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FABRICATION AND OPTICAL CHARACTERIZATION OF THIN SYNTHETIC
OPAL FILMS FOR DESIGNING COATINGS OF SOLAR CELLS

A method for the fabrication of synthetic opal films with a thickness of 20 - 30 layers is given.
Two methods for the characterization of synthetic opal thin films are described. The first method
consists in studying the Bragg reflections spectra by using a special fiber-optic microprobe. In the
measured spectra, together with the Bragg reflection peak, the presence of maxima due to thin film
interference was observed. The film thickness of the samples is calculated by the position of the
interference maxima. The second method is based on study of the laser diffraction on the structure of
the synthetic opal film. The observed diffraction pattern consists of the six intense reflections,
symmetrically located relative to the incident beam. The conditions for the observation of diffraction
are described. The relation between structural parameters and the wavelength of radiation is installed.
The peculiarity of the diffraction method is the ability to detect the defects related with the
multidomain structure. The spectroscopic and diffraction techniques together provide a complete set of
methods for the characterization of thin film opals.
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IIpuBoauTcs cnocod U3roTOBJICHHS MICHOK CHHTETHYECKOro onaJja c ToamuHoii B 20 - 30 cioes.
OnucpIBalOTCs 1Ba MeTOJa XapaKTepU3aluu TOHKHX IUIGHOK CHHTeTHYecKoro onana. IlepBrrii MeTosn
3aK/II04aeTcsl B HCCJIeIOBAHMM CIIEKTPOB OP3ITOBCKOr0 OTPakeHHs ¢ MCI0/1b30BAHHEM CHEIHATbHOI0
ONTHYECKOro BOJIOKOHHOT0 MHKPO30HJIa. B M3MepeHHBIX CIeKTpax, Hapsay ¢ MHKOM Op3rroBCKOro
OTpa:KeHHs1, HA0II0AAI0TC MAaKCHMYMbI, 00ycJIOB/IeHHbIe MHTep(depeHnueli B ToHkOoH Imuienke. Ilo
MOJIOJKeHHI0 MHTep(epeHINOHHBIX MAKCHMYMOB BBIYHCISIOTCH TOJIIMHBI IUJIEHOK HCCJIeTyeMbIX
o0pa3uoB. Bropoii Meron 0asupyercssi Ha HcCIeJOBAHHH AUPPAKLUUH Ja3ePHOI0 H3JIy4YeHUS HaA
CTPYKTYpe IUICHKH CHHTeTHYecKoro omajna. HaGmrogaemass kapTHHa AMQPAKUUU COCTOMT M3 IIECTH
HHTEHCHBHBIX pedieKcoB, CHMMETPHYHO pPAaCHOJIOKEHHBIX OTHOCHTEJIbHO MaJalollero mydkKa.
OnucepiBalOTCesl yca10BHsl HaOmiofeHusi Au(pPaKknuu. YCTAHAB/IMBACTCH CBA3b MeMXKIY CTPYKTYPHBIMH
napaMeTpaMH M JUIMHON BOJIHBI M3i1ydeHHsl. Oco0eHHOCTh TU(PPAKIMOHHOIO MeTo/1a 3aK./II04aeTcsl B
BO3MOKHOCTH  oOHapy:keHUs  JedeKTOB, CBA3aHHBIX ¢  IOJHIOMEHHOCTbIO  CTPYKTYpBI.
CnexTpockonuyeckuii M AH(PPaAKINOHHBIN MeTOAbl BMecTe 00ecneyrBaOT MOJHOLEHHBIH KOMILIeKC
METO/I0B /IISl XapaKTePH3aIUN TOHKUX IJIeHOYHBIX ONAJIOB.

KnawueBble ca0Ba: TOHKHE IUIGHKHM CHHTETHYECKHX ONAJOB, CIIEKTPbI Op3ITOBCKOW IU(paKIyH,
T paKIys JTa3epHOTO U3TyUSHUsI, COTHEUHBIE JIEMEHTHI.

HaBoauTbcesi cnoci0 BUTOTOBJIEHHS IUIIBOK CUHTETHYHOI0 onaJa 3 ToBmuHOK B 20 - 30 mapis.
HapgaeTbcs onmmc ABOX MeTOliB XapakTepu3anii TOHKHX IIiBOK CHHTeTHYHOro omnaja. Ilepmmii meTon
NOJIATA€ B AOCHIIZKeHHi CrieKTPiB OperriBcbKoro Big0UTTS 3 BUKOPHCTAHHSIM CeNiaJIbHOr0 ONTHYHOIO
BOJIOKOHHOT0 MiKpO030HAa. Y BHMIpSHUX CHEKTpPax, mopsig 3 MiKoM OperriBcbKoro BinoOpaskeHHs,
CHOCTepPiraloTbcsi MaKCHMYMH, 00yMoBJeHi iHTepdepeHuiclo y ToHKiH miaiBui. 3a moJiokeHHSIM
inTepdepeHniiiHIX MAKCHMYMIB 00YMCIIOIOTHCS TOBINMHM ILIIBOK JOCJALIKYBaHUX 3paskiB. Jlpyrumii
MeTo[ 0a3yeTbesi Ha AOCHIKeHHI Aupakuii JazepHOro BHIPOMIHIOBAHHA HA CTPYKTYpi ILIBKH
cHHTeTHYHOro omana. Crocrepe:kyBaHa KapTHHa Iu(paknii CKJIAZA€ThC 3 IIECTH iHTEHCHBHUX
pediexciB, CHMETPHYHO pO3TALIOBAHMX BigZHOCHO magalodoro mnydka. Hapmaernesi omme ymoB
cnocrepe:keHHs Augpakuii. BctaHoBII0€TbCS 3B'A30K Misk CTPYKTYPHHMH NapaMeTPaMH i J10B/KHHOI0
XBWIi BUNpoMiHIOBaHHs. Oco0iuBicTh JHdpakuiiiHOro MeToay MOJISITa€ B MOMK/JIUBOCTI BUSIBJICHHSA
aedekTiB, MOB'SA3aHUX 3 MOJiTOMeHicTIO cTPYKTYpH. CnekTpockoniunmii i audpakuiiinmii meroan
pa3oM 3a6e3nme4yyoTh NOBHOUIHHHIT KOMIIEKC MeTO/iB /ISl XapaKTepHu3alii TOHKHX IUTIBKOBHX ONAJiB.

Karo4oBi cioBa: TOHKI IUIIBKM CHHTETHYHUX OIAiB, CIIEKTPH OperriBcbkoi audpakuii, audpaxiis
JIa3epHOT0 BUIIPOMIHIOBaHHS, COHSYHI €JIEMEHTH.
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Introduction

A great interest in applying synthetic opals in designing solar cells is caused by the
following reason. These materials have the ability to convert the solar radiation spectrum
either by selection of a certain part of the spectrum or by conversion of radiation energy
(in the composite with luminescent materials, nonlinear optical materials, etc.). Currently,
most of the experimental works in the field of photonic crystal research are performed on
bulk synthetic opals. However, the presence of significant structural disorder in the bulk
samples obtained by sedimentation lays obstacles to the complete exploitation of the features of
their optical properties caused by photonic band structure. It is known [1] that film opals have an
improved structure. Moreover, the creation of large surfaces with film opals is easier to
implement.

In view of the above mentioned it becomes necessary to fabricate synthetic opals
with the small number of layers as well as to carry out their optical characterization.

Samples

The opal structure has a face-centered cubic (fcc) lattice formed by hexagonal
closely packed layers of monodisperse SiO, globules. Synthesis of silicon dioxide
globules was carried out by modified Stober method [2]. Opal films were grown by
vertical pulling of quartz or glass substrate from suspension of nanodisperse silica
globules with middle size of about D = 280 nm. Speed of pulling was about of 100 nm/s.

In this case, under action of surface tension forces of particle suspension, globules
were stacked in a uniform layer. Such method, as experience shows, is the most effective
and occupies much less time than the method of film growing in a region of moving
meniscus by liquid evaporation from suspension [1]. The obtained samples were dried up
during a day at room temperature with the subsequent annealing at T = 480 °C.

Experiment and results

Characterization of samples means the determination of their structural parameters
(diameter of globules and interplanar distance). For this purpose, the Bragg diffraction
spectra in the reflected beams have been measured. According to the Bragg law, a
spectral position 4, of the reflection peak is connected with the interplanar distance d

T (0) = 2dx ¢ — sin® 0

where 6 is an incident angle of light beam on the system of the {111} planes,
Eop =0.74- €510, +0.26-¢ is an effective dielectric constant; g, is a dielectric

as follows

pore

constant of SiO, globules, ¢ is a dielectric constant of the substance into pores (for

pore

the composition of substances the dielectric constant also will be effective). The
connection between the globule diameter D and the interplanar distance d along the [111]

direction is given by the ratio D=d - f* where f =,/3/2 for fcc lattice.

To measure the Bragg diffraction spectra a special optical probe shown in Fig. 1, a
was used. In the probe scheme the light was gathered to the optical concentrator 2
through the fiber bundle /, and then light was incident on the sample 3 at angle §. The
reflected from the sample surface light was gathered to the fiber 4 at the same angle.
The spectra were registered with using a modified spectrometer based on a double
monochromator DFS-12.
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One of these spectra is shown in Fig. 1, b. The spectrum has a characteristic peak at
630 nm, its position is determined by the above described Bragg law. Thus, the structural
parameters of the opal sample can be determined from the spectral position of the peak.
Along with the Bragg diffraction spectra the interference maxima marked in Fig. 1, b as
m (maximum position coincides with the Bragg diffraction peak), and m+1, were able to
register. The presence of these maxima is caused by the phenomenon of interference in
thin films. The thickness of the film ¢ is determined by the position of these maxima 1,

and 4,,,, in such a way
t=12n,5 (1 Ay =1/ 4,,)

where n,; is an effective refraction index. For investigated samples the film thickness is

in the range from 2 um till 4 um.

0,75

0,60 m+1

Reflection, arb. un.

T T T T T T
500 550 600 650
Wavelength, nm

Fig. 1. Measurements of Bragg diffraction spectra. a — optical probe scheme; b — Bragg diffraction
spectrum measured with the optical probe.

Investigation of the light diffraction in synthetic opals is also an important method
for the characterization of opal films [3, 4]. To describe the laser radiation diffraction on
the synthetic opal structure, the widely known approach developed by Laue [5] and used
for describing the X-ray diffraction in ordinary crystals is applicable.

The observed diffraction pattern was characterized by symmetry Cys and consisted of
six intense reflections, symmetrically located relative to the incident beam (see Fig. 2, a).
An optical scheme used to observe the diffraction is shown in Fig. 2, b. For this scheme,
one DPSS and two semiconductor lasers with wavelengths of 4,,,=532 nm, 4,,, =407

‘green
nm, and A4,,,=635 nm, respectively, were used. The beam was oriented along the [111]

direction, normal to the film surface.
As known in this geometry not for every wavelength and the incident beam
orientation the diffraction can be observed. Condition for the occurrence of diffraction is

ik =G

where k, and k are the wave vectors of incident and diffracted beams and G is the
reciprocal lattice vector. This condition is equivalent to the set of equations:
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Fig. 2. Experiment on observation of diffraction. a — diffraction pattern; b — optical scheme of the
experiment of the laser beam diffraction in the opal film.
1 - laser; 2 — lens; 3 — sample; 4 — screen; 5 — camera.

dingy =(cosa—cosagy)=mi

dyngg =(cos f—cos By )=myA;
dsngy =(cosy —cosy, )=msi;

where d,, d,, and d; are periods of nodal lines forming a certain system of coordinates,

in general, oblique. The beam incident to the origin of the coordinate system will form
angles a,, By, yo with its axes, while the diffracted beam forms angles a, £, y. For

each wavelength, and orientation of the incident beam in respect to the sample, an own
coordinate system for the implementation of diffraction will be determined. It is possible
to find the relation between D and A. Using also the geometric condition

cos? a +cos? B +cos® y=1 and assuming m; =m, =msy =1, we can obtain

1 (fE+f5+17) D

I’lezﬁ’ (flcosa0+fzcosﬂ0+f3cosy0)’ l di‘

A
2

The table below gives the values of the angles and f; for which the diffraction is
possible in this experiment. The calculated values of D are also given.

Table
Values of angles and f; for which the diffraction is possible, D - the calculated size of the globules
A, nm 06070 /30»0 700 Nl /o f3 D, nm
407 90 90 30 | 1/43 1 1 295
532 90 45 45 1 N2 | N2 | 286
635 90 30 30 1 1 1 296

Characterization with using this method provides a great opportunity to analyze the
quality of the sample. Defects and the overall disorder of the structure directly affect the
diffraction pattern. The character of distribution and brightness of diffraction reflexes in
the obtained diffraction patterns were various in some different sites of the sample. This
fact testifies a polydomain structure of the film (Fig. 3).
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Fig. 3. The diffraction patterns obtained in sample sites, where the structure disruptions occur.

Conclusions

Two methods for the characterization of synthetic opals are described. The
spectroscopic method has shown the presence of interference in a thin film along with
Bragg diffraction. The conditions of the laser diffraction occurrence in performed
experiments were identified. It is found that the diffraction method, as a method for
characterization, gives also the information about the types of defects. Together, these
methods provide an indispensable instrument for the characterization and analysis of thin
coatings based on synthetic opals.

Acknowledgments

This work is supported by the Ukrainian—Russian Project No. F53.2/030 “Creation
and investigation of active matrix nanocomposites on the base of photonic glasses and
crystals for solar cells”.

References

1. Plekhanov A. I. Nanocrystallization of Single-Crystal Opal Films and Film Opal
Heterostructures / A. 1. Plekhanov, D. V. Kalinin, V. V. Serdobinceva // Russian Nanotechnology.
—2006. - V. 1, Ne. 1-2. P. 245-251. (in Russian).

2. Stober W. Controlled growth of monodisperse silica spheres in micron size range / W.
Stober, A. Fink, E. Bohn // J. Coll. Interf. Sci. — 1968. - V. 26, Ne. 1. P. 62-69.

3. Garcia-Santamaria F. Optical diffraction and high-energy features in three-dimensional
photonic crystals / F. Garcia-Santamaria, J. F. Galisteo-Lopez, P. V. Braun, C. Lopez // Phys. Rev.
—2005.- V.71, Ne. 19. P. 195112-1-195112-5.

4. Kosobukin V. A. On the theory of diffraction of light in photonic crystals with allowance for
interlayer disordering /V.A. Kosobukin // Phys. Solid State. — 2005. — V. 47, Ne. 11. P. 2035-2045.

5. Kitaygorodskiy A. 1. X-ray diffraction analysis — M., 1950. — 650 p.

Received 13.07.2013.

75



