays on the breakdown of the QHE. The
antidots act as artificial repulsive impurities. We show that
not only the density, but also the spatial distribution of anti- 250

dots, is essential for the breakdown. In periodic arrays, the

current density is periodically modulated, depending on the @ 200;

antidot spacing and diameter. By investigating the change of §

the breakdown current with the antidot spacing, we give evi- & 150¢

dence that the breakdown is determined by Itheal maxi- S

mum of current density in the region between adjacent anti- § 100

dots andhot by theaverage of the current densitsgken over £

an area including many antidots. In aperiodic arrays, we ob- = S0F

serve a drastic reduction of the critical currents compared

with periodic arrays of the same antidot density. This is due %o 0.2 0.4 0.6 0.8 1.0 12
to the inhomogeneous current flow as a result of the irregular a (pm)

spatial variation of the current density. Our results emphasize

the importance ofocal properties on a submicrometer scale  F|G. 1. Distribution function of the antidot number vs next-
for the breakdown of the QHE. However, these results ar@eighbor spacinga for an aperiodic array with mean spacing
reconcilable with the recently proposed picture of bootstrap{a)=600 nm. Full line: Gaussian distribution of standard deviation
type electron heating over distances of the order of 10@r,=160 nm. Inset: SEM image of the corresponding antidot array.
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filing factor v b) FIG. 3. Critical current . (v=2) vs inverse antidot spacing for
periodic (A) and aperiodic @) arrays. The point at &=0 refers
0 1 4 to the unpatterned sample and fits well into the linear dependence of
0 2 4 6 8 10 I, (periodig on 1/ (dashed ling The inset shows schematically
B(T) the distribution of the filling factorlower pary and the current

density(upper partin two adjacent elementary cells of the antidot

lattice. The diameterd,; andd,, include zones of complete deple-

FIG. 2. SdH curves at different sample currefgslid: 1 uA,
dashed: 2QuA) of a periodic array(a) and the corresponding ape-
riodic array (b) with a=(a)=600 nm (sample L5& Inset (a):
scheme of the sample geometfiyot to scal¢ Inset (b): filling
factor dependence of the critical currelnt for the periodic and
aperiodic array(sample L5a

flow directionx.

tion andv<2 (see tex}, respectively,, is the current density de-
pending on the position, and(j) is the average of, in current

than those of the correspondiageriodicarrays(see Figs. 2
and 3. For the periodic arrays, the critical current de-

creases linearly with increasingal(Fig. 3). This linear de-

We performed dc measuremeris2 uA<I<50 uA) of
the longitudinal resistandg,, and Hall resistanc®,, on all

pendence of . on 1/ can be explained by a simple geo-
metrical argument if the highest local current dengifi?*

samples in magnetic fieldssOB<10 T and for temperatures penyveen adjacent antidots reaches an intrinsic critical current

1.3 K=T=<24 K. Figure 2 shows a typical set of
Shubnikov—de HaakSdH) curves with the sample current as
parameter for sample L5a € (a) =600 nm. With increas-

ing current, the plateaus become narrower. For the periodic

density;?:

o e e(@)

array, R,, still approaches zero aB=6 T (QH plateau Je=lx W—Ndg,
v=2) for | =20 A, in contrast to the aperiodic arrggom-
plete breakdown of the QHEThe inset of Fig. tb) shows or
the filling-factor dependence of the critical currégtof the
periodic array in comparison with the aperiodic one. For all | (a)zlo( 1— %) 1)
samples, the critical currents of tperiodicarrays are higher ¢ ¢ a)’
TABLE I. Sample parameters.
Sample antidot a,(a) ng MH Zmip
array (wm) (10 m2?) (m2/Vs) ()
L5b no array - 3.04 164.0 14.9
aperiodic 0.8 2.94 10.7 0.96
L4b periodic 1.0 2.97 17.3 1.56
aperiodic 1.0 2.97 17.9 1.61
L2b periodic 0.8 2.90 11.3 1.01
aperiodic 0.8 2.97 9.2 0.83
L5a periodic 0.6 2.70 6.1 0.53
aperiodic 0.6 2.85 51 0.43
L4a periodic 0.4 1.96 1.01 0.074
aperiodic 0.4 2.31 0.79 0.062
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whereN=w/a is the number of antidots across the sample, g

IS is the critical current corresponding t@ and the sample

width w, anddy, is the electric antidot diameter. Equatiti)

holds for a constant electric Hall fieltlomogeneous current

flow) between the antidot lines. _
From the slope of(1/a), a value ofde=370 nm(in the ~ ¥ 101

dark) can be estimated. This result is determined by the mini-+

mal width w,=a—dg, of the current path between adjacent 5

antidots. This minimal width occurs in the region between p

the antidots, where an incompressible strip of constant local o : . X "

density develops under the conditions of the QHRef. 13 0 5 10 15 20 25 30

(see inset of Fig. Bthat carries the current. The value of I(WA)

d.;=370 nm is consistent with the transport data obtained in

the sample witla=(a)= 400 nm. In the periodic array, the FIG. 4. Temperaturel,, of hot electrons vs sample current

value forng is markedly lower than the values of both the &round the QHE breakdown in a periodia ) and the correspond-

aperiodic array and the unpatterned sanipée Table)l The N9 aperiodic W) array (@=(a)=800 nm, sample L2b

QHE is not completely developed in the periodic array with

a=400 nm due to a reduction of,, to values close to zero periodic array. Thus, the breakdown has todmenplete in

for a~d, . The electron densities in Table | indicate anthe aperiodic arrayat current values jusbelow the break-

increasing difference afi of the periodic and aperiodic an- downin the correspondingeriodic array, as observed in the

tidot arrays with decreasing antidot distance. In the periodi€xperiments for arrays wita=600 nm. In the aperiodic ar-

arrays, the antidot-potential tails overlap more and more wittfays, the dissipative regions increase with current and form

decreasing lattice constant, leading to a decrease of the locglusters with increasing extension. Simultaneously, the width

electron densityn(r), especially in the saddle-point region in between the dissipative clusters decreases and the local

between adjacent antidots. This effect is far less pronouncegtrrent density increases. Hence, the breakdown of the QHE

in aperiodic arrays as the transport current passes througll be triggered in sample regions where the local current

regions of lower local antidot density than in the corresponddensity reaches the intrinsic breakdown current derjSity

ing periodic arrays. Due to the percolative nature of the current flow in ape-
The assumption, that the breakdown is determined by th&odic arrays, the local enhancement of the current density

highest local current densityf* between two antidots, Which leads to thg breakdown can be different from sample

yields the same intrinsic critical current densitj?¢1.1 o sample, even ifa) and o, have the same values. This

A/m) andthe same electric antidot diametet,( =370 nm) explains the difference df. found in two aperiodic arrays of

for all samples. This is to be expected, since all samples ha/@€ same value fafa) =800 nm(samples L5b and L3bThe

identical intrinsic propertie§prepared from a homogeneous determination of the QHE breakdown by theghest local

wafen and antidot characteristigédentical patterning pro- current densitydoes r]ot contradlct'the recently proposed

cess. In contrast, the assumption, that the breakdown is defonlocalelectron heating approaétsince the antidot array

termined by acurrent density j) averagedalong the current extends over a length of more thlan htn. The electrons can

flow direction, requires a variation of eitheg, or j2 by more ~ Subsequently be heated up while passing the array line by

than 30% for the different samples. line. The electron heating model _explams the QHE_break-
For the aperiodic arrayd,, shows no clear dependence down by the balance. gf energy gajper unit area and time

on(a). The lower critical currents observed in aperiodic ar-due 0 the currenip,,j®, and the corresponding loss, due to

rays can be explained by the strong variation of the local€ refaxation of the heated electrons:
antidot density in the aperiodic arragiSig. 1), as shown by

the following argument: If the current is fixed just slightly e(Te)—e(T))
below the critical value for the correspondipgriodic array puxTeDi?= -
(a=(a)), the breakdown in theperiodic array is already
complete in all sample regions wheae<(a) holds. This is
due to the local enhancement of the current density betweemheres(T,) [e(T,)] is the energy of the electron system
two adjacent antidots according jig.x=joa/(a—dg) (Jjois  (per unit area at the electron [lattice] temperature

the current density outside the antidot ajrafs a conse- T, [T, ], and 7. is the energy relaxation time of the heated
guence, these regions become dissipativg ¥ 0) and will  electrons. Equatio2) takes the temperature dependence of
be avoided by the current flovThe remaining area avail- p,, into account in terms of the electron temperature
able for the current flow will therefore be the total array areaonly.X%'! Using this assumption, we deduced the electron
reduced by the area of all antidaisd the areas in between temperatures and their dependence on the current. Figure 4
those antidots whera<<{a) holds. In contrast, in thperi-  shows a comparison of the electron temperature in the peri-
odic array the reduction of area is given by the area of allodic and the aperiodic arrays of sample L2b=((a)= 800
antidots only. As long as the lattice periads considerably nm). The electron temperatures are determined in the center
larger than the antidot diametdg,, the overlap of antidots of the QH plateau at=2.0. Near the breakdown current, the

in the corresponding aperiodic array can be neglected, anelectron temperature rises from the lattice temperature of 1.3
the remaining area for the current flow is smaller than in theK to values of about 10 K. In the aperiodic array, the electron

2

Te
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temperature rises at lower currents than in the periodic arraycurrent densitypbetween neighboring antidots and not by the
We attribute this behavior to the higher local current densiglobally averaged current density. The critical current is re-
ties in the regions where the current actually flows. duced with decreasing spacing between the antidots due to
The electron temperatures obtained from transport meahe corresponding increase of the current density between the
surements integrate the sample properties over the area of th@itidots, which are surrounded by rather large depletion
array and correspond to the steady state of the hot electrofpnes. Foraperiodic arrays the breakdown current is
avalanché? Therefore, the measured electron temperaturegtrongly reduced in comparison with periodic arrays of the
may differ considerably from local values on a mesoscopiGame antidot density, due to the inhomogeneous distribution
scale. Further, Eq(2) is valid only for small differences of the antidots which leads to a strongly inhomogeneous cur-
between electron and lattice temperature, since the electrofent flow. This is confirmed by measurements of the electron
phonon Scattering rate increases with this difference. HenC@emperature WhiCh, in an aperiodic array, rises at lower cur-
the values obtained for the electron temperature can be takgBnts and to higher values than in the corresponding periodic

as an estimate only. array.
To summarize, we have measured the critical currents of
the QHE on Hall bars with antidot arrays. jperiodic arrays We thank R. R. Gerhardts, B. Farid, and D. Pfannkuche

with rather large antidotsd{ =100 nm,d.=370 nm, the  for valuable discussions. Wafers grown at Philips Research
breakdown is governed by the increase ofreximum local  Laboratories, Redhill Surrey RH1 5HA, United Kingdom.

1K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Ld#, 8p, Steda and K. von Klitzing, J. Phys. €7, L483 (1984).

449 (1980. 9L. Eaves and F. W. Sheard, Semicond. Sci. Techtipl346
2s. Kawajiet al, Surf. Sci.305 161(1994). (1986.
3A. Boisenet al, Phys. Rev. B50, 1957(1993. 190G, Ebertet al, J. Phys. C16, 5441(1983.
“N. Q. Balabaret al, Phys. Rev. Lett71, 1443(1993. 115, Komiyamaet al, Solid State Commurb4, 479 (1985.
M. E. Cageet al, Phys. Rev. Lett51, 1374(1983. 12g, Komiyamaet al, Phys. Rev. Lett77, 558 (1996.
6L. Bliek et al, Semicond. Sci. Technol, 110(1986. 1By, G. Burnett, A. L. Efros, and F. G. Pikus, Phys. Rev4B,

“Ch. Simonet al, Phys. Rev. B33, 1190(1986. 14 365(1993.



