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In this work were studied fishnet metamaterialshvgtoposed meshy structure. The spectral
bands with negative refractive index were discodenenear infrared and visible regions. The lin-
ear red shift of spectral features was observeth Wie increasing partition order of fractal. These
optical features of discussed metamaterials comld possible applications in optical devices (fil-
ters, lenses, modulators etc.), high-sensitive anes sensor meters and other devices.Obtained in
math modeling linear dependences of the peak pasitof negative refractive index (NRI) from
geometric parameters of metamaterials can be useaatjust the spectral position of optical fea-
tures in the production of meshy metamaterials \gitlen functional characteristics. In the work
were discussed prospects of use of the consideetaimaterials in optical devices such as filters,
lenses, modulators, etc., as well as highly semsjpressure sensors, biological and chemical sen-
sors with anti-interference remote control.

Keywords: metamaterials, negative refractive index, fractatptical metamaterial, fishnet
meshy metamaterial, fractal partition.

Introduction

Due to the development of technologies of the ssgithand design of nanoscale
structures , now it is possible to create uniquéamaterials with a negative index of
refraction(fisnet metamaterials) in the near irdchand visible spectral regions and a
lot of work has been done in this area by Shelbpp FSmith D.R. and others. In this
context, the relevant tasks are geometry optinonadind the search for new types of
metamaterials, which allow with the existing teclogy base to provide left-handed
properties of the optical field in the shortwavedpum , to minimize losses at the
stage of radiation transmission and provide ilbiéi#y to alter the spectral range of
negative refraction.

The aim of this work was to develop new structwkeBactal metamaterials with
negative refractive index and to analyse thetrcapproperties in the near infrared
and visible region of the spectrum.

The scientific importance of research performedeaissed with the development
of ideas about the influence of the new geometpeaameter - order fractal partition
- on electro- magnetic properties of metamaterialghe visible and near-infrared
regions spectrum.

Themain part

As a basis for the construction of the geometmnacstire of the metamaterial was
choosen a plane fractal. Figurel illustrates thecgss of constructing fractal.
Structure with layers of "metal -insulator-metalvith a unit cell in the form of the
first-order fractal is a traditional mesh metamiader
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Fig.1. Structure of the unit cell of traditionaldaftactal mesh metamaterial at dif-
ferent orders of partition k

In this work we created a model of mesh fractalametterial. Metamaterial unit
cell for fourth-order decomposition and fragmersctal metamaterial structures for
k = 3 shown in figure 2. Materials (Ag-MgfAg) and layer thickness (40-17-40 nm)
were selected according to the model described]irfgr which the negatively - re-
fractive index in the visible spectrum was previgusbtained. Shown metamaterial
structure with k-th order partition from now ondenoted ask.

Fig.2. Single cell mesh fractal metamaterial (K)=add a fragment of the structure of
the metamaterial with a period d (k = 3)

Modeling of metamaterials witk structure with period d = 300 nm and parti-
tion order k = 1 + 4 was carried out using CST Mwave studio software package.
In this work we analyzed the interaction of radiatwith a wavelength in the range
of 375 + 1600 nm with metamaterials. Complex raofypermittivity eAg (1) for the
silver layer has been set in accordance with tipe@xental data [2] with a threefold
increase in the imaginary part, according to [8fractive index for fluoride layer
was taken equal 1,38.

We established the area of modeling (figure 3)ite\edges perpendicular to the
Z-axis were set up opened boundary conditions, vkimulate the spread of elec-
tromagnetic waves along the Z axis in unlimitecefspace. Also on these edges are
arranged waveguide ports: the top port is useater gplane electromagnetic wave as

Bichuxk HTYY “KIIT'. Cepia IIPHJIA/IOBY/]TYBAHHA. — 2014. Bun. 48(2) 113



Haykog¢i ma npakmuyuni npoodiemu 6upooHuymea npuiadie_ma cucmem

a model signal with a Gaussian envelope, whichggape perpendicular to the plane
of the cell. And also this port is used for
the reception of the reflected radiation;
through the lower port — the reception of
the transmitted radiation. The distance be-
tween the ports was selected equal 8 mm.

1 On the adges of the modeling area
perpendicular to axis X, were set up con-
ditions of ideal electrical conductivity, to
axis 'Y were set up conditions of ideal
magnetic conductivity. Therefore we
simulate normal incidence of plane elec-
tromagnetic wave to an endless periodic
metamaterial.

3

Simulation results

The result of this calculation is the
spectral dependence of the matrix dis-
scattering elements, of the form [4]:

Fig. 3. The boundary conditions on the (blj _ (511 512) [éail 0

(_adges of theT modeling area: 1 — an b, S, S, la
ideal electrical conductor , 2 — an _ o
ideal magnetic conductor, 3 — an opend &, - complex amplitudes of the incident

border ; a waveguide port waves, b;,b,- complex amplitudes of the

reflected waves,S; - amplitude reflection coefficients for the i-thpirt, S;- the

amplitude transmission coefficients from the jrtput to the i-th output.
In the case of normal incidence of a plane wavahensurface of effectively
homogeneous plate from a source, which is locatethe first (left) plate surface,

S,;is the amplitude reflection coefficient, and,, associated with transmission
coefficient for amplitude T through the expresdidh

S, =T 2)
k, - the wave number of the incident wave in freecepa

Calculation of the refractive index on the basispagviously obtained spectral
dependences was based on the method describeld 8yjarameters associated with
exponent index n and impedance z through expression

_ R, [(ll— ei[anoh)

Sll 1- Rgleimnkoh (3)
_ (1_ Rg )einkoh
Sy = 1- {einkoh 4) (
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h - uniform thickness of the plate; n- complex aefive index of the platek, - the

z-1

wave number of the incident wave in free sparg;= 1 reflection coefficient
Z+

of the air-metamaterial bound.

Taking into consideration that the considered matanal is a passive medium
outside of the resonance peaks, and using the tammgliof continuity of functions
g"(A) andu" (), we obtain a uniquely defined function kJ (n the wavelength range,
wherein for metamaterial is performed approximabbeffective medium.

We found that for the considered structures oftélamesh metamaterials with a
period d = 300 nm and order fractal partition k = 4, in the visible and near-
infrared region of the spectrum there are two barfdsegative refraction. Parameters
of the peaks are presented in table 1, an exanfpilee spectral dependence h)(—
in figure 4

TV

750 1000
A, HM

Fig.4. Spectral dependence of the real part ofd¢fractive index for the structure
with a period of d = 300 nm and the order fractatigon k = 3

Analysis of theresults
Two-peak configuration spectral dependencesi)nhéve been observed earlier
for traditional structures of mesh metamaterials ¢d the ratio of amplitudes of
NRI peaks depend on the ratio of the lengths adssaf the unit cell [6]. With an in-
creasing in order of fractal partition there isexi@ases of the amplitude and half-
width of the NRI peaks, and also observable shifohger wavelengths. The ampli-
tude of the second peak located at shorter wavitleegion is more sensitive to the
change in k.
As a result of analysis of all the data obtainedwi# charts of dependencies of the
minimum peaks positions of NRI from the fractaltpian of the structure (figure 5).
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Table 1. Parameters of peaks of NRI for metamasewdh structurek
and d = 300 nm

Partition order, Position of the Peak half-width The amplitude of
k peak’s minimum, FWHM, nm the Peak,
A,nm “Momin
lpeak 2 peak 1 peak 2peak 1 peak 2 peak
1 898,3 634,6 26,4 11,0 3,98 1,68
2 902,2 656,38 24,0 8,5 3,64 1,11
3 930,1 673,7 20,6 9,1 3,31 0,80
4 951,2 695,3 18,9 9,1 3,23 0,60
9001 //
j ® ]peak
800 - " Zpeak
=
T
5
700' .’//“//
600
i | 2 | 3 | 4

Partition order k

Fig.5. Dependence of the peak positions of themarnof the negative refractive
index of theorder of partition Kk structure with period d = 300 nm

As shown in figure 5, the shift of peaks of negatrefraction in the long-wave
region of the spectrum when you change the ordéreofractal structure of the parti-
tion Qk is close to linear in nature. Angle of slope ppeximating line for peak 1 is
about 27 nm / order, for peak 2 -21 nm / order. dimplitude of the second peak de-
creases with the increase of k, that's why it'snagtical to use fractal mesh metama-
terials with large k. In independent literature tbetxperimentally [7] and theoreti-
cally [8] have been shown that for different typg#smetamaterials in the range of
wavelengths under study with increasing periochefstructure we can observe close
to linear peaks’ shifts of negative refractive inde

Thus, the change in the period and the order op#rétion of the fractal struc-
ture can be used for discrete and continuous adgrgtof the position of the peaks of
NRI. Changing the size of the holes in the varratd k will also adjust the sensitiv-
ity of chemical sensors based on fractal metanadscio the desired level.
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As was mentioned in chapter 3, for the developneémomputational models in
this work used a threefold increased experimeragslesc"(A) obtained for macro-
scopically large samples of silver [2]. Accordimg[t3] for silver strips with the width
less than 100 nm free path of electrons on thelmettace becomes comparable with
the size of the strips , which leads to a signifidacrease in the frequency of colli-
sions, growth ofg" and consequently entails more losses. Selebtedfold increase
€', according to [3], valid for silver bars from &120 nm wide, for smaller widths of
silver barse” can increase 5 times or more compared with axpantal data for a
macroscopically large samples. Additional continutto the loss makes the rough-
ness of silver surface and metamaterial fabricatefiects. For some models transverse
sizes of the elements were found to be less tham$Go the losses in manufactured
metamaterials with a similar structure may excéwbrietical estimates, in particular
for small periods of the structure and large vabfdbe partition k.

So in the production of metamaterials in ordemttrease the accuracy of calcula-
tion of their characteristics it is necessary tustk"(A) according to experimental
data, which was obtained for test samples witlctineesponding sizes of the structure.

Difference of reak"(L) ande"(L) used in the calculation for the model will cause
nonconformance of amplitudes of NRI peaks, but ndt change their position.
Therefore, the positions of the peaks’ dependenteke negative refractive index
from the fractal partition obtained in this workain valid.

Conclusions

In this work we developed the fractal structurengfshy metamaterial. For model
structures with fractal partition order k = 1 + ddaperiod d = 300 nm in the wave-
length range. = 375 + 1500 nm were calculated elements of soadtenatrix, which
guantitatively describe the processes of interacbd optical radiation with con-
densed matter.

We observed two peaks of the negative refractidexrfor all analyzed metama-
terials in the visible and infrared spectral range.

The smallest value of NRIny,;,= -3,96. We found that for these structures with
the increase of fractal partition (k) we observeedir shift of optical features to the
long- wave region.

Future work on this subject should include the essaof metamaterials’ design
and manufacturing for the devices of optical fregnye
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VJK 528.7, 629.78
METO/IM TIOKPAIIEHHA METPOJIOITYHUX XAPAKTEPUCTHK
JNPY3HOI'O BUITPOMIHIOBAYA 3MIHHOI SICKPABOCTI

Mixeenko JI. A., Anixienko H. B.
Hayionanonuu mexniunuu ynieepcumem Yxpainu «KuigcbKuti nOIimexHivHuti iIHCIumym»
M. Kuis, Vkpaina

B cmammi poszenanymo npobremy noKpaujenHs MempoNo2iuHUX XapaKmepucmux OugysHoz2o
BUNPOMIHIOBAYA 3MIHHOI ACKPABOCMI HA 3AKOHI 360POMHUX K8AOpAmMi6. 3anponoHO8aHo cxemy Ou-
@y3Hoeo sunpomintosaua, oe 6 poai Oxcepena GUNPOMIHIOBAHHS BUKOPUCIOBYEMbCA MAMPUYS 3 2a-
JI0O2EHHUX JIaMn, a 8 AKOCMI po3ciloeaia —mamosane keapyoege ckio. llpedcmasnena mamemamuy-
Ha Mooeb OUPY3HO20 BUNPOMIHIOBAYA 3 MAMPUUHUM 0XHCEPENOM 8UNpOMiHIoeans. I1o npueedenii
MamemMamuyHii mooeni 3pooieHi po3pPaxyHKU OCHOBHUX BUXIOHUX XAPAKMEPUCMUK OUPY3HO20 8U-
APOMIHI08AYA 3 MAMPUUHUM OXHCEPELOM BUNPOMIHIOBAHHS MA NPOBEOEHUN AHALI3 Pe3VIbMamis.

Knrouoei cnosa: oughysnuii 6unpominioeay 3MiHHOI ACKpABOCMI, MAMPUYHe 0HCepeso 8UNPOMI-
HIOBAHHS.

BBeaenus

KaniopyBanbHi qudy3Hi BUIIpoMiHiOBadi 3MiHHOT sickpaBocTi (JIB3) € onnumu 3
OCHOBHHUX €JI€MEHTIB Cy4acHOI Mmpeun3iitHoi pagiomerpii. Bonn mupoko BUKOpHUCTO-
BYIOTbCSI TIPY BUMIPIOBaHHI €HEPIeTUYHUX XapaKTEPUCTUK MpUiiMadiB BUIPOMIHIO-
BaHHS, KaTiOpyBaHHI (POTOMETPUYHOTO O0JIaIHAHHS, aTeCTallli ONTHKO-EJIEKTPOHHUX
BUMIpIOBaIbHUX mpwianiB [1-3]. OmHak, He3BaKarOUM Ha OCTaHHI JOCSATHEHHS B
IbOMY HaIpsMKy, icHytoul JIB35 He moBHOIO MipOIO 3310BOJILHSIOTH BUMOTaM Cy-
YacHOi ONTUYHOI METpOJIOrii. Y mepury 4yepry 1e CTOCYEThCA 3aBJIaHb pagioMeTpuy-
HOTO Kam6pyBaHH;1 0araToeJeMeHTHUX MpPUUMaviB BI/IHpOMlH}OBaHH}I 1 IPUCTPOIB Ha
ix ocHoBi [4,5]. BomHouac, ocHoBHEMHE TipoOiiemamu Bimomux JIB3S € HemocTaTHs
IHTEerpaibHa SICKPaBiCTh, MAIMI AMHAMIYHUHN Jianma3oH ii 3MiHU, HEJOCTaTHS edek-
THBHA allepTypa, By3bKHUI CIIEKTPAIbHUMN Jiana3oH 1 psi iHmux [6,7].

ITocTanoBka 3agaui

Mertor 1i€i poOOTH € MOJIIMIICHHS METPOJIOTIYHUX XapaKTEPUCTUK OJHOTO 3
Kpalmx MpuiaaiB po3risiHyToro kiacy - JIB3, 3acHoBaHOTO Ha 3aKOHI 3BOPOTHHUX
kBajgpatiB (33K), nuiixoM BHKOPUCTaHHS MATPUYHUX JOKEPET BHUIPOMIHIOBAHHS
(/IB) 1 HOBHX THITIB pO3CitOBayiB Ha 0a3i KBApIOBOrO MaTOBAHOI'O CKJIA.
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