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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 sizesw 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 occupancy (w;60 nm), and demonstrate that they
can be well described both within the random-phase approximation and the Lu¨ttinger 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 potential.@S0163-1829~99!01140-6#
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One-dimensional~1D! confinement of electrons in sem
conductor quantum wires is expected to provide unique e
trical properties such as high electron mobilities,1 quantized
conductances,2 or improved transconductance in field-effe
transistors.3 The observation of these specific properties
lies on the fabrication of very narrow wires, with only on
subband occupied and with very low disorder. At the pres
time, cleaved edge overgrowth4 and organized growth on
vicinal surfaces5 have been demonstrated to provide ve
low lateral dimensions, of the order of 10 to 20 nanomete
with reduced disorder. On the other hand, deep reactive
etching ~RIE! provides the greatest flexibility to achiev
strong confinement in arbitrary geometries but usually s
fers from limitations in the lowest size easily realizable a
from the presence of a high density of etching defects cre
on the lateral sidewalls of the quantum wire. We have sho
previously from the observation by electronic Raman scat
ing of narrow lines related to the laterally confined plasmo
that an electrochemical oxidation after the RIE process le
to high-quality one-dimensional electron gases~1DEG’s!
with a lateral size below 100 nm and a very abrupt equi
rium density distribution.6,7

On the other hand, there is a single report8 of Raman
scattering by intrasubband and intersubband plasmons in
row wires, namely a shallow etched wire with two subban
occupied. Since this report, the validity of the random-ph
approximation9 ~RPA!, even when including exchange an
correlation corrections,10 to describe a 1DEG has been lon
debated in competition with the Lu¨ttinger liquid behavior
predicted at 1D by more recent theories.11 Experimental sig-
natures of a Lu¨ttinger liquid behavior on semiconducto
wires is presently actively investigated.12 In this paper, we
report on the observation of dispersive one-dimensional p
mons in deep-etched wires with lateral sizes down to 45
i.e., significantly below the quantum limit where only on
subband is occupied. We analyze these results in term
different quantum descriptions of the plasmon energies.
low 45 nm, the dispersive plasmon disappears while a n
nondispersive electronic excitation emerges. We attrib
this excitation, observed down to the lowest fabricated s
~30 nm!, to the localization of the 1D plasmon by the pote
tial fluctuations.
PRB 600163-1829/99/60~19!/13310~4!/$15.00
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Starting from a 18-nm-thick modulation-dope
GaAs/Ga0.7Al0.3As single quantum well with a two-
dimensional densitynS5531011cm22 and a mobility of
7.03105 cm2 V21 s21 at 4 K, the quantum wires have bee
prepared by reactive ion etching with an etched depth of
nm, much deeper than the quantum well, located at 150
below the surface. The patterns have been defined by e
tronic nanolithography. The damaged part of the lateral s
faces of the wires have been passivated by ano
oxidation.13 This additional process results in the formatio
of an isotropic oxide layer with a thickness of 40 nm. T
oxidation reduces by 80 nm the lateral size of the act
region and limits the electron trapping in the damaged p
We have realized wires with different nominal widthswnom
~defined as the etched width corrected from the oxide thi
ness! ranging from 30 to 60 nm by 5-nm steps. For the n
row wires considered in this work, the resolution of scann
electron microscopy~SEM! images on desoxidized wires i
hardly sufficient to measure this width with an accuracy b
ter than 5 nm but allows us to observe a clear regular
crease in the nominal size following the coded patterns.
the other hand, size fluctuations along the wires have b
estimated independently from luminescence on undo
wires and from the line broadening of plasmons in dop
wires, consistently giving 5 nm in both cases. For these r
sons we will only usewnom in this paper to label the differen
wire arrays but never to quantitatively support any theor
cal analysis of the data. As shown below, the system
decrease of the intraband plasmon energy when reducing
width is, in our opinion, a good indication that our size co
trol is better than 5 nm.

In this paper we present Raman scattering results in ar
of quantum wires of nominal width 30 nm,wnom,60 nm.
Quasibackscattering experiments have been performed
K with an incident laser energy~;1.59 eV! in strong reso-
nance with interband transitions associated with the sec
conduction subband of the GaAs single quantum well and
incident power density tuned between 1 and 5 W/mm.2 Plas-
mon frequencies were found to be independent of the illu
nation power. The plasmon wave vector transferred to
1DEG along the wire axis is varied according to the follo
13 310 ©1999 The American Physical Society
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ing relation:q5(2p/l)(sinui1sinus)cosw, wherel is the
incident wavelength,u i and uS the incidence angle of the
incoming and scattered light, respectively, andw the angle
between the plane of incidence and the wire axis. Whew
vanishes, the plasmons with even and odd parities with
spect to the mirror plane along the wire axis are observe
parallel and crossed polarization, respectively.14 In parallel
polarization, the low-energy Raman spectra on wires w
wnom>45 nm are dominated by a dispersive line~line 0!, as
illustrated in Figs. 1~a! and 1~b! for wnom560 and 50 nm,
respectively. Below 45 nm, the dispersive mode is no lon
observed and the Raman spectra are dominated by an u
persive Raman line~line 08). This line is also present in th
thicker wires but is only resolved from the dispersive line
wave vectorsq<2 mm21. As illustrated in Fig. 1~c!, the fre-
quency of line 08 slightly increases with decreasing later
size. In crossed polarization, a new line~line 1, not shown in
Fig. 1! appears at higher energy forwnom>55 nm, with a
negligible dispersion as compared to the line broaden
whereas both lines 0 and 08 disappear in this configuration
Below this lateral size, no significant contribution is o
served in crossed configuration. According to the parity
lection rules for one-dimensional plasmons in etched wire14

we attribute line 1 to an odd-parity plasmon, while lines
and 08, observed in parallel polarization, are related to
lowest-energy even-parity plasmon.

We have analyzed the electronic excitations in our wi
within the RPA quantum model.15 In a previous study7 on
thicker wires, we have determined the external potential
ing on the free electrons. This potential is almost parab
and the total potential including electron-electron interact
becomes quasirectangular. We have thus used eigenfunc
of a welec wide rectangular potential within the quantu
model developed in this work. Through this model we ha
extracted from the plasmon dispersions the respective p
tion of the Fermi levelEf and the intersubband spacingE01
~between the first and the second 1D confined levels! and we
have determined whether the quantum limit, where only
first subband contains free electrons, is achieved. In the R
description, an even~respectively, odd! plasmon mode re-
sults from the coupling through the Coulomb interaction
all single-particle excitations~SPE! between occupied an

FIG. 1. Raman spectra measured in parallel polarization.~a! and
~b! For two different wire widthswnm560 nm~a! and 50 nm~b! at
various wave vectors and~c! for different wire widths at q
;1.0mm21.
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empty states of two one-dimensional subbands with the s
parity ~respectively, different parities!. For an electron gas
with one or two occupied subbands, as in the range of lat
sizes and densities corresponding to our experiments,
possible to label the plasmon modes with the index of tr
sition which contributes the most to the plasmon state, s
the SPE whose energy is the nearest from the consid
plasmon mode. The depolarization shift corresponds to
difference between the plasmon energyvnm and the associ-
ated single-particle transition energy between subbandn
andm: SPEnm . One can thus unambiguously assign line
to v01 and line 0 tov00. Based on these assignments, w
have adjusted the wire thicknesswelec and the one-
dimensional densityn1 on the measured dispersion curves
line 0 and line 1 forwnom560 and 55 nm. Only the result fo
the 55-nm wire is shown Fig. 2~a! as there is no qualitative
change in the dispersions between the 60- and 55-nm w
We find, respectively, for the 60- and the 55-nm wire
E0158.060.4 meV, Ef52.760.3 meV andE0158.060.4
meV, Ef51.560.3 meV, corresponding for the last one to
potential width welec54761.3 nm and a one-dimensiona
densityn15(3.660.3)3105 cm21. The fitted width is in a
very good agreement with the nominal one. Concerning
density, the value is 20% of the total remote density given
ns3wnom52.73106 cm21, because the etching modifies th
equilibrium distribution between electrons of the donor sh
and electrons from the gas. Remaining electrons~80% of the
remote density! are probably trapped in the surface sta
introduced by the etching and do not contribute to the pl
mon energy. A detailed Schro¨dinger-Poisson model3 would
be necessary to quantitavely support this assessment bu
is out of the scope of this paper. As a result from the fit, b
wires are found in the quantum limit in the frame of th
RPA. However, according to more recent theories,10 one

FIG. 2. Intra- and interband plasmons dispersions.~a! Extrac-
tion of the Fermi levelEf and the intersubband spacingE01 for the
55-nm wire by fitting dispersions of intraband~solid circle! and
interband~open circle! modes. This correspond to a fitted widt
welec54761.3 nm and a one-dimensional densityn15(3.660.3)
3105 cm21. Diameter of the circles equals the width at mid-heig
of the Raman lines. The Lu¨ttinger result calculated for the sam
parameter is also shown~dotted line!. ~b! Intraband plasmons
~line 0! for different wires. Experimental dispersions have be
fitted with the RPA model presented in the text. The densities
tained are, respectively, with decreasing width:n154.5, 3.6, and
2.43105 cm21.
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knows that exchange and correlation effects, which are
taken into account in the precedent RPA model, are v
strong in one dimension: for a RPA parameterr s54 (r s
51/2n1a* , wherea* is the electron Bohr radius in GaA
and a* 510 nm), the exchange effect reduces the intrab
plasmon energy by 30% from its RPA value.10 In our
samples,r s51 – 2, giving a lower exchange correction.
the absence of numerical calculations available for our s
ation, we will consider this correction as an additional inc
titude added to the experimental incertitude. We try to
again the experimental dispersion with respect towelec and
n1 according to the following relations:

v00
RPA~12«00

exch!5v00
expt,

v01
RPA~12«01

exch!5v01
expt,

where«0i
exch is the exchange correction for the intraband a

interband plasmon. In the absence of available data for
exchange correction on the intersubband plasmon energy
assume«00

exch5«01
exch530% and we find for the 60-nm wire

E0159.54 meV andEf59.55 meV. There is a slight occupa
tion of the second subband:d1 /(d01d1)53%, wheredi
is the electron density in the subbandi. This wire is no
longer in the quantum limit when a very large exchan
interaction is taken into account. For the 55-nm wire,
have considered the extreme case where the exch
strongly modifies the intraband plasmon energy but lea
unchanged the interband plasmon:«00

exch530%, «01
exch

50%. We findE0156.260.4 meV, Ef55.060.3 meV and
this wire is still in the quantum limit. A stronger exchang
correction on the intersubband plasmon energy would
crease the intersubband spacing and then reinforce our
clusion. For wires thinner than 55 nm, we cannot determ
the electrical widthwelec due to the lack of clear line 1 in th
corresponding Raman spectra. Nevertheless, we have
the remarkable feature that thev00 dispersion weakly de-
pends on the exact potential shape@see Fig. 3~a!#, i.e., on
welec, but mainly on the densityn1 , to extract a good esti
mation of this quantity forwnom550 nm @see Fig. 2~b!#. n1
decreases regularly with the size between 60 and 45 nm
latter being very close to the critical width where the fre
electron density vanishes. Below this dimension, all rema
ing electrons become localized.

Based on these determinations, let us now analyze
experimental dispersion of the fundamental plasmon.
have added in Fig. 2~a! the dispersion calculated for the sam
density n153.63105 cm21 and the same potential widt
welec547 nm within the Lu¨ttinger model11

v~q!5n fqF S 11
g1

hn f
D S 12

g1

hn f
1

1

hn f

2e2

p«
V~qwelec! D G ,

wheren f is the Fermi velocity,e the electron charge,« the
dielectric constant of GaAs,g1 a backscattering matrix ele
ment ~the best fit is obtained forg150), V is the Coulomb
potential averaged over the wire section given by
ot
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V~qwelec!5S 2

welec
D 2E

welec/2

welec/2

dxE
welec/2

welec/2

dx8

3K0~qux2x8u!cos2S px

welec
D cos2S px8

welec
D .

Apart from a little correction originating from screening du
to higher subbands~which is taken into account in the RPA
but not in the Lu¨ttinger model!, the Lüttinger dispersion fol-
lows exactly the RPA one. According to the well-know
argument that the RPA approach breaks down at 1D bec
of the singular behavior of the free-electron polarizabil
function at 2kf (kf is the Fermi wave vector!, this compari-
son shows that the RPA remains valid as far as we cons
wave vectorsq well below the 2kf value. This is the case fo
experimental dispersions involved here (2kf;100mm21).

Moreover, there is no specific behavior of the single su
band occupancy character~in agreement with the results o
the 60- and 55-nm wires! as there is no qualitative chang
between the Lu¨ttinger dispersion (g150) and RPA, disper-
sions with a growing number of occupied subbands. All d
persions of the one-dimensional plasmon behave in the lo
wavelength limit liken13qu ln(q)u1/2. This point is shown in
Fig. 3~a! where we have plotted (v/q)2 as a function of lnq
for dispersions calculated with the same density but w
different models: the RPA with one and three occupied s
bands, the Lu¨ttinger model, and the hydrodynamic model.16

All dispersions are linear for smallqwelec. The slope is pro-
portional ton1

2 and is nearly the same depending on assum
tions of the considered model. As shown in Fig. 3~b!, this
behavior qualitatively differs from a 2DEG plasmon with
square-root behavior and is a specific character of a qu
one-dimensional intraband plasmon but not necessarily
strictly one-dimensional electron gas.

Below 45 nm, the dispersive plasmon is no longer o
served and we attribute the nondispersive line 08 to a one-

FIG. 3. One-dimensional plasmon versus one-dimensional e
tron gas. ~a! Demonstration of thequ ln(q)u1/2 behavior followed by
the three models: Hydrodynamic, RPA~one and three subband
occupied!, and Lüttinger at small wave vector. All dispersions a
calculated with the same densityn153.63105 cm21 and the same
potential width welec547 nm, except RPA with three subband
~RPA 3 sb! which is calculated withwelec5400 nm. ~b! Qualita-
tive comparison between dispersions of a 2DEG intraband plas
(Aq) and a one-dimensional plasmon (qu ln(q)u1/2).



m

o
w

t

i
,

e

n

the
e to
lu-
tu-

ons
eir
er
size
fun-
ntly
und
the
both
f
cal

to
ses
i-
and
rrec-

PRB 60 13 313BRIEF REPORTS
dimensional plasmon localized by potential fluctuations. T
value of its energy excludes~;15 cm21! laterally confined
acoustical phonons, whose energy would be around 1 c21

for this width of confinement. A first contribution to poten
tial fluctuations reflects the lateral size fluctuations due
process limitations. Such fluctuations~125 nm! explains
the broadening of line 1 with decreasing size and its non
servation in the thinnest wires. This type of fluctuation, ho
ever, has a small influence on the 1D intrasubband plasm
which is weakly sensitive to the exact shape of the poten
Moreover, the corresponding charge oscillations have a v
long coherence length along the wire axis, as we show
previously in etched wires with an intentional period
modulation of the lateral size:17 they remain extended
whereas the higher energy plasmons are confined in
thickest parts of the wire. We thus must consider oth
sources of disorder to explain the plasmon localization
very narrow wires and the statistical distribution of Si dono
in the remote doping layer is a good candidate to indu
fluctuations of the confinement potential. As show
previously,18 the effect of these fluctuations increases wh
the electron density decreases, which is likely to qualitativ
explain our observations. Nevertheless, split gate structu
have been considered in Ref. 18 where the external pote
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of donors does not depend on the wire width. This is not
case in deep-etched wires and stronger fluctuations du
donor distribution are likely to appear, as well as be eva
ated by a detailed model of the real confining potential ac
ally under development.

In conclusion, we have observed extended 1D plasm
in very narrow deep-etched wires and well reproduced th
dispersion within a simple quantum model. While the high
plasmon branches are significantly broadened by lateral
fluctuations and become undetectable below 55 nm, the
damental 1D plasmon remains extended at significa
smaller sizes and we attribute its final disappearance aro
40 nm to potential fluctuations. We demonstrate that
measured plasmon dispersions can be well reproduced
within Fermi and Lu¨ttinger liquid theories: in this range o
lateral width and densities both theories predict identi
plasmon dispersions for wave vectors small compared
2kf . Deep etching allows us to realize 1D electron ga
with small disorder. Limited improvement of the technolog
cal process should allow us to further reduce the density
the size and to evidence exchange and correlations co
tions which behave differently in the Fermi and Lu¨ttinger
models.
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