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Plasmons and the quantum limit in semiconductor wires
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We report on the observation by Raman scattering of one-dimensional plasmons in deep-etched wires with
lateral sizesv down to 30 nm. We determine the dispersion of these collective excitations down to 45 nm, well
beyond the transition to a single one-dimensional subband occupaneg@ nm), and demonstrate that they
can be well described both within the random-phase approximation and ttiegeu liquid theory. In thinner
wires, the Raman spectra reduce to a single undispersive low-energy line which we attribute to a plasmon
localized by longitudinal disorder in the external potenti&0163-182@9)01140-9

One-dimensiona(1D) confinement of electrons in semi- Starting from a 18-nm-thick modulation-doped
conductor quantum wires is expected to provide unique eleasaAs/Ga -Al, ;As single quantum well with a two-
trical properties such as high electron mobilittegantized  dimensional densityng=5x10'*cm 2 and a mobility of
conductance$,or improved transconductance in field-effect 7 gy 106 eV -1s 1 at 4 K. the quantum wires have been
transistors. The observation of these specific properties re'prepared by reactive ion eté:hing with an etched depth of 300
lies on the fabrication of very narrow wires, with only one m, much deeper than the quantum well, located at 150 nm

. . : n
subband occupied and with very low disorder. At the IoresenE)elow the surface. The patterns have been defined by elec-

time, cleaved edge overgrovitand organized growth on . )
vicinal surfaces have been demonstrated to provide verytron'c nanollthogrgphy. The damaged part of the lateral sur-
faces of the wires have been passivated by anodic

low lateral dimensions, of the order of 10 to 20 nanometers,”™ >~ =% "~ " ; .
with reduced disorder. On the other hand, deep reactive iofxidation:” This additional process results in the formation

etching (RIE) provides the greatest flexibility to achieve Of @n isotropic oxide layer with a thickness of 40 nm. The
strong confinement in arbitrary geometries but usually sufoxidation reduces by 80 nm the lateral size of the active
fers from limitations in the lowest size easily realizable andregion and limits the electron trapping in the damaged part.
from the presence of a high density of etching defects create@/e have realized wires with different nominal widtg,,
on the lateral sidewalls of the quantum wire. We have showrtdefined as the etched width corrected from the oxide thick-
previously from the observation by electronic Raman scatternes$ ranging from 30 to 60 nm by 5-nm steps. For the nar-
ing of narrow lines related to the laterally confined plasmongow wires considered in this work, the resolution of scanning
that an electrochemical oxidation after the RIE process leadslectron microscopySEM) images on desoxidized wires is
to high-quality one-dimensional electron gasddDEG’S) hardly sufficient to measure this width with an accuracy bet-
with a lateral size below 100 nm and a very abrupt equilib-ter than 5 nm but allows us to observe a clear regular de-
rium density distributior?:’ crease in the nominal size following the coded patterns. On
On the other hand, there is a single repmt Raman the other hand, size fluctuations along the wires have been
scattering by intrasubband and intersubband plasmons in nagstimated independently from luminescence on undoped
row wires, namely a shallow etched wire with two subbandswires and from the line broadening of plasmons in doped
occupied. Since this report, the validity of the random-phasevires, consistently giving 5 nm in both cases. For these rea-
approximationl (RPA), even when including exchange and sons we will only usev,,,in this paper to label the different
correlation correction¥ to describe a 1DEG has been long wire arrays but never to quantitatively support any theoreti-
debated in competition with the "ttinger liquid behavior cal analysis of the data. As shown below, the systematic
predicted at 1D by more recent theorfé€xperimental sig- decrease of the intraband plasmon energy when reducing the
natures of a Lttinger liquid behavior on semiconductor width is, in our opinion, a good indication that our size con-
wires is presently actively investigatétlin this paper, we trol is better than 5 nm.
report on the observation of dispersive one-dimensional plas- In this paper we present Raman scattering results in arrays
mons in deep-etched wires with lateral sizes down to 45 nmof quantum wires of nominal width 30 nmIw,, <60 nm.
i.e., significantly below the quantum limit where only one Quasibackscattering experiments have been performed at 2
subband is occupied. We analyze these results in terms & with an incident laser energf~1.59 eV} in strong reso-
different quantum descriptions of the plasmon energies. Beaance with interband transitions associated with the second
low 45 nm, the dispersive plasmon disappears while a newonduction subband of the GaAs single quantum well and an
nondispersive electronic excitation emerges. We attributéncident power density tuned between 1 and 5 W/fritas-
this excitation, observed down to the lowest fabricated sizenon frequencies were found to be independent of the illumi-
(30 nm), to the localization of the 1D plasmon by the poten-nation power. The plasmon wave vector transferred to the
tial fluctuations. 1DEG along the wire axis is varied according to the follow-
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FIG. 1. Raman spectra measured in parallel polarizat@rand

(b) For two different wire widthswv,,,,=60 nm(a) and 50 nm(b) at FIG. 2. Intra- and interband plasmons dispersions) Extrac-
various wave vectors andc) for different wire widths atq tion of the Fermi leveE; and the intersubband spacifg, for the
~1.0um™L, 55-nm wire by fitting dispersions of intrabardolid circle and
interband(open circle modes. This correspond to a fitted width

ing relation: q=(27/\)(sin 6+sin 6)cose, where\ is the ~ Weleg=471.3nm and a one-dimensional density=(3.6x0.3)
incident wavelengthg, and 6 the incidence angle of the X 10° cm™ . Diameter of the circles equals the width at mid-height
incoming and scatter:ad Iights respectively, apdhe angle of the Raman lines. The ‘ittinger result calculated for the same
between the plane of incider'me and the v(/ire axis. When parameter is also show(dotted ling. (b) Intraband plasmons

' (line 0) for different wires. Experimental dispersions have been

vanishes, the plasmons with even and odd parities with Mitted with the RPA model presented in the text. The densities ob-

spect to the mirror plane al_ong the wire ax'is are observed i ined are, respectively, with decreasing width=4.5, 3.6, and
parallel and crossed polarization, respectiVélyn parallel 2 4% 10° e L.
polarization, the low-energy Raman spectra on wires with
Whonm=45nm are dominated by a dispersive lifi@e 0), as  empty states of two one-dimensional subbands with the same
illustrated in Figs. a8 and Xb) for w,,,=60 and 50 nm, parity (respectively, different pariti¢sFor an electron gas
respectively. Below 45 nm, the dispersive mode is no longewith one or two occupied subbands, as in the range of lateral
observed and the Raman spectra are dominated by an undsizes and densities corresponding to our experiments, it is
persive Raman lingine 0'). This line is also present in the possible to label the plasmon modes with the index of tran-
thicker wires but is only resolved from the dispersive line atsition which contributes the most to the plasmon state, say,
wave vectorgj<2 um™ L. As illustrated in Fig. {c), the fre-  the SPE whose energy is the nearest from the considered
quency of line 0 slightly increases with decreasing lateral plasmon mode. The depolarization shift corresponds to the
size. In crossed polarization, a new liime 1, not shown in  difference between the plasmon enetgy;, and the associ-
Fig. 1) appears at higher energy for,,,=55nm, with a ated single-particle transition energy between subbands
negligible dispersion as compared to the line broadeningandm: SPE,,,. One can thus unambiguously assign line 1
whereas both lines 0 and @lisappear in this configuration. to wg; and line 0 towyy. Based on these assignments, we
Below this lateral size, no significant contribution is ob- have adjusted the wire thickness,.. and the one-
served in crossed configuration. According to the parity sedimensional density; on the measured dispersion curves of
lection rules for one-dimensional plasmons in etched whtes, line 0 and line 1 fom,,,,= 60 and 55 nm. Only the result for
we attribute line 1 to an odd-parity plasmon, while lines Othe 55-nm wire is shown Fig.(8) as there is no qualitative
and O, observed in parallel polarization, are related to thechange in the dispersions between the 60- and 55-nm wires.
lowest-energy even-parity plasmon. We find, respectively, for the 60- and the 55-nm wires:
We have analyzed the electronic excitations in our wire€€y;=8.0+0.4 meV, E;=2.7+-0.3 meV andEy;=8.0+0.4
within the RPA quantum modéf. In a previous studyon  meV, E;=1.5+0.3 meV, corresponding for the last one to a
thicker wires, we have determined the external potential actpotential width wg..=47=1.3nm and a one-dimensional
ing on the free electrons. This potential is almost parabolidensityn,=(3.6+0.3)x 10°cm™*. The fitted width is in a
and the total potential including electron-electron interactiorvery good agreement with the nominal one. Concerning the
becomes quasirectangular. We have thus used eigenfunctiodsnsity, the value is 20% of the total remote density given by
of a Wejec Wide rectangular potential within the quantum ngxw,,,=2.7x10° cm %, because the etching modifies the
model developed in this work. Through this model we haveequilibrium distribution between electrons of the donor sheet
extracted from the plasmon dispersions the respective posand electrons from the gas. Remaining electr@6 of the
tion of the Fermi leveE; and the intersubband spacifig;  remote density are probably trapped in the surface states
(between the first and the second 1D confined lg\aisl we  introduced by the etching and do not contribute to the plas-
have determined whether the quantum limit, where only thenon energy. A detailed Schiimger-Poisson mod&would
first subband contains free electrons, is achieved. In the RPBe necessary to quantitavely support this assessment but this
description, an evelfrespectively, oddplasmon mode re- is out of the scope of this paper. As a result from the fit, both
sults from the coupling through the Coulomb interaction ofwires are found in the quantum limit in the frame of the
all single-particle excitation$SPB between occupied and RPA. However, according to more recent theoffesne
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knows that exchange and correlation effects, which are not 01
taken into account in the precedent RPA model, are very
strong in one dimension: for a RPA parametgr=4 (rg
=1/2n,a*, wherea* is the electron Bohr radius in GaAs
anda* =10nm), the exchange effect reduces the intraband
plasmon energy by 30% from its RPA valtfeln our
samplesr,=1-2, giving a lower exchange correction. In
the absence of numerical calculations available for our situ-
ation, we will consider this correction as an additional incer-
titude added to the experimental incertitude. We try to fit

. . . . ; ---o---RPA 3sb
again the experimental dispersion with respecivtg.. and o RPA 1sh
n; according to the following relations: o= Lilttinger

ujpew) (bjo)

—a-— Hydro.

Z(L'

— ——rrt 00
0.100 1.000

RPAq _ _exch _ expt 0.001 0010
wgo (1= 85" = wis™, W etec

FIG. 3. One-dimensional plasmon versus one-dimensional elec-
wglPA(l_ e&xeh = wgzpt’ tron gas. (a) Demonstration of the|In(q)|*’? behavior followed by
the three models: Hydrodynamic, RPne and three subbands
occupied, and Litinger at small wave vector. All dispersions are
wheres£X“"is the exchange correction for the intraband andcalculated with the same density=3.6x 10° cm™* and the same
interband plasmon. In the absence of available data for thpotential widthwgec=47 nm, except RPA with three subbands

exchange correction on the intersubband plasmon energy, WBPA 3 sb which is calculated wittwe|e.=400 nm. (b) Qualita-
assume;ggChzggi(Ch: 30% and we find for the 60-nm wire: tive comparison between dispersions of a 2DEG intraband plasmon

Eo=9.54 meV andE;=9.55meV. There is a slight occupa- (\a) and a one-dimensional plasmoai(a)|*?.

tion of the second subbandd, /(dy+d;)=3%, whered; 5 |2 » 2

. L . P Wele Wele

is the electron density in the subbandThis wire is no V(qWeIec):<W ) f ! dxf e
elec Weled? Weled?

X

longer in the quantum limit when a very large exchange
interaction is taken into account. For the 55-nm wire, we
have considered the extreme case where the exchange
strongly modifies the intraband plasmon energy but leaves

unchanged the interband plasmorSX®'=30%, £Sx"

ax’
X Ko(q|x—x'|)cog

cos?(

Welec elec

, Apart from a little correction originating from screening due
= o = =
0%. We findEg,=6.2+0.4meV, E;=5.0-0.3meV and to higher subbandévhich is taken into account in the RPA

this wire is still in the quantum limit. A stronger exchange but not in the Litinger model, the Littinger dispersion fol-
correction on the intersubband plasmon energy would in;

crease the intersubband spacing and then reinforce our coIOWS exactly the RPA one. According to the well-known

clusion. For wires thinner than 55 nm, we cannot determineEllrgument that the RPA approach breaks down at 1D because

. . . . of the singular behavior of the free-electron polarizability
the electrical widthw,.. due to the lack of clear line 1 in the function at Z; (K; is the Fermi wave vectyrthis compari-

fﬁ:i:&g;gg‘tgeﬁzzi?eSggitrt?‘é)'\'%‘{grtggliisns’wvggkra\éz_usg n shows that the RPA remains valid as far as we consider
o dISP y wave vectorg) well below the X%; value. This is the case for

pends on the exact potential shasee Fig. &}, i.e., on experimental dispersions involved herek{2 100umY).

Vn::'fignbg; t?l]iilnll)ja?lqitth?o(:/\?ns't—yé(’) tnome[ztézclt:ia gg;? ﬁsu' Moreover, there is no specific behavior of the single sub-
q Y nom™— 9- 1 band occupancy charactén agreement with the results on

decreases regularly with the size between 60 and 45 nm, the =0 " 1 '5c" 0 wirgsas there is no qualitative change

e e e e e e betueen the Lnger dspersiond,—0) and RPA, dsper
. y o ’ sions with a growing number of occupied subbands. All dis-
ing electrons become localized.

s ersions of the one-dimensional plasmon behave in the long-
Based on these determinations, let us now analyze th p g

. . . 1/2 . . . .
experimental dispersion of the fundamental plasmon. W?:avelength limit liken, X glIn(c)™*. This point is shown in

. 2 .
have added in Fig.(2) the dispersion calculated for the same foI?I d:?(s?evxshi?)iViil@ﬁraﬁeﬂoai%({ﬂ; ::rr?efu dnecr:g?yoglljrtq with
density n;=3.6x10°cm ! and the same potential width

Wo =47 nm within the Ldtinaer model: different mo_qels: the RPA with one and three occupied sub-
elec 9 bands, the Ltiinger model, and the hydrodynamic mod@l.
All dispersions are linear for smajiwg ... The slope is pro-
01 01 1 2e? portional toni and is nearly the same depending on assump-
1+ h_> ( 1- PR —V(qWe|ea”, tions of the considered model. As shown in Figb)3 this
Vi vro Treme behavior qualitatively differs from a 2DEG plasmon with a
square-root behavior and is a specific character of a quasi-
where v is the Fermi velocitye the electron charge; the  one-dimensional intraband plasmon but not necessarily of a
dielectric constant of GaAg; a backscattering matrix ele- strictly one-dimensional electron gas.
ment (the best fit is obtained fog,=0), V is the Coulomb Below 45 nm, the dispersive plasmon is no longer ob-
potential averaged over the wire section given by served and we attribute the nondispersive liriet® a one-

o(q)=v¢q
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dimensional plasmon localized by potential fluctuations. Theof donors does not depend on the wire width. This is not the
value of its energy excludes-15 cm'Y) laterally confined case in deep-etched wires and stronger fluctuations due to
acoustical phonons, whose energy would be around 1'cm donor distribution are likely to appear, as well as be evalu-
for this width of confinement. A first contribution to poten- ated by a detailed model of the real confining potential actu-
tial fluctuations reflects the lateral size fluctuations due taally under development.

process limitations. Such fluctuatioris-—5 nm) explains In conclusion, we have observed extended 1D plasmons
the broadening of line 1 with decreasing size and its nonoby, very narrow deep-etched wires and well reproduced their
servation in the thi.nnest wires. This type of fluctuation, how‘dispersion within a simple quantum model. While the higher
ever, has a small influence on the 1D intrasubband plasmop,smon branches are significantly broadened by lateral size
which is weakly sensitive to the exact shape of the potentialy ,+,ations and become undetectable below 55 nm, the fun-
Moreover, the corresponding charge oscillations have a ver amental 1D plasmon remains extended at sigr’1ificantly

lOrr;%igﬁgerﬁgcitlci';%[hvﬁlrgggV\tl?tﬁ V:rzeir?txeli,tic?r?a}/ve esr?c?(;,i\lf maller sizes and we attribute its final disappearance around
b y b 40 nm to potential fluctuations. We demonstrate that the

modulation of the lateral sizE: they remain extended, ) )
whereas the higher energy plasmons are confined in th@_easured plasmon dispersions can be well reproduced both

thickest parts of the wire. We thus must consider othelWlthin Fe.rmi and Lmting_e'r liquid theorie;: in this. rapge qf
sources of disorder to explain the plasmon localization injateral Wldt'h anq densities both theories predict identical
very narrow wires and the statistical distribution of Si donorsPl@smon dispersions for wave vectors small compared to
in the remote doping layer is a good candidate to induceks . Deep etching allows us to realize 1D electron gases
fluctuations of the confinement potential. As shownWith small disorder. Limited improvement of the technologi-
previously!® the effect of these fluctuations increases whercal process should allow us to further reduce the density and
the electron density decreases, which is likely to qualitativelythe size and to evidence exchange and correlations correc-
explain our observations. Nevertheless, split gate structuré®ons which behave differently in the Fermi and ttinger
have been considered in Ref. 18 where the external potentiahodels.
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