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Abstract. A unique feature of nanoparticles made from highly conductive materials
(plasmonic nanoparticles) is that their localized surface plasmon resonance (LSPR)
wavelength position can be tuned by changing the shape, size, composition and
environment in accordance with the purpose of the application. In this paper, the main
mechanisms of LSPR tuning that are available at the present time are reviewed. In
particular, a widely used method for tuning the LSPR wavelength position is based on
selecting the type of a plasmonic nanoparticle material such as gold, silver, copper,
aluminum and gold-silver alloy. The examples of changing the resonance absorption
position by using nanoparticles with different shapes and dimensions have been also
demonstrated. Furthermore, works with less used LSPR tuning methods, such as controlled
regulation of the distance between nanoparticles in one and two dimensions have been
considered. The number of works is given, where the LSPR wavelength position can be
also controlled by changing the environment in the vicinity of plasmonic nanoparticle: the
substrate thickness, the thickness and dielectric parameters of the layer on the surface of the
nanoparticle. Examples of active influence on the change in the wave position of LSPR by
applying an electric potential and regulating plasma modes have been also discussed.
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1. Introduction

Surface plasmon resonance (SPR) has a special place
among modern scientific techniques that combine the
possibilities for research in materials science, bio- and
chemosensorics [1, 2]. Surface oscillations of free
electrons in highly conductive materials (surface
plasmons) during their resonant excitation by light create
a sensitive electromagnetic field that penetrates the
nearby environment and can be used as an active
supersensitive probe to the changes in its refractive
index. The non-destructive nature of the surface plasmon
field makes it possible to study biomolecules in their
natural state without the use of various kinds of labels in
real time [3].

Due to the significantly high sensitivity of LSPR to
the changes in the refractive index of the environment
near the surface of plasmonic nanoparticles, the most
common application of this phenomenon is creation of
sensitive elements for sensors [4, 5]. When studying the
molecules that have their own light absorption peak with
a LSPR sensor, the spectral position of the LSPR peak
relative to the absorption peak of an optically active
molecule affects the sensor signal, which can be either
weakened or enlarged as a result [6].

Depending on the purpose of experiments, a
sensitive element ought to exhibit the absorption of light
in a certain spectral range. Thus, plasmonic nanoparticles
in combination with infrared radiation are used to study
and treat cancer cells [7-9]. Accordingly, it becomes
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Fig. 1. LSPR absorption spectra for nanoparticles of gold, silver
and gold-silver alloy [16].

necessary to modify nanoparticles to shift their
absorption spectrum to the near infrared range. In
addition, fluorescence microscopy can be used to study
organs and tissues [10], which also requires operating
with certain wavelengths from fluorophore labels. This
can be achieved by creating a complex of fluorophores
and nanoparticles. In addition to biomedical applications,
plasmonic nanoparticles are also used in photovoltaics to
enhance light absorption [11]. In this case, the LSPR
wavelength position of the nanoparticles should
correspond to a certain absorption wavelength of the
photovoltaic element. Another use of nanoparticles is to
enhance the fluorescence of various fluorophores,
including quantum dots [12]. However, for achieving
amplification it is necessary that the luminescence
spectrum of the fluorophore overlaps with the absorption
spectrum of the nanoparticle, which also requires
regulation (tuning) of the LSPR wavelength position of
the nanoparticle. Based on the said above, it is obvious
that nanoplasmonic chips and colloidal solutions of
nanoparticles with a fixed LSPR wavelength position can
be used only for certain applications, and LSPR tuning is
an actual task.

However, at present there is no single universal way
to tune the LSPR wavelength position of plasmonic
nanoparticles. This work describes the currently available
approaches for tuning the LSPR wavelength in order to
understand and generalize the modern capabilities of
sensitive elements based on the phenomenon of localized
surface plasmon resonance.

2. Different materials

Despite the fact that silver and gold are the most common
materials for plasmonic nanoparticles, LSPR excitation is
theoretically possible in any metal, alloy, or semi-
conductor with a negative real part and a small value of
the imaginary part of the material dielectric constant [13,
14]. Gold nanoparticles with a size of about 10 nm
exhibit resonant absorption at the wavelength close to

520 nm [15]. The study of the gold-silver alloy shows an
absorption peak with a variable wavelength depending on
the gold-silver ratio [16]. The absorption spectra for gold,
silver and gold-silver alloy are shown in Fig. 1 [16].

Other materials, such as aluminum, potentially offer
advantages in sensor sensitivity, the use of various
surface coatings, and LSPR in the ultraviolet range,
where many organic molecules absorb light [17].

Studies show that nanoparticles with the same shape
(nanopyramids) and dimensions (width 390 nm, height
50 nm) and under the same conditions (glass substrate,
nanoparticles surrounded by nitrogen) exhibit the
wavelength position and width of the LSPR peaks which
are different for various materials. For nanoparticles
made of aluminum, silver, copper and gold, the wave-
lengths of resonance absorption peaks are 508, 639, 698
and 787 nm, accordingly. The peak halfwidths are ~ 0.65,
~0.29, ~ 0.36, and ~ 0.40 eV, respectively [18] (Fig. 2).

3. Shape and size

LSPR wavelength can be modified during fabrication of
plasmonic nanostructures by controlling the shape and
size parameters of various chemical processes during
synthesis and lithographic techniques. For example, an
array of triangular nanoprisms can be fabricated by
nanosphere lithography [19]. During preparation of
nanoparticles with a triangular pyramid shape, it is
possible to further change their size and shape by
electrochemical etching. To do this, studies were
performed with silver nanopyramids deposited on an
electroconductive substrate made of indium-tin oxide
(ITO) [20]. Gradually, the electrochemical potential was
changed resulting in electric charge transfer ranging from
10 to 1000 uC, etching the nanopyramids during the
process and changing their shape from triangular (with
LSPR wavelength position of 782 nm) to cylindrical
(with LSPR wavelength position of 426 nm) (Fig. 3).
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Fig. 2. Normalized extinction spectra for pyramidal

nanoparticles of aluminum, silver, copper and gold of the same
shape, size and under the same conditions (width 390 nm;
height 50 nm; glass substrate; N, environment) [18].
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Fig. 3. Dependence of LSPR wavelength position on the shape
and size of nanoparticles [20].
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Fig. 4. Measured extinction spectra of gold nanostructure array
(NSA produced via thermal annealing of gold island films.
Normal incidence unpolarized light extinction spectra for
samples R1 to R9 with different initial gold island film
thickness exhibit peaks located in the wavelength range from
576 to 809 nm. Inset: the table with respective geometrical
parameters of nanostuctures arrays [21].

The authors [21] show thermal annealing (450 °C)
of gold island film with different thickness as possible
approach for LSPR tuning. It was found that the peak
position in the unpolarized light extinction spectrum,
which corresponds to the occurrence of LSPR, shifts
towards longer wavelengths with an increase in the initial
gold island film thickness. The direct relation between
lateral dimensions and height of nanostructures produced
after annealing, and the initial gold island film thickness
was revealed. Thus, it is possible to tune the LSPR
spectral position in the wavelength range from 576 to
809 nm (Fig. 4) by changing the initial gold island film
thickness.

As the size of plasmonic nanospheres increases, a
redshift is observed due to the electromagnetic delay in
larger particles. Thus, for a silver nanoparticle with a size
of 30 nm, resonance is observed at the wavelength close
to 390 nm, while nanoparticles with the size of 60 nm
have the peak at 480 nm [22]. However, size tuning
techniques are very limited. In many biological
applications (especially in vivo), it is desirable to work

with the near infrared range 650...900 nm. One of the
ways to tune the LSPR position to the longer
wavelengths is to change the nanoparticle shape from
spherical to the elongated, ellipsoidal shape. These
nanoparticles, in contrast to the spherical ones, have two
resonances due to the plasmonic oscillations along the
short and long axes [23]. The total resonance depends on
the ratio of the length of the long axis to the short one
(Fig. 5). Obtaining elongated nanostructures in colloidal
solutions is not difficult, whereas fabrication of
nanochips with nanostructures of such geometry requires
lithographic methods.

4. Distance between nanoparticles

For the complex nanoplasmonic structures consisting of
several closely located nanoparticles, collective surface
plasmon resonance is a typical phenomenon. In such a
system, the surface plasmon resonances of all elements
are interrelated, forming collective modes that can be
localized throughout the structure.

The unique feature of the collective plasmon mode
resonance is the fact that as the distance between the
particles increases, it gradually transforms from a
quadrupole component into separate nanoparticles that do
not interact with each other (Fig. 6). As the distance
between the nanoparticles decreases, the intensity of the
interaction of quadrupole modes increases significantly,
while the dipole interaction almost disappears [24].

Collective plasmon modes open up new possibilities
for the use of interactions between nanostructures, for
example, such a system is an excellent candidate for
mechanical tuning of the resonant peak wavelength
position. The authors [24] created a structure in the form
of an array of silver nanoparticles in the elastic layer of
PDMS and investigated the possibility of tuning the
nanoplasmonic resonance wavelength position due to
mechanical tension. As a result of this experiment, the
light extinction spectra for different degrees of stretching
of the elastic substrate were demonstrated to be highly
sensitive to the interparticle distance (Fig. 6).
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Fig. 5. UV-vis absorption spectra of nanoparticles with an
aspect ratio of 2.4 to 7.4 [23].
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Fig. 6. Extinction spectra of a 2D array of silver nanoparticles
in the PDMS layer. The red curve corresponds to a film stretch
of 50% relative to the original size (black curve). The insert
shows a schematic representation of the tension along these two
axes [24].

5. Change of the thickness of surrounding layer

One of the most common methods of regulating the
LSPR wavelength position is to influence the
environment of the nanoparticle in order to change its
properties. Thus, it was shown that the change in the
thickness of the layer on the surface of the nanoparticle
shifts its absorption spectrum [25]. TiO, or SiO, coated
gold nanorods were used in the experiment. LSPR
spectra of pure and coated gold nanorods with different
coating thickness are shown in Fig. 7. The left and right
parts of Fig.7 correspond to the transverse and
longitudinal modes, respectively. For the longitudinal
mode, there is a shift of the LSPR peak towards larger
wavelengths with increasing coating thickness. For the
transverse mode, there is also a shift of the LSPR
extinction peak towards greater wavelengths with
increasing thickness, but the shift rate is much lower as
compared to the longitudinal mode.
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Fig. 8. UV-vis extinction spectra for nanostructures of the core
SiO, — gold shell type. The diameter of the silica core for all
curves is 50 nm, the thickness of the gold layer varies from 3
nm (black curve ¢) to 10 nm (blue curve A) [26].

In the next research, the effect of the thickness of
the gold layer on the surface of a spherical SiO,
nanoparticle with a diameter of 50 nm was investigated
[26]. The thickness of the gold layer varied from 3 nm to
10 nm. According to the spectra in Fig.8, as the
thickness of the gold layer increases, the peak of the
extinction spectrum blueshifts from 820 nm for a 3-nm-
thick gold shell to 600 nm for a 10-nm-thick gold shell.

6. Change of the composite matrix structure

The authors of [27] demonstrated a plasmonic
nanocomposite matrix film with LSPR spectrum that can
be adjusted by UV radiation. Silver ions are added to
polyacrylic acid (PAA), and in a resulting nanocomposite
matrix PAA acts as a reinforcing material and silver as
a functional element. Under the action of UV radiation,
silver ions were reduced to silver nanoparticles.
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Fig. 7. Extinction spectra of gold nanorods coated with TiO, layer depending on the thickness of the TiO, layer in the longitudinal
(LM) and transverse (TM) modes. In the insert, figures (i) and (ii) reflect interband transitions such as quadrupole and hexapol

modes, respectively [25].
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Fig. 9. The absorption spectrum of the PAA film during 15 min
of irradiation with UV light, which leads to the appearance of
silver nanoparticles embedded into the composite matrix
accompanied by the absorption peak shift from 420 to 440 nm
with a significant increase in peak intensity [27].

The irradiation time allowed controlling the
concentration and, accordingly, the distance between the
silver nanoparticles. Fig. 9 shows the change in the LSPR
peak wavelength position of the nanocomposite matrix
film for 15 min. The peak shifted from the initial
wavelength of 420 nm to the final one of 440 nm.

7. Interference of plasmon modes

LSPR position tuning experiments were also performed
with gold nanoparticles in the shape of a star that consist
of a sphere and tips emanating from the sphere [28].
These Au nanoparticles have two LSPR modes that
correspond to the field localization on the central nucleus
and on the tips. The low-energy mode is strongly
localized on the tips, which has been demonstrated by
electron energy loss spectroscopy (EELS) and theoretical
modeling. Initially, the prepared colloidal solution of
nanoparticles exhibited a well-defined LSPR band with
maximum absorption at 781 nm (tip mode) together with
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Fig. 10. (a) Spectral evolution over time of the colloidal
solution of star-shaped Au nanoparticles in the presence of
0.1 mM CTAB. (b, ¢c) TEM images of star-shaped Au nanopar-
ticles before mixing with CTAB (b) and after 240 min (c) [28].

a weaker shoulder at about 545 nm, which corresponds to
the mode of the central nucleus of nanoparticle. Aqueous
dispersions of PVP-coated Au nanoparticles were
prepared and mixed with cetyltrimethylammonium
bromide (CTAB). Fig. 10 shows the evolution of UV-
Vis-NIR spectra during the CTAB-induced reshaping
process, revealing a continuous blue shift of the LSPR
for the tip mode over time during which it almost
completely (530 min) merges with the high-energy mode
resembling the spectrum of Au spheroids. TEM
characterization at intermediate stages (0, 60, 120, 180
and 240 min) reveals the process of shape change
(Figs 10b and 10c), when spherical nanoparticles with
sharp tips are almost completely transformed into smooth
spherical nanoparticles [28].

8. Active plasmonic devices

In the paper [29], it was shown that LSPR phenomenon
in the array of gold nanoparticles can be controlled,
switched and  modulated by electrochemical
transformation of the conductive polymer between the
reduced and oxidized states. This active plasmonic
device consists of an ITO substrate, polyaniline (PANI)
as a conductive polymer and an array of gold
nanoparticles. Gold nanoparticles were chosen because of
their ability to rapidly transit from the reduced
nonconductive state to the oxidative conductive state,
which allows them to be used as quick switches. In
addition, the PANI layer can withstand more than 10°
switches without signs of degradation of the
electrochemical signal. Fig. 11 shows the absorbance
spectra of an array of gold nanoparticles in water, air, and
with the PANI layer in the reduced and oxidized states.
Several groups of authors show that wide range of
LSPR tuning is possible when optically active molecules
are adsorbed on the surface of plasmonic nanoparticles
[30-32]. The tuning of LSPR position in this case
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Fig. 11. Absorbance spectra of an array of gold nanoparticles
(diameter = 150 nm, height = 40 nm). The distance between the
nanoparticles along the x and y axes is 220 nm: (1) in air, (2) in
water, (3) with a 100-nm-thick PANI layer in the reduced state,
and (4) with a 100-nm-thick PANI layer in the oxidized state.
Insert: SEM image of an array of nanoparticles [29].
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Fig. 12. The extinction spectra of rotaxane before (green line)
and after (red line) oxidation of Fe(ClO4); in DMF (0.05 mM)
[30].

depends on the spectral overlap between the resonant
positions of nanoparticle and adsorbed redox molecule.
Authors [30] demonstrate a molecular-level plasmonic
switch of bistable rotaxanes immobilized on the surface
of Au nanodisks that can be chemically reversibly
controlled. When stimulated by chemical reagent
(Fe(ClO4)z), such approach allows significant LSPR
wavelength shift (480 up to 830 nm) between oxidized
and reduced states of the molecule (Fig. 12).

It is also worth noting that a highly ordered array of
Au/Ag nanodomes can be used for LSPR tuning in the
wavelength range from 430 up to 650 nm [33]. The
structure consists of a gold nanoparticle as a core and a
layer of silver, which is formed due to the deposition of
silver ions under the influence of an electric field. LSPR
regulation is achieved due to electrochemical deposition
or removal of nanoparticles, depending on the sign of the
applied field and the time of action of the field.
Accordingly, the size and shape of the nanoparticles
changes, which affects their optical properties. Fig. 13
shows the reflectance spectrum of an array of ordered
nanodomes depending on the electrochemical deposition
time.
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Fig. 13. The reflectance spectra of an array of nanoparticles
with a gold core and a silver layer on the surface of the core,
depending on the time of electrochemical deposition [33].

00 P be
o

Optical density

400 500 600 700 800 900 1000
Wavelength, nm

Fig. 14. Evolution of spectral properties of nanostructure
colloidal solution during the galvanic replacement reaction
[34].

The authors [34] demonstrated the LSPR
wavelength tuning by the growth of gold layer on the
surface of silver nanoparticles during galvanic
replacement reaction between silver and gold.
Continuous addition of HAuCI, to the colloidal solution
of silver nanoparticles under heating conditions leads to
the change of silver/gold ratio in the nanostructure
composition during the process of galvanic replacement
reaction. It should be noted that this approach allows
LSPR tuning within the range of 400 up to 750 nm
(Fig. 14), which is enough to wuse the obtained
nanostructures for infrared laser heating upon the cancer
cell treatment. Stopping the electrochemical reaction at
desired time makes it possible to obtain bimetalic
nanoparticles with different sizes and morphology.

9. Conclusions

Although basically all reviewed approaches for LSPR
tuning are based on changing the physical and chemical
properties of the environment near the nanoparticle or the
physical properties of the nanoparticle itself, such as size,
shape and material, the methods of implementing these
approaches differ significantly. The main differences are
related to simplicity and efficiency of the LSPR tuning
techniques, which result in their popularity among
researchers. This review describes the use of only
chemical, electrochemical and mechanical approaches to
the spectral regulation of LSPR, although there are also
less commonly used biological, biochemical and optical
methods. The presented material can be useful when
using LSPR tuning both in scientific research and in the
development of new devices using nanoplasmonic
technology.
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MoTouHuii cran peryjsiuii XBHJILOBOI MNO3UIII JIOKATI30BAHOI0 NMOBEPXHEBOT0 IMJIA3MOHHOIO Pe30HAHCY.
KopoTkuii orasia.

I1.B. Iemupnos, A.M. Jlonatuncekuii, LI. I'ynzenxo, B.I. Yerean

AHoTanis. YHIKQIEHO 0COONHMBICTIO HAHOYACTHHOK 3 BUCOKOMPOBITHUX MarepiaiiB (IUI1a3MOHHI HAHOYACTHHKH) €
TOM (hakT, MO iX XBHJIHOBY IO3HUIMIO JIOKAII30BAHOIO IOBEPXHEBOIo IUIa3MOHHOrO pe3oHancy (JIIIIIP) mosxHa
peryiroBaTH, 3MiHIOIOYH (HOopMy, pO3Mip, CKJIAJ 1 OTOUyIOYE CEepEeAOBHIIE BiAMOBIAHO MO IJICH 3acTOCyBaHHS. Y
JTAHOMY OTJISiAI HAaBEOSHO IPHKIAAW OCHOBHUX MexaHi3miB peryismii JIIIIIP, moctymamx nHa maHmit wac. Cepen
HaOLIPII BXKMBAaHUX METOJIB perymanii xBmiaboBoi mosuiii JIIIIIP — BukopucTaHHS Pi3HOTO THUIy MaTepiaiiB
HaHOYAaCTUHOK — 30JI0Ta, cpibia, Mifi, adlOMiHiI0O Ta CIUIaBy 30JI0TO-Cpibio. Takok HaBeneHO MPUKIATU 3MiHH
PE30HAHCHOT MO3WIii MOTIMHAHHS MIIIXOM BUKOPHCTAHHS HAHOYACTHHOK 3 PI3HOIO (HOPMOIO Ta PO3MIpHICTIO.
Po3rnsHyTO BUKOPUCTAaHHS MEHII B)KUBaHUX MeToiB peryismnii JITIIIP, Takux sk KOHTPOJILOBaHA PETYIIALIS BiCTaHI
MiX YaCTHHKaMH B OJJHOMY i TBOX BUMipaX. OmrcaHo poOoTH, e XBIiboBY mo3utliro JIIIIIP perymorTs 3a paxyHOK
3MiHH OTOYYIOYOTO CEpPEeIOBHINA: TOBIIUHH ITiIKIAIKU, TOBIIMHU Ta JiCJICKTPUYHUX ITapaMeTpiB IIapy Ha MOBEPXHi
HAHOYACTUHKH. TakoX pPO3MIITHYTO MPUKIAJW aKTHBHOTO BIUIMBY Ha 3MiHY XBWiboBoi mosmuii JIIIIIP mursxom
MPUKIIAIaHHS eICKTPUIHOTO MOTEHINAY Ta PETYIAIIE0 1a3MOBUX MO/,

Kiro4oBi ciioBa: okani3oBaHUI MOBEPXHEBUH IIA3MOHHUI PE30HAHC, HAHOCTPYKTYPH 30JI0Ta, HAHOUHII, PETYIIALISA
xBHIIBOBOT mo3uii JITITIP.
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