PHYSICAL REVIEW B VOLUME 57, NUMBER 16 15 APRIL 1998-I

Critical currents in quantum Hall conductors with antidot arrays
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We have investigated the abrupt onset of dissipation in the quantum Hall éfétf) in antidot arrays
patterned on a two-dimensional electron system. Different lateral configurdgierisdic or aperiodic antidot
arrays, and single lines of antidots, with diameters between 40 and 100 nm and periods or average spacings
between 300 and 1500 nrehow remarkable differences in their non-Ohmic transport propertigserindic
arrays with large antidot diameteflithographic diameter 100 nmthe breakdown current is systematically
reduced with increasing antidot density and determined by the peak value loc#ieurrent density. From
these measurements, we determined the depletion width around the antidmeridic arrays the break-
down current is markedly lower than in periodic arrays of the same antidot size and density due to higher local
values of the current density at the same total current. This was experimentally confirmed by measurements of
the current dependence of the electron temperature in periodic and aperiodic Smays.linesof antidots,
placed across the direction of current flow, cause only a small reduction of the breakdown current in compari-
son with unpatterned reference areas. This is in accordance with the pictavelafiche electron heatinigr
the breakdown of the QHE, where the electrons reach a quasistationary, elevated temperature only after travel
distances of several 1gm in a supercritical electric Hall field. In antidot lattices witlery small antidot
diameter(40 nm andsmall lattice period 300 nm, the antidots provide additional inelastic scattering, which
effectively suppresses the electron heating. This effect overcompensates the geometrical effect of the antidots
and was experimentally verified by the observation of higher breakdown currents compared to the reference
area. A complete absence of a hot-electron-induced hysteresis in the current-voltage characteristics was ob-
served for this type of arrayS0163-182808)06316-4

[. INTRODUCTION tion of current flow on the breakdown of the QHE. The
antidots cause local geometrical constrictions for the current
The formation of quantum HalQH) plateaus at precisely flow and act as artificial repulsive impurities. We show that
defined values of the Hall resistaﬁcexyz h/ie? (h is  both the density and the spatial distribution of antidots are
Planck’s constante is electron chargei, is the number of essential for the breakdown. By investigating the change of
occupied Landau levelhas been used since 1990 to realizethe breakdown current with the antidot spacing in periodic
the unit of the electric resistance. For high precision meaarrays with a rather large lithographic antidot diametdyr (
surements, the sample current should be as high as possib#l00 nm), we give evidence that the breakdown is deter-
but below the critical current where the nearly nondissipativemined by thdocal maximum of current density in the region
current flow breaks down. Therefore, a lot of experiments orbetween adjacent antidots. In aperiodic arrays, we observe a
samples with different material propertfe$ and drastic reduction of the critical currents, compared with pe-
geometrie¥™’ have been performed to understand the physriodic arrays of the same antidot density. This is due to an
ics of the breakdown of the QHE. Since these results are stiihhomogeneous current flow as a result of the irregular spa-
hardly reconcilable within one conclusive model, differenttial variation of the current density. These results emphasize
mechanisms for the breakdown as int(Ref. 8 and inter-  the importance ofocal properties on a submicrometer scale
Landau-level transition$pr a phenomenological description for the breakdown of the QHE. However, our results are
on the basis of electron heatify!! have been discussed. reconcilable with the recently proposed picture of bootstrap-
The breakdown current scales linearly with the sample widthype electron heatintf This is because we observed for
for lower electron mobilitie$:® Hence, a nearly homoge- single linesof antidots, placed across the current flow direc-
neous current distribution exists at currents close to théion, a markedly smaller reduction of the breakdown current
breakdown in the presence of a high degree of disorder. Ithan for the corresponding periodic square lattices. Only the
contrast, a sublinear increase of the breakdown current withatter provide sufficiently long traveling paths for the elec-
the sample width was observed in high mobility samfles, trons through constrictions between antidots to be effectively
indicating an inhomogeneous current flow at the breakdownheated. Further, our measurements of the electron tempera-
It was shown experimentally that an inhomogeneous currertire clearly show the relevance of electron hedfintf for
flow leads to a breakdown in distinct local areas of thethe breakdown of the QHE in antidot arrays.
sample>~’ Thus, the degree of disorder and the homogeneity In a periodic array obmall antidots(d, =40 nm) with a
of the current distribution are important for the breakdown ofsmall lattice period(ay=300 nm), we observed an unex-
the QHE. pected increase of the breakdown current exceeding the
We investigate the influence of various lateral antidot ar-value of the unpatterned reference region of the sample. Fur-
rays (periodic square lattices, aperiodic arrays, and singleéher, a complete absence of a hot-electron-induced hysteresis
lines of periodically spaced antidots, placed across the diredn the current-voltage characteristics of the array at integer
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filling factors was observed. We attribute this behavior to 60~ . T .
additional inelastic scattering for small antidot distances, T a)
which reduces the electron temperature and overcompensates 50~ T
the effect of geometrical reduction by the antidots. .
40+ J
-
Il. SAMPLES § 30k . ]

We have investigated several sets of samples, made from

three different GaAs/Gal,_,As wafers. The first set 20r 9
(calledL samples beloyvwas patterned as Hall ba(&idth ‘ol . |
w=50um) on a wafer with an electron density;=3.0 . "
X 10 m~2 and a Hall mobility u;=164 T ! (mean free oL , L
path | ,;,=14.9um). Two arrays of antidotgperiodic with 0.0 0.5 1.0 1.5

the square lattice constaag and aperiodic with an average 20 [+ . . .
nearest-neighbor spacin@) equal to the lattice constant 4 b)

were written on each sample by electron beam lithography

(EBL) and etched by reactive ion etchif®IE).'® The lattice 15 o o 1
constants of thé& samples are 1000, 800, 600, and 400 nm. \“x‘

The lithographic antidot diametél is 100 nm. The samples N N

of the second setcalled Z sample$ are Hall bars W 3010_ i A ]

=50 um) with an electron density of 2:210' m~2, mobil-
ity upy=96 T ! andl ¢, =7.5um. Here, square lattices and 5
single lines with antidot spacings from 1500 to 800 nm were

patterned, applying the same procedure as fottkamples.

The third wafer, with the parameters,=3.1xX10® m2, oLs - . '
pn=60T % I n=55um (all values atT=1.3K in the 0.0 0.5 10 15
dark), was used to pattern a Hall béralled W sample,w 1/a,(1/pm)

=100 um, same shape dssamples This sample contains
a periodic array with the smallest antidot diameter and Iatticef\Or
period of d, =40 nm anday=300 nm, and an unpatterned
reference region.

On all samples, we performed dc measurements<(0.2
<80 uA) of the longitudinal and Hall resistanceR,, and
Ry, respectively, in the magnetic field ranges@<10T
and at temperatures of k3 =<24 K. Current-voltage char-
acteristics of the longitudinal voltagé, versus the source-

FIG. 1. Critical current .(v=2) vs inverse antidot spacin¢p)

L samples with square latticéd) and aperiodic arraydll) of
antidots. Inseia): scheme of the corresponding sample geometry
(not to scalg (b) for Z samples with square latticéd) and single
lines (O) of antidots. Inseth): sample geometry.

relative dissipation per arg® For L samples with
ap=(a)>400 nm, the critical currents of thgeriodic arrays
are higher than those of the correspondapgriodic arrays

drain current were taken near integer filling factors. [see Ref. 13 and Ed1a)]. For the periodic arrayd. andZz
sampleg the critical currentl ; decreases linearly with in-
Il. EXPERIMENTAL RESULTS AND INTERPRETATION Creasing ]5{0 [F|gs ](a) and ](b)] This linear dependence of

I. on 1, can be explained by a simple geometrical argu-
ment: The breakdown occurs if the highest local current den-
sity jy'* between adjacent antidots reaches the critical cur-
rent densityj  known from the unpatterned reference device:

A. Breakdown of the QHE in antidot arrays with large
antidot diameter: Electron heating in dependence
on the lateral configuration of antidots

The first set of ) samples was designed to study the
influence of thdateral distributionof antidots, defining me- 1 (a0)
soscopic constrictions, on the breakdown of the QHE. Two j2=j;“a"=w,
arrays of antidotgperiodic with the lattice constard, and W= IN- e
aperiodic with the same average antidot spacifa)) were leading to
patterned on each sample. This arrangement permits an
immediate comparison of the QHE breakdown in periodic 0 de
and aperiodic antidot arrays of the same average antidot den- l(a0) = Ic( 1- an
sity [see inset of Fig. ()]. The distribution function of an- 0
tidots in the aperiodic arrays is of approximately GaussiarwhereN=w/a, is the number of antidots across the sample,
shape with a broadening parameter of about3(a) for all |2=jgw is the corresponding critical current, adg, is the
samples. The values of the mean free path at zero magnetiectric antidot diameter. Equatiqd) holds for a constant
field andT= 1.3 K in the antidot arrays are comparable to theelectric Hall field(homogeneous current flgvbetween the
average antidot spacirgee Ref. 1B antidot lines(see Appendix The scaling ofl . with 1/a, is

From Shubnikov—de Hag&dH curves with the sample equivalent to a linear increase of the critical current with the
current as parameter, we determined the critical curtgnt effective width of the sample with antidotd(ay—d,). This
[defined on the basis of a criterion pf,/p.,=cot@,)=3  result, obtained on aubmicrometer scajeorresponds to the
X104, with ®,, being the Hall angle, as a measure for thelinear dependence of the critical current on thacroscopic

(1a

, (1b)
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' — consequence, these regions become dissipadtye>0) and

will be avoided by the current flok.The remaining area
available for the current flow will therefore be the total array
area reduced by the area of all antidetsd the areas in
between those antidots wheae(a) holds. This region con-

) tains half of all antidots, but covers less than half of the area
i of the array. The size of the dissipative region can be calcu-
lated using the distribution functiorf(a), of the antidots

8 versus their spacing. We have generated a distribut{ai

1 of the aperiodic patterns that can be well approximated by a

1 Gaussiart?
_ Nt 1 a— <a> 2]
f(a)= ro exp[ —2| , (2

FIG. 2. SdH curves for sample L4a wiffa)=a,=400 nm(l  \jth N,, the total number of antidots, and nearly the same

=1pA, T=13K). In contrast to thé. samples with largen,, the 5 1ye o, /(a)=0.28 for all L samples. This yields for the
breakdown of the QHE in the aperiodic arredashed lingis not area containing antidots with spacings:(a):
yet complete, but it is in the periodic orftull line). This is due to '

de~ag, see text. (a)
A(a$<a>)=J a’f(a)da~0.3N(a)?, 3
0

sample width as reported earlfet The experimental results
agree with the interpretation that the breakdown of the QHBEvhereN(a)? is the sample area, and the prefactor is inde-
starts where théocal current density is at its maximum. The pendent of a) for o,/(a)=constant. The remaining nondis-
alternative interpretation, that the breakdown would be desipative area is further reduced by half of the total area of all
termined by thecurrent density(j) averaged along the cur- antidots, Nt/2)(77/4)d§|. In contrast, in theperiodic array
rent flow directionor the remaining active area of the array, the reduction of area is given by the total area of all antidots,
fails to explain the results in a quantitatively correct Nt(w/4)d§,, only. Fordg/(a)<0.9 (with dg;=370 nm, this
manner:* means fora)>410 nm), the area available for the nondissi-
From the slope of ((1/ay), values of the electric antidot pative current flow is smaller in the aperiodic array than in
diameter ofde=370 and 440 nm, and of the critical current the periodic one at a current slightly below the breakdown
density ofj2=1.1 and 0.4 A/n{for L andZ samples, respec- value of the periodic array. Thus, for the same total current,
tively) can be estimated. The electric antidot diameters ara typical local current density will be higher in the aperiodic
considerably larger than the lithographic ones due to ringthan in the periodic array. Consequently, the breakdown of
shaped depletion layers of about 135- or 170-nm witltlor ~ the QHE will occur at a lower total current in the aperiodic
Z sampleg around the antidots. As expected, the depletionarray than in the periodic one. The same argument leads to
zones were found larger for smaller carrier densities. Thehe opposite resulfor d/{(a)>0.9(i.e., for our sample with
data are consistent with the picture that the current flow oc¢a)=400 nm), due to the finite probability of overlap of the
curs exclusively in that region, where an incompressible statantidots. This overlap gives rise to a larger area remaining
of constant local density develops under the conditions of théor the current flow in the aperiodic array, in accordance with
QHE (Ref. 19 (see Appendix The value ofdg=370 nm, our experimental results obtained on the sample waith
obtained for allL samples, is consistent with the transport =(a)=400 nm(Fig. 2).
data obtained in the sample wity=(a)=400 nm. The Due to the percolative nature of the current flow in ape-
QHE is not completely developed in the periodic array withriodic arrays, the local enhancement of the current density,
a,=400 nm due to a reduction af,—d, to values close to which leads to the breakdown, can be different from sample
zero forapg=~dg (see Fig. 2 In contrast, the QHE is still to sample, even ifa) and o, have the same values. This
complete in the aperiodic array witta)=400 nm(Fig. 2), explains the difference df, found in two aperiodic arrays of
because the transport current passes preferentially throughe same value fofa)=800 nm.
regions of lower local antidot density than in the correspond- The correlation of the QHE breakdown with théghest
ing periodic array. local current densitydoes not contradict the recently pro-
For aperiodic arraysl, shows no clear dependence on posednonlocal electron heating approach,as the antidot
(a). The lower critical currents observed in aperiodic arraysarray extends over a length of more than &o@. The elec-
can be explained by a strong variation of the local antidotrons are subsequently heated while passing the array line by
density in the aperiodic arrays as shown by the followingline. This could be confirmed by the results obtained on
argument: if the current is fixed just slightly below the criti- samples with single antidot lines. Figurél shows the re-
cal value for theperiodicarray(lattice constanfy,=(a)), the  sults, obtained on th& samples. The breakdown currents of
breakdown in the correspondirgperiodic array is already the sample areas containing a single line are usually larger
complete in all sample regions wheze<(a) holds. This is  (the exceptional case fap= 1200 nm is attributed to a local
due to the local enhancement of the current density betweenhomogeneity of the carrier density in the sample region
two adjacent antidots for spacings<ay=(a) above the with the antidot ling than those of the corresponding square
current density of the periodic arrdgee Appendix As a lattice. Although a single line causes the same local enhance-
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7 superlinear increase of energy dissipation with the current
density.

The electron temperatures obtained from transport mea-
surements integrate the sample properties over the area of the
array and correspond to the steady state of the hot electron
avalanché? Therefore, the measured electron temperatures
may differ considerably from local values on a mesoscopic
scale. Further, Eq(4) is valid only for small differences
between electron and lattice temperature, since the electron-
phonon scattering rate increases with this difference. Hence,
the values obtained for the electron temperature can only be
taken as an estimate, but clearly show the correlation be-
tween current-induced breakdown of the QHE and heating of
the electron system.

B. Breakdown of the QHE in antidot arrays with small

0 —— L antidot diameter: Electron heating in the presence
0 10 20 30 of additional scattering at the antidot array
I(HA) The breakdown behavior described so far was investi-

FIG. 3. Temperaturd,, of hot electrons versus sample current 9ated in ~ samples  with  relatively large antidots
around the QHE breakdown/€2) in a periodic(A) and the cor-  (deg=370—-440 nm and large lattice periods (ao

responding aperiodi¢ll) array (sample witha,=(a)=800nm.  =400-1500 nm). All results could be explained by a pre-
Inset: Longitudinal resistand®,, in dependence on the currgill) ~ dominantlygeometricainfluence of the antidots, due to their
and on the temperatuf&l) for the aperiodic array. large effective diameter. However, we observed a completely

different and unexpected breakdown behavior on We
ment of the current density as the lattice, the extension ofample with asmall antidotdiameter[d_=40 nm, d,=100
this constriction along the current flow direction of some 100nm (Ref. 15 after illuminatior] and small lattice periodof
nm is obviously far too small to effectively heat the elec-a,=300 nm. In contrast to the reduction of the critical cur-
trons. In the lattice, the traveling distance of the electrons igent in arrays of large antidots, we observedeahancement
large enough to develop a stationary state of elevated eleof the critical currentabove the value of the unpatterned
tron temperature. These results show that the electron heaeference region in the array of small antidtfgy. 4). In this
ing is governedothby the local enhancement of the current case, a qualitatively different effect of the “small” antidot
density and by the extension of the current path containindgttice on the breakdown of the QHE has to be assumed.
the constrictions. The electron heating model explains the Apart from the different critical currents, tHeV charac-
QHE breakdown by the balance of energy gaaer unit area teristics measured on the antidot lattice and on the unpat-
and tim@ due to the currentp,,j2, and the corresponding terned reference region showed very striking differences

loss, due to the relaxation of the heated electrons: (Fig. 9. In the unpatterned region, a clear hysteresis between
up and down sweep of the current is present for the negative

S e(Tg)—e(Ty) current direction. For forward currents, both the value of
Pl Te) " =—"—, (4) breakdown current and the shape of the hysteresis are differ-

.
ep ent from those measured for backward currents. We attribute

where ¢(T) is the energy of the electron systeimer unit  this to a local variation of the electron temperature, either
ared at the electrorlattice] temperaturel¢[ T_ ], and7.,is  due to probing of different states of the electron avalanche
the energy relaxation time of the heated electrons. Equatiofor different distances between the current injecting and the
(4) takes the temperature dependence,gfinto account in  potential probing contact€,or to strong inhomogeneities of
terms of the electron temperature offy! Using this as- the current flow in the unpatterned region. In contrast, no
sumption, a comparison of thg, values measured at low hysteresis in thé-V curves was found for the antidot array.
currents and different lattice temperaturek, €T ) with Further,| . is approximately the same for both current direc-
those measured at low lattice temperature and different cutions.

rents (To>T,) yields the electron temperature as a function In this section, we provide an explanation of the enhance-
of the curren{see inset of Fig. 8 We employed this method ment for the critical current by an increase of the inelastic
to deduce the electron temperatures near the breakdown etattering rate of electrons due to the antidots, leading to a
the QHE in the center of the QH plateawat 2.0. Figure 3  reduced electron heatirigq. (4)]. We will show that, if the
shows a comparison of the electron temperature in the perincrease of the scattering rate due to the antidot array domi-
odic and the aperiodic array of a sample withj=(a) nates over the effective reduction of the sample area by the
=800 nm. Near the breakdown current, the electron temantidots, the critical current of the periodic antidot array can
perature rises from the lattice temperature of 1.3 K to valuegxceed the value of the unpatterned region. This condition
of about 10 K. In the aperiodic array, the electron temperawas obviously realized for th&/ sample with small antidots
ture starts to rise at lower currents than in the periodic arraytafter illumination, as shown in Fig. &).

We attribute this behavior to the higher local current densi- To explain our experimental results, we invoke the hot-
ties in the regions where the current actually flows and to thelectron modéP**and calculate the dependence of the elec-
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FIG. 4. Critical current vs filling factor for th&/ sample T=1.3 K), (a) sample before anth) after illumination.

tron temperaturd, on the sample current for the reference to an S-shapedV,-I characteristic>* As the parts of the
sample and the antidot array. The essential difference in elegurve, wheredT/dj,<0 (and dV,/dj,<0, respectively

tron heating between the unpatterned region and the antidolds, are instable, a hysteresis in the corresponding experi-
array is the inelastic scattering raterl/In unpatterned mental curve develops. The hysteresis is confined between
samples r is supposed to be determined by electron-phonoriwo limiting values ofj,, jc1, andjc, (jc; corresponds to

interaction and can be approximated by the relation lower and j., to higher electron temperaturef,;>jco)-
Both values,j.; and j.,, are not only dependent on the
1Utep=CepTa (5)  parameters of Eq(7), as Dgg and C,p,, but also on the

temperature dependence pf,(T.). To explain quantita-
tively the hysteresis of th&'-1 characteristics that we ob-
served for the unpatterned regigRig. 5a)], we use the
satz®

with Cop=(1.2-1.5)x10" K™2s™! as empirical constant.

The constanC,, is a material parameter for inelastic scat-
tering in GaAs and was experimentally found to be only
weakly dependent on the sample properties and the magnet‘ﬁflcn

field.** We therefore adopt the value given in Ref. 11 for our
calculations. P g Pxx= Po eXp{—A/kTe|}+pBG, (8

For even integer filling factors, the Fermi enerBy is  \jth A =7%w/2 for Er in the middle of the Landau gap. The
located in the middle of the Landau gap, which is 10.4 meVfirst term in Eq.(8) describes the resistivity contribution due
for theW sample aB=6.0 T (v=2.0). The thermal energy to thermal activation over the Landau gap. Using the tensor
at the lattice tem_perature arn=13K is_only 0.11 meV. (glation Pix= ffxx/((fiﬁ ‘7>2<y) and o, (T) = ogexp{— A/KT},
Hence, the density of statd®0OS) enteringe(T) can be  he prefactorp, can be determined. For long-range scatter-

assumed to be constarid ) near the Fermi energy due to ing, o, was theoretically found equal to 2?/h, as con-
the absence of screening effetis This holds even for el-  frmed by measurements of Svobaelaal 1° At a filling fac-

evateq electron temperatures, since the temperature Corfgs of ,=2 with o=2€%h, this leads top,=h/de? (see
sponding to the energy difference between the Fermi energyiso Ref. 20. The additional contribution to the resistivity,
and the next higher Landau level is about 60 K. Therefore,,  ~ has crucial influence on the breakdown current density
the energy of the electron system(T), can be explicitly j "t purely activated behavior of(T) is assumed, the
given (for Er in the middle of the Landau gajby electric power gairp,,j2 is very small at low temperatures,
o 2 even for rather large values ¢f. Thus, the values foj.;
8(T):zJ (E—Eg)D(E)f(E,Ef)dE= — Dgg(kT)?, become unrealistically high. To obtain valuesj gf closer to
Er 6 the experiment, finite values @f;; have to be assumed. A
(6)  possible origin ofpg is variable range hoppin@/RH).222
with f(E,E¢) being the Fermi-Dirac distribution function. Different temperature dependences and parameterggier
Using Egs.(4)—(6), the following relation forj,(T,) can be Were proposed.**However, the value of,, which marks

obtained for the unpatterned sample region: the lower limit of the hysteresis at higher electron tempera-
tures, is nearly unaffected by the choice mfs. For the
_ w2k? T4—T2T2 (Y2 determination ofj,, the activated conduction provides the
Ix(Tel) Z[T DgecCep ol Ta) ) (7)  dominating contribution. Using the following parametes:

The density of statesDgg=2x10° cm2meV?, as re-

Equation(7) yields anS-shapedT,, versusj, dependence. ported in Ref. 16 for comparable samplé€®) the electron-
Sincep, is a monotonous function df, this corresponds phonon scattering constant,,=1.2X 10" K2s7%, as re-
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Sm ' T T T T T ' T Tariit < Tep hOlds. The drift timery, corresponding to the
I a) ] mean drift length 4 between two scattering events, can be
0F s -7 1 expressed as follows:
] Taritt= | drift /U arift = @0€ Ns /[ xPa 9
S {;;w with p,=ag/l 45 being the probability of inelastic relaxation
éx 10F .,'f of an electron while passing one elementary cell of the anti-
> dot lattice. The drift velocity 4i«=]x/€ns is relevant in our
15 . case, since the magnetic lendgthis more than one order of
Ki magnitude smaller than the antidot lattice constagt
20 (drifting-orbit regimé®). At higher electron temperatures be-
_1'00 yond the breakdown, the conditiory;< e is violated in
the antidot lattice. Then, the total scattering rate dén be
I T 1 T I .
20 P written as the sum of the rates due to electron-phonon scat-
b) tering and due to inelastic scattering events in the antidot
[ v ] lattice:
20 - :{! -
o . 1 1 1 j
S of [_,_A_,__,_____,___,________,_,,J‘ - ;zT_—'— . =Ce¢p gl %- (10
= 4: ep drift 0€Ns
;* ) ] This total scattering rate yields the following current density
20 ? T as a function of the electron temperature in the antidot array:
a0 b ] , 1 1 L\
° \ o ’ | , \ . , . ! Ix(Te)= 5 Jarray a Jgrray+ J rzef 11
-100 -50 0 50 100 _
(uA) with
21,2 2 2
FIG. 5. V, vs sample current for th&v sample[(a) reference Jarray Tel) = 7°k" DgPa Te Ti (113
region, (b) antidot array. No hysteresis is observable in the antidot aran -e 6e Ny pyxul(Te)

array. Inset in(a): Electron temperatures vs current for samyle
calculated applying Eqg7) and (11), for the normal regior(full
line) and for the antidot latticédashed: scattering probability,
=1 and drift lengthl 4,;z=a,=300 nm, dash-dottecp,=0.3, | 4i
=1pum, dotted:p,=0.17,l 4ix=2 um).

and j . according to Eq(7).

Hence, the electron temperatures in the antidot lattice be-
yond the breakdown will be limited by the intrinsic electron-
phonon scattering as in the unpatterned system, and so will
be the low-current sidé,, of the |-V hysteresis. The higher
) . electron temperatures and the lowgy values in the antidot
ported in Ref. 11 for the filling factow=2, and(3) the  |attice[in comparison with the unpatterned system, see inset
activation energy =fiw/2=B, we obtained the lower limit in Fig. 5@a)] are due to the reduction of the effective sample
of the hysteresisI¢,=]jw) for the |-V characteristics of width by ws=wy(a,—0de)/a, in the antidot array. Further,
the unpatterned sample in excellent agreement with the exhe hysteresis limitd.; and |, shift to higher values, the
periment[Fig. 5a and insel To reproduce the upper limit closer the distance between the additional scattering events
of the observed hysteresi$.{=j.,w) by the calculations, in the antidot lattice is. As visible in the inset of Figah for
we tested several temperature dependencespd@r. The  scattering probabilities 0.5X7p,<1 or drift lengths 2um
best fit was obtained for values approachipgs~1Q at  >I4;#=300 nm, the decrease of the critical currépt by
electron temperatures near the breakdown. The essential cafte reduction ofw.; is overcompensated by the additional
clusion from this finding is that the breakdown of the QHE scattering. In particular, high scattering rates., high prob-
can be explained consistently within the hot electron modedbilities p, and/or small lattice constangg) lead to critical
only, if p,, is predominantly determined by additional trans- currents, which can exceed the value of the unpatterned re-
port mechanismgi.e., hopping in the pre-breakdown re- gion considerably. This is the principal explanation for the
gime. fact, that an effective enhancement of the critical current

The material parameteBg s andpgg, which provide the  could be observed only in the antidot lattice with the smallest
best fit for thel -V characteristics of the unpatterned sample antidot lattice period investigated in this study. The complete
were also used in the calculations for the antidot array. Foabsence of any hysteresis in the antidot lattice, however, can-
the inelastic scattering time, however, we assume that hatot be straightforwardly explained within this picture. A
electrons can lose energy while interacting with the antidotjualitative explanation for the absence of th¥ hysteresis
lattice, due to the local enhancement of the Hall electric fieldcan be given by the obviously higher degree of homogeneity
between adjacent antidotsee Appendix We do not ad- of the current flow in the antidot lattice, compared with the
dress the question of the microscopic nature of the electrorinpatterned region. The formation and spatial fluctuation of
phonon interaction in the antidot array, but presume simplyocal hot-electron domains on a large scale is assumed to be
that 7 is determined by the average drift time between twoessential for the observation of a hysteresis in th¥
inelastic scattering events in the antidot lattice as long asharacteristics® This effect, which implies a spatial decom-
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clearly an increasing degree of inhomogeneity in the local

distribution of the electron density for the unpatterned re- APPENDIX

gion, whereas a higher degree of homogeneity can be pre-

sumed in the antidot lattice, in accordance with the observed C_)udr. undt(ejrstandw:jg of the d|ffferen_tdbree_1kdt§)wn dcurrerfn}ts in
increase o, after ilumination. periodic and aperiodic arrays of antidots is based on the as-

In conclusion, the hot-electron modféttexplains reason- sumption that, in general, the average current density be-

; o tween adjacent antidots increases with decreasing distance
ably well the behavior of thé-V characteristics of the QHE Eetvveen these antidots. The purpose of this Appendix is to

grbzaeﬁizwg% ?lbssfé\r/:sisol#gggttﬁ{n:gﬁi&nﬂii;(;rshehg?,vn;slf ?ecisely formulate and to check this assumption for a well-
y ' defined typical situation.

cannot be reproduced stralghtforwardly_by this ”.‘Ode'- Nev We consider a square lattice of lattice constantwith
ertheless, the model yields an appropriate relation between . : —
. two antidots per unit cell, located ag=(0,y,) and —ry.
the breakdown current enhancement, which was observed X
. . . . urther, we assume a stationary current flow through the
our experiments on small-period lattices of small antidots

and the increase of the inelastic scattering rate in these anlﬁtt'ce'. W'th an average C“”e"?t d_ensy?y: <J(r)>_.(JX’O) n
dot lattices. thex direction. Then the electric field can be derived from an

electrostatic potentiaE=—V &, and the equation of conti-
nuity requiresV -j=0. We apply a local Drude relation be-
IV. SUMMARY tween current density and fiel§l(r) = o(r)E(r), with oy
. =oy,=0(r) and oy,=—o,,=oy(r). To describe the ef-
We have measured the critical currents of the QHE Offgc( of an antidot at the position,, we assume a reduction
Hall bars with antidot arrays. Iperiodic arrayswith rather ¢ the electron density by the factofl—exp([r
large antidots(d_ =100 nm, dg=370-440 nm, the break-  _ 1221 Thuys, the electron density is reduced to zero at

down is governed by the increase of ti@ximum local cur- e centerr, of an antidot, but is practically unaffected by
rent _densnybetwe_\en ne|ghb(_)r|ng_ant|dots. The critical CUT that antidot at a distande—ro|>2R. Positions and radii of
rent is reduced with decreasing distance between the antidofis, antidots are chosen such that there is no overlap of anti-

due to the corresponding increase of the current density b%’ots belonging to different unit cells of the lattice/2—y,

ijelen'the antidoFts, Wh.ic(;]. are Surrr?ugdedké)y rather IarggZR). In the spirit of the Drude theory, we presume that the
epletion zones. Faperiodic arraysthe breakdown current o \"y51ue of the conductivity is proportional to the local

is strongly reduced_ in comparison with periodic arrays pf theelectron density, cr|(l’)/(r|h= UH(r)/UE: ns(r)/ng ~ where
same antidot density, due to the inhomogeneous distributiony, h . L2
oy, andng are longitudinal conductivity, Hall conduc-

of the antidots, which leads to a strongly inhomogeneous.! 4
current flow. This is confirmed by measurements of the electVIY: and electron density of the homogeneous electron sys-

tron temperature, which in an aperiodic array rises at Iowef_?nl]I W]',:choft the ?ntygogs. TE dadapt th'Stml?d?I tto the quintt#r?
currents and to higher values than in the corresponding per-a efiect near 1o 1ts breakdown, we take into account tha

odic array ol is finite, but very much smaller thanl} . Applying these
Single linesof antidots, placed across the current flow

model assumptions, we obtain the second-order partial dif-
direction, only slightly reduce the breakdown current. Thisferential equation
confirms the assumption of avalanche heating of electrons. —V . [o(r)Vd(r)]=0 (A1)

The length of the constriction formed by a single line along . ) ) .
the current flow direction, which is of the order of some 1000r the electrostatic potential, which we solve numerically by
nm only, is not sufficient to reach the stationary state of thd ourier transformation. Figure 6 shows the equipotential
hot-electron avalanche. lines obtained for the parameter valuB$éa=0.05, y,/a

In samples withsmall antidot diameters and periodthe = 0.15 (aperiodic array, and ofloy=10"3. Since the Hall
effect of the geometrical reduction can be compensated foingle is very close to 90°, the current flows practically along
by an effective reduction of the electron temperature, if athe equipotential lines. Apparently, the current is completely
sufficient increase of the inelastic scattering rate due to théxpelled from the interior of the antidots, where the density
antidot lattice occurs. Our observation of considerably higheis reduced from the valuel by more than a few percent, and
breakdown currents of the antidot lattié@,=300 nm and Where the potential is constant. Figur@)7shows the corre-
d, =40 nm in comparison with the unpatterned sample re-sponding result for the&x component of the current density
gion is, however, partially due to the higher degree of homoix(X,y) along the linesx=0 through the center of the anti-
geneity in the current flow through the antidot lattice. Thisdots andx/a=0.5 midway between two adjacent lines of
explains also the observed absence of any hysteresis in tlatidots. The current density at/a=0.5 deviates only
current-voltage characteristics of antidot lattices, in contrastveakly from the corresponding vaIleéof the homogeneous
to the behavior of unpatterned samples. system without antidots. At=0, however, the current den-
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FIG. 6. Contour lines of the electrostatic potential within one
unit cell of the antidot lattice described in the Appendix.

sity reaches considerably higher values between the antidots 0/-0 05
[about 32 at (x,y)=(0,a/2) for a distance of 08 between vra
the centers of adjacent antidots, and abou}21d (0,0) for FIG. 7. Current density,(x,y), in units of its average valug;

0.7a]. The local electron heating, which is proportional to Over the unit cell, along the lines=0 (solid lineg andx=a/2
I |2, is even enhanced by factors of about 10 or 3 for antidofanh'do_tted linesfor the antidot lattice described in the Appendix
distances of 08 or 0.7a, respectively. with antidot parameter®/a=0.05, and(a) y,/a=0.15 and(b)
For the sake of comparison, we show in Figb)7similar Yo/a=0.25.
results for the corresponding lattice of antidots with equal
spacings along the line at=0. As expected, the peak values magnitude of the backflow currents around the antidots lead-
of j«(x,y) and thus of the heat production remain consider-ng to negative values gf,, should depend on the details of
ably below those of Fig. (3). our model, but not the general trends. We have confirmed
These results support the physical picture underlying outhis expectation by calculations with a more realistic ansatz
discussion of the breakdown currents in periodic and aperifor oy, as a function of the local electron densityith a
odic antidot arrays. Details of the numerical results, e.g., thenaximum of o, at half integer filling factors
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