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PLASMON MODE FEATURES IN PbSe-BASED FREE-STANDING
SEMICONDUCTOR QUANTUM WIRES

The features of the dispersion spectrum of quasi-dimensional plasmon modes in
free-standing PbSe based quantum wires in the presence of strong dielectric mismatch are
discussed. It is shown that in such a nanosystem, in addition to plasmonic intraband
oscillations at the long wave limit, alternative long wave related oscillations can occur, the
frequency of which does not depend on the wave vector and simultaneously increases with
decreasing the wire thickness. The numerical analysis of the allowed plasmon spectral
characteristic range is performed.
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L.Introduction. At present, an inclusive interest of quasi-one-dimensional
electron gas (Q1D EG) properties in semiconductor quantum wires (QWr),
nanorods, nano-whiskers or carbon nanotubes is initiated by applying the potential
of these structures in high-speed electronic and optical devices. An advanced
selective doping makes it possible to spatially separate free carriers in Q1D EG
from the parent ionized impurities and investigate the charged Q1D system rather
than the neutral electron-hole plasma [1].

A realistic semiconductor QWr can either be free-standing or surrounded
with a barrier environment appropriate to the device application. In this sense, for
the charge carrier Q1D system - based devices, the use of the low dielectric
constant barrier environment (lower than the semiconductor QWr dielectric
constant) is favorable [2]: a) as it enhances the Coulomb interaction between the
charges inside the QWr (dielectric confinement effect (DC)), b) leads to the new
features that are absent in the dielectrically homogeneous QWr system [1].

Such tunability of the Coulomb interaction in the QWr modifies many body
effects, in particular, the collective plasmon excitations of the Q1D EG. As shown
in [3], the DC affected Q1D intrasubband plasmon modes for a long wave limit are
independent of the dielectric screening of the QWr and is wholly screened by the
surrounding barrier environment as in the Q2D intrasubband case in quantum wells
(QW) [4]. In turn, as obtained by Aharonyan et al [5], in the presence of a strong
DC effect, there exists a distinct ¢ 1D wave vector ranging in the long wave limit
that the corresponding collective plasmon modes are characterized by qualitatively
different dispersion analytical laws. In particular, with the result obtained
before[3], there exist as well moderately long wave-related vectors for those Q1D
intrasubband plasmon modes analogous with the 3D bulk plasmons independent of
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g and increase with decreasing the QWr thickness (radius) as for the QW [4] and
supperlattice cases [6].

At the same time, a proper realistic model, corresponding to such types of
collective modes is not presented in [5] and has really been done in this article.
This work presents the Q1D EG dispersion spectrum features of the nonretarded
collective plasmon modes in realistic PbSe-based free - standing semiconductor
QWr in the presence of a strong DC effect.

2.Theory. Let us now consider an infinitely long semiconductor cylindrical

7 QWr of a radius R filled with an active material with the dielectric
/{>~R constant ¢,,, immersed in a dielectric barrier environment with the

dielectric constant &, and contains free electrons distributed with an
average linear concentration N .
€ The polar coordinates (p, ¢, z) are elaborated here and let the z

axis coincide with the QWr axis . The electron motion parallel to the
QWr axis is considered freely in the effective mass approximation and
for simplicity, the electron effective mass tensor is taken to be diagonal
with m, = m, = m, , m. = m;. The motion perpendicular to the QWr axis
is quantized and the model of a square well with infinite walls is adopted.

It is assumed that the electron plasma is weakly nonideal, i.e. the effect of
the Coulomb interaction is relatively small. For this, to hold the electron gas must
be appropriately dense, so, as to satisfy the condition kr > ag, where kj is the
one-dimensional Fermi momentum and a, - the effective Bohr radius. In the case
of the “size quantum limit” when only one subband is filled, kr = mN;/2 and the
foregoing condition of the weak nonideality of the plasma can be written in the
form N;a, > 1i.e. the number of electrons on the spatial interval of a Bohr orbit
should be large. Our theory applies only to this case.

Subsequently, here we deal a with dielectrically heterogeneous QWr
structure. It is necessary to take into account the electrostatic image forces. The
energy of the Coulomb interaction between the charges —e and e (e - is the electron
charge) to be located at (0,0) and (p, z) points in a QWr can be found by solving
the Poisson equation with appropriate boundary conditions. The general solution
with axial symmetry and reflection symmetry in the origin inside the QWr is [7]

Vp,2) = 2 [ cosqzV (p, q)dq , (D

where the Fourier component in (1) is equal to

M
=

£

(er—1)Ko(qR)K1(qR)1o(qp) )
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and e, = ¢, /¢, Kiand [;(i = 0, 1) are the modified Bessel functions.
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In order to get a general qualitative insight into the “Coulomb interaction
engineering” possibilities of the strong DC effect, a strong contrast between dielectric
constants is accepted (¢, = g, / & > 1) and the strong confinement condition
ag » R is assumed. Under these circumstances in Exps.(1) and (2), an important
role will be played by 1D distances of z >> R for that there exists in the 1D wave
vector, a ¢ interval so that ¢ R << 1 and the expansion of Exp.(2) up to the lowest
order in this small parameter gives:

__e -1 (er—D)in(gR)™"
Vig) = & [ln(qR) + er(qR)Zln(qR)—1+1]' ©)

The 1D EG longitudinal dispersion spectrum of unretarded intraband
plasmons with the DC effect in QWr was previously discussed in [4] by using the
random phase approximation (RPA) and in accordance with that, the collective
modes are obtained from the secular equation:

1-1,V(g) =0, “4)
where
_ Nig?
HO - mewz b (5)

is the usual polarization propagator for a 1D EG, m, = my;), w is the 1D EG
plasmon mode frequency. The root for Exp.(4) would be calculated by combining
Exps.(3), (5) and (4). As a result the expression

1

1
2 2 —_— - -_—
a)ln - (ZNle )2 (qR) [ln(qR)—l + (g7—1)In(qR)™1 ]2 (6)

pl £gmeR?2 &-(qR)2In(qR)~1+1

is the unretarded intrasubband plasmon frequency, which involves 1D EG oscillations
parallel to the QWr axis including the DC effect. In view of the restrictions gR<< 1
and &, > 1, there are two distinct ranges for the 1D wave vector ¢ such as

a) &(qR)?In(qR)™* « 1 and b) &,.(qR)?In(qR)"* » 1, (7)
that Exp.(6) goes to the final form as
1
2Nje?\2 1%
@) wpf = (B) q [in(@R) ™, (82)
5 s
2N
b) Wi = (Esml:Rz)z . (8b)

Exps.(7,8) obtained already in [5] describes the Q1D plasmon mod dispersion
spectrum in QWr in presence of strong DC effect. They really differs from the results
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of [3] since in the latter a strong DC effect specific influence on the collective
plasmon modes in QWr has been ignored and thus quite characteristic analytical
features of Exp.(8b) such as

1) the plasmon frequency for “moderately” small wave vectors explicitly is
independent of ¢,

2) the plasmon frequency for “moderately” small wave vectors strongly
depending on R, are omitted.

3. Numerical results and conclusion. The Q1D EG plasmon mode theory
presented here applies heterogeneous QWr systems with large differences of dielectric
constants for the neighbouring media. At present, corresponding experimental works
on such realistic systems exist. In particular, reported in [8] , a free-standing PbSe-
based QWr system is a good prospect related to a strong DC effect due to large
values of dielectric constant ( &, =~ 250). Based on this, the feasibility of the
presented theoretical model will be described for this particular structure.

So, let us now carry out the Q1D collective plasmon mode numerical
calculations of the realistic PbSe/vacuum QWr system. For the dielectric constants’
ratio &, = &,,/€p = €ppse/ Evacuum = 250 / 1 = 250 value is taken [4]. Note that
the PbSe bulk sample holds the smallest electron effective mass (m; = 0.071my , m;
~ 0.041mgp my - is the free electron mass)) and the macroscopically large effective
Bohr radius (ap~ 188 nm, ay ~ 325 nm). With this, in accordance whit the strong
QC condition ay>>R, we will display the numerical data for the QWr radius values
R<15 nm and for typical moderate high ( ~10° cm™) 1D densities. Figure 1 shows
the unretarded collective excitation dispersion curves of the intrasubband Q1D
plasmons where the plasmon frequency a)zl,? (scaled in terms of 10"s units) is
plotted as a function of the gR in accordance with Exp.(6). Correspondingly, the
following dispersion graphs are displayed here:

al)The Q1D plasmon mode in the dielectrically homogeneous (g, = &)
PbSe-based QWr system with m. = m, - dotted line,

a2)The Q1D plasmon mode in the strong DC-affected (g, = 250,¢&, = 1)
PbSe-based

QWr system with m. = m; - dashed-dotted line,

a3) The Q1D plasmon mode in the strong DC-affected (g, = 250,¢&, = 1)
PbSe- based QWr system with m. = m;, - thin solid line,

b) The Q1D plasmon mod in the dielectrically homogeneous (g, = €,~12.5)
GaAs- based QWr system with m. = 0.071m, - bold solid line,

¢) The Q1D plasmon mode in weak DC-affected (¢, = 17.7,¢&, = 2.5) InSb
-based QWr system with m,. = 0.014m, - bold dashed line.

67



0 0.05 0.1 0.15 0.2 0.25 0.3

Fig. 1. The Q1D plasmon collective modes frequency with R = 5 nm, n; = 2.10° cm™’
as a function of the wave vector for the PbSe/vacuum QWr system (w;,ll) is in units of 10"s)

Following to the dispersion graphs after al), a2) and a3) in Fig.1, the DC
effect essentially enhances the Q1D plasmon mode frequency (on the average by 5-8
times). At the same time, as follows from the dispersion graphs after al), b) and ¢)
in Fig.1, both for the DC effect absent and weakly expressed cases the Q1D
plasmon modes are described wholly by Exp.(8a). In turn, in accordance with the
dispersion graphs after a2) and a3) in Fig.1, when the DC effect is expressed
strongly, the Q1D plasmon modes are characterized by Exp.(8a) which takes place
for quite narrow ranges of the wave vectors (qR<0.05). While for the dominant
part of the long wave-related g vector values (0.05< qR<0.3) the Q1D plasmon
modes are characterized by Exp.(8b). Graphically, this looks as the dispersion
curve specific “saturation” and the latter here starts quite fast for the graph after a3)
than a2) which is due to the differences between the transverse and longitidunal
effective masses for electrons of the PbSe material.

Thus, we may ascertain that just for the definite QWr system with a strongly
expressed DC effect (in discussing the case with a PbSe-based realistic QWr system)
the Q1D plasmon modes could be independent explicitly of the wave vector.
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L.<. u<UrNL3UL, U.d. hUuUSr3uu

MLURUNLU3PL SUSULNRULENP UAULALULUSUNRG3NRLLENE PbSe
<tLLNY URUS SE1ULYU34UD uhuuculnrAU3htL L4ULSU3bL
LursrnhU

Uquwun nbnuwywjywsd hpwywu PbSe pwuwwihtu wpnu putwnpyqwsd Gu pdwgh-
dhwswith wwquinuwjhtu mwwmwunwdubph nhuwbpupnt uwEYunph wnwuduwhwwnyniejniu-
ubpp nphGlunpwywu ndbin juwwygdwu Gpunyeh wnuinyejwdp: Snyg £ wipdwd, np wyn-
whuph twunhwdwlwpgnid, pwgh Gpywpwhpwiht uwhdwuht Jbpwpbipnn wjwqdnuwhu
ubpbupwgnnpwlwu wnwwmwunwubphg, Yuwpnn Gu bwl hpwwbwuw] wjpuunpwupwihu
Gpywpwihpwiht mwwwundubp, npnug hwéawfuniginiup Yuiudwsd sk wihpwihtu yblwnphg
U dhwdwdwuwy wénud E jwph hwuwnnigjwu bjugiwup qniqwhtn: Ywnwpdws b wjwg-
dnuwjht pnywwnpbh uyBYunpwihu punipwgpwlwi wnhpnyeh pqwihu ybpinwnieniu:

Unwitgpuypti pwnbp. wquwn wnbnulwywd PbSe pywlwnwihu wn, wwquint, nhu-
whpuwhu uwbilywnn:

K.I'. ATAPOHSH, A. K. XAYATPAH

OCOBEHHOCTHU IVIASMEHHBIX KOJUIEKTUBHBIX MO/l B
CBOBO/JIHO CTOAIIUX TOJYITPOBOJHUKOBBIX KBAHTOBbBIX
HUTAX HA BA3E PbSe

O06cyxaarTcsi 0COOEHHOCTH AMCIIEPCHOHHOTO CIIEKTPa KBa3MOJHOMEPHBIX ILIa3MEH-
HBIX MOJ| B CBOOOJIHO CTOSIINX KBAaHTOBBIX HUTSAX Ha 0a3e PbSe mpu Hanwumu CHIBHOTO
TUDIIEKTPUIECKOTO pa3pbiBa. [lokazaHo, 9TO B TaKOH HAHOCHCTEME, TIOMUMO IIa3MEHHBIX
BHYTPH30HHBIX KOJIEOAHNI Ha JITMHHOBOJIHOBOM IIpeeiie, MOTYT BO3HHUKATH aJlbTEPHATHB-
HbIC NJIMHHOBOJIHOBBIC KOJ'I€6aHI/lH, 4acTOoTa KOTOPBIX HE 3aBUCUT OT BOJIHOBOI'O BEKTOpa U
OJIHOBPEMEHHO YBEJIMYUBAETCSI C YMEHBUICHHEM TOJIIMHBI HUTH. [IpoBefeH 4YuCIeHHbII
aHaJIM3 pa3pelIeHHON CTIEKTPaIbHOM XapaKTePUCTHIECKON 00JIaCTH TIIa3MOHOB.

Kniwouegvie cnosa: cBOOOJHO CTOSIIAS KBAHTOBasE HUTh, TUIA3MOH, AUCIIEPCUOHHbIHI
CIIEKTD.
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