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Abstract

In this paper a new set of plasmonic nanostructures operating at the conditions of an ideal absorption [1] was

proposed for novel biomedical applications. We consider spherical x/Au nanoshells and Au/x/Au nanoma-

tryoshkas, where ’x’ changes from conventional Si and SiO2 to alternative plasmonic materials [2], such as

zinc oxide doped with aluminum, gallium and indium tin oxide. The absorption peak of proposed nanos-

tructures lies within 700-1100nm wavelength region and corresponds to the maximal optical transparency

of hemoglobin and melanin as well as to the radiation frequency of available pulsed medical lasers. It was

shown that the ideal absorption takes place in a given wavelength region for Au coatings with thickness

less than 12nm. In this case finite quantum size effects for metallic nanoshells play significant role. The

mathematical model for the search of the ideal absorption conditions was modified by taking into account

the finite quantum size effects.

Keywords: ideal absorption, plasmonic photothermal therapy, nanoshell, nanomatryoshka

1. Introduction

In last decades metallic nanoparticles have at-

tracted significant attention due to their ability

to localize the electromagnetic energy on a scale

much smaller than the wavelength of incident ra-

diation [3–5]. Absorption of radiation is signifi-

cantly enhanced at the frequency of the nanopar-

ticle surface plasmon resonance. Biomedicine and

biotechnology probably are one of the most promis-

ing applications of plasmonic nanoparticles [6–22].

∗Corresponding author

Email address: il.rasskazov@gmail.com (Ilia L.

Rasskazov)

Bio-compatibility and ability to conjugate with

biomacromolecules are important properties of gold

nanoparticles. These features make gold the best

plasmonic material for biomedical applications. Bi-

ological systems based on plasmonic nanoparticles

make it possible to employ them in early diagnos-

tics, therapy as well as in medical imaging and mon-

itoring of the treatment of malignant neoplasms.

Plasmonic photothermal therapy (PPTT) [23–

32] is one of the important biomedical application of

plasmonic nanoparticles which represents the ther-

mally selective impact of laser radiation on ma-

lignant tissue labeled by plasmonic nanoparticles.
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This approach is one of promising tools in oncol-

ogy which is developed over the last decade. It

has had some success in treating cancer in last

years and offers important advantages over conven-

tional therapies. PPTT is probably the one possi-

ble treatment of locally invasive, unresectable and

refractory to chemotherapy and radiation therapy

tumors. Therefore, PPTT has a great therapeutic

potential to target locally advanced disease which

has become resistant to conventional and standard

treatments. This strategy has, however, several

limitations in clinical settings. A general concern

is its potential toxicity on the human body, the de-

livery of nanoparticles and light into tissue, contrast

of therapy and immune response. However last re-

searches reached success in solving these problems.

Highly accurate delivery of nanoparticles to a bi-

ological target can be attained via biological con-

jugates ”nanoparticle-aptamer” [33, 34]. Such con-

jugates of plasmonic nanoparticles with adsorbed

on their surface the synthetic oligonucleotides (de-

oxyribonucleic acid (DNA) aptamers) provide func-

tionalization of these complexes. As a consequence,

aptamers bound highly specifically with fragments

of proteins (tumor markers), located only on the

membrane of malignant cells. Au nanoparticles re-

lated to DNA aptamers interact with the laser ra-

diation in the plasmonic absorption band and heat

local area around a tumor rising its temperature

up to 42-43◦C and higher. It induces apoptosis

of malignant cells (controlled cell death process).

Moreover, such Au bioconjugates have low toxicity,

which is particularly important when they are used

in complex therapy of oncological diseases.

The use of Au nanoparticles in PPTT is also

promising due to controllable delivery of laser ra-

diation into tissue. Initial efforts with spherical

nanoparticles [35–37], however, were not very effec-

tive in vivo because for homogeneous Au spherical

nanoparticles absorption peak corresponds to 500-

600nm wavelength region. These wavelengths lie

beyond a biological transparency window. There-

fore, spherical nanoparticles can hardly be used in

PPTT of skin or near-surface type cancers due to

inability of the visible light to penetrate through

skin and tissue. Solution of this problem is as-

sociated with the developing of Au nanoparticles

having absorption peak lying within the biological

transparency window. The absorption peak of Au

nanorods [11, 25, 26, 38] may be tuned from 550

nm up to 1µm by altering its aspect ratio. Another

way is to utilize Au nanoshells with a high refrac-

tive index of core material (e.g., Si or SiO2) [23, 39–

43]. The absorption peak of Au nanoshells is easily

tuned to biological transparency window by vary-

ing both core radius and shell thickness. Recently

it was shown that Au multilayered nanoparticles

(nanomatryoshkas) with intermediate SiO2 layer

are also promising candidates for PPTT [32, 44].

Finally, various alternative geometries of nanopar-

ticles, such as nanocages [45], nanostars [46] and

hollow spheres [47] have been also considered in lit-

erature.

It is obvious, that the faster and higher heating

effects in PPTT make it possible to use moderate or

even low intensity laser radiation for highly efficient

damage of malignant cells. Under these conditions,

the destructive consequences for normal tissue are

significantly reduced. Therefore, there is an advan-

tage to incorporate effectively absorbing nanopar-
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ticles into the PPTT. For example, there are dif-

ferent theoretical and experimental approaches to

optimize absorbing properties of Au spheres [48] or

Au nanorods [38, 49]. However, in our paper, we

propose to utilize ideally absorbing two- and three-

layered spherical nanoparticles for application with

the PPTT method. Ideal absorption (IA) corre-

sponds to the conditions of absorption of the radia-

tion energy by the nanoparticle is close to theoret-

ical maximum. There is an increasing interest to

this topic in last few years [50–53]. To determine

IA conditions we use conceptual ideas proposed in

the recent paper [1]. The advantage of this ap-

proach is that it provides us with analytic expres-

sions which allow one to find the optimal geom-

etry of homogeneous or multi-layered nanospheres

to reach the ideal absorption conditions. In order to

fit the biological transparency window, one should

use Au nanoshells with a thickness below 10nm. In

this case, quantum size effects (QSE) for metallic

nanoshells play a crucial role [18, 43, 54] and the

method described in Ref. [1] loses accuracy. There-

fore, the generalization of previously determined

design formulas [1] for obtaining ideal absorption in

core-shell configurations of the plasmonic material

constituents with taking into consideration QSE is

of considerable interest.

Additionally, in this paper we propose to ex-

amine Au nanoshells with the core consisting of

the alternative plasmonic materials, including zinc

oxide (ZnO), ZnO doped with aluminum or gal-

lium (AZO and GZO, respectively) and indium tin

oxide (ITO). Physical properties and applications

of these materials in plasmonics are discussed re-

cently [2, 55–57].

Therefore, in this paper we develop the algorithm

for finding optimal geometry of ideally absorbing

Au nanoparticles taking into account QSE and in-

vestigate the possibility of PPTT applications of

two- and three-layered Au nanoparticles with core

or intermediate layers consisting of alternative plas-

monic materials.

2. Model

2.1. Optical Properties of Layered Nanoparticle

Consider a multilayered nanoparticle with an

outer radius R embedded in a homogeneous

environment with the dielectric permittivity εb

(Fig. 1a,c). Each layer of nanoparticle is described

by thickness li and dielectric permittivity εi. For

the first layer (i.e., core), l1 equals to its radius.

We use the dipole equivalence principle described

in detail in Refs [18, 20] to characterize the optical

properties of multilayered nanoparticle.

In accordance to this principle, the multilayered

nanoparticle with an outer radius R can be replaced

by the equivalent homogeneous nanoparticle with

the same radius R embedded into the same sur-

rounding medium. If we assume that dipole mo-

ments induced on initial and equivalent nanoparti-

cles are equal, then the equivalent dielectric permit-

tivity εav of homogeneous nanopartilce can be eas-

ily found. Thus, for homogeneous sphere (Fig. 1b)

that replaces two-layered nanoparticle (Fig. 1a) we

have:

ε(2)av = ε2

[

ε1 + 2ε2 + 2f12(ε1 − ε2)

ε1 + 2ε2 − f12(ε1 − ε2)

]

, (1)

where f12 = [l1/(l1 + l2)]
3 is the filling factor and

εi = εi/εb.
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Figure 1: (Color online) Illustration of the dipole equiva-

lence principle for two-layered nanoshell (top) and for three-

layered nanomatryoshka (bottom): a) initial two-layered

nanoshell; b) equivalent homogeneous sphere; c) initial

three-layered nanomatryoshka; d) intermediate nanoshell;

e) equivalent homogeneous sphere.

One of the advantage of dipole equivalence prin-

ciple is that the above procedure can be recurrently

repeated for any number of layers. In the case of

three-layered nanomatryoshka (Fig. 1c) this scheme

should be repeated twice. Firstly, we replace i = 1

and i = 2 layers with equivalent homogeneous core,

so we obtain nanoshell (Fig. 1d). Then we replace

such structure with homogeneous sphere (Fig. 1e)

with equivalent dielectric permittivity:

ε(3)av = ε3

[

ε
(2)
av + 2ε3 + 2f23(ε

(2)
av − ε3)

ε
(2)
av + 2ε3 − f23(ε

(2)
av − ε3)

]

, (2)

where ε
(2)
av is given by the eq. (1) and the filling

factor f23 = [(l1 + l2)/(l1 + l2 + l3)]
3.

2.2. Ideal Absorption

Recently it was shown [50, 51, 53] that theoretical

absorption limit of surface plasmon resonances in

spherical nanoparticles at free-space wavelength λ

is given by:

σa =
2n+ 1

8πεb
λ2, (3)

where σa is an absorption cross section, and n is the

mode number. The electric dipole mode (n = 1) is

predominant for Au nanopartilces with radius much

smaller than wavelength λ. Thus, in our work we

consider only dipole resonances and therefore, the

absorption cross section of nanoparticle with ideal

absorption should satisfy σa = 3λ2/8πεb.

To determine the conditions for ideal absorption

of nanoparticles we use the method proposed in

Ref. [1]. This method provides explicit guidelines to

search for size parameter ρ = 2π
√
εbR/λ and filling

factors fi,i+1 for multilayered nanoparticle with IA

at a given wavelength λ. The dielectric permittivity

of nanoparticle with IA must satisfy the following

equation:

εIA(ρ) =
1

2

a2

b2

[

1 +
ρ2

b2
2(iρ+ 1)

(ρ2 − iρ− 1)
−

−

√

(

1 +
ρ2

b2
2(iρ+ 1)

(ρ2 − iρ− 1)

)2

− ρ2

a2
8(iρ+ 1)

(ρ2 − iρ− 1)

]

,

(4)

where a = 1.4303π and b = 0.87335π.

In the case of two-layered nanoshell, the IA con-

dition corresponds to equality ε
(2)
av (f12) = εIA(ρ)

and the algorithm of search for optimal ρ and f12

values is as follows. Firstly, we obtain the expres-

sion for filling factor f12 from the eq. (1) and apply

the IA condition:

f12 =
ε1 + 2ε2
ε1 − ε2

εIA(ρ)− ε2
εIA(ρ) + 2ε2

. (5)

Therefore, for fixed values of εi in eq. (5), f12 de-

pends on ρ: f12(ρ). Taking into account that at

least one of the dielectric permmitivities in the
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eq. (5) is a complex parameter, it becomes obvi-

ous that in the general case, f12(ρ) is a complex

too. Recall that f12 = [l1/(l1 + l2)]
3 must be a real

parameter. Secondly, from the plot of the function

f(ρ) we can define pairs {f12, ρ} that satisfy the

condition Im [f(ρ)] ≡ 0. Therefore one can define

the geometry of two-layered nanoshells with IA at

a given wavelength λ.

In the case of three-layered nanomatryoshkas the

above algorithm becomes more complicated. We

should define {f12,f23,ρ} to describe the geometry

of nanoparticle corresponding to the IA condition

ε
(3)
av (f12, f23) ≡ εIA(ρ). To implement it, we should

have the expression for f23 = f(f12, ρ) from equa-

tions (1) and (2) and then find pairs of parameters

{f12, ρ} complying with the condition 0 < f23 < 1.

2.3. Finite-size effects

The above-stated algorithm for determining fill-

ing factors fi,i+1 and size parameter ρ is accurate

for multilayered spheres with relatively thick layers.

However, in the case of thin layers we should take

into consideration the quantum effects of finite size

[54]. Tabulated values of εi should be replaced by

the following correction:

εi → εi +
ω2
p

ω2 + iγbulkω
−

ω2
p

ω2 + iγfinω
, (6)

where ω = 2πc/λ is the frequency of incident ra-

diation; ωp is the plasma frequency; γbulk is the

relaxation constant for a bulk and γfin is [54]:

γfin = γbulk +AL

υF
Leff

, (7)

where υF is the Fermi velocity; Leff is the mean free

path of conduction electrons and AL is the dimen-

sionless parameter, which is assumed to be close to

unity in most of cases [58]. For gold γbulk/ωp =

0.00253 and υF/c = 0.0046 (see Ref. [59]).

There are several ways to define Leff for

nanoshells [60, 61], however intuitive and simple ap-

proachLeff = li gives acceptable and even negligible

error [18]. Therefore eq. (7) can be written in the

form:

γfin = γbulk +
kυF

ρ− ρ 3

√

fi,i+1

. (8)

Hence, taking into account equations (6) and (8),

the dielectric permittivity of thin metallic layers be-

comes function of size parameter ρ and filling fac-

tors fi,i+1. For example, in the case of two-layered

Au nanoshell, equation (5) becomes implicit func-

tion:

f12 =
ε1 + 2ε2(f12, ρ)

ε1 − ε2(f12, ρ)

εIA(ρ)− ε2(f12, ρ)

εIA(ρ) + 2ε2(f12, ρ)
. (9)

Therefore the IA condition becomes more compli-

cated: ε
(2)
av (f12, ρ) ≡ εIA(ρ) and ε

(3)
av (f12, f23, ρ) ≡

εIA(ρ) for two- and three-layered nanoparticles, re-

spectively.

2.4. Absorption Spectra

We employ the Mie theory [62] with expan-

sions for two- and three-layered spherical nanopar-

ticles [58, 63] to calculate the absorption efficiency

Qa(λ) = σa(λ)/πR
2. (10)

We take into account multipoles with up to n =

1000 order in both cases, i.e. the absorption spectra

are calculated with high accuracy.
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Figure 2: (Color online) Real Re [f12(ρ)] and imaginary

Im [f12(ρ)] parts of the filling factor f12(ρ) (eq. (5)) for Si/Au

nanoshells excited by an incident radiation with the wave-

length λ = 750nm disregarding QSE.

3. Results

3.1. Ideal Absorption of Nanoshells

We start with the definition of IA conditions

for two-layered Si/Au nanoshells. We assume that

nanoparticles are embedded in homogeneous envi-

ronment with εb = 1.78. The dielectric permittivity

ε2(λ) of gold was taken from Ref. [64]

Fig. 2 shows Re [f12(ρ)] and Im [f12(ρ)] as func-

tions of the size parameter ρ at the wavelength

λ = 750nm without taking into consideration QSE

(see eq. (5)). It is clearly seen that the condi-

tion Im [f12(ρ)] ≡ 0 is met twice. In the first

case we have ρ = 0.45 and Re(f12) = 0.555,

while in the second case there are a set of ρ for

whose Im [f12(ρ)] = 0. However in the second case

ρ > 5.5, which does not meet the requirements for

biomedical applications, because total particle size

is too large. Similar dependency takes place for

Au nanoshells with other core materials: the condi-

tion Im [f12(ρ)] = 0 is met twice and in the second

case, the size of nanoshells are generally compara-

ble or even larger then the wavelength of incident

Figure 3: (Color online) The function F (f12, ρ) =

|ε
(2)
av (f12, ρ) − εIA(ρ)| for Si/Au nanoshells excited by inci-

dent radiation with the wavelength λ = 750nm taking into

account QSE. Solid lines represent cut views: F (f12, 0.588)

(blue line) and F (f12, 5.174) (green line).

radiation. Therefore we will not include data for

two-layered nanoshells with 2R ≃ λ to our paper.

Next, consider the same physical problem but

taking into account QSE. Fig. 3 shows the func-

tion F (f12, ρ) = |ε(2)av (f12, ρ) − εIA(ρ)| for the same

conditions as in Fig. 2. It can be seen that

there are similarly two pairs {f12, ρ} satisfying IA

condition ε
(2)
av = εIA, namely: {0.529,0.588} and

{0.817,5.174}. Similarly, this feature will take place

for the nanoshells with other cores. However, we

will consider only the case ρ ≤ 1. Thus, one can

find IA conditions for any nano-shell structures at

the required radiation wavelength using the above

procedures both taking into account QSE and dis-

regarding it.

Fig. 4a shows the spectral dependence of parame-

ters ρ and f12 for IA of Si/Au nanoshells with IA. It
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Figure 4: (Color online) (a) The spectral dependence of

the filling factor f12 and the size parameter ρ for Si/Au

nanoshells and (b) the dimensionless absorption spectra,

8πεbσa/(3λ2), for Si/Au nanoshells calculated for 3 different

pairs of values ρ and f12 providing IA at several wavelengths:

750nm, 900nm and 1064nm. Data presented for both disre-

garding and taking into account QSE: dashed and solid lines,

respectively.

is clearly shown that QSE play a crucial role for de-

termining the geometrical parameters of ideally ab-

sorbing nanoshells. Thus, taking into account these

effects, the radius of nanoshell becomes ≈ 1.3 times

larger compared to the case disregarding them for

λ > 700nm. However the filling factor f12 remains

nearly the same in both cases.

The dimensionless absorption spectra for sev-

eral types of IA structures of Si/Au nanoshells are

shown in Fig. 4b. We have selected three pairs of

parameters {f12, ρ} to reach the IA conditions at

wavelengths that correspond to working frequen-

AZO
ITO
SiO2

λ, nm

f12

ρ

12001000800600

1

0.8

0.6

0.4

0.2

Figure 5: (Color online) The spectral dependence of the fill-

ing factor f12 and the size parameter ρ for x/Au nanoshells

with different core materials: SiO2; ITO; AZO. Calculations

performed taking into account QSE.

cies of widely used medical lasers: λ1 = 750nm

(Alexandrite laser); λ2 = 900nm (GaAs laser) and

λ3 = 1064nm (Nd:YAG laser). It can be easily

seen that condition (3) is satisfied for chosen ge-

ometrical parameters at desired wavelengths. In-

deed, the peak values of 8πεbσa/(3λ
2) equal unity

for both cases of including and disregarding QSE.

However, absorption spectra are noticeably broaden

in the case of taking into consideration QSE com-

pared to the case of neglecting it. Despite the fact

that the peak values of dimensionless absorption

8πεbσa/(3λ
2) are the same in both cases, the max-

imum values of absorption efficiency Qa = σa/πR
2

drop about 1.7 times in the case of including of

QSE because of increased value of size parameter

ρ = kR.

From Fig. 4 we can conclude that QSE are sig-

nificant for determining both IA conditions and ab-

sorption spectra for Au nanoshells. Therefore in

further studies of IA we do not ignore finite size

effects in the paper.

Now we turn to consideration of nanoshells with

other core materials. The goal is to test alternative
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Figure 6: (Color online) The absorption spectra for x/Au

nanoshells with different cores: SiO2; ITO; AZO. Calcu-

lations are made with taking into account QSE and for 3

different pairs {ρ,f12} providing ideal absorption at several

wavelengths: (a) 750nm; (b) 900nm and (c) 1064nm.

plasmonic materials for biomedical applications and

to compare them with well-known material such as

SiO2 which is widely used for these applications.

To this end we have calculated size characteris-

tics (Fig. 5) and corresponding spectra (Fig. 6) for

SiO2/Au, ITO/Au and AZO/Au nanoshells.

It can be easily seen that curves in Fig. 5 are

slightly differ from corresponding curves in Fig. 4.

Moreover, size parameter ρ and filling factor f12 are

nearly the same for different core materials in Fig. 5.

However ITO/Au nanoshells provide IA conditions

with larger values of size parameter ρ. Finally, size

characteristics and absorption spectra of GZO/Au

and ZnO/Au nanoshells are same as for AZO/Au

nanoparticles (data not shown).

Fig. 6 shows that absorption spectra of x/Au

nanoshells with IA structures are similar for dif-

ferent core materials. However for large values of

size parameter ρ the difference becomes more pro-

nounced (Fig. 6c) and Si/Au nanoshells exhibit

slightly better resonant properties. Nevertheless

the total amount of absorbed energy is the same

in all cases and satisfy eq. (3) for the dipole mode.

3.2. Ideal Absorption of Nanomatryoshkas

In this section we consider IA structure for three-

layered Au/x/Au nanomatryoshkas with different

intermediate layers. All calculations are performed

taking into consideration QSE for nanoparticles em-

bedded in water with εb = 1.78.

Search for size characteristics of ideally absorb-

ing nanomatryoshkas is carried out in a follow-

ing way. We determine parameters {f12,f23,ρ} by

finding local minimum of function F (f12, f23, ρ) =

|ε(3)av (f12, f23, ρ)− εIA(ρ)| for a given wavelength λ.

There are several IA designs for nanomatryoshkas,

however we consider only nanoparticles with ρ < 1.

Size characteristics of nanomatryoshkas provid-

ing IA at selected wavelengths are shown in ta-

ble 1. It should be noticed that size parameter

ρ and thickness l3 of outer Au layer are similar

for two-layered and three-layered nanoparticles at

given wavelengths. We emphasize that l3 < 12nm
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Figure 7: (Color online) The absorption spectra for

Au/x/Au nanomatryoshkas with different intermediate lay-

ers: SiO2; ITO; AZO. Calculations are performed with

taking into account QSE for three different combinations

{ρ,f12,f23} providing ideal absorption at several wave-

lengths: (a) 750nm; (b) 900nm and (c) 1064nm.

in all cases for nanomatryoshkas, which leads to

manifestation of QSE.

Corresponding spectra for Au/x/Au nanoma-

tryoshkas are shown in Fig. 7. We can see that

IA spectra for nanomartyoshkas are similar with

corresponding spectra of nanoshells at the same

wavelengths. However large nanoparticles exhibit

slightly worse resonant properties for Au/ITO/Au

and Au/AZO/Au configurations at λ = 1064nm

(see Fig. 7c).

Recently it was shown [65] that three-layered

nanoparticles can exhibit superabsorption (SA)

phenomenon, for which the absorption cross-section

σa is higher than the theoretical limit in eq. (3). We

remind here that the IA limits cannot be surpassed

in a given multipole channel while SA phenomenon

is referred to surpassing the IA limit of a single

multipole mode by multimode absorption [65]. We

examined Au/x/Au nanomatryoshkas for the SA

conditions at wavelengths corresponding to Fig. 7.

Calculations show that the IA limit is exceeded by

≈ 2% which is mostly related to computational ac-

curacy rather than to enhanced multimode absorp-

tion.

Finally, ideally absorbing nanoparticles whose ge-

ometries were predicted using dipole equivalence

principle for two- and three- layered nanoparticles

(eqs. (1) and (2), correspondingly), provide absorp-

tion spectra (calculated using exact Mie theory ex-

pansions with taking into account high order mul-

tipoles, eq. (10)) which perfectly fits to predicted

wavelength. Therefore, we can state that dipole

equivalence principle still works for large, up to

≈ 170nm diameter multilayered nanoparticles con-

sidered in this paper. In this case, higher multi-

poles contribution is negligibly small compared to

the electric dipole.

4. Conclusion

In this paper we have determined the condi-

tions for reaching the ideal absorption of plasmonic
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Table 1: Size characteristics of nanoshells and nanomatryoshkas providing IA at several wavelengths taking into account QSE.

Thicknesses l1/l2 and l1/l2/l3 are given in nanometers. Deviation from li within 5− 10% insignificantly affects the absorption

spectra.

Configuration λ = 750nm λ = 900nm λ = 1064nm

Si/Au 42.6/10.1 58.7/9.4 77.7/7.5

SiO2/Au 43.3/8.8 59.1/7.2 77.7/6.3

AZO/Au 43.1/9.9 59.6/7.6 78.6/6.2

GZO/Au 44.0/9.1 61.0/7.0 80.9/5.4

ITO/Au 43.7/9.8 60.8/7.6 80.8/6.1

ZnO/Au 42.3/9.7 58.6/8.7 77.7/7.7

Au/Si/Au 14.8/27.8/11.0 20.9/37.8/9.1 30.6/47.2/8.2

Au/SiO2/Au 19.0/24.0/9.9 32.1/26.8/8.7 35.0/42.8/7.0

Au/AZO/Au 5.4/37.6/9.9 13.6/45.9/7.7 47.3/32.4/7.7

Au/GZO/Au 15.0/29.2/9.7 34.5/27.6/8.3 35.5/46.2/5.7

Au/ITO/Au 14.2/29.6/10.5 18.7/42.2/7.9 49.5/34.2/7.8

Au/ZnO/Au 13.0/29.4/11.6 18.2/40.4/9.3 25.2/52.6/8.2

nanoshells and nanomatryoshkas with outer Au lay-

ers for near infrared wavelength range. Search

method of IA structures proposed in Ref. [1] was

modified by taking into account QSE for thin metal-

lic layers. It was shown that quantum finite size

effects play crucial role for determining IA condi-

tions for Au coatings. Namely, the size parameter

ρ increases by factor ≈ 1.3 and filling factor f12 re-

mains almost unchanged compared to the case of

disregarding QSE for nanoshells.

The obtained results show that alternative plas-

monic materials (AZO, GZO, ITO) in multilay-

ered Au structures can be used for PPTT. We

have shown that such nanoparticles exhibit similar

optical properties as other types of nanoparticles:

Si/Au, SiO2/Au and Au/SiO2/Au nanospheres.

Despite the fact that nanoparticles containing al-

ternative plasmonic materials do not reveal signifi-

cantly better resonant properties, utilizing of alter-

native plasmonic materials in PPTT can be promis-

ing due to their high thermal conductivity [66, 67]

that allows one to apply lower radiation intensity

for hyperthermia of malignant cells that does not

affect normal cells.

It should be noticed that there are still no state

of the art technologies for fabrication of monodis-

perse nanoparticles considered in this paper, and

creation of such technologies is a challenge for close

future. Let us also note that our calculations show,

that even 5 − 10% deviation from li (see table 1)

does not significantly change the absorption spec-

tra of nanoparticles. For stronger polydispersity,

the absorption peak of individual nanoparticles will

considerably shift to longer or shorter wavelengths.

10



This effect will lead to the broadening of colloid

absorption spectra. However, the position of max-

imum in absorption spectrum of colloid will not

change.

Finally, x/Au and Au/x/Au spherical nanoparti-

cles with IA have similar overall sizes and optical

properties for the same ”x” materials. Therefore,

for reaching the maximum values of absorbed radi-

ation energy, nanoshells with IA seem to be prefer-

able in biomedical applications due to ease of fab-

rication compared to nanomatryoshkas.
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