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The optical properties of two-layer nanowires are analyzed within the classical Drude theory. The ex-
pressions and frequency dependences of the real and imaginary parts of the dielectric function for metal
oxide nanowires and nanoshells are calculated. The optical absorption of a composite on the basis of both
approaches is investigated. It is shown that the variation of the thickness of both the core and the shell
leads to a change in the magnitude and position of the optical characteristics maxima of specified systems.
The presence of two maxima of the absorption coefficient of the composite based on metal nanoshells is
demonstrated. Splitting into two resonant peaks is due to the hybridization of surface plasmons, which de-
pends on the inner and outer radii of the shell. The influence of the metal layer final thickness on the fre-
quency dependences of the absorption coefficient is analyzed. Calculations are performed for metals Au, Ag
and Al, which are in different dielectric matrices. It is established that the behavior of the optical absorp-
tion maxima of the composite is determined by the dielectric constant of the matrix.
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1. INTRODUCTION

One-dimensional metal nanostructures attract con-
siderable attention due to the possibility of their appli-
cation as active components in the manufacture of na-
noscale electronic, biosensor and optical devices [1-4].
Additionally, such systems are used as models in physi-
cal phenomena studies such as Raman scattering [5],
surface-enhanced fluorescence [6] and resonant light
scattering [7], which are based on the surface plasmon
resonance phenomenon. The spectral position of plas-
mon resonance directly depends on the size, shape, de-
gree of interaction of particles and the dielectric proper-
ties of the local environment in which the particles are
[8, 9]. By applying a dielectric coating, the properties of
the local environment around the nanostructures are
changed. As a result, one of the areas of one-
dimensional systems study is composite structures such
as core-shell, which are synthesized using semiconduc-
tors, metals and dielectrics [10]. By changing the mate-
rial of the shell or core without changing the total radi-
us of the nanowires, it is possible to control the electri-
cal and optical properties from the visible to the infra-
red regions of the electromagnetic spectrum.

The optical properties of the core-shell type struc-
ture are studied by researchers experimentally [11]
and theoretically [12, 13] due to their unique physico-
chemical properties. Technologies for surface coating
and control of the thickness of the oxide layer on the
surface of one-dimensional structures have been devel-
oped [14, 15]. The light scattering on finite arrays of
metal nanowires with a dielectric coating has been
numerically investigated by the method of multiple
scattering [12]. An experimental study of the polariza-
tion light scattering on homogeneous and multiseg-
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mental Ag, Au, and Ni nanowires with a diameter of
~ 30 nm and a length of ~ 7 um is presented in [11]. In
[13], the interaction of light with single and multiple
silver nanowires of nanometer size, covered with a die-
lectric shell, was studied by the method finite-
differences time-domain. The presence of the oxide lay-
er shifts the position of the plasmon resonance to the
red with increase of dielectric thickness.

On the other hand, structures which consist of a di-
electric or hollow core surrounded by a metal wall,
called nanotubes, are studied. Hybridization of surface
plasmon resonances due to excitation on the inner and
outer walls of the nanotube gives the possibility of
more flexible regulation of optical characteristics by
changing the thickness of the metal shell [16, 17]. The
effect of changing the radius of a metal nanocylinder
with a dielectric core on the dispersion of surface plas-
mons is considered in [18]. In [19], the formation of
nanowires of SiOz and TiO2 with a length of ~ 10 pm
and a diameter of 90-200 nm, covered with a thin shell
of Au, is discussed. It is shown that by varying the di-
ameter of the oxide core and the thickness of the Au
coating, it is possible to adjust the optical properties of
such structures [19]. An approach for obtaining, syn-
thesizing and controlling the walls of hollow nanostruc-
tures Au, Pt and Pd is given in [20].

In this article, on the basis of simple relations, the
influence of various factors on the frequency depend-
ences of the real and imaginary parts of the dielectric
function of two-layer metal oxide nanowires and
nanoshells is considered, which are further used to
study optical light absorption by composites based on
them. The approach adapted in [21] for composites
based on two-layer spherical nanoparticles is used to
calculate the absorption coefficient.
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2. BASIC RELATIONS

Consider a system in the form of a two-layer nan-
owire with a radius R=R,+t¢ (where R, is the core
radius; ¢t is the shell thickness), located in a medium
with dielectric constant ¢,,. The polarizability of such a

system is found by solving the Laplace equation in cy-
lindrical coordinate system

2
agi+1%=0
or r or

(1=1,2,3), 1)

taking into account the boundary conditions at the in-
terface

q)l‘r:Rp = (pz‘r:Rp ; wz‘r:R = wS‘rzR ;
0 0 0 0
PR\ R L. I
or r=R or r=R, or r=R or r=R

where ¢, and &, are the core and shell dielectric func-

tions, respectively.
The solution of the Laplace equation has the form:

Ar, r<R,;
go(r)z Br+Cr, R <r<R;
—gr+Drt, r>R,

where /{ is the external electric field strength.

After substitution of the solutions of the Laplace
equation into boundary conditions, we have a system of
equations from which we obtain the following relation:

i(gm—esh)-k(sm +e,)a

ﬁcz (gm +‘c"sh)-k(gm _gsh)&’

Ec & —

£+ &y,
whence for polarizability we will have:

(gc +gsh)(gsh _Em)+1852 (Ec _Ssh)(gsh +‘9m)
(gc +gsh)(€sh +€m)+ﬂc2 (gc _gsh)(gsh _gm)

, @)

a=

where S, =R /R=1-t/R (t/R<<1) is the volume con-
tent of the core material.

On the other hand, the polarizability of the 1D sys-
tem is

&

c—sh —Em

o ==, 3
Eesh + Em
where ¢, ;, is the dielectric constant of the two-layer

nanowire.
Equating (2) and (3) we obtain:

4

&, =&,

(e 4-(&‘S,l)+ﬂc2 (&.—€4)
_sh =€
- ) (gc+gsh)_ﬂcz(gc_gs

2

The absorption coefficient of composite is deter-
mined by the ratio [22]:
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where y is the volume content of 1D systems; c is the
speed of light; @ is the frequency of the incident elec-

tromagnetic wave; P. is the depolarization factor;

J
j=x,9,2.

Consider the case where the electromagnetic wave
is incident on a cylindrical nanowire perpendicular to
the wire axis. The wave vector lies in the xy plane, as a
result P,=0,P, =P, :(1—PZ)/2 =1/2. Then we finally

have
I

1) =22 i e

3c (Re Eogn t+ sm) +Ime; ,

®)

2.1 First consider a metal oxide nanowire which
consists of a metal core covered with a thin dielectric
layer. As a result, the expression (4) takes the form:

_ (gmetal + &y ) + ﬂcz (gmeml & )

E. 4 =
ooh * (gmetal + gox ) - 1802 (gmelal - gox )

s

where ¢ is the dielectric function of the oxide, ¢,,,,

is the Drude function:
2 2 2
o . T
2 2 ’
1+t a)(1+w2r2)

Eperar (@) =8, (@) +18, () =6,

¢ is the component that describes the contribution of

0

,

.. e .
the ionic framework, Q)ZZ = is the plasmon fre-

£om
quency, &, is the electric constant, n, is the conductiv-

ity electron concentration, m" is the effective electron
mass, 7 1is the relaxation time.

Substituting the Drude function and separating re-
al and imaginary parts, we have

(512 +éep +gfx)(1—ﬂf)+25150x (1+,6’c4) .

o (1-B2)+ 20 (1+ﬂ3)}2 vl (1- 4
45,

{gl (1- %)+ & (1+[1§)}2 s (1—ﬁ3)2 '

Re Eesh = €ox

2
Im Eesh = €ox

For the boundary case, when the thickness of the
oxide layer ¢—0, we have B =1 and, as a conse-

quence, Reg, , =& and Ime, , =¢,; when ¢=R and
B.=0 we obtain the dielectric constant of the oxide
Regc—sh :gox .

2.2 For the case of a nanoshell that consists of a di-

electric core covered with a thin metal layer, the formu-
la for the dielectric function is:
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=g (on + gmetal) + ﬂcz (gox - gmetal )

&
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c—sh ’

or after the separation of real and imaginary parts
(e e ek ) (1) 2, (1 )+ et

e (1o p2) e (1-p2)) + 2 (102 ’(7)
(512 +5§ + gfx)(l—ﬁf)+2(9]gox (1 —ﬂcz)z

{1+ 82)+ e (1-2)] + a1 2)

Reg,_, =

Ime,_, =&,

For the boundary case, when the thickness of the
metal layer ¢ —»0, we have Reg,_, =¢,.; when t=R
and B =0 we get Res,_, =¢ and Imeg,_, =s¢,.

When the particle size is less than the wavelength
of the electron, it is necessary to take into account the
scattering of electrons on the surface of the 1D system,
as a result of which the relaxation time 7 is recorded

through 7. :

1 1

A% ®)
Teff  Toulk R

where 7, is the relaxation time in 3D metal; A is the

effective parameter determined by electron scattering
processes; v, is the Fermi velocity; R is the radius of

the metal component.

Usually, the constant A for the sphere is taken
equal to A =3/4, or it is considered a parameter that
needs to be adjusted. In [23], within the kinetic ap-
proach in describing the processes of electron scatter-
ing in volume and on the surface, expressions were
obtained for the effective parameter A for both spheri-
cal nanoparticles and for the case of oblate and prolate
spheroids. For the form of a two-layer nanowire we use
the results of [24], where the parameter A based on the
kinetic approach is calculated as

a2 (@)
128(s, +1)( @
Further, formulas (6)-(7) are used to calculate the

dielectric function, taking into account expression (8)
for the effective relaxation time.

3. CALCULATION RESULTS AND DISCUSSION

The calculations were performed for metal oxide
nanowires and nanoshells Au, Ag and Al. The parame-
ters of the metals are given in Table 1.

Table 1 — Metal parameters (aois the Bohr radius)

Parameter Letal Au Ag Al
r./aq 3.01 3.02 2.07
m*[m, 0.99 0.96 1.48

£, 9.84 3.7 1

7, fs 29 40 8
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Fig. 1 shows the frequency dependences of the real
Ree, , and imaginary Imeg, , parts of the dielectric

function calculated by formula (6) for Au nanowires
covered with the layer Ales(gox =3.13). Increasing

the radius R of the metal core Au (curves 1-3 of Fig. 1)
at a fixed value of the thickness ¢t =5 nm of the Al203
shell leads to an increase in the absolute value of the
maxima of the real and imaginary parts of the dielec-
tric function and shift them to lower frequencies. In-
creasing the thickness ¢ of the Al2Os dielectric shell
(curves 1-3' in Fig. 1) at a fixed value of the radius
R:=20nm of the Au core leads to a decrease in the
magnitude of the maxima Reeg, ,;, and Imeg, , and

their shift to the high frequency range. Fig. 1 demon-
strates an important fact that Ime,_, is nonnegative

in the entire investigated frequency range, while
Ree, , is an alternating function of frequency.

100

how, eV

Fig. 1 - Frequency dependences of the real and imaginary
parts of the Au nanowires dielectric function of radius
R.=20(1,1',2',3"), 25(2), 30(3) nm, covered with a layer of Al2Os
with a thickness of t = 5(1,2,3,1"), 10(2'), 15(3') nm

Fig. 2 shows the frequency dependences of the real
and imaginary parts of the dielectric function, calculat-
ed by formula (7), for Au nanoshells with an Al20Os core.
An increase in the thickness ¢ of the metal shell (curves
1-3 of Fig. 2) at a fixed value of the radius Rc = 20 nm of
the dielectric core leads to an increase in the maxima of
the real and imaginary parts of the dielectric function
and shift them to lower frequencies. Decreasing the
content of the dielectric core at a fixed value of the ra-
dius R = Rc + ¢t = 30 nm of the two-layer cylindrical sys-
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tem leads to similar results (curves 1'-3' of Fig. 2). In
this case, formula (7) passes to the Drude function.
Let us estimate the order of magnitude Ime, , for

ho=0.6eV (0=9.1210"s-1). Taking into account
that at ¢t = R = 30 nm we have

2
Dpieff
2 2\
w(l +o reff)

Im Eeosh =

-30 . | 3
0.2 1 2

=3
o
[®] 3
|
.

40

0.2 1 2 3 4
hio, eV

Fig. 2 — Frequency dependences of the real and imaginary
parts of the Au nanoshells dielectric function with thickness
t=10(1, 19, 15(2), 20(3, 2'), 30(3") nm with Al:O3 core with
radius R. = 20(1, 2, 3, 1'), 10(2'), 0(3') nm

10 1 T

hw, eV

Fig. 3 — Frequency dependences of the absorption coefficient
of a composite based on Au nanowires with radius R. = 10(1),
20(2), 30(3) nm covered with a layer of AlsOs with a thickness
of t=5nm
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10 1 L L
0.2 1 2 3 4

ho, eV

Fig. 4 — Frequency dependences of the absorption coefficient

of a composite based on Au nanoshells with a thickness of

t=10(1), 15(2), 20(3) nm with an Al2Os core with a radius of
. =20 nm

ho, eV

Fig. 5 — Frequency dependences of the absorption coefficient
of the composite based on nanoshells of different metals with a
thickness of ¢ =10 nm, covered with a layer of Cu2O with a
radius of R. = 10 nm.

Given for Au ne=5.9-1022 m-3 and m* = 0.99m., we
obtain  wpi=1.3810"s-1.  Substituting in (8)
vp =1.4-10°m/s, 17,,, =29-10""s, A=45.9, we have

Ty = 4.6-107%s . Then Ime,_, ~ 80, which agrees well

with the calculated data presented in Fig. 2 (curve 3').
The frequency dependences of the absorption coeffi-
cient of the composite based on Au nanowires covered
with a layer of Al2Os with a thickness of =5 nm are
shown in Fig. 3. Teﬂon(sm :2.3) is used as a matrix.

Increasing the absolute value of the maxima of the ab-
sorption coefficient and shifting them to the high fre-
quency range is directly related to the increase in the
content of the metal core.

Fig. 4 shows similar dependences for composite
based on Au nanoshells with an Al2Os dielectric core.
The main difference between the nanoshell and the
case of a nanowire is the presence of two maxima in the
frequency dependences of the absorption coefficient of
the composite due to hybridization of plasmons [25].
Electromagnetic excitations of plasmons induce surface
charges on the inner and outer surfaces of the metal
shell. The interaction of plasmons with each other is
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due to the final thickness of the metal layer. The
strength of the plasmon interaction is determined by
controlling the thickness of the nanoshell. As a result of
the interaction, the plasmon resonance splits into a
low-energy symmetric mode and a high-energy anti-
symmetric mode.

10'

hio, eV

Fig. 6 — Frequency dependences of the absorption coefficient
of the composite based on Ag nanoshells with a thickness of
t=5nm, covered with a layer of Cu:O with a radius of
R:=10nm, in different dielectric matrices: 1 — Teflon
(¢,=23)2-Ar(g,=1.7)

Hybridization of plasmons and splitting of resonant
levels are quite significant for a small value of the shell
thickness (curve 1, Fig. 4). Increasing the thickness of
the metal shell brings the resonant peaks together due
to the weakening of the interaction between plasmons.

The frequency dependences of the absorption coeffi-
cient for composite based on nanoshells of different
metals at a fixed value of the shell thickness ¢t = 10 nm
and the radius Rc=10nm of the Cu20 (¢, =3.7)core

are shown in Fig. 5. The results of the calculations
show qualitatively and quantitatively different type in
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OnruyHe MOrJIMHAHHA KOMIIO3UTY HA OCHOBI JBOIIAPOBUX HAHOIPOTIB
A.O. Kosasn!:2

1 Hayionanvruii yrisepcumem "3anopisvka nonimexwnika", 8yn. Hykoscvrozo, 64, 60063 3anopiscocs, Ykpaina
2 Hayroso-supobruyuuii komnsaekce "lekpa’”, ayn. Mazicmpanvha, 84, 69071 3anopiscoca, Yipaina

B pamrax wmacwumoi Teopii J[pyme mpoaHasi30BaHO ONTHYHI BJIACTHBOCT] JIBOIAPOBUX HAHOIPOTIB.
OTprMaHO BUpPA3U Ta PO3PAXOBAHO YACTOTHI 3aJI€KHOCTI IIMCHOI Ta YSIBHOI YACTUH JTieJeKTPUIHOI (PyHKINT
JUIsT MeTasI-OKCUIHUX HAHOJPOTIB Ta HAHO0060JI0HOK. JloCITipreHO ONTHYHEe HOTJIMHAHHS KOMIIO3UTY Ha OC-
HOBI 000x migxomis. [lokasaHo, 110 BapilOBAHHSA PO3MIPIB TOBIIMHU K SAPa, TAK 1 000JIOHKH, IIPU3BOIUTD JI0
3MIHM BEJIMYMHU Ta II0JIOYKEHHS MAKCUMYyMIB OIITUYHUX XapaAKTEPUCTUK BKA3aHUX cucreM. [Ipomemoncrpo-
BaHA HASBHICTH JIBOX MAKCHMYMIB KO€(QII[IEHTy IMOTJIMHAHHA KOMIIO3UTY Ha OCHOBI MeTaJIeBUX HAHO0000JI0-
HOK. PoaIreruieHHs Ha JBa Pe30HAHCHUX ITKU 00yMOBJIEHE TIOPHIU3AIIIEI0 IIOBEPXHEBUX IIJIA3MOHIB, IO 3a-
JIeyKaTh BiJl BHYTPIIIHBOTO Ta 30BHINIHBOIO Pajiycy 000J0HKH. IIpoanasizoBaHo BIJIMB KIHIIEBOI TOBITUHH
MeTaJIeBOro Mapy Ha YaCTOTHI 3aJIeIKHOCT1 KoeiIlieHTy MOTJIMHAHHSA. PO3paxyHKN MPOBeeH] U1 MeTaJB
Au, Ag ra Al, 1m0 3HAXOOATHCA Y PISHUX JieJEeKTPUYHAX MATPUIISAX. BCTAHOBIIEHO, 10 MOBEIIHKA MAKCUMY-
MiB OITTUYHOIO TOTJIMHAHHS KOMIIO3UTY BU3HAYAETHCSA JI1€JIEKTPUIHOIO CTAJIOK MATPHIIL.

Kirouori cnoea: Meras-oxcuauuit Hanozapit, Haroo6osonka, Kommosur, Jlienexrpuuna dynakiis, Yacroraa
3astesxkHicTh, KoedilienT nornmuuanss.
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