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Folded and confined one-dimensional plasmons in modulated wires

_ Florent Perez, Bernard Jusserand, Claus Dadid Marcel Filoche
France Téécom, Centre National d’Etudes desl@@mmunications, Paris B, Laboratoire de Bagneux,
196 Avenue Henri Ravera, 92220 Bagneux, France

Laurence Ferlazzo-Manin and Bernard Etienne
Laboratoire de Microstructures et Micrtectronique, Centre National de la Recherche Scientifique,
196 Avenue Henri Ravera, 92220 Bagneux, France
(Received 22 April 1996

We demonstrate theoretically and experimentally that one-dimensional plasmons confined in doped wires
are either extended or longitudinally confined when the lateral width of the wires is periodically modulated.
Theoretical dispersion curves, calculated within a classical framework, reproduce well the experimental dis-
persion deduced from Raman scattering on deep etched modulated wires. Zone-edge gap openings, increasing
with the modulation amplitude, are exhibited. We show that deep etching allows good control of complex
geometries and provides quasiabrupt boundary condit{@®¥163-182@06)50140-2

Advances in the microfabrication techniques of fined 1D plasmons are significantly modified due to the long-
semiconductors have given access to devices with one-range character of the Coulomb interaction.
dimensional1D) confinement of electrons. Unique electrical ~We have fabricated modulated wires by deep reactive ion
properties have been predicted such as high electrogtching of a GaAs/G&l,_,As modulation-doped single
mob|||ty2 Quantized Conductané’éand improved transcon- gquantum well, followed by an anodic oxidation to passivate
ductance in field effect transistéraave been reported. The the damaged part on the lateral surfaces of the wirdhe
plasmon dispersion is a very sensitive probe for importantn'“a| 'sample and the process are ]dent|cal to the one already
physical parameters of these devices such as the electrétgscribed in Ref. 6 for the fabrication of unmodulated wires.
density distribution and the electrostatic confinement potenYVe have realized arrays of 160 parallel, 16@-long peri-
tial. A classical description of the plasmon dispersion inodically modulated wires. The period of the arrély um)
wires has been proposed by Eliasson and co-workkrap- pr_events any ;lgnn‘lcant electrostatic coupllr_]g be_tween the
plies when the lateral size is such that single electron quari¥ires. Three different arrays have been realized in order to
tization is negligible(>30 nm typically. The predicted dis- investigate both a change in the modulation amplitude at
persions have been successfully tested recehiy deep fixed period(samplesA andB) and a change in the modu-
etched wires studied by Raman scattering. Experimentdftion period with close modulation amplitudsamplesA
plasmon frequencies for other fundamental geometries sucid C). Figure 1 shows a scanning electron microscopy
as circular dofs and ring€ could likewise be explained (SEM) photograph which illustrates the good definition of
within the classical modef€* For more complicated lateral the modulated profile. We give in Table | for each sample
confinement geometries, the long-range character of th&'e nominal parameteisb,c,d according to the definitions
electron-electron interaction renders the numerical problen§hown in Fig. 1. An accurate determination of these param-
increasingly difficult. From the experimental side, the fabri-€ters from the SEM micrograph is difficult due to the com-
cation of such devices on a nanometer scale necessitates RleXity of the profile. The oxidation rate, which appears to be
novative steps in semiconductor process technology. ThBighly isotropic, has been previously calibrated on unmodu-
spectroscopy of such systems is thus very useful to furthd@ted wires. We have thus determinagb,c,d according to
analyze the physics of the low-dimensional electron gas, ith€ method developed in Ref. 6 for unmodulated wires: the
particular, to understand the influence of lateral boundarie§oded width, corrected from the oxide thickn¢d8 nm on
on its electronic and optical properties, and to contribute tg#ach surface
the assessment of their ultimate dimensions.

In this paper, we present an experimental and theoretical
determination of the plasmon dispersion in wires with a
strong periodic modulation of the lateral size along the wire
axis. We describe a numerical solution for the plasmon dis-
persion in laterally confined 2D electron systems. Its predic-
tions are in excellent agreement with the experimental dis-
persion, which we have measured by Raman scattering on
deep etched modulation-doped GaAs quantum wells. We
demonstrate the appearance of both extended and confined
1D plasmons and analyze the criteria for the existence of
these two behaviors. The dispersion of extended 1D plas- FIG. 1. (left) SEM micrograph of sampld, (right) schematic
mons displays energy gaps at zone center and zone edgepresentation of the discretization grid and definition of the model
reflecting the longitudinal modulation. The energies of con-parameters within the unit cell.
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TABLE |. Comparison between the nominal parameters of the
three different samples studied in this work, and the one deduced
from the fit of the plasmon dispersions to our classical model.
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Raman quasibackscattering experiments have been per- FH———1—%—r+—""-+—7+1+——1"—7+7—11—
formed in pumped liquid Helium with an incident laser en- 20 30 40 50 30 40 50 60 70 _120 30 40 50 60
ergy (~1.59 eV} in strong resonance with interband transi- frequency shift (cm™’)
tions associated to the second conduction subband of the
GaAs single quantum well. The plasmon wave vector along FIG. 2. Raman spectra obtained in parallel polarization on

the wire is varied either by tilting the angle of incidence sampleA, sampleC, and a 100-nm-wide unmodulated wire, for

along the wire axis or by rotating the sample around theyiterent values of the wave vector along the wire axis. This param-
normal to the sample surface, according to the followinggier is given inum~1 for each spectrum in the figure.

relation:
Jd ddq Jd ddq
ax | 10 ox +@ Mooy ||

where\ is the incident wavelengthy, and 6, the incidence (2D conservation equation),
angle of the incoming and scattered light, respectively,@nd ) o o

the angle between the plane of incidence and the wire axigvhereno(x,y) is the equilibrium density distribution in the
When =0, the parity with respect to wire axis is preserved,System. The electrons are assumed to be perfectly confined
and even(respective'y, odﬁp|a3mons are observed in par- in thez=0 plane. The dielectric constaatand the effective
allel and perpendicular polarization, respectivEifor non- ~Massm* are supposed to be constant over the whole system.
vanishing ¢, all the modes are activated in both polariza-Upon elimination ofn; between both equations, one finds

tions. These selection rules remain valid in the modulated

e
m*

(,()an:

27 .
g= T(sm 0, sin 65)cos ¢,

wires due to the symmetry of the modulation. Polarized Ra- w?¢y(r,z=0)

man spectra, obtained on sampkesand C with ¢=0, are o2 d2r’

compared in Fig. 2 with the spectra obtained on a 100-nm- = __*f f—,V'[no(f')V%(f’,Z:O)]-
wide unmodulated wire in the same conditidrs. the pres- em [r=r|

ence of the modulation, the lowest-energy even plasmon, (1)

allowed in this configuration, split into two components. The
wave vector, where this splitting is minimum increases withThe rootse of this integrodifferential equation are the plas-
decreasing longitudinal period and is givendpy 7r/d. From  mon oscillations of the electron system. In absence of lateral
Raman experiments in other configurations, we find that th€onfinementn, becomes a constant artl can be Fourier
mode with the second-lowest ener@iie lowest-energy odd transformed in two dimensions. The integral in E&) can
mode displays almost no dispersion. We attribute both ob-be performed analytically and one recovers the usual 2D
servations to the effect of the periodic modulation of theplasmon dispersion. When lateral confinement is introduced,
lateral width. numerical solutions of this eigenvalue equation must be con-
In order to model these experimental results, we haveidered, in particular because E@) is strongly nonlocal
linearized the plasmon equations in the classicawith slowly decreasing long-range interactions. We have as-
approximatior®. The electron density fluctuatiom;(x,y) at ~ sumed abrupt boundary conditions: the equilibrium density
frequencyw and the associated fluctuatigi(x,y,z) of the N is taken as a constant within the wires and vanishes out-
electrostatic potential must satisfy the two following equa-side. We have used a finite differences technique to deter-

tions: mine the plasmon dispersion in periodically modulated wires
and projected the integrodifferential equatidn over a basis

Ph, PP, PP, e . . of local functions constant on each rectaniglef the grid as

PR v A = -N16(2), (3D Poisson equation  shown schematically in Fig. 1. The geometrical parameters

of the model are shown in the figure and the resulting dis-
and crete set of linear equations writes
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FIG. 3. Comparison between experimental and theoretical plas-
mon dispersions along the wire axis for modéfen symbolsand
mode 1(closed symbolsin (a) three unmodulated wires with dif- FIG. 4. Fluctuations of the electrostatic potential associated with
ferent widths: 60(down triangley, 100 (up triangleg, and 180 nm  the folded plasmon mode 0/0 and the confined one 1/0, calculated at
(squares and in two different modulated wire¢b) sampleA and  zone edge for samples and B, respectively. The arrows indicate
(c) sampleB. the wire axis.

mostly sensitive to the lowest Fourier components of the
profile. Indeed, we have obtained an excellent fit of the dis-
persion curves, using model parameteex Table)l close to
2) the nominal ones. The modes in the modulated wires are
labelled with two indicesi/m, the first of which corresponds
to the lateral confinement perpendicular to the wire axis, and
the second of which is connected to umklapp processes due
to the longitudinal modulation. The gap opening at zone
edge, due to the anticrossing between mode 0/0 ard.,0/
strongly increases when the modulation is deepened. On the
other hand, the relative positions of mode-@/and 1/0, as
well as their dispersion, are very sensitive to the exact width
C(g,m,p) of the wide part of the wire, in which mode 1/0 is confined
(see below. As shown in Table I, we have slightly adjusted
Sal2 [ 8pl2 dxdy a, b, andc with respect to the nominal values in order to
improve the agreement with experiment. These variations are
attributed to uncertainties in the oxidation depth with respect
where the integral can be analytically determined. to its determination on unmodulated wires, and to the sim-
The second factor results from the projection of plification of the model geometry with respect to the real
V-(nyVe¢) on the local functions. The expression given in profiles. A solution of the plasmon dispersion in confined
Eq. (2) is valid for any internal point of the lattice wheng  electron systems with arbitrary geometries, based on finite
is constant. For boundary pointg, is vanishing on one side elements technique, using a triangular mesh, is presently un-
of the points(two sides for a corner pointin this case, only der development. Results for realistic profiles will be pre-
the internal part of the discretized second derivative is resented elsewhere.
tained and the corresponding term writés:— ¢, instead In order to better understand the impact of the lateral
of 2¢;— & 1— ¢i_1, wherei is a line or column index and modulation on the plasmon dispersion curves, we will now
onlyi+1 ori—1 is considered, depending on the location ofdiscuss the calculated electrostatic potential associated to the
the point on the boundary. observed branches. They are shown in Fig. 4 at the longitu-
The above theory quantitatively reproduces the dispersiodinal zone edge for branalim=0/0 and 1/0 in the unit cells
of the three lowest branches on all three samples investeorresponding to samples andB. The potential associated
gated. This is illustrated in Figs.(® and 3c) where we to mode 0/0 is fully delocalized within the whole unit cell.
show the results for samplésandB. In Fig. 3a), we show We attribute this property to the overlap between the energy
for comparison the dispersion of the lowest evar-Q) and  bands of moden=0 in the unmodulated wires with lateral
the lowest odd 1f=1) modes in unmodulated wires with widths a andc, respectively. The corresponding dispersion
widths of 60, 100, and 180 nm, which approximately corre-curve displays a folding behavior with gap openings at zone
spond to the different widths entering the geometry of thecenter and zone edge. On the contrary, mode 1/0 is confined
modulated wires. Owing to the simplification of the unit cell in the widest part of the unit cell. The lowest energy of the
with respect to the real one, we expect to obtain the bestdd plasmom=1 indeed is smaller in the wide constituting
description for the lowest plasmon branches, which aravire than in the narrow one. As plasmon 1 is not coupled to

e’n, _ _
o’y = —SW; C(a,i—=Kk,j=D| (2ox— @+ 11

1 1
_<Pkfll)52+(2¢kl_€0kl+l_ <Pk|71)gz
b

a

where 8, and 8, are the lateral sizes of the unit rectangle.

The first factorC(q,i —k,j—1) of each term is the effec-
tive Coulomb interaction between site and sitekl plus all
other sites equivalent tol by a periodic translationd along
the wire. q is the Bloch wave vector along this direction.
This factor writes

—6,2J — a2 /(x—m8,) 2+ (y—pS,—nd)?’
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plasmon 0 at the same energy, due to their opposite paritiesf the plasmon energies. This effect overcompensates the
an energy range appears where no allowed modes are avaiicrease due to the confinement. The same explanation ap-
able in the narrow section. Plasmon confinement thus takeglies to the decrease of the energy of the lowest 1D plasmon
place. Mode 1/0 exhibits this behavior in the two consideredn=0) in unmodulated wires, contrary to the higher ones
samples. The corresponding dispersions are very flat. TH'=1), when the lateral width is reducéd. .
existence of higher confined plasmons associated to branch 1 In conclusion, we have reported in this paper a quantita-
depends on the ratio of lateral sizasandc. Moreover, the tive determination of plasmons in doped wires, the lateral
analysis of higher branches becomes more intricate becau¥ddth of which is periodically modulated. The results pre-

of the strong interbranch coupling, for instance betweerp€ntéd here demonstrate the coexistence of longitudinally
modes 0 and 2, due to the longitudinal modulation confined and extended plasmons in 1D systems with modu-

The coexistence of folded and confined excitations haéated boundary conditions. Within a classical frame, we have

been previously discussed for other collective excitationgeproduced well the experimental dispersions, including gap

such as for instance phonons in superlattiéeBhere, how- openings at zone edge, deduced from Raman scattering on

ever, the modulation of the sound velocity, leading to thedeep etched wires. The excellent ability of our theoretical
folding effect is limited in amplitude. The modulation of the approach, assuming a constant equilirium density over the

lateral width which is emploved here can be arbitrary lar ewhole wire, to reproduce the dispersion of electronic excita-
PIOY! L Y 129€4i5ns in unmodulatetiand strongly modulated wires suggests
It should also allow the continuous transition towards con-,

. . . that nearly abrupt boundary conditions apply to oxidized
g]rfdepclzarlz?aoc:rgrlgfbt%);escaI?);Euijgtlgrdécwc?rzeor\:)e(jrﬂégg ISO;?]GaAs lateral surfaces, at least at low temperature under illu-
9 P fination. The latter and the observation of large gaps in

specific behavior in the quantitative description of the enery o inensional plasmon dispersion show that our deep RIE
gies of the modulated plasmons. For instance, in some cases

the energy of the confined mode 1/0 is not increasing bu rocess is a suitable method to define complex geometries on
decreasing when the width of the constriction is reducqu very low scale10 nm while preserving the high quality of

though this reduction induces an increasing confinement e\ge initial 2D electron gas. This offers a powerful tool to
can be seen in Fig. 4. The energy of mode 1/0 can be ev vestigate new physical problems in low-dimensional sys-

n . . . .
; ) . V&_ms with almost arbitrary geometries, for instance the con-
smaller than the one of mode 1 in the wire without constrlc-tinuous transition from quantum wires to quantum boxes.

tion. This behavior indeed is in contradiction to the usual
trend for excitations with increasing dispersion curves, that a It is a pleasure for us to thank C. Mayeux, D. Arquey, and
stronger confinement induces increasing energy. We hav€. Dupuy for expert technical assistance and J. M. Gerard
understood that this behavior results from the associated rend J. Y. Marzin for useful discussions and a critical reading
duction of the average number of “neighbors” interacting of the manuscript. We gratefully acknowledge financial sup-
with any site inside the wide part. This implies a significantport from the European UniofHuman Capability and Mo-
decrease of the total Coulomb force on the site and therebaility program).
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