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Far-infrared photoconductivity of electrons in an array of nanostructured antidots

K. Bittkau, Ch. Menk, Ch. Heyn, D. Heitmann, and C.-M.Hu
Institut fr Angewandte Physik und Zentrunr Mikrostrukturforschung, UniversitaHamburg, JungiusstraRe 11,
20355 Hamburg, Germany
(Received 22 July 2003; published 4 November 2003

We present far-infraredFIR) photoconductivity measurements for a two-dimensional electron gas in an
array of nanostructured antidots. We detect, and resistively and spectrally resolve, both the magnetoplasmon
and the edge-magnetoplasmon modes. Temperature-dependent measurements demonstrate that both modes
contribute to the photoresistance by heating the electron gas via resonant absorption of the far-infrared radia-
tion. Influences of the spin effect and phonon bands on the collective excitations in the antidot lattice are
observed.
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There has recently been a growing interest in investigatHere w, is the frequency of th@™ mode atB=0, depend-
ing the photoresistance related to the elementary excitatioriag on the antidot lattice perioal the 2DEG’s carrier density
of a two-dimensional electron gd8DEG) in semiconductor Ng, and its dielectric surrounding. The geometrical filling
heterostructuret.® For example, under GHz radiation, the factor f = wR?/a? indicates the portion of the 2D area where
magnetoresistance of a 2DEG shows an unexpected largke electrons are depleted. These modes have been well stud-
oscillation whose period is determined by the electron cycloied by far-infrared (FIR) transmission spectroscopybut
tron resonancéCR).! Using THz radiation, a plasmon of have not been clearly identified in photoconductivity
tunneling coupled bilayer 2DEGs is found to contribute toexperiments;’ leaving the question open of whether and
the photoresistance in a unique walgven the spin effects how they might influence the photo resistance of the 2DEG
result in striking photoresistance changésAmong others, in an antidot array.
the spin-orbit interaction, which was discovered about 80 In this paper, we report FIR photoconductivity experimen-
years ago by atomic spectroscopy and gave birth to the venal results obtained for a 2DEG in an antidot array. We find
concept ofspin has been found rather difficult to be spec- clearly that bothw™ andwgyp modes contribute to the pho-
trally measured for the 2DEGs. The problem was recentlytoresistance by heating the electron gas via resonant absorp-
solved by measuring the spin-flip excitation using photocontion of the FIR radiation. In addition, we present interesting
ductivity spectroscop§Of particular interest is the high sen- results indicating the influences of spin and electron-phonon
sitivity of the photoconductivity technique, which has the jnteraction in the antidot lattice.
potential to study uni_que elementa_ry electronic excit_ations of our sample is an inverted-doped InAs step quantum well
r)anostructured semlconductorsswnh only a l;ew units. As &yith a 40-nm In.75Al o 25AS cap layer. The step quantum well
flrst step, very recently t]aget al” and Yget al. bo;h stud- g composed of 13.5-nm §nGa,As, an inserted 4-nm
|ed'the photoconductlvny of a 2DEQ in an an'udpt array. |nas channel, and a 2 5-nm-thick JnGa, ,sAS layer. Un-
Wh'.'? these exp7er|ments, togt_ether with th_e pioneering one Ogerneath the quantum well is a 5-nm spacer layer of
Vasiliadouet al,” have shed light on the interesting photo- n | s on tob of a 7-nm-wide Si-doped | s
conductivity effect of a 2DEG in an antidot array, primary 0.7\ 0.2 P pedgaloh

%@yer. The sample is grown by molecular beam epitaxy on a

guestions such as the role of the characteristic excitations frerina multilaver accommodating the lattice mismatch to
the antidot array on its photoresistance are surprisingly le uitering muftiiay Ing : '

open, which is the central subject of this work.
The elementary electronic excitations of a 2DEG in an_ . : g .
antidot array subjected to a perpendicular magnetic feld Poisson equations self-consistently. The 2DEG is formed

are dominated by a characteristic two-mode behavior Wit@:oultni? ng;];ner:z\i{\é t:;_e suerfafbe), mha(l)lnly zonfl'(rggh'no;hi nar-
collective excitation§:® The upper mode* at largeB field row S - rigur Shows a s ur

approaches the CR frequenay—eB/m*, which is deter- sample wit'h antidots. An extreme long 2DEG Hall bar with a

m?r?ed by the electron qeffec?i%e mass* . The lower one channel width ofW=40 xm and a total length of about 10

© known as the edge magnetoplashﬁEMP) mode. is  CMwas defined by chemical wet etching, which contains the
EMP - ' i i i — i

associated with the electrons skipping around the deplete%ntldOt array with a period =800 nm. The holes with a

area with a radiu®k formed by the antidot potential. Using geometric dlamet.er of about 200 nm were defined by holog-

the modified-dipole and effective-medium approximations,raphy and chemical wet etching. The 2DEG channel runs

. . . meandering in a square of#4 mnt. The extremely large
the dispersion of these modes can be describéd by L/W ratio enhances the sensitivity of our measurement. With

the antidots, the carrier densils and mobility x at 1.5 K
(1-f)w? f o2 were determined by Shubnikov—de Haas measurement to be
_ o _ ° _o. (1)  6.01x10" cm 2 and 62000 ciVs, respectively, reduced
o(wto) olo—o) compared with those of the corresponding unpatterned

he semi-insulating GaAs substrate. Figur@) Ishows the
band structure calculated by solving the Schinger and
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FIG. 1. (Color online (a) Band structure calculated by solving
the Schrdinger and Poisson equations self-consistently. The 2DEG
is formed about 55 nm below the surface, mainly confined in the
narrow InAs channel(b) Schematic bias circuit and sample struc-
ture showing the long Hall bar with ohmic contacts. The zoom-in
part is an atomic force micrograph of the antidot array.

samplé of 6.66x 10 cm 2 and 150000 cfVs. Ohmic
contacts were made by depositing a AuGe alloy followed by | | | |

annealing. 20 40 60 80 100 120 140
Our experiment was performed by applying a dc current b -1
of 9 uA to the Hall bar and measuring the changes of the wave number (cm )

voltage drop caused by FIR radiation. At fixed magnetic
fie_IdS, the proadband FIR radiation was modulated by th%t (@ T=1.5K for three different magnetic fields andh) B
Mlchelsqn 'nterferomeu?r of a Fourier transform SpeCtrom'=3.2 T for three different temperatures. Arrows indicate weak reso-
_eter. Using Fhe sample itself as the detector, the correspongances described in the text. Spectrdanare vertically offset for
ing change in the voltage drop of the sample was ac couplegarity.
to a broadband preamplifier and recorded as an interfero-
gram, which was Fourier transformed to obtain the photoB fields. In Fig. Zb) we plot the spectra measured Bt
conductivity spectrum. The sample was mounted in a He=3.2 T and at different temperatures. In this case the dc
cryostat with a superconducting solenoid. All data reporteccurrent was reduced to 180 nA to avoid heating the 2DEG by
here were obtained in Faraday geometry. the current. The observed resonances are found to be ex-
Figure 2 shows typical FIR photoconductivity spectratremely temperature sensitive, with their amplitudes decreas-
measured at differenB fields and temperatures. Different ing quickly by only slightly increasing the temperature.
beam splitters of the spectrometer are used to optimize the In Fig. 3@ we plot theB-field dispersion of these reso-
measurement for resonances lying in different frequency rerances. Also shown is the magnetoresistaRgemeasured
gimes. As shown in Fig. (@ at the low magnetic field of without FIR radiation using the standard lock-in technique,
B=3.2 T, two resonances are clearly observed. By increaswhich allows us to determine the 2DEG filling factors
ing theB field to 6.4 T, the resonance at the lower energy has=Ngh/eB. The major resonances can be nicely (8blid
a slight redshift and gets weaker, while the higher-energyeurves using Eq. (1) with three fitting parametersog
resonance shows a significant blueshift and dominates the 70.2 cmi !, f=0.17, andn* =0.039n,. Within the fitting
spectrum. Two additional weak resonances are observed; oecuracy, the obtained effective mass value is equal to that
appears as a shoulder of the dominant resonance and th&ectly measured from CR on the unpatterned sample from
other lies at about 285 cm, and these are indicated by the same waferWe therefore identify them as the two char-
thick and thin arrows, respectively. By further increasing theacteristic antidot collective modes® and wgyp. The rela-
B field to 9.6 T, the dominant resonance splits into multi-tive strength ofw™* over thewgyp mode increases with in-
peaks, while the weak one at 285 thgains resonance creasing B field, in accordance with the thedty.By
strength. The resonance at the low energy disappears at largemparing the spectra with that obtained on the unpatterned

FIG. 2. (Color onling FIR photoconductivity spectra measured
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= 600 mined for the unpatterened sampM/ithin the B-field range
300 F=(2) LO (GaAs) ==+ mumimememm oo S o of 67 T, where we can observe the spin-flip excitation, the
----- TO (GaAs)=-=+=+="="="="" - gimapem= 500 influence of the antidot potential on its resonance frequency
20 2o~ LO (InAs) =-= =+ =o - - I is found small.
----- TO (InAs) =« =-=-=-=; <" - gy~ = 409 = Observing the spin-flip excitation in the antidot lattice
200 < . e .
-~ > demonstrates the high sensitivity advantage of the photocon-
P — 3001 ductivity spectroscopy. Another advantage of the technique is
1501= . ~ that we can measure resonances within the reststrahlen bands
50 1 5 _ 200@ which are prohibited for transmission spectroscopy. In our
e i sample, both the InAs quantum well and the GaAs substrate
- are polar semiconductors with reststrahlen bands between
their TO and LO phonon frequencies. Besides, there are two
g phonon bands for both §n:Ga, ,sAs and Iy 75Al 7S lay-
0 5 4 6 3 10 12 ers, as well as the interface phonons near each interfaces. For
brevity, in Fig. 3a) we plot the bulk phonon frequency of
B (T) GaAs and InAs. Apparently, the splitting of the" mode at
large B fields is caused by the influence of phonons of our
1 [~ () sample. Experimentally, by increasing tBefield, we find
B=32T that the resonance at about 285 cmindicated by the thin
o arrow in Fig. Za), stays within the reststrahlen band of GaAs
substrate but gains resonance strength. While the splitting of
the ™ mode shows anti-crossing behavior centered at about
220 and 240 cm!, near the TO (218 cm') and LO
(242.5 cm'') phonon frequency of InAs, respectively. At
the moment, we cannot explain these resonances in the rest-
strahlen bands regime. We note that the influence of phonons
on electronic excitations of a nanostructured 2DEG in the
reststrahlen band regime is a rather sophisticated problem,
with the combined nature of the optical effétthand non-
(U ' l ' ' l parabolicity, and electron-electron and electron-phonon
s 16 17 18 19 20 interaction*?3 It remains a controversial subjeét.How-
T (K) ever, the rich spectral features observed in our experiment
provide systematic data that is essential to establish a clear
FIG. 3. (Color onling (a) Magnetic-field dispersions for reso- theoretical picture.
nances measured &t=1.5 K and magnetoresistanBg, measured Our data demonstrates clearly that beii and wgyp
without FIR radiation. The solid curves are fits far” (solid  antidot modes contribute to the photoresistance. In contrast
circles and weyp (0pen circley antidot modes using Ed1). The g that studied by the transmission spectroscopy, the reso-
dotted line and dashed curve are calculated for CR and spin-flip,gnce strengths of both modes measured by photoconductiv-
excitation, respectively, using the effective mass of 0.039the  jr spectroscopy are extremely temperature sensitive. As
spin-orbit coupling parameter ofr=2.38<10 “eVm and a  ghawn in Fig. 2b) the resonance strengths of both modes
Lﬁ”deg factor Ofgle _A8'7' (Ej)egh-iot}red "nest'nd"aate thj Opt'cafl decrease quickly by increasing the temperature from 1.5 to 2
Fheorr]ggoigige:troennthsfan thgaA )I' de“?pfra ured epencence oty during which the half width of the resonances does not
) ) gih for (solid circleg and weyp (open change much. In Fig.(B), we plot the temperature depen-
circles antidot modes measuredBi=3.2 T. The curves irib) are
quides to the eyes. dence of the resonance strength for_ _both modes measured at
B=3.2 T. Such an extremely sensitive temperature depen-
sample, we further identify the weak resonance marked bglence can be qualitatively explained by the bolometric
the thick arrow in Fig. 23 as the collective spin-flip effect>'®where the resonant absorption of the FIR radiation
excitation? With the antidot lattice, the collective spin-flip effectively heats the electron gas and hence changes its re-
excitation gets broader and appears as a shoulder afthe Sistance. In the low temperature limkgT<Eg, the heat
resonance. To our knowledge, spin-flip excitation in an anticapacity of the 2DEG is given b
dot array has neither been studied experimentally nor inves-
tigated theoretically. Here we have assumed that at IBrge Ce= WzkéTD( Er,B)/3, 2
fields, the spin-flip excitation in the antidot array approaches
that in an unpatterned 2DEG, just like the" mode ap- proportional to the temperature and the density of states
proaches the CRFor comparison, in Fig. @) we plot the D(Eg,B) of the 2DEG at the Fermi enerd; . The bolom-
calculated dispersion for the 2DEG spin-flip excitation ne-etric effect caused by electron heating is therefore more pro-
glecting both the many-body correction and the antidot ponhounced at lower temperature wheg is smaller.
tential, using the spin-orbit coupling parameter of 2.38 It is intriguing to compare our results with other photo-
x10 1 eVvm and the Landey factor of g=—8.7 deter- conductivity experiments on the 2DEG in an antidot array. In

-1
wave number (cm )
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the early work of Vasiliadowt al’, instead of a broad band its bolometric nature. In addition, based on the fafield

FIR source, a microwave generator was used to investigatdispersion of the edge magnetoplasmon shown in K&, 8

the commensurability effects. The photoconductivity experiphotoresistance caused by exciting the edge magnetoplas-
ment was performed by fixing the microwave frequencymon at a fixed frequency would show broad structures, su-
while sweeping the magnetic field. Characteristic dispersiong€rimposed by a nonresonant background due to the change
for the antidot collective modes were not investigated due t®f the photoconductivity sensitivity by sweeping tBdield.

the limited available microwave frequencies. The temperatiowever, we would like to emphasize that whether the edge
ture dependence was not easy to study because of the supmaggetop'asmon indeed plays a role in the experiment of Ye
imposed nonresonant background which originates from th&t &l- depends on two major questions: the first is how the

heating of the whole sample. In an improved photoconducphOtoreSiStanCe influences the microwave transmission in
tivity spectroscopy experiment recently performed by Jagthe'r experiment, and the Se<_:ond one s hOW. large the edge-
et al®, the 2DEG is at a distance of 37 nm below the Samplemagnetoplasmon frequency in their sample is. We note that

surface and the antidots are written &yeam lithography while the first question is not easy to answer due to the
. . complicated microwave technique, the second question can
and transferred into the 2DEG by shalldwith only about P 9 d

6-nm) wet etching. Therefore, instead 0§ and weyp be clarified by performing a photoconductivity spectroscopy

d CR and tonl d imult experiment such as we describe in this paper. By measuring
modes, and a magnetoplasmon mode were Simuilgpq dispersion of thew* mode in the FIR regime, the geo-

neously observed, which is typical for a weak modulated, i filling factorf, that depends on the depletion area of

ranEtG ; ms;[ﬁa(i Ofri?n zrft)sve W'tr;f arrsrgldgtbcg?fl?g m?rr:t. Thethe antidot, can be determined, which can be used to estimate
ost recent experiment was periormed byet@l. usinga o, mode frequenc} In the sample of Yeet al® the

signifi_cantly improved microwave technique_ With trans.mis'latter lies in the microwave regime and is rather difficult to
sion lines to study both the photoconductivity and MICro- o ~sure directly.

wave transmission of a 2DEG in an antidot array. Among In summary, we have performed a FIR photoconductivity
g’pectroscopy experiment on a 2DEG in an array of antidots.
We find that both the magnetoplasmaa™) and the edge-
magnetoplasmondgyp) Mmodes of the antidot contribute to

ggggl;;:é'l\/ Itzé;\hirggs:gv;ae\r/gi t?\?gdggg;lggsmaswfﬁ#?gcﬁgak;‘?nthe photoresistance, which is extremely temperature sensitive
y P ) T . 9 >NJue to the bolometric nature. We observe the influence of
temperature. As possible origins of this, antidot edge excita-

n o o
tions of fractional quantum Hall effect states associated Wiﬂphodnon br? nds pdn the” mode and a spin-flip excitation
either chiral Luttinger liquidsor edge reconstructidhhave  od€ N the antidots.

been discussed. Our data provide additional insight. As This work was supported by the BMBF through project
shown in Fig. 8b), we have demonstrated that the contribu-01BM905 and the DFG through SFB 508. We thank Axel
tion of the antidot edge magnetoplasmon to the photoresid-orke and Peide Ye for helpful discussions about the experi-
tance has a similar sensitive temperature dependence duerntents of Refs. 5 and 6, respectively.

Landau filling one in the microwave conductivity measured
by sweeping theB field. On the peak, unlike the dc-limit
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