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Coupling of lateral and vertical electron motion in GaAs-Al,Ga;_,As quantum wires and dots
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Electronic excitations in AlGa; _,As-GaAs quantum wires and quantum dots have been investigated by
means of resonant inelastic light scattering. At low frequencies, we find quasi-one-dimensional and quasi-zero-
dimensional confined plasmons. Interestingly, we observe, at higher frequencies, not only the original two-
dimensional(2D) intersubband excitations, but additional modesin polarized scattering geometry. The
experimental finding is that the frequencies of these modes obey the relgtion3,+ ©?p/0p, Wherew,p is
the frequency of the vertical intersubband charge-density excitatigh.is a lateral quasi-one-dimensional
confined plasmon frequency in wires angp, is the frequency of a quasi-zero-dimensional confined plasmon
in dots. This relation shows that the additional modes are collective charge-density excitations, which occur
due to a coupling of lateral and vertical electron motion.

In recent years, spectroscopic techniques have allowed energies, we observe transitions in the regime of the original
deep understanding of the guasi-one-dimensional and quas?b intersubband excitations. Interestingly we find, in this
zero-dimensional semiconductor heterostructures. Collectiveegime, additional modes in polarized spectra, which do not
electronic excitations in quantum wifés and quantum e€xist in the unstructured sample and which we attribute to
dot$~*have been observed first by far-infrared transmissiorfombined 1D-2D and 0D-2D excitations of collective
spectroscopy. Resonant inelastic light scattering allows theharge-density type, which occur due to a coupling of lateral
investigation of the wave-vector dispersion of the measure@nd vertical electron motion. We present results, from quan-
excitations, as well as the distinction between charge-densitm wire samples, with 500 nit800 nm) lateral period and
(CDE), spin-density(SDE), and single-particle excitations 170 nm(270 nm geometrical wire width and from a quan-
(SPB, by means of polarization selection rufésntersub-  tum dot strgcture with 800 nm period and 240 nm geometri?
band excitations in quantum wire systems, with many occucal dot radius. The samples were prepared by holographic
pied subbands, have been observed first by Weiter > lithography and reactive ion etching. The electron density
Egeler et al. found an anisotropic plasmon dispersion in@nd mobility of the unstructured 25 nm wide one-sided
multilayered systems, where also many subbands ar@odulation-doped single quantum weBQW) at T=2 K
occupied® Gofi et alX4 and Schmelleet al’® investigated ~ after illumination ~were about 810"cm™ and
one-dimensional intrasubband and intersubband SDE, SPB;5X 10°cn¥/Vs, respectively. The Raman experiments were
and CDE in samples with only two occupied subbands. Veryerformed atT=12 K, using a closed cycle cryostat. The
recently, Strenzt al. have investigated the wave-vector dis- energy of the exciting Ti:sapphire laser was in the range of
persion of spin-density excitations in quasi-one-dimensionalransitions from various confined hole states to the first ex-
systems, with several occupied subbattds. other samples, cited electron state of the unstructured SQW. The power den-
they observed confined plasmodsFurthermore, they re- sities were below 10 W cnif. The spectra were analyzed
ported the inelastic light scattering by spin-density excita-Using a triple Raman spectrometer with a multichannel diode
tions in zero-dimensional systeris. array or a liquid nitrogen cooled charge-coupled device cam-

Starting  from  single-layered modulation-doped €ra.

Al ,Ga, _,As-GaAs quantum wells, we have prepared quan- At low excitation energies we observe, in all samples,
tum wires and quantum dots by deep mesa etching. It waseveral plasmon modes in polarized scattering geometry. Fig-
possible to fabricate structures with lateral size down to 170/re 1 shows, as an example, the wave-vector dispersion of
nm, which still contain highly mobile electrons. This leads tothese modes for the 170 nm wire sample, where the wave-
the wunique situation that, in contrast to earlier vector g is transferred parallel to the wires. Qualitatively
experiments?~"we have(a) a huge lateral quantization and these modes can be understood in the well-known picture of
(b) the lateral quantization occurs both in the lowest and firseonfined plasmons: here, the wave vedjaf the 2D intra-
excited originally two-dimensiona(2D) subband. In our Subband plasmon has to be replaced by a vector
samples, we still have several subbafidghe case of wires {qﬁ+[|(w/W)]2}1’2, 1=0,1,2..., where q; means the

or several electronic level@n the case of dojsoccupied. At  wave-vector component along the wires amds the effec-

low excitation energies, we find several plasmon modes itive electronic width of the wires. The modes in Fig. 1 are
polarized scattering geometry, which can be fully understoodabeled according to the value lbfQuantitatively this simple

in the picture of confined plasmof$At higher excitation picture does not hold in most casésTherefore, the solid

0163-1829/96/5@5)/95653)/$10.00 53 9565 © 1996 The American Physical Society



9566 BRIEF REPORTS 53

polarized spectra
q<2x10%cm™

T T T

240 nm dots :

4 comb. exc.

. 0D cc;nf. plasmon/)\,\-
XB A

E =12794cm”  E =12849 cm™
"_E 804 E *g 170 nm wires :
G s
g ] > 1D conf. plasmon
> _.__/// £ 3 comb. exc.
Q 604 4 8 l
o =1 = JJL (s,9)
1 2| x8 b
40 =0 4 £ E =12785cm™  E =12706 cm’
1 270 nm wires : a°°mb~ exc.
20+ w =140 nm 7 1D conf. plasmon ".
Nyp=5x 10" cm? | | | L ®p)
0 N 1 . f N 1 N 1 A gE:ﬁ
0.0 0.4 0.8 1.2 1.6 S

E,=12782cm”  E =12836 cm™
1 1 L | L I}

1
0 100 200 300
Raman shift (cm™)

q (105 cm™)

FIG. 1. Wave-vector dispersions of the confined plasmon modes
in a 170 nm wire sample. The wave vectpis transferred parallel

to the wires. The filled squares mark the symmetric modes and the F!G- 2. Polarized spectra for dots and wires. The regimes of
filled circles the antisymmetric ones. The solid lines are calculateOnfined plasmons and vertical intersubband excitations have been

within the hydrodynamical model of Eliassen al. (see text excited with different laser ehergies fqr optimum response. The
spectra were recorded in quasibackscattering geometry
lines in Fig. 1 are calculated within the more sophisticated(d<2> 10‘cm %), where the wave-vector transfer and the polariza-
hydrodynamical model of Eliassoet al,’® which leads in tions of incident and scattergd Ii_ght were either_ perpendicular
the high wave-vector limit to the above mentiorgdepen- (s,s) or parallel @,p) to the wires in the case of wires, and per-

dence of the confined plasmon modes. With an eIectroni{}eqdic“'at“r LO t?zlza”jn;"_e tﬂorrznglsjgéhe ;‘?;e ?}f dOT_S' Thte é’rof‘d
width w= 140 nm and an effective 2D carrier density oure at about 215 cmis the and the sharp fine at abou

_ 1 > 237 cnitis the 2D CDE withAm=1 andAn=0, wherem is the
nop=5x% 10" cm™2, excellent agreement of theory and ex- =~ "
vertical andn the lateral quantum number.

perimental data is achieved, where no further parameter is
required. The symmetric modes witk-0,2 are much more i
prominent in the Raman spectra than the antisymmetric ondact from our data thab,p is actually the frequency of the
with 1=1,3. This is due to the two-photon nature of the 2nd lateral confinedl(=2) quasi-one-dimensional plasmon.

Raman process, in contrast to far-infrared absorption, whickpoo i the corresponding quasi-zero-dimensional confined
is a one-photon process. plasmon frequency. These excitations are most prominent in

At higher frequencies, we observe the originally 2D inter-the Raman spectra, as Fig. 2 shows. The quadratic relation
subband excitations, which result from transitions fromSuggests that the additional modes are combined 1D-2D and
statesm=0 to m=1, without change in the 1D or OD quan-
tum numberAn=0 (Fig. 2). m is the vertical quantum num-
ber. For illustration, we have sketched for the case of wires
some single-particle transitions, which contribute to these 2D
intersubband excitations in Fig(é3 (long arrows. All these
transitions sum up and reproduce the originally 2D intersub-
band excitations. The positions of the 2D intersubband SPE
(broad peaks at about 215 ¢hin Fig. 2), CDE (sharp peaks
at about 237 cmt), and SDEnot displayed hepediffer only
slightly from those in the unstructured sample. Note that the
CDE is actually thew_ mode of the coupled LO-phonon
intersubband-plasmon excitations. But there is an additional
mode at about 24@54) cm™! in the 170(270) nm quantum
wire sample and at about 253 chin the dot samplédark
_shaded peaks in F|g.),2_vvh|ch can only _be _eXC'ted in polar- the regime of the originally 2D excitationgong arrowsAn=0,
ized geometry and which does not exist in the unstructure m=1) and 1D confined excitatiorishort arrows witAn=1 and
sample. We find that for the wires the polarizations of inci—An:z)' n is the lateral andn the vertical subband quantum num-
dent and scattered light can either be paralfgp) or per-  per. (b) Schematic picture of laterawhite arrow and vertical
pendicular §,s) to the wires(Fig. 2). The frequencies of (plack arrow confined electron motion in a quantum wire. The
these modes obey the relatian’~ w3+ w%p0p, Where coupling of lateral and vertical collective electron motion results in
w-,p is the frequency of the 2D intersubband CDE. We ex-the experimentally detected combined modes.
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FIG. 3. (a) Sketch of the single-particle transitions, which con-
tribute in quantum wires to the observed intersubband excitations in
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0D-2D excitations of the collective charge-density type. The

combined excitations occur due to a coupling of lateral and 260 T
vertical electron motion. In Fig.(B), this coupling is visu- e o—0o—o~©

. . . . 2 250 X
alized in a simple model where the white arrow indicates the { 240 nm dots (0gp>+oyp2) "
lateral and the black arrow the vertical electron motion. The 240 .. @-wuueveeeeeens [ JRPONINPa S— 5
guadratic relation between the energies of the observed 230_'= \m 1
modes is surprisingly well fulfilled. This is demonstrated in 90: 0 ]
Fig. 4, where they dispersions of the relevant modes, the S IR SRR RO
2nd confined plasmon mode, the 2D intersubband CDE, and R \IcoOD .
the combined mode are displayed for the 170 nm wire and 5 o0 T T T —
the dot sample. The dotted lines are quadratic polynomial fits = 1 x

. . L =3 J 2 212

to the experimental points. The solid lines are calculated & 250 | 170 nm wires (Wi *+ wyp)
from the dotted ones, according to the quadratic relation ® 4 P
w?= w35+ 0jy,p. Furthermore, Fig. 4 shows that the ob- 240 1@ @ B ‘“'\: ]
served excitations in the dot sample are nearly dispersionless 230 2D T
compared to those in the wire sample, which is a clear sig- i e
nature of quasi-zero-dimensional behavior. Up to now, the 100 | m........ _— D

coupling mechanism, which leads to the observed combined
modes, is not clear. A coupling between lateral and vertical
excitations in three-dimensional quantum dots in tilted mag-
netic fields was previously observed by Meusgral® In
our case, the mechanism may be similar to the coupling of F|G. 4. Wave-vector dispersions of the 2nd confined plasmon
quasi-two-dimensional intra- and intersubband plasmoRs.  frequency, the 2D intersubband CDE, and the combined modes of
However, in the theoretical approach of Das Saffhap  the 170 nm wire and the dot sample. The dotted curves are fits to
additional modes occur, due to the coupling. It will be a taskihe experimental data. The solid lines are calculated from the dotted
of future work to prove whether or not the combined modescurves, using the given quadratic relation.
occur, due to the fact that we have, in contrast to quasi-two-
dimensional electron systems, a spectrum of several laterabmples, the lateral quantization occurs both in the lowest
confined plasmons in our quantum wire and dot samples. and first excited originally 2D subband. We show that these
In conclusion, we have observed modes in polarized speanodes originate from a coupling of lateral and vertical elec-
tra of narrow quantum wire and quantum dot samples, in théron motion, which results in combined 1D-2D intersubband
regime of the original 2D intersubband excitations. Theseand 0D-2D interlevel excitations of collective charge-density
modes occur, due to the fact that in our deep mesa etchagpe.
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