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DIELECTRIC CONFINEMENT AFFECTED QUANTUM SCREENING OF
QUASI ONE DIMENSIONAL ELECTRON GAS IN SEMICONDUCTOR
QUANTUM WIRES

A formalism of the Thomas-Fermi method has been applied for studying the screening
effect in the semiconductor quantum wire embedded in a barrier environment. The analytical
expressions for the 3D screened interaction potential and Q1D screening length are derived for
the first time. With the account of strongly low dielectric properties of the barrier environment,
an applicability of the Q1D interaction potential of the confined charges has been revealed.
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The depth and wide scope of the physics of low-dimensional structures is due to
strong correlations, and are mainly caused by the weak screening of the Coulomb
interaction in these systems. The strength and the further enhancement of the Coulomb
interaction potential results in the lowering of the system dimensionality. In a 3D
system, a screened potential decays exponentially in the real space. In the pure 2D

sz structures, the real-space statically screened potential in the long-
= wavelength limit possess the 2D Coulomb law spatial dependence for
N~ intermediate distances and power law spatial dependence for large
distances, respectively. It is assumed that the tendency of the weakening of
the Coulomb interaction should go on more strong by for the transition

€ from quantum wells (QW) to quantum wires (QWR).

The physical concept, that dielectric screening would be insufficient
to reduce the Coulomb repulsion between charge carriers in 1D case
started from the work of Kuper [1] and is reinvestigated in [2] by Davis,
where the screened point charge Coulomb potential expression inside and
outside the conducting 1D single-wire was obtained in the Tomas-Fermi

approximation (TFA). Lee and Spector [3], Reyes et al. [4] derived the dielectric
function of 1D EG and asymptotic forms of the pure 1D screened Coulomb potential
of the point charge in semiconductor QWR embedded in a dielectric barrier
environment.

A realistic semiconductor QWR either can be freestanding or surrounded with a
barrier environment appropriate to device application. In this sense, for Coulomb
center (excitons, impurities) - based devices, use of the low dielectric constant barrier
environment of semiconductor QWR (lower than semiconductor dielectric constant) is
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favorable as it enhances the Coulomb interaction inside the QWR (dielectric
confinement effect (DC)). In this work, a consistent theory of dielectric screening is
developed incorporating the DC effect. For that purpose ,we resort a fully 3D
calculation of the screened potential in the QWR exhibited within the TFA
framework. Our treatment differs from that derived in [1-4], where it is assumed that
the Q1D EG has an infinite homogeneous background having dielectric constant the
same as the semiconductor.

Let us consider an infinitely long semiconductor cylindrical QWR (CQWR) of a

radius R filled by the active material with the dielectric constant ¢, and immersed in
a dielectric barrier environment with the dielectric constant &, in the polar coordinates
(0,9,2), where the z axis coincides with the CQWR axis. The interaction potential
V. (p, ) =ed,(p, z) of charges —e and e to be located at (0, 0) and (,,2)
respectively, is related to the induced charge 3D density by Poisson’s equation

Vi (p.2) =—(47e/s,) |5 (0)5(2)—An, (p.2)], (1)

where An, (p,z) =n, [ty +eDs(p0,2) — N, (14)] is the variation of the charge

density of Q1D electrons, i, is the chemical potential in the absence of the external
field. Due to the cylindrical and reflection symmetry of the problem, Eq.(1) becomes
independent of the coordinate ¢ and is separable in p and z coordinates.

Within the framework of the TFA method, it is believed that the Q1D EG is in
its lowest quantum state, i.e. only one energy size-quantized subband is filled. In turn,
the spatial variation of the screened potential is small over distances comparable to the
electron de Broglie wavelength. The latter supposes to be larger than the CQWR
radius R, i.e. the long wave condition kR <1 holds, where K is the electron 2D wave
vector. In the assumptions that the externally applied charge —e produces only a linear
response in Q1D EG, for large enough distances when ed << z4, we may obtain

the variation An, (p,z)as An, (p,z) =(0n, /0 14)e®@s(p,Z) .
Substituting the latter in the first equation of system (1) and expressing the
screening potential Vg (o, z) in Fourier components as V(p,q) we will have
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where q =k —Kk’. The characteristic size of the spatial change of the quantity
on, (p,2)/0 u, is significantly in the order of the radius R . Replacing the latter by

the averaged in the z axis by the normal plane expression
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independent  of the variable p coefficient §°=q°+q’° , where

q. = [(4 re’/g,)(@n/o ,uo)]”2 is the averaged TFA screening parameter, n _ is
the linear charge density, v, (o, @) is the electron single-particle wave function in

the CQWR axis normal plane, S =7R*. As we can see, the characteristic spatial
distance in CQWR that the solution of the Eq. (2) changes appreciably is order of the

g . If the condition GR <1 holds, then V (0, q) approximately coincides with the

solution of Eq.(2) with the coefficient G° =q*>+q’ and thus we will take into
account just the latter equation. The general solution with axial and reflection
symmetry in the origin of Eq.(2) with the §* = g° +q? inside the CQWR is [2,3]

Vs (p,2) = [ cosaz[A(a) 1,(Gp) + B(a) K, (Gp)]da, 3)

where 1(x) and K(x) are modified Bessel functions, A(q) and B(q) coefficients are
determined by applying the boundary conditions. They are arbitrary functions of 1D

wave vector g and for each value of that Eq.(2) with the §* =g° +q’ has a linearly
independent solution. These coefficients have been determined by the requirement of
the limiting asymptotic expressions of the electrostatic potential V¢ (o, z) both at the
origin and infinity whereas applying as well two standard Maxwell boundary

conditions at the semiconductor CQWR surface. For the sought 3D interaction
screened potential of semiconductor CQWR embedded in a dielectric barrier

environment with the dielectric constants ¢, and &, ,we respectively obtain

1o (@p)z:GKo (ARIK(TR) ~ G (GRIKAR)T |y
&K, (AR)1,(GR) + 9K, (R)1, (@R)

Now we will obtain the CQWR Q1D interaction screened potential analytic
expressions taking into account the DC effect. In order to get a general qualitative
insight into the “Coulomb interaction engineering” possibilities of the DC effect the
following consideration will be presented for a simplest but a most interesting case:

& =¢,/&, >> 1. Thus, a strong contrast between dielectric constants ¢, and &, is

2e% ¢ -
Vs (p,2) ==~ cosa| Ky (o) +
w 0

accepted and it is assumed that the radius of the quantum wire is small compared with
the Bohr radius a, for bulk samples. The strong confinement condition a,>>R for
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the distances along the wire axis |z| >>R is appropriate to the long wave region

g << R™ in accordance with TFA. This allows to apply a geometrical adiabatic

method and for that a 3D Coulomb screened potential admits a Q1D form. At the same
time, in the previous section, the condition R << 1 has been used meaning that the

typical spatial change of the screened potential energy’s Fourier-component is larger
than the CQWR radius. The latter will be realized when the following two conditions
are simultaneously fulfilled gR <<1,q9,R <<1 .

According to the strong confinement condition a,>>R in QWR, at intercharge

distances |z| >>R in the integral after Exp.(4), the wave vectors are effective, which is

related to the last expressions. In that case the screened potential does not depend on
p and takes the Q1D form

2 L-Gsl7 2 x -1 _ ~—\-1
VI (7) e’ e _ 2e j cos qz g, In(qRZ) In(gR) (5)
cu 2] W £, (qR)” In(QR) * +1

In view of the long wave (q << R™) and the DC effect (¢, =&, /&, >> 1)

conditions, in Exp.(5), the main contribution goes on just from the inhomogeneous
polarization related second term. In Exp.(5), there exist two distinct 1D effective wave
vector ranges for the moderate small and very small q vectors appropriate to the long

wave region, such as: £ (qR)*In(qR)™ =1 and &,(qR)? In(gR)* <<1, that the Q1D
screened interaction potential V2P (z) takes the asymptotic analytic forms. As it
follows, at intermediate distances Z corresponds to the criteria: |Z| >>R and
&.(R/z)?In|z|/R =1, which are appropriate to the “moderately” thick cylindrical

wires, the screened potential V (z) takes the form
VP (2) = e’/ 5, a.R) e . ©)

Where @, :[ﬁf+(2/ R%, In 5r)]1/2 is the DC effect influenced effective TFA
screening parameter.
In the case of very large distances Z corresponds to the criteria |Z| >>R and

£(R/z)?In|z|/R <<1 the screened potential V (z) takes the form
VIR (2) = —ez/gb\/ 22 +R? (7
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which is appropriate to the extremely thin wires.

As can be seen from the Exp.(6), the DC affected screening potential deviates
from the 3D and pure 1D cases, takes the Q1D form and strongly enhances with the
reducing of the CQWR thickness. At the same time, the Q1D screening effect emerges
for the intercharge distances only which is appropriate to the “moderately” thick

guantum wires. The screened potential VsQilD(z) , in this case, strongly depends on the

effective TFA screening parameter g, and is enhanced due to the presence of the

small parameter ¢, R << 1 in denominator. In turn, V' (2) is exponentially weak

enough outside the spatial region with the linear size of z,=@, ", where z, is

believed to be the Q1D screening radius in CQWR.
As related to the thin enough quantum wires, the general formula for the

screened interaction potential V1P (z) reduces to the 1D Coulomb dependence ~

|z|_l with the surrounding barrier environment small dielectric constant. Thus, in the

case of thin enough quantum wires, the Q1D screening effect does not wholly emerge.
That is fairly natural, since in the Q1D and 1D systems for the large enough
intercharge 1D distances Z , the predominant part of the electric field lines extend
outside the free carrier confinement region. As a result, the free carriers cannot
effectively screen the Coulomb field between any two charges inside the thin enough
guantum wire.
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([andwu-dtipdhh dbpennh Yhpwndwdp putwnpydwsd b Eypwiuwdnpdwt Gplnyep wpgb)-
pwjhu dhowyuwn ubpwnqwd Yhuwhwnnpnswihtu pywunwiht wpbpnud: “HhiGlunpwlwt uwh-
dwuwthwydwt Gpunyph hwodwnnuing wnweht wuquwd unwgywsd bu huswtiu Eypwuwynpdwt
Gnwswih thnfuwgnbignigjut wnwnbiughwih, wjuwbu £ puwghdhwswih typwuwynpdwt thnfuwg-
nbgnipjwt ynnbughwih U Eypwuwynpdwu Gplwpnigjwt pwuwdslbpp:

Unwugpuyhti punbp. puwuwnwiht jwn, Eypwuwynpnwd, thnfuwgnbignygjut wnnbughwy:

K.I'' ATAPOHSIH, HBb. MAPT'APSIH

BJIUMAHUE JUIJIEKTPUYECKOI'O OI'PAHUYEHUS HA
9KPAHUPOBAHUE C KBASUOJHOMEPHBIM 2JIEKTPOHHBIM I'A30M
B TIOJYITPOBOJHUKOBBIX KBAHTOBBIX HUTAX

C npumenenneM Metonaa Tomaca-depMu UCCIEIOBAHO SBICHUE SKPAaHHUPOBAHUA B TIONY-
IIPOBOJIHMKOBBIX KBAaHTOBBIX HUTSX, BKPAIJICHHBIX B OapbepHyro cpexy. C ydeToM sBICHHUS
JUBJIEKTPUUECKOI0 OTPaHUUYEHUS BIEPBbIE IOJIYUYEHBI BBIPAXKEHUSI KaK JJI NOTEHUHUAIA TPEX-
MEPHOI'0 SKPAHUPOBAHHOIO B3aUMOJEICTBYS, TaK U JUI KBa3UOJHOMEPHOIO MOTEHIMAIA B3auMO-
JEUCTBUSA U JUINHBI 3KPaHUPOBAHUS.

Kniouegvie cnoga: KBaHTOBasI HUTh, 3KPAaHUPOBAHUE, TIOTEHIUA B3aUMOIEHCTBUSL.
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NCCIEJOBAHUE KOMBUHALIMOHHOI'O PACCEAHMUS N3JIYUYEHUSA
TOHKOIUVIEHOYHBIM AMOP®HBIM KPEMHHUEM, JIETUPOBAHHBIM
HAHOYACTUIIAMU CEPEBPA

HccnenoBanbl 0COOCHHOCTH MpOLIecca 0JHOBPEMEHHOIO MarHeTpOHHOTOHAIIBIJICHUSI Ha
ITOUTOKKY TIOJIMKPUCTAIIHYECKOTO KpeMHuUs U cepedpa. [lomydeHpl MOKPhITHS U3 aMOP(HHOTO
KPEMHUSI ¢ pacIpeieJICHHBIME B HEM HAHOYACTHIIAMHE cepedpa, a TaKKe JICKTPOHHO-MUKPOCKO-
MMUYECKUE M aTOMHO-CHJIOBBIC CHUMKH STHX IMOKpBITHHA. MccienoBaHuss KOMOMHAIIMOHHOTO
paccesiHusl CIEKTPOB MOJIYYEHHBIX IUICHOK IOKAa3aJid YCHIICHHE pacCesiHhsl KoJieOaTelbHBIX
MOJT TUICHOK aMOP(HOT0 KPEMHHsI ¢ HAHOYACTHIIAMH cepedpa.

Knrouesvte cnosa: amoppHBIi KpeMHHUI, HAHOYACTHIBI cepeOpa, KOMOHHAIIMOHHOE
paccesiHue.

BBenenue. B nocnegHue roasl MHTEHCHBHO pa3padaThIBalOTCS TOHKOIUIEHOUHBIE
coiHeynble 3neMeHTsl (CD). TpamunuoHHbIE MOHOKPHCTAUIMYECKHE KPEMHHEBBIC
MOJJIOKKH 3aMEHEHBI 3/1eCh TUICHKaMu aMopdHoro kpemuus tommuHou 0,5...1 mxm
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