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Background: Photonic crystals are structures characterized by periodic modulations of the refractive
index with a period commensurate with the wavelength. This periodicity is associated with the existence
of a complete band gap in the spectrum of the electromagnetic states of the crystal. The stop zone is
called the band gap for the highlighted direction in the crystal. Globular photonic crystals are called three-
dimensional photonic crystals, which consist of the same diameter globules. The pores between the
globules in the opal allow one to change the refractive index and optical contrast of the material. The task
of controlling the stop-zone frequency limits of a globular photonic crystal without changing its physical
structure is of practical interest. The easiest way to control the stop-zone parameters is to fill the pores of
the photonic crystals with materials with different refractive indices, for example, DNA. Control of the
optical parameters of a globular photonic crystal can be used for the creation of optical detectors, sensors,
test systems, a quantum biocomputer as well as analyzing and studying a conformational state of DNA.
Objectives: the creation of SiO, globular photonic crystals modified by DNA and studying of the
influence of DNA on their optical properties.

Materials and Methods: Ethyl alcohol, distilled water, ammonium hydroxide, tetraethoxysilane and
DNA were used to synthesize SiO, photonic crystals. Aqueous DNA solution was used to infiltrate the
photonic crystals. We used a visible range spectroscopy for optical experiments and a finite-difference
time-domain (FDTD) method for numerical calculations.

Results: SiO, globular photonic crystals modified by DNA were synthesized with 195 nm globules. The
reflection spectra of the obtained photonic crystals were measured. A red-shift of the stop-zone maximum
after the infiltration of photonic crystals with DNA molecules was found. The electric field distribution
was calculated for the photonic crystal with 200 nm globules.

Conclusions: FDTD calculations in the linear mode show that the presence of point defects in the
structure of the photonic crystal influences the amplification of the local electric field in the interglobular
space of the photonic crystal, which houses the DNA molecule at infiltration. The DNA infiltration into
the pores of a photonic crystal changes the effective refractive index of the system by 5.99%. Synthesis
Si02 photonic crystals with DNA leads to the formation of a more ordered structure at the macro levels.
Thus, DNA serves as a template-like structure for photonic crystals to be assembled on. In this case, the
effective refractive index of the system increases by 6.01%.

KEY WORDS: SiO, globular photonic crystal; stop-zone; a molecule of DNA.

CHUHTE3 I BJIACTHUBOCTI SiO, ®OTOHHUX KPUCTAJIIB, MOAUDPIKOBAHUX /THK
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AxTyanbHicTb. DOTOHHUMH KpHICTAIAMH HA3WBAIOTh CTPYKTYPH, SKAM BIIACTHBI TIEPIOIMYHI MOJIYILLIIi
koe(ilieHTa 3aJOMJIEHHA 3 TEpIOfOM, CIIBMIDHAM 3 JOBKHHOIO CBITJIOBOI XBIUI. 3 HAsSBHICTIO IIi€l
MepioJMYHOCTI MOB’s3aHe iICHYBaHHsI MOBHOI 3a00pOHEHOT 30HH B CIEKTPI BJIACHUX EJIEKTPOMArHITHHX
craHiB kpuctainy. CTON-30HOI0 HA3MBAIOTh 3a00pPOHEHY 30HY JJIsl BHIUICHOTO HANPSMKY B KpHUCTAI.
Oco0nKBHi THTEPEC CTAHOBIISATH TPUBUMIpPHI (DOTOHHI KPUCTANH, SIKI CKIAAAI0THCS 3 TI00Y OJJHAKOBOTO
niametpy. Taki CTpyKTypH Ha3MBalOTh TI00YIsIpHUMU (POTOHHMMH KpHcTadaMu. HasBHICTE B (DOTOHHOMY
KpUCTaJIl MOp MDK DIIOOYJaMH J03BOJISIE 3MIHIOBATH TMOKA3HHK ONTHYHOTO KOHTPACTy Marepianry. 3amada
KepyBaHHSI TOJIO)KECHHSIM 3a00pOHEHOI 30HH TJI00YIIIPHOTO (POTOHHOTO KpHCTATy Oe3 3MIHH HOro (hizudHOl
CTPYKTYpH CTaHOBUTh MpaKTHYHHUN iHTepec. Halimpocrtimmm CcrocoboM KepyBaHHS —MapaMeTpaMmu
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3a00pOHEHOI 30HM € 3alOBHEHHA MOp (POTOHHUX KPHUCTATIB MarepiajaMd 3 pPi3HUMH ITOKa3HHUKAMH
3anomiieHHs1, Hanpukian, JJHK. KepyBanasa onTrdHIME HapamMeTpamMu TIIOOYISIPHOTO (DOTOHHOTO KPHUCTAITY
MOXe OyTH BHKOPHCTaHO /I CTBOPEHHS ONTHYHHX JETEKTOPiB, CEHCOpIB, TECT-CHCTEM, KBAaHTOBOTO
OiokoMIT’10Tepa, a TAKOXK aHaJT3y Ta BUBUEHHs KoH(popMattiiiHoro crany JJHK.

MeTta po6oru. Metoro pobGortu € crBoperHs: SiO, roOyIsspHUX (OTOHHHX KPUCTAIIB, MOIU(PIKOBAHHUX
JIHK, ta BuBuenns piuBy JIHK Ha 1X onTHYHI BIACTHBOCTI.

Marepianu i meronu. J{ns cunrtesy SiO, QOTOHHMX KPHUCTaIIB BUKOPHCTOBYBABCSl CIIUPT E€THUIJIOBHH,
JMUCTWIbOBAHA BONA, TiIPOKCHI aMoHito0, Tterpactokcucuiad, JIHK. Byno 3acrocoBano ontuuny
CHEKTPOCKOIIII0 BUIAMMOTO Aiana3oHy Ul eKCIEPUMEHTAIBHUX JOCII/DKEHb Ta MaTEeMaTUIHUH ITakeT —
METO]1 MOJICJIIOBAHHS CKIHYEHHHX Pi3HHLB B YacoBiit 06macti (FDTD) — aust yrcenbHUX po3paxyHKIB.
PesyabraTu. byno cunrezoBano SiO, rino0OyisipHi poToHHI KprcTanu, moaudikosaHi JIHK, 3 giamerpom
rmobyn 195 HM. BumipsHO cnekTpu BimOMBaHHA onxep)KaHWX (OTOHHUX KpucramiB. [Toka3aHo 3CyB B
YepBOHY OOJIACTHP MAaKCHMYMY CTOI-30HH (DOTOHHHX KpPHCTAJiB IpH HasBHOCTI B HuX Moiekyn JHK.
[TpoBeneHo po3paxyHKH PO3NOIITY EIEKTPUIHOTO TIOJISA B CTPYKTYPi (POTOHHOTO KPUCTAIY 3 iaMeTpaMu
o0y 200 HM.

BucHoBku. Pospaxynku meromom FDTD B miHiHHOMY pEXHMMi IOKa3ylOTh, IO HASBHICTh TOYKOBHUX
JeeKTiB B CTPYKTYpi (POTOHHOTO KPUCTAJY BILIMBAIOTH HA IMiACHICHHS JOKAIHHOTO ENEKTPUIHOTO IO
B MDKMIOOYJISIpHOMY HpOCTOpi (DOTOHHOTO KpUCTaly, B sKOMYy poaMimeHa woisekyna JIHK mnpu
inginprpauii. Iadinsrpanis JJHK B SiO2 ¢oToHHMI KpUCTall BUKIUKAE 3MIHH €(EKTUBHOIO MOKa3HUKA
3aoMJIeHHs cucteMu Ha 5,99%. Cunre3 SiO2 ¢dortonHoro kpuctaiy 3 JHK npussoaute 10 yTBOpeHHs
OibII BIIOPSAKOBAHOI CTPYKTYpH (OTOHHOTO Kpucranmy Ha MakpopiBHi. Omke, JTHK e cBoepigaum
TEMIUIEHTOM TIpU CTBOPEHHI (hoTOHHOTrO KpHcranmy. IIpu oMy e(eKTHBHUI NOKAa3HHK 3aJOMIICHHS
cucremu 30iblryeThes Ha 6,01%.

KJIFOYOBI CJIOBA: SiO, rno0yssipauit GpoTOHHHUI KpucTal; cton-30Ha; Monekyita JJHK.

CHUHTE3 U CBOMCTBA Si0, ®POTOHHBIX KPUCTAJLJIOB, MOAU®UIIAPOBAHHBIX JITHK
M. Ouenuyk, T. I'anyns, A. Ilepenepnii, A. Herpuiiko, I'. JloB6emko
Huemumym ¢usuxu HAH Yrpaunwl, npocnexkm Hayxu, 46, Kues, 03028, Yxpauna

AKTyajbHOCTb. DOTOHHBIMM KpUCTANIAMH NPHHATO HA3blBaTh CTPYKTYpPbl, KOTOpbIe OOIamaroT
HEePHOANYECKIMH MOAYJISILIAME KO3 (HIMEHTA IIPeTIOMIICHHUS C TIEPHOIOM, COTIOCTABUMBIM C JUTMHON BOJIHBL.
C 5TOl NepHOIMYHOCTHIO CBS3aHO CYIIECTBOBAaHHE MOJHOM 3anpeli€HHON 30HBI B CHEKTPE COOCTBEHHBIX
NEKTPOMArHUTHBIX COCTOSIHUMM KpucTajuta. CTON-30HON Ha3bIBAIOT 3aNpellEHHYIO 30HY JUIS ONPEenEéHHOro
HanpasiieHus1 B kpucrawe. OcoOblii HHTEpeC NMPECTABIIOT TPEXMEPHBIE (POTOHHBIE KPUCTAILIBI, COCTOSIIIE
n3 TII00yJ OAMHAKOBOTO JMamerpa. Takue CTPYKTypbl HPHMHATO Ha3blBaTh IJIOOYISIPHBIMH (DOTOHHBIMU
KpuctaulamMi. Hanmuwe B omane mop Mexmy INoOyjJamy IO3BOJISIET M3MEHSTh II0KA3aTellb ONTHYECKOro
KOHTpacTa MaTepuaia. 3ajada YIpaBiIeHHS ITOJIOKSHHMEM 3alpeléHHON 30HBI TI00YIIPHOTO (HOTOHHOTO
Kprctayuia 0e3 M3MEHEHHsI ero (pU3MYecCKOM CTPYKTYpBl MMEeT HpakTHdeckuit mHTepec. CaMbM TPOCTHIM
CIIoco0OM YTPaBIIEHHs TTapaMeTpaMyl 3alpeliEHHOM 30HbI SBJSCTCS 3al0JHEHHE MOp (POTOHHBIX KPHUCTAILIOB
MaTrepuajlaMd C Pa3HBIMH TIOKa3aTelsiMu mpeiiomiienus, Hampumep, JHK. VYmpasnenne onrtugeckumu
napamMeTpaMy I7100yJIPHOTO ()OTOHHOTO KpHUCTaUIa Ma)KeT ObITh HCIIONB30BAHO UL CO3AHMS ONTHYECKHX
JIETEKTOPOB, CEHCOPOB, TECT-CUCTEM, KBAHTOBOTO OWOKOMIIBIOTEpA, a TAKKE aHaIM3a M H3YYCHHS
koHpopmarorHoro coctosamst JJHK.

Heapr padorbl. llenbio paboTbl siBisieTcss co3paHue SiO; IOOYNSAPHBIX (DOTOHHBIX KPUCTAILIOB,
moauburmposanubix JIHK, u usyuenue nusuus JJHK Ha ux ontudeckue CBONCTBA.

Marepuansl u Metoasl. /s cunTeza SiO; GOTOHHBIX KPHCTAJUIOB MCIOJIB30BAIMCH STHIOBBINA CIUPT,
JUCTIJUIMPOBAaHHAs  BOJa, THAPOKCHI aMMoHMsA, Terpadtokcucwnad, JIHK. HcnosnesoBanacek
CHEKTPOCKONHS B BHIMMOM JIHara3oHe JJIsl ONTHYECKUX SKCIEPHMEHTOB M MaTeMaTHYECKHil IaKeT —
METOJ MOJICTTUPOBAHM KOHEUHBIX pa3HocTel Bo BpeMeHHo o0iactu (FDTD) — mis pacderos.
Pesyabtathl. beutn cunaTesmpoBanbl SiO, (oToHHBIE KpHcTamwisl, MomudummpoBanHsle JHK, c
muaMeTpoM Tio0yn 195 M. M3MepeHBl CHEeKTpBHl OTpPaKeHHs ITONYYEHHBIX (POTOHHBIX KPHCTAJUIOB.
ITokazaHo cMelieHHe B KpAacHYI 00JacTh MakCHMyMa CTOI-30HBI NMpH HHQWIBTpannud (HOTOHHBIX
kpuctauto mosiekynamu JJHK. [IpoBenensl pacuéTsl pactpeaeneHns MIeKTPUIECKOT0 O B CTPYKType
(OTOHHOTO KpHCTalIa ¢ Anamerpamu o0y 200 HM.

BoiBoabl. Pacuersl Merogom FDTD B nuHeiiHOM peXvMe MOKa3bIBaKOT, YTO MPUCYTCTBHE B CTPYKTYpE
(hOTOHHOTO KpHCTAJJIAa TOYEUHBIX JIEEKTOB BIUSIET HA YCHIICHUE JIOKAJHHOTO 3JIEKTPUYECKOTro MOJIs B
MEXIII00YJISIPHOM IIPOCTpaHCTBE (POTOHHOTO KpUCTalIa, B KOTOPOM pacrioiaraercst mosiekyiaa JJHK npu
nnunbrparu. MWudwistpanns JHK B SiO2  ¢GoTOHHBIA KpUCTalul NPHUBOIUT K H3MEHEHHIO
3¢ GEKTUBHOTO MOKa3aTels MpeloMiIeHus cucteMbl Ha 5,99 %. Cunre3 SiO2 (GOTOHHOrO KpHCTailIa C
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JHK mpuBogutr k oOpa3zoBaHHio 0Oojiee YHOPSAIOYEHHOH CTPYKTYpPHl (OTOHHOTO KpHCTallla Ha
MakpoypoBHe. Takum o6pazom, JJHK wmoxker OBITH CBOCOOpa3sHBIM TEMIDICHTOM TIPH CO3JaHUH
¢dortonHoro kpucramia. [Ipu 3Tom 3 PeKTHBHBIN MOKa3aTENb MPEIOMIICHHUSI CHCTEMBl YBETUUUBACTCS Ha
6,01 %.

KJIIOYEBBIE CJIOBA: SiO, rio0ynsipHblii ()OTOHHBIN KpUCTAILT; CTON-30Ha; Moekysa JTHK.

Photonic crystals (PC) are space-periodic structures whose permittivity varies with a
period commensurate with the wavelength in the visible and near-infrared ranges. The PC has
either a full three-dimensional band gap associated with the periodicity of the structure [1] or
a stop-zone (a band gap in a given direction in the crystal) [2]. The interaction of the
electromagnetic field with such structures is determined by the interference effects that
accompany the diffraction of visible light in three-dimensional periodic lattice, which can be
compared with a strong modification of the energy spectrum of the electromagnetic modes [3,
4]. Among the most promising materials for PC formation are synthetic opals formed by
monodisperse spherical SiO particles, which form densely packed layers parallel to growth
surfaces [2, 5], colloidal structures composed of TiO, spherical microparticles [6, 7], and
inverted opals [8, 9, 10]. Technological features of the growth of synthetic photonic structures
in different laboratories lead to the samples with different properties and different degree of
ordering of the crystal lattice. Therefore, studying the effect of the real crystalline structure of
the PC on the stop-zone parameters is still an urgent task [11].

Up to 26% of the total volume of a PC makes pores formed between globules [12]. By
infiltrating the PC with different substances, e.g. DNA, it is possible to model a new
conformation of DNA, namely, stretching DNA [12] and to change drastically the effective
refractive index of the system with DNA, and therefore to control its optical parameters [13].
Studies of the active centers infiltrated into a photonic crystal are of fundamental interest and
allow us to investigate the unique optical properties of PC composites. Activated by rare earth
ions, SiO; spheres can be used as active elements in nanosensors, microlasers [14, 15], and
luminescent markers [16]. Particles of highly dispersed SiO, have an effective ability to
adsorb amino acid and DNA molecules onto their surface [17]. Increased interest in such
systems is associated with the ability to effectively control the propagation of light inside the
PC [2]. Controlling of the optical parameters of a globular PC can be used for creation of
optical isolators, modulators, polarization converters, detectors, sensors, optical computers, or
test systems.

In this work we study the influence of DNA on the forming of SiO, photonic crystal and
its stop-zone parameters and do numerical experiments of light propagation through the PC
structure.

MATERIALS AND METHODS
In this work, SiO; photonic crystal and DNA-Si0O, photonic crystal were synthesized.

SiO; photonic crystal

In the first stage of the process, the synthesis of a monodisperse suspension of SiO;
spherical particles was performed using a modified Stober method [18] by hydrolysis of
tetracthoxysilane (TEOS) in alcohol-aqueous medium with ammonium hydroxide as a
catalyst. The size of the particles depends on the concentration of the components in the
reaction mixture. Specifically, a mixture of C,HsOH (96%) — 25 ml, TEOS-1 ml, H,O-
13.25 ml, NH4OH (25%) — 0.89 ml was used. The resulting aqueous suspension of these
particles was placed in a cell for a long period (up to 1 month). Under the action of gravity,
Si0, particles were deposited at the bottom and self-assembled into a three-dimensional
periodic structure. In the second step, the precipitate obtained was dried and annealed in a
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muffle furnace for 12 hours: first at 150°C, and then the temperature was elevated to 750°C
and the samples were kept at this temperature for 4 hours. The obtained samples have a
porous structure with a continuous void network formed between SiO, spheres.

SiO; photonic crystal infiltered with DNA
Deoxyribonucleic acid (DNA) sodium salt from salmon testes (Sigma-Aldrich CAS
Number 438545-06-3) was used to infiltrate the SiO, photonic crystal. 1 mg of DNA was
added to 0.5 ml of distilled water. The solution was maintained at 5°C for 24 hours. During
this time, it became gel-like. The PC specimens were twice covered with the gel solution with
a periodicity of 3 h until complete drying.

DNA-SiO; photonic crystal

Another experiment was carried out in such a way that 1 mg of DNA was added to
13.25 ml of distilled water at the first stage of the SiO, synthesis-with the same proportions of
the remaining components as above. So, we used a mixture of C,HsOH (96%) — 25 ml,
TEOS-1 ml, DNA+H,0-13.25 ml, NHsOH (25%) — 0.89 ml. The resulting aqueous
suspension with DNA was placed in a cell for a 1 month for getting three-dimensional
periodic structure. However, the precipitate obtained was not dried in an oven but was
maintained for 10 days at room temperature. As result we obtained the DNA-SiO, photonic
crystals.

The photo of the surface of the DNA-SiO; photonic crystal is shown in Fig. 1. The photo
was obtained with DM 2500M Leica microscope and has a 50x magnification. A clear
structure of the synthesized crystals can be observed.

-200
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-100 SOURCE
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200 .fz
300 .
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=300 -200 -100 0 100 200 300
Fig. 1. Microscopic image of DNA-SiO, photonic crystal. Fig. 2. Optical scheme for the Bragg scattering

measuring.

Spectrometer Ocean Optics USB 2000 (USA) was used. The scheme of the optical
experiment is presented in Fig. 2. Broadband white light from a halogen lamp was incident
onto the PC surface. It was possible to change a sample holder and a detector angular position
to get an angular dependence of the PC reflection spectra.

To simulate light wave propagation through PC structure we used Lumerical high-
performance photonic simulation software FDTD [19].
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RESULTS AND DISCUSSION

Optical experiments
We experimentally investigated the optical properties of the SiO, photonic crystal as well
as the SiO, photonic crystal infiltrated with DNA, and DNA-SiO; photonic.
Fig.3. shows the reflection spectra measured at different angles of incidence light for: (a)
Si0; photonic crystal synthesized according standard technology; (b) SiO, photonic crystal
infiltrated with DNA; (c) DNA-SiO, photonic crystal without annealing.
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Fig. 3. Reflection spectra of (a) SiO, photonic crystal, (b) SiO, photonic crystal infiltrated with DNA and (c)
DNA-SiO, photonic crystals measured at the light incidence angles 24°, 28°, and 32°.

The position of the stop-zone is determined by the angle of incidence light. For pure SiO;
photonic crystal (Fig. 3a), the stop-zone with a maximum at A = 409, 402 and 396 nm is
observed at the light incident angles of 24°, 28°, and 32°, respectively. By the formula

Amax = 2DA/2/3 - \/ngff(l) — sin%(0) (1)

we can estimate the size of the PC globules. There, A4, 1s stop-zone maximum; D — diameter
of PC globules; n,¢r(4) — effective refractive index, calculated as

ey () = SNy E ) f @

and depending on the refractive index n;(4) of i-components comprising the system, and their
volume fraction f;; & — light incident angle. For a pure photonic crystal, we have a two-
component system consisting of SiO, globules and the air. In publications [20, 21] it was
shown that the pores make up 26% of the total PC volume. Therefore, we take f; = 0.74 and
f> = 0.26. More information about the calculated parameters nes (A) and D, measured values
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of A.qe at different angles, the refractive indexes taken from work [22], and their volume
fraction are presented in Table 1, block “SiO,-PC”.

Table 1. Experimental values and calculated parameters of the studied PCs.

Light |Stop-zone
incidence |maximum | ngo, | fsio, | Nair | fair | Mo | fu,0 | Mona | fona| Tesr D, nm
angle © | A4, M
Si0,-PC
24° 409 1.4692 | 0.74 |1.0003 | 0.26 1.3629 | 192.55
28° 402 1.4699 | 0.74 |1.0003 | 0.26 1.3635 | 192.32
32° 396 1.4706 | 0.74 1.0003 | 0.26 1.3640 | 192.94
Si0,-PC infiltrated with DNA
24° 442 1.4662 | 0.74 1.0003 | 0.02 | 1.3373 | 0.18 | 1.6031 | 0.06 | 1.4446 | 195.26
28° 433 1.4669 | 0.74 1.0003 | 0.02 | 1.3377 | 0.18 | 1.6052 | 0.06 | 1.4454 | 193.97
32° 422 1.4679 | 0.74 |1.0003 | 0.02 | 1.,3381 | 0.18 | 1.6079 | 0.06 | 1.4446 | 192.29
DNA-SiO, PC

24° 438 1.4665 | 0.74 |1.0003 | 0.02 | 1.3375 | 0.18 | 1.6031 | 0.06 | 1.4449 | 193.46
28° 430 1.4672 | 0.74 |1.0003 | 0.02 | 1.3378 | 0.18 | 1.6052 | 0.06 | 1.4456 | 192.59
32° 422 1.4679 | 0.74 |{1.0003 | 0.02 | 1.3381 | 0.18 | 1.6079 | 0.06 | 1.4464 | 192.03

DNA infiltration into the pores of the PC (Fig. 3b) leads to a red-shift of the stop-zone
maximum by 33, 31, and 26 nm at the light incidence angles of 24°, 28° and 32°,
respectively. The studied system should be considered as a four-component one consisting of
SiO, glubules, which occupy 74% of the total volume, as well as air, water and DNA,
accounting for 26% of the total volume. In the process of DNA infiltration, the air is displaced
from the pores by the DNA aqueous solution. However, within a margin of error, not more
than 2% of the air can remain in the pores. DNA and water occupy the remaining 24% of
interglobular volume. The calculated data are presented in Table 1, “SiO,-PC infiltrated with
DNA” block. The effective refractive index of the system “SiO,-PC infiltrated with DNA”
increases by 5.99%.

The addition DNA into the suspension of spherical SiO, particles showed that the stop-
zone maximum (Fig. 3c) is red-shifted by 29 nm, 28 nm, and 26 nm at the light incidence
angles of 24°, 28°, and 32°, respectively. We observe a peculiarity in the reflection spectra: as
the angle of incidence increases, the intensity of the reflected light increases. This is due to
the reduction of scattering losses in the presence of aqueous DNA solution in the pores, and
due to the PC was not annealed, since the PC annealing at high temperatures would result in
DNA burning. The addition of DNA into the PC suspension leads to the formation of a more
ordered structure, as evidenced by the narrowing of the half-width of the Bragg peak in the
reflection spectrum by 15 nm. The effective refractive index of the system “DNA-SiO, PC”
increases by 6.01%. So, DNA influence on the forming of structure of photonic crystal. DNA
serves as template-like structure for photonic crystals to be assembled on. The calculated data
are presented in Table 1, block “DNA-SiO, PC”.

Previously, it was shown in work [12] that the introduction of water into the pores of the
PC leads to a slight shift of the stop-zone maximum (by 5 nm). Infiltration of DNA aqueous
solution into the pores of the PC as well as DNA introduction into the SiO, suspension at the
stage of synthesis, leads to more significant optical changes.
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Numerical experiments

FDTD is a numerical technique used for modeling computational electrodynamics. It is a
really powerfull tool for modeling optical and electrical effects in PC. If you want to find field
distribution inside the PC, the FDTD method is one of the most advanced. You take a mesh
and replace the continuum space by a discrete set of nodes. Then solve the system of
Maxwell’s equations for the discrete mesh using boundary conditions.

Synthetic opal was built of SiO, spheres packed in a face-centered cubic (FCC) lattice.
The calculated refractive index was 1.46, the SiO, sphere diameter was 200 nm, which is
comparable with the experimental data. There were 10 layers in Z direction. The plane waves
with linear polarization and different wavelengths were incident on the surface in [111]
direction.

We first calculated the opal stop-zone wavelength using the Bragg law. After this we
calculated the transmission spectrum of a broadband source using FDTD method and compare
the results. In both cases the stop-zone wavelength was 440 nm. According to the obtained
experimental results, for the further simulation we choose the wavelength 440 nm — as the
value that matches the center of the opal stop-zone.
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Fig. 4 Electromagnetic field distribution in XZ and YZ opal planes calculated for the wavelength 440 nm
propagation in: (a) perfect periodic structure, (b) structure with defects

Near-field electromagnetic field distribution in XZ and YZ opal planes for the
wavelength 440 nm was calculated at the following approximations. The electromagnetic
pulse propagates in the z-direction, spheres diameter — 200 nm with the refractive index
n =1.45 are surrounded by air; light is linearly polarized in the y-direction. Figure 4a presents
the simulation results. The right picture (Fig. 4b) corresponds to opal with defects. The left
picture (Fig. 4a) corresponds to opal with perfect periodic structure.

The results were taken from three orthogonal plane monitors. The black circles mark the
opal silica globules. The color scale shows the intensity of the electric field at different space
points. The electric field at some regions of the PC is about 3 times larger than the incoming
field. The filed energy tends to concentrate in the regions with low permittivity, in our case in
the air pores between silica globules.
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As a next step, opal periodic structure with two point defects was considered. One sphere
was completely removed and the diameter of another adjacent sphere was reduced by one
third. The field distribution was calculated for 440 nm wavelength (Fig. 4b). The field pattern
was the same. All graphs are depicted in two colour scales — maximum field value for the
current plane, and maximum value obtained for all measurements. In the case of structural
defects that may be present in any real synthetic opal, it can lead to even greater redistribution
of the field intensity (~10 times, not for data presented here) [23] and concentration of light
energy in the interglobular space. Though the defects are not good for the opal stop-zone, they
may cause higher inhomogeneity of the electromagnetic field distribution in the PC structure.

CONCLUSION

The photonic crystals made of SiO, and DNA were synthesized by the Stober method and
characterized. It has been shown that DNA can be used as a template-like structure for
photonic crystals synthesis leading to a more orderly structure on a macroscale, namely
hundreds of microns and more.

Computer simulation of light propagation through the PC structure demonstrates the
localization of the electromagnetic field in the regions with less refractive index, i.e. in the
pores between the globules of synthetic opal. Thus, for certain wavelength in certain points
we can expect an enhance a local field inside the photonic crystal up to 3 times in perfect
crystal and order more in defect crystal using it for further application.

ACKNOWLEDGMENTS
This work is supported by Ukrainian-Polish project M/40-2019 and Ukrainian-Polish
mobility project between NASU and PAN.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest

AUTHORS’ ORCID ID
M. Olenchuk ““'https://orcid.org/0000-0002-3710-6349
T. Hanulia ““https://orcid.org/0000-0002-8053-1586
O. Perederii "' https://orcid.org/0000-0003-2861-6934
A. Negriyko "/ https://orcid.org/0000-0002-2954-5157
G. Dovbeshko "='https://orcid.org/0000-0002-7701-0106

REFERENCES

1. Yablonovitch E, Gmitter TJ, Leung K-M. Photonic band structure: The face-centered-cubic case employing
nonspherical atoms. Phys Rev Let. 1991 Oct 21; 67(17):2295-2298.
https://doi.org/10.1103/PhysRevLett.67.2295

2. Joannopoulos JD, Johnson SG, Winn JN, Meade RD. Photonic crystals. Molding the flow of light. 2nd ed.
Princeton: Princeton University Press; 2008. 288 p. https://doi.org/10.2307/j.ctvem4gz9

3. John S. Localization of light in disordered and periodic dielectrics. NATO ASI Series B. 1995;340:523-584.
https://doi.org/10.1007/978-1-4615-1963-8 18

4.Sakoda K. Optical properties of photonic crystals. Berlin: Springer; 2005. 253 p.
https://doi.org/10.1007/b138376

5. Mayoral R, Requena J, Moya SJ, Lopez C, Cintas A, Miguez H, et al. 3D Long-range ordering in ein SiO,
submicrometer-sphere sintered superstructure. Adv Mater. 1997,9(3):257-260.
https://doi.org/10.1002/adma.19970090318

6. Wijnhoven JEGJ, Vos WL. Preparation of Photonic Crystals Made of Air Spheres in Titania. Science. 1998
Aug 07;281(5378):802—-804. https://doi.org/10.1126/science.281.5378.802

7.Yu J, Lei J, Wang L, Zhang J, Liu Y. TiO2 inverse opal photonic crystals: Synthesis, modification, and
applications — A review. J of Alloys and Compounds. 2018 Jul 31;769:740-757.
https://doi.org/10.1016/j.jallcom.2018.07.357




38

M. Olenchuk, T. Hanulia, O. Perederii, A. Negriyko, G. Dovbeshko

8

9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Busch K., John S. Liquid-Crystal Photonic-Band-Gap Materials: The Tunable Electromagnetic Vacuum.

Phys Rev Lett. 1999 Aug 02;83(5):967-970. https://doi.org/10.1103/PhysRevLett.83.967

. Blanco A, Chomski E, Grabtchak S, Ibisate M, John S, Leonard SW, et al. Large-scale synthesis of a silicon

photonic crystal with a complete three-dimensional bandgap near 1.5 micrometres. Nature. 2000 May
25;405:437-440. https://doi.org/10.1038/35013024

Yang L, Carmon T, Min B, Spillane SM, Vahala KJ. Erbium-doped and Raman microlasers on a silicon chip
fabricated by the sol-gel process. Appl Phys Lett. 2005;86(9):091114. https://doi.org/10.1063/1.1873043
Vlasov YuA, Astratov VN, Baryshev AV, Kaplyanskii AA, Karimov OZ, Limonov MF. Manifestation of
intrinsic defects in optical properties of self-organized opal photonic crystals. Phys Rev E. 2000 May
1;61(5):5784. https://doi.org/10.1103/PhysRevE.61.5784

Boiko VV, Romanyuk VR, Gnatyuk OP, Ilchenko OO, Karakhim SO, Korovin AV, et al. Vibrational spectra
of DNA in the confined interglobular volume of photonic crystal. J Biol Phys. 2018 Feb 20;44(1):101-116.
https://doi.org/10.1007/s10867-018-9480-0

Severin 1., Boiko V., Moiseyenko V., Olenchuk M., Goushcha A., Barillé R., et al. Optical properties of
graphene oxide coupled with 3D opal based photonic crystal. Optical Materials. 2018;86:326-330.
https://doi.org/10.1016/j.0ptmat.2018.10.014

Arnaud C, Boustimi M, Brenci M, Feron P, Ferrari M, Nunzi-Conti G, et al. Microsphere laser in Er3+-
doped oxide glasses. Proc. SPIE. 2004 Oct 21;5622:315-320. https://doi.org/10.1117/12.589474

Hoi PV, Ha CTT, Hung HQ. Long-band emission of microsphere lasers based on erbium-doped sol-gel
silica-alumina glasses. Appl Phys Lett. 2005 Oct 14;87(16):161110 1-3. https://doi.org/10.1063/1.2089186
Yang Y, Gao MY. Preparation of Fluorescent SiO2 Particles with Single CdTe Nanocrystal Cores by the
Reverse Microemulsion Method. Adv Mat. 2005 Aug 16;17(19):2354-2357.
https://doi.org/10.1002/adma.200500403

Teng Z, Li J, Yan F, Zhao R, Yang W. Highly magnetizable superparamagnetic iron oxide nanoparticles
embedded mesoporous silica spheres and their application for efficient recovery of DNA from agarose gel. J
Mater Chem. 2009 Feb 09;19:1811-1815. https://doi.org/10.1039/B812367E

Stober W, Fink A, Bohn E. Controlled growth of monodisperse silica spheres in the micron size range. J
Colloid Interface Sci. 1968;26(1):62—69. https://doi.org/10.1016/0021-9797(68)90272-5

Lumerical Computational Solutions. Lumerical Inc. [Internet] Available from:
https://www.lumerical.com/products/fdtd/

Fudouzi H. Fabricating high-quality opal films with uniform structure over a large area. Journal of Colloid
and Interface Science. 2004 Feb 27;275(1):277-283. https://doi.org/10.1016/1.jcis.2004.01.054

Zhokhlov AA, Masalov VM, Sukhinina NS, Matveev DV, Dolganov PV, Dolganov VK, at al. Photonic
crystal microspheres. Optical Materials. 2015;49:208-212. https://doi.org/10.1016/j.optmat.2015.09.019
Refractive index. Info. [Internet]. Refractive Index Database [Retrieved June 20, 2018]. Available from:
https://refractiveindex.info/?shelf=glass&book=fused_silica&page=Malitson

Garcia PD, Sapienza R, Toninelli C, Lépez C, Wiersma DS. Photonic crystals with controlled disorder.
Physical Review A. 2011;84(2):023813-023821. https://doi.org/10.1103/PhysRevA.84.023813




