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PLASMON ABSORPTION BY SILVER

PACS 71.35.Cc, 71.45.Gm

NANOPARTICLES ON LiNbO3; SURFACE

The morphology and optical spectra of silver nanoparticles sputtered onto lithium niobate sub-
strates have been studied. Silver films with small mass thicknesses (from 0.5 to 3.0 nm) are
found to form oblate spheroidal (disk-like) nanoparticles on the LiNbOs surface, with a radius
of about 7 nm and a height of about 1.2 nm. The corresponding absorption spectra contain a
band with a mazimum at 520-640 nm, which is associated with the excitation of nanospheroid’s
plasmon mode. The location of the plasmon resonance mazimum is found to depend on the
sign of the lithium niobate surface charge, being equal to 564 nm for the positively charged
surface and to 587 nm for the negatively charged one. A mechanism for the explanation of this

dependence is proposed.
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nanoparticles, absorption spectra.

1. Introduction

The plasmon response of nanoparticles of noble met-
als located in the bulk or on the surface of di-
electric matrices has been intensively studied in re-
cent years. The optical response of metal nanopar-
ticles, whose dimensions are much smaller than
the light wavelength, is associated with the ex-
citation of plasmon resonances. Localized surface
plasmons, which are connected with oscillations
of conduction electrons, play an important role
in many domains of physics such as the am-
plification of light at its transmission through
metal nanostructures [1, 2|, application of mate-
rials with gold and silver nanoparticles in solar
power engineering [3], development of biological

© I.M. BOLESTA, M.M. VAKIV, V.G. HAIDUCHOK,
LI. KOLYCH, A.A. KUSHNIR, I.M. ROVETSKYY,
YU.M. FURGALA, 2017

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

resonance, atomic-force-microscopy morphology, silver

sensors [4, 5], creation of new materials [6], and
so forth.

The existence of surface plasmons is “provided” by
a negative value of the real part of the metal dielectric
permittivity, Re €, < 0. At the same time, surface
plasmons are observed as resonances only at low di-
electric losses. The latter are determined by the mag-
nitude of the imaginary part of the metal dielectric
permittivity; therefore, we have Im ¢, < |Re &,
for plasmonic materials. The indicated conditions are
well satisfied in such metals as Ag, Au, and Cu, which
are considered as plasmonic materials.

Nano-sized metal particles, which are formed at
the first stages of the sputtering of films, are inter-
esting objects for the research of plasmon effects. It
is so because, depending on technological parame-
ters, it is possible to produce nanocomposites with
various structures and metal phase contents. In par-
ticular, ultrathin metal films of silver with a struc-
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Fig. 1. Experimental transmission (a) and absorptions (b)

spectra of silver films sputtered onto the positively charged
LiNbO3 surface to various mass thicknesses d,

ture below the percolation threshold contain a con-
ducting phase (metal nanoparticles) and a dielectric
one (voids). They are considered as nano-sized metal-
insulator composites with a fractal structure, in which
there exist localized plasmons |7, 8].

In this work, the structure and the plasmon spectra
of silver films with a structure below the percolation
threshold, which were sputtered on single-crystalline
lithium niobate (LiNbOs3) substrates, are studied.

2. Specimen Fabrication
and Experimental Technique

Silver films were obtained, by using the method
of magnetron sputtering in vacuum on an instal-
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lation for combined sputtering COM-TH2-SP2-ION
(TORR, USA). The films were sputtered onto 16 x
8 x 0.8 mm3-substrates. The latter were fabricated
from single-crystalline lithium niobate, with the crys-
tallographic axis Z being directed perpendicularly to
the substrate plane. Since LiNbOj5 single crystals be-
long to the class of pyroelectrics, and the vector P
is parallel to the axis Z, the substrate surfaces are
characterized by different charge signs: positive and
negative.

The film sputtering was performed at a rate of
0.7 A/ s. The substrate temperature was equal to
50°C. The mass thickness of silver films was mon-
itored with the help of a quartz generator [9] and
varied within the limits from 0.5 to 3 nm.

The topology of the LiNbOgs surface with sput-
tered films was researched with the use of an atomic
force microscope (AFM) NT-MDT Solver Pro 47. It
was registered in a semicontact regime, by apply-
ing an NSG10 probe with a tip radius of about
10 nm. Numerical parameters were obtained for sepa-
rate elements of the structure of a film by segmenting
the surface topology image, by using the watershed
method [10] and determining whether that or another
image segment corresponds to a particle. This proce-
dure allowed us to distinguish the particle boundaries
in the image, determine the particle shape, and find
the geometrical parameters. In order to enhance the
reliability of our results and to eliminate the influ-
ence of local inhomogeneities, the data obtained for
the surface topology at various film sites were aver-
aged over the ensemble.

The transmission and reflection spectra were mea-
sured in an interval of 300-1600 nm with a step of
1.0 nm on a double-beam spectrophotometer Shi-
madzu UV-3600 with a spectrometer slit bandwidth
of 2.0 nm. A halogen lamp served as a light source. A
photomultiplier was used as a detector in an interval
of 300960 nm, and an InGaAs photo diode played
the role of a sensor in the wavelength interval above
960 nm. The reflection spectra were measured with
the use of an ASR-3105 attachment with the com-
plete specular reflection at an incidence angle of 5°.

3. Research Results and Their Discussion

The absorption spectra of Ag films sputtered onto
a positively charged LiNbOjs surface have a band,
whose maximum shifts from 520 to 610 nm, as the
mass thickness of the films grows (Fig. 1). This band
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is associated with the surface plasmon resonance
(SPR) in the silver nanoparticles that were formed
on the LiNbOj3 surface at the initial stages of metal
sputtering. The long-wave shift of the band maximum
with the growth of the mass film thickness is related
to the size increase of silver nanoparticles. The asym-
metric character of absorption spectra is connected
with the influence of the substrate on the absorption
spectrum in the short-wave section [11] and with the
metal absorption growth in the long-wave interval at
larger mass thicknesses of the films [12].

The frequency spectrum of surface oscillation
modes for a spherical particle is given by the expres-
sion [13]

w

wy = 71” (1)
1+ Hen

where w, = \/4%#‘)‘2 is the plasma frequency of

free electrons; n, e, and m,. are the concentration,
charge, and mass, respectively, of conduction elec-
trons; &, is the complex dielectric permittivity of
the medium; and | = 1, 2, 3, ... specifies the oscil-
lation multipole number. In particular, dipole oscil-
lations (I = 1) prevail in particles with small dimen-
sions, whereas quadrupole (I = 2) oscillation modes
manifest themselves in particles with larger dimen-
sions (r > 50 nm). The frequency of dipole oscilla-
tions can be determined from the Frohlich condition
Re € = 2¢,,.

In Fig. 2, the SPR spectra of the silver nanoparti-
cles obtained by sputtering Ag in the same working
cycle on a glass substrate and on positively and neg-
atively charged LiNbOg3 surfaces are shown. One can
see that the spectral location of the SPR band for the
silver nanoparticles on the LiNbOj3 surface (564 nm
for the positively charged surface and 587 nm for the
negatively charged one) is substantially shifted to-
ward the long-wave region in comparison with the
maximum in the spectrum of Ag nanoparticles on the
glass substrate (532 nm). The mass thicknesses of Ag
films sputtered onto the LiNbO3 and glass surfaces in
the same working cycle are identical. Therefore, the
difference between the maximum positions can be a
result of a number of factors. The main of them is as-
sociated with different shapes of particles that were
formed on the glass and LiNbOg surfaces.

In Fig. 3, a, the AFM topology of the surface of
the Ag film sputtered on the LiNbOj3 substrate is
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Fig. 2. Transmission (a) and absorption (b) spectra of silver
films 1 nm in mass thickness on the glass substrate (1) and the
positively (2) and negatively (3) charged LiNbOgs surfaces

400 600 800

depicted. The watershed method [10] was applied to
distinguish the boundaries of nanoparticles, which al-
lowed us to determine the distributions of nanoparti-
cles over their equivalent radii, heights, and distances
to the nearest neighbor (Fig. 4). From the analysis of
the data obtained, it follows that the sputtering of
an Ag film to the mass thickness d,, = 1 nm on the
LiNbOg surface gives rise to the formation of parti-
cles in the form of oblate spheroids (disks) with an
average radius of about 7 nm and a height of about
1.2 nm. The r/h-ratio for the particles can be calcu-
lated as the ratio between the principal axes of an
oblate spheroid, a/c ~ 5.8.
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Fig. 3. AFM images of the surface morphology of an Ag film
1 nm in mass thickness sputtered onto the positively charged
LiNbO3 (a) and glass (b) surfaces

In view of the AFM data, we may assume that
spheroidal silver nanoparticles are formed on the
LiNbOg3 surface in the course of metal sputter-
ing. Such particles are characterized by longitudinal
and transverse modes of charge oscillations [15]. The
mode associated with the longitudinal (along the a-
axis) oscillations of charge carriers is shifted toward
the long-wave spectral region with respect to the same
mode in a spherical particle. Therefore, the long-wave
band shift of SPR in Ag nanoparticles on the LiNbO3
substrate in comparison with that in the case of a
glass substrate can be explained as the manifesta-
tion of only the longitudinal mode of oscillations in
disk-shaped silver nanoparticles in the LiNbO3—-Ag
spectrum.

In order to verify this hypothesis, we calculated
the relevant spectra in the quasistatic approxima-
tion and making no allowance for the interaction be-
tween the particles. The substantiation of this cal-
culation method is based on the fact that the dis-
tance between the particles (Fig. 4, ¢) exceeds their
dimensions. Since the LiNbO3—Ag structure contains
nanoparticles with various radii and heights (Fig. 4),

42

35 a

o
5]
=
o
]
]

o

=

(9}

d, nm

Cc

Fig. 4. Distributions of silver nanoparticles over their radii
(a), heights (b), and distances between them (c¢), which were
determined from the AFM images for the silver film with
dm = 1.0 nm sputtered onto the positively charged LiNbO3
surface

the calculated spectrum is a sum of spectra of
spheroidal nanoparticles with different a/c-ratios.

In order to implement the proposed method, a
forecasted set of n different ratios a/c = k was se-
lected. In our calculations, the value of k was changed
from 1 to 20 with a step of 1, i.e. n = 20. The ex-
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tinction spectra were calculated for all particles with
the chosen a/c-ratios. The calculations were carried
out — in the electrostatic approximation and in the
wavelength interval, where experimental spectra were
measured — using the formula [15, 16]

2 1 8 2 1
C =4rkIm <Ozg;3 + Oéz3> + §k4 (|aw|23 + |az|23>’
(2)

where o, and «, are the spheroid polarizabilities cor-
responding to the oscillation modes along the axes
a and ¢, respectively. In formula (2), it was taken
into account that, in the case of equal axes (a = b),
the corresponding polarizabilities are also identical
(ay = ay). The values of polarizabilities are given by
the relations [15, 16]

_ ca® e(w) —em
Qo = 3 e+ Li(e(w) —em)’ ®)
o — ca? e(w) —em (@)

3 em+ Lo(e(w) —em)’

where €, is the dielectric permittivity of the medium,
and e(w) the dielectric permittivity of a metal parti-
cle. The expressions for «, and «, also include the
principal depolarization coefficients L; and Lg. The
forms of general expressions for them depend on the
spheroid shape [15, 16]:

Lo=(1+&) (1 -Garcetgy). L = 5(1-Lo), (5)

where £y = ,/% is the geometrical factor.

In the “wavelength space”, the experimental spec-
trum E; can be presented by a vector containing
m “components”’ for various wavelengths \; (i =
=1,...,m). In this “space”, the calculated Cj;-
spectra (j = 1,...,n; i = 1,... ;m) form a matrix C
with 7 columns and m rows. Each matrix element Cj;
corresponds to the extinction of a nanoparticle with
the coefficient k; at the wavelength A;. In the frame-
work of this representation, every point E; on the
experimental curve can be approximated by a linear
combination of the extinction values Cj; (j =1, ...,n)
calculated for the chosen wavelength \;:

E, = Z Cjiwy, (6)
j=1
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where wj; is the weight of the contribution made by
the j-th particle to the total spectrum. Then the
approximation of the experimental spectrum E is
reached by minimizing the mean-square deviation

2

i=1 j=1

The minimization procedure can be performed in
two ways: using the gradient descent method or
the Monte Carlo one. The approximation accuracy
was determined from the root-mean-square deviation
(RMSD), by using the formula

/S
°= Sy [l ®)

To solve Eq. (8), the initial values of the vector W
should be given — for example, W = Wy = 1 — for
which the spectrum and the RMSD between the ex-
perimental and theoretical curves are calculated.

The first step of the cycle consists in changing all
weight coefficients by a random value within the in-
terval (0,2w;]. In other words, each weight can ei-
ther double its value or tend to zero. After the new
curve has been built, a new RMSD is calculated. In
the considered method, the RMSD value plays the
role of energy in the classical Monte Carlo method
[17]. Therefore, if the RMSD for the new weight
set diminishes, the latter is accepted. Otherwise,
i.e. when the RMSD increases, the changed weight
set is rejected. This procedure does not result in the
sticking to a local solution, because the weights can
considerably change at their random correction.

Figure 5, a illustrates the experimental spectra
(solid curves) and their fitting approximations, which
allowed the distributions of nanoparticles over the ra-
tio a/c to be determined. As one can see, the distri-
bution obtained from the AFM data is slightly shifted
toward the region of larger k with respect to the data
calculated, by using the proposed method. This ef-
fect was already explained by us earlier [12]. It arises
owing to an imperfection of atomic force microscopy,
namely, because of a finite size of the scanning ele-
ment, the AFM probe. This effect is especially pro-
nounced for objects, whose dimensions are compara-
ble with the curvature radius of an AFM probe (about
10 nm).
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Fig. 5. Extinction spectra of silver films on the LiNbOg3
surface and their approximations (a). Distributions of silver
nanoparticles over the ratio between their principal axes, which
were obtained from morphological and optical researches (b)
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We also found that the spectral position of the
plasmon resonance band in Ag nanoparticles on the
LiNbOg surface depends on the sign of surface charge:
the band maximum is located at 587 nm for the
negative charge and at 564 nm for the positive one
(Fig. 2). Let us analyze a probable origin of this spec-
tral shift by A\ = 23 nm. In the framework of Mie
theory, such a location change can be induced only
by a variation in the free carrier concentration [18],
because the results of AFM researches testify that
the surface topology is identical in both cases. Since
the plasmon resonance wavelength A\jax ~ 1/4/n [13],
the long-wave shift observed in the case of positively
charged surface is a result of the “exclusion” of a cer-
tain fraction of free charge carriers from the oscilla-
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Fig. 6. Schematic diagrams illustrating a possible mechanism
that gives rise to a shift of the maximum in the plasmon ab-
sorption band in the cases of negatively (a) and positively (b)
charged LiNbO3 surfaces

tion motion, through which the surface plasmon res-
onance is realized. We evaluated that, for the shift
to equal AX = 23 nm, the concentration n_ should
decrease to n_ = 0.93n_.

Let us analyze a probable mechanism of how the
surface charge can affect the concentration change of
free charge carriers participating in the surface plas-
mon resonance. The electric field created by negative
charges pushes free charge carriers to the nanopar-
ticle surface. The magnitude of corresponding force
can be enhanced owing to the presence of built-in
negative charges in the dielectric layer that exists be-
tween the LiNbO3 surface and silver. As a result, the
free charge carriers in the nanoparticle, in addition
to the field of a light wave, are subjected to the ac-
tion of the dc field, the strength of which can be
considerable due to the nano-sized values of height
h. Therefore, the resulting shift occurs at a certain
angle with respect to the spheroid a-axis, which is
equivalent to a reduction in the number of charge car-
riers contributing to the longitudinal plasmon mode
of a nanospheroid.
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In the case where silver nanoparticles are deposited
on the positively charged LiNbOj surface, the field
E, becomes partially or completely compensated by
the field of the built-in charge (—). Therefore, the de-
viation of plasmon oscillations from the axis is either
lower or absent altogether.

4. Conclusions

To summarize, the obtained results of our research
concerning the optical spectra and the structure of
silver films on the lithium niobate surface allow the
following conclusions to be drawn. The evolution of
absorption spectra for the examined films is similar
to that for films on the glass surface. The method
proposed by us for evaluating the parameters of a
film structure on the basis of optical data gives a
good agreement with the experiment, which makes it
suitable for practical applications. The revealed dif-
ference between the positions of the maximum in the
absorption spectra of silver films on the lithium nio-
bate surface with different signs of surface charge can
be explained by the influence of the charge field on the
motion of free electrons in the metal nanoparticles.
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IIJTASMOHHE IIOTVIMHAHHA
HAHOYACTHNHOK CPIBJIA HA ITOBEPXHI LiNbO3

Peszmowme

HocaimzkeHo MOpdOJIOrito Ta ONTUYHI CIIEKTPY HAHOYACTHHOK
cpibJia, HAIIMJIEHUX HAa I AKJIaJKu Hiobary JiiTio. Beranosieno,
mo B obuiacTti MacoBux ToBuwH (Bix 0,5 10 3 HM) Ha MOBEPX-
ui LiNbO3 maiBku cpibna dopMyIoTs HAHOYUACTHHKE y opmi
crunocHyTHX cdepoinis (QucKiB) 3 pajiycoM ~7 HM I BHCOTOIO
~1,2 EM. ¥V chmeKTpax IIOIJIMHAHHS CIOCTEPIra€ThCs CMyra 3
MaKCHMyMOM B obsiacTi 520-640 uM, sfKa 1OB’A3yeThbCcs 3i 30y-
JPKEHHAM IJIa3MOHHOI Monu HaHocdepoina. Beranosseno, mo
MaKCHUMYM CMYTHU IJIA3MOHHOI'O PE30HAHCY 3aJIEXKUTh Bij 3Ha-
Ka 3apsily HOBepxHi HiobaTy JiTito Ta mopiBHIOE 564 HM 1151
MO3UTHUBHO Ta H87 HM I HETATUBHO 3aPSIXKEHUX [TOBEPXOHb.
3aIponoHOBAHO MEXAHI3M 3aJI€2KHOCT] IOJIOKEHHS MAKCHMYMY
IITTP Bigm 3Haka 3apsiay HMOBEPXHI.
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