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PaccmoTpeHbl ycnoBuss ¢GOpPMUPOBAHUS HAHOKOMMO3UTOB HA OCHOBE pelleT4yaTbiX YMNaKoOBOK
HaHocdep SiO, (omanoBbix MaTpuLl), copepxalimx B MexXcdhepuyeckux MONOCTAX KPUCTANIUTHI
okcupaoB TutaHa (TiO, u TiO). M3yveHbl COCTaB U CTPOEHUE HAHOKOMMO3UTOB C WUCMOJIb30BAHUEM
3/1eKTPOHHOM MUKPOCKOMUU, PEHTFEHOBCKOM AUPPAKTOMETPUMN U CNEKTPOCKONUM KOMBEUHALLMOHHOIO
paccesiHusa cBeTa. MpuBeaeHbl pe3ysibTaTbl U3SMEPEHUIM YACTOTHbIX 3aBUCUMOCTEN AEeNCTBUTE/IbHOMN
M MHUMOW KOMMOHEHT AN3/1eKTPMYECKON NMPOHULLAEMOCTH, a TakK)Xe MUKPOBO/IHOBOM NPOBOAUMOCTU
(B amanasoHe 1072-10™ ') NoAYYEHHbIX HAHOCTPYKTYP.

The conditions for the formation of nanocomposites based on lattice packings SiO, nanospheres
(opal matrices) with crystallites of titanium oxide (TiO, and TiO) in interspherical nanospacing
are considered. The composition and structure of the nanocomposites were studied by electron
microscopy, X-ray diffraction and Raman spectroscopy. Results of measuring of the frequency
dependences of real and imaginary components of the permittivity and microwave conductivity

(ranging 1072-10" Hz) of obtained nanostructures are viewed.

AHOKOMIIO3MTHL Ha OCHOBE OIIaJIOBBIX MaTPHII,

MeRcpepruyYeCcKHe IMOJOCTH KOTOPHIX 3aII0JI-

HeHBl Pa3/IMYHBIMH BelleCTBAMM, SABJIA-
IOTCSI ONHHM M3 HOBBIX BUJ 0B MeTaMaTepHaJIoOB.
OmnasioBble MaTPHULIEL - TPeXMepHBIe TPeXC/IOMHbIe
KybH4ecKkHe CTPYKTYPbl Ha OCHOBE pellleT4aToH yIa-
KOBKH HaHocep peHTreHoaMopdHoro SiO, Auame-
TpoMm 200-350 HM [1]. MeTamaTepHabl U HAHOKOM-
IIO3UTHI HA UX OCHOBE IIePCIIeKTUBHEI B 3JIeKTPOH-
HOM TeXHHKe IIPU CO3LaHHUU TBepAoTenbHBIX CBY-
yCTPOHCTB (GUIBTPOB, IUHUH 3aepKKH, da3oBpa-
AKX 3/IEMEeHTOB H p.), a TaKXKe HCTOYHUKOB
HaIlpaBJIEHHOIO PeHTIeHOBCKOI0 M3/IyYeHU s U aKy-
CTUYeCKHX BOJH [2, 3]. IIporHO3MpyeTCs MOsIBIeHHe
Ha OCHOBe OIaJIOBBIX MaTpHUL, IpUOOPOB ympasie-
HUS $a30BBIMH CKOPOCTSIMHU B OIITH4YeCcKoM, CBY- u
TTu-guamnasoHax (4, 5]. IlpexmonaraeTcsi, 4YTo NpU-
MeHeHHe MeTaMaTepHaaoB B Bu/e 3D-HaHOpeIIeTOK
KJIaCTepoB pa3JIMYHBIX BelleCTB pa3MepaMHu

15-40 HM II03BOJMUT PaCUIMPUTDh YaCTOTHBIN JHa-
Ma30H UX NpHMeHeHHUs (IOCKOIbKY OTPAaHUYeHHUS
[0 4aCTOTe HepeJKOo CBSI3aHBI C JUCIIePCHEeH N3~
JMeKTPHUYeCKON IMIPOHHUIIAEMOCTH, YTO XapaKTepHO
[J1sL MAaCCHBHBIX MaTepHaJioB) U CO3JaTh yIIpaB/s-
eMble B 3JIeKTPHUUeCKHUX I0IIX YyCTPOHUCTBA C 607Ib-
KM 6BICTPOLEHCTBHEM.

Hacrosmas paboTa rocBsieHa BOIIPocaM Ionyyde-
HUSI HAHOKOMIIO3HTOB "OIa/IOBble MaTPUIIBI ~ OKCHBI
tutaHa" (TiO, u Ti0). Juokcupg TutaHa (TiO,) UMeeT
MHOTOYHC/IEHHbIE KPUCTA/IMYECKHE MOSUPHUKALIHH,
[IpaKTHYecKoe IpUMeHeH e U3 KOTOPBIX HalllIK aHa-
Tas3 U PyTHII, UCIIO/Ib3yeMble B 3JIeKTPOHHOU TeXHHKe
B KadecTBe AU3IeKTPHKa, TeEPMOCTOMKOIO U OIITHYe-
CKOTO CTeKJIa (B TOM YHCJIe /151 BOTOKOHHO-OIITHYe-
CKHUX CHCTeM Ilepefauu HHGOpMALIKH), IIMPOKO30H-
HOTO IIOIYIPOBOAHHKA. JUOKCHU[ TUTAHA, OOUH U3
Haubosee XOpoIIO U3yUYeHHBIX POTOKATATUTHUECKUX
[0y IIPOBOJHHUKOBBIX MaTepPHa/ioB, GOTO3IeKTPOXH-
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MHYecKas aKTUBHOCTb KOTOPOT'O CH/IBHO 3aBHCUT OT
da3oBoro coctaBa (KpUCTAIMYECKUX U aMOPOHBIX
das Tio,) [6].

Crabunusanuu ¢pas TiO MoxKkeT criocobCcTBOBATH
CHHTe3 B YCJIOBUSIX OTPAHHUYEHHOM reOMeTPHUU MeKC-
deprUeCcKUX I10/I0CTEL OIIATOBBIX MATPHUI].

TpexMepHBIe IIOAPeNIeTKH OKCHI0B TUTAHA 10Ty~
Yajad CUHTEe30M C OTpaHHYeHHeM pa3MepOB KpH-
CTAJIIMTOB B YC/IOBUSIX HAHOKOHQAMHMEHTA, IIpHU
KOTOPOM KPHCTAJI/IUTHL He paclafalTcs B OTIHYHe
OT ITPOLIeCCOB, IIPOUCXOASIINX B MAaCCUBHBIX Belle-
cTBax [7, 8]. CMHTe3 B 3aMKHYTOM U OTPaHUYeHHOM
(HaHOpa3MepHOM) 06beMe IIpeNCTaBISIET UHTEpeC
npu QyHAAMeHTAbHBIX HUCC/IeIOBAaHUSAX PU3HUe-
CKMX CBOKCTB M YCTOMYHMBOCTH a3 HAHOPA3MePHBIX
HeOpraHHYeCKHX CHCTeM. YKa3aHHOMY IIpolieccy
CBOMCTBEHHEBI CHHU)KeHHe TeMIlepaTypbl pOopMHUPO-
BaHMS CHHTE3HUPYeMOT0 BellleCTBA U CTabUIH3aI U
BBICOKOTEMIIEPATyPHBIX $a3 IIpU HU3KUX TeMIIepaTy-
pax (9, 10].

B HacTosimer paboTe HccIeyeTCs BIUSHHE YCII0-
BUH I10Jy4YeHH I Ha COCTaB U IU3/IeKTPUYecKHe CBOM-
CTBa HAHOKOMIIO3HTOB Ha OCHOBE OIIaJIOBBIX MATPHII,
B MeXXCpepHUUeCKHUX I0JIOCTSAX KOTOPBIX CHHTE3HPO-
BaHBI KPUCTA/IMYeCcKHe $pa3bl OKCHU/IOB TUTAHA.

NONYYEHME HAHOKOMIMO3UTOB:

OMNAJIOBbIE MATPULIbI = OKCUADI TATAHA

OrmasoBble MaTPHUILbI [TOJIyYalu PeaKIHUel TuIpo-
nu3a TeTpa’dupa OPTOKPEMHHEBOM KHUCIOTHI
Si(OC,Hs), ¢ pacTBopoM 3TaHOona C,H;OH B npu-
CYTCTBHHU KaTaaHU3aToOpa — TUAPOOKCHA AaMMOHHUS
NH,OH [1]. inga dopMHUPOBaHHUSI HAHOKOMIIO3HUTOB

KICII0/1b30BaJIH OIlajIOBble MATPHUIIbl 06beMOM 2-3 cM3
C pa3MepaMU MOHOJOMEHHBIX obmacTel = 0,1 mm3.
JKCIlepUMeHTa/JIbHble UCC/IeJOBaAHUS IIPOBOAUIIU
c obpa3snaMHU OMaJIOBBIX MATPHUI] C JHAMETPOM
HaHocdep SiO, okomo 260 HM.

HaHOKOMITO3MTHI Ha OCHOBE OIAJIOBBIX MAaTpHIL,
MeXchepryecKHe I0JOCTH KOTOPBIX 3aII0JIHSAIHUCEH
OKCHUJAMHU THUTaHa, ObIIN [O/y4YeHbl METOAOM IIPO-
NMTKHA, OCHOBAHHOM Ha 3aIl0O/IHEHHH 3a CUeT KaIlUJ-
nspHoro 3¢deKTa yKa3aHHBIX I10JIOCTeH pacTBOPOM
3a/JaHHOr0 XMMHUYeCKOr0 COCTaBa C IOC/IeAyIIlen
TepMo0oOpaboTKOM, B ITpoLiecce KOTOPOM GOpMUPYeTCst
HeobxoxmMoe BemtecTso [1, 8, 11]. B HacTosimer pabote
B MeskchepHryecKHe IIOJIOCTH OIIajIOBbIX MATPHIL] BBO-
IOUIH 15%-HBIA PacTBOP TpexxaopucToro Tutana TiCly
B c1ab0 KOHLIEHTPUPOBAHHOM PacTBOPe CONSHOM
KHCJIOTEL. 3aIl0/IHeHHe [I0JIOCTeH PacTBOPOM U Ipef:-
BapuTebHas TepMoobpaboTKa mpu 300-400°C BIIION-
HSUTHCh 5-8 pas. [IpenBapuTenbHast TepMoobpaboTKa
IIPUBOAUT K OPMHPOBAHHUIO PeHTTeHOAMOPPHBIX U
KpHUCTaJIMUecKUX ¢pa3 TiO, pa3nuuHBIX MoAudHKa-
LM, a BBICOKOTeMIIEpPATypHas TepMoobpaboTka CIio-
cobcTByeT KPUCTA/UIM3AI MU da3 3alaHHOIO COCTaBA.
KpucrtaninuecKuH pyTHI GOPMUPOBAIU BLICOKOTEM-
repaTypHOU TepMooOpaboTKOKM HAHOKOMIIO3UTOB Ha
Bo3ayxe mpu 700-1000°C, a TiO - TepmoobpaboTKoit
B H,. BeIicOKOTeMIIepaTypHas TepMoobpaboTka mpu-
BOAMT K IIOC/I€0BAaTE/IbHOMY IIPeBPALleHUI0 PeHT-
reHoamopduoro TiO, B aHaTa3 u pyTuia. ®as3ossu
mepexof; "aHaTa3 - pyTHUJI' B YCJIOBUSIX OTPaHHUUeHHOM
reoMeTPUH IIPOUCXOAUT IIpU bojlee HU3KUX TeMIle-
paTypax, [0 CPaBHEHHIO C IOJIMKPUCTAIIHYECKUM
MaccuBHBIM TiO,.

anocomposites based on opal

matrices, which interspheri-

cal cavities are filled with dif-
ferent substances, are one of the
new types of metamaterials. Opal
matrix is a 3D three-layer cubic
structure based on lattice pack-
ing of x-ray amorphous SiO, nano-
spheres with a diameter of 200-
350 nm [1]. Metamaterials and
nanocomposites based on them are
promising for use in electronic engi-
neering for creation of solid-state
microwave devices (filters, delay
lines, phase changers, etc.) and the
sources of the x-ray radiation and

acoustic waves [2, 3]. It is predicted
that on the basis of opal matrixes
the devices for phase velocity con-
trol in optical, microwave and THz-
ranges will be developed [4, 5]. It is
supposed that use of metamaterials
in the form of 3D nanogrids of clus-
ters of various substances with sizes
of 15-40 nm will allow to expand the
frequency range of their application
(as frequency limits are quite often
associated with the dispersion of
dielectric permittivity, which is typ-
ical for solid materials) and to create
the high performance devices con-
trolled in electric fields.

This project is devoted to obtain-
ing of nanocomposites "opal
matrix - titanium oxides" (TiO,
and TiO). Titanium dioxide TiO,
has numerous crystalline modi-
fications, but in practice mainly
anatase and rutile are used in elec-
tronic technique as dielectric, heat-
resistant and optical glass (includ-
ing for fiber transmission systems),
the wide band gap semiconduc-
tor. Titanium dioxide is one of the
most well studied semiconductor
photocatalytic materials, photo-
electrochemical activity of which
is highly dependent on the phase
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Puc.1. O6uuii 8ud (a) u mexHonozuveckuii modyab 3nekmponeyu (b) ycmaHosku "Omuz TM-6": 1 — mexHoAozu4eckuil mModyAb;
2 - wWKag ynpasneHus; 3 - HazpesameAnbHas Kamepa; 4 — mepmoInekmpuyeckue nAamuHo8ble npeobpazosamenu; 5 — KonbLesol
80000xAaXkK0aembll 3KpaH,; 6 — zeHepamop 8000poda BY-12M1; 7 - 2a308as naHenb; 8 — 2udponaHenp; 9 — cunosoli 6a0K numa-

HUS Hazpesamens

Fig.1. General view (a) and electric furnace module (b) of the OTJIG TM-6 system: 1 - process module; 2 - control cabinet; 3 - heating
chamber; 4 - platinum thermoelectric converters; 5 - annular water-cooled screen; 6 — hydrogen generator; 7 — gas panel; 8 - hydro-

panel; 9 - power supply of the heater

®opMupoBaHHE B MeXXCPepHUUeCKUX IIOJIOCTAX
OIAJIOBBIX MATPHIL HH3IIEro OKCHJaa TUTaHA TiO
JOCTHUTAI0Ch KOHTPOJIHUPYyeMOH BBICOKOTEeMIIepaTyp-
HOI TepMoobpaboTkoi B H, C HCII0/1b30BAHKEM TeHe-
paropa Bomopoza. 3aaHHble IapaMeTphbl TepM006-

paboTku obecmeumnBaa yctaHoBKa "OTKUTr TM-6",
("HUH TOYHOTrO MAaIIMHOCTPOeHHUS", 3e/leHOrpan)
(puc.1). HarpeBaTenbHas KaMepa YCTAHOBKH HMeeT
IBYXCEeKIIMOHHBIH CIIMPAaTbHBIM HarpeBaTelb, BHY-
TPHU KOTOPOrO pa3MellleH KBaplieBbIH peakTop. [Ba

composition (both crystalline and
amorphous TiO, phases) [6].

The synthesis under conditions
of limited geometry of interspheri-
cal cavities of opal matrices can con-
tribute to the stabilization of phase
of TiO.

3D sublattices of titanium oxide
were obtained by synthesis with
limiting the size of the crystallites
in terms of nanoconfinement in
which the crystallites do not break
in contrast to processes in solid sub-
stances [7, 8]. Synthesis in enclosed
and confined (nanoscale) volume is
of interest in fundamental studies of
physical properties and phase stabil-
ity of nanoscale inorganic systems.
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Decrease in temperature of forma-
tion of synthesized substance and
stabilization of high-temperature
phases at low temperatures are pecu-
liar to the specified process [9, 10].

This project investigates the
effect of preparation conditions on
structure and dielectric properties
of nanocomposites based on opal
matrices, in interspherical cavities of
which crystalline phase of titanium
oxides are synthesized.

PRODUCTION OF NANOCOMPOSITES:
OPAL MATRIX - TITANIUM OXIDE
Opal matrix were obtained by hydro-
lysis reaction of tetraethyl ortho-
silicate Si(OC,H;), with a solution

of ethanol C,H;OH in the presence
of a catalyst of ammonium hydrox-
ide NH,OH [1]. Opal matrix with a
volume of 2-3 cm? and dimensions
of single-domain regions =0.1 mm?3
were used to form nanocomposites.
Experimental investigations were
carried out with samples of opal
matrices with the diameter of SiO,
nanospheres of about 260 nm.
Nanocomposites based on opal
matrices, interspherical cavities of
which were filled with titanium
oxides, have been obtained by an
impregnation based on filling due to
the capillary effect of these cavities
with a solution of a specified chem-
ical composition, followed by heat
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TepMO37eKTPHUUeCKHUX IJaTHHOBLIX IIpeobpa3oBa-

TeJlsl [I03BOJIAIOT Per'yIMpOBaTh TeMIIePaTypy B JHa-

ma3one 20-1000°C B pas/IMYHBIX CEKIIMAX PeakTopa.

la3oBas maHenb KMeeT TPHU KaHaJla IO4A4YH TeXHO-
7moruveckux rasos (Ar, N,, H,) c peryasrtopaMu pac-

X0Jla Ha Ka>K/IoM KaHaJjle 1 obecrieurBaeT TepMHUUe-

CKy10 06paboTKy 06pa3IioB B [IOTOKe 3aJAHHOIO ra3a.

BoK ynpaB/eHHs YCTAHOBKOLK COCTOMUT M3 IYJIbTa

AHAJIOTOBOM YeThIPeXKaHa/IbHOM CHCTeMBbI KOHTPOJIS

KOHIIeHTPaLlMK ra30B U MCTOYHHUKOB MHUTAHHUS

IOCTOSSHHOI'O TOKa C Fa/ibBAHUYeCKOM Pa3Bs3KOMH.

ObecreunBaeTcsi aBTOMaTH4ecKkast paboTa Harpesa-

TeJIbHOM KaMephl I10 O HOK 13 16 3aJaHHBIX HCCIIefl0-

BaTejleM IIPOTPaMM.

ITpu mony4YeHUH HAHOKOMIIO3UTOB, COMEePKALIUX
TiO, UCII0/IB30BAIUCH Ce[yIollle IapaMeTpsl Ipo-
Liecca BEICOKOTeMIIepaTypPHOI TepMo0o6paboTKu:

* BpeMs IIpeJBapUTe/bHOU IPOJyBKH PeaKLIMOHHOH
KaMepbl XMMHUYeCKH [IaCCUBHBIM WUJIM UHEPTHBIM
razoMm (N, viu Ar) - 20 MUH;

* CKOPOCTh HarpeBa B IOTOKe H, mpu maBieHUU
5arm. - 600 rpan./4;

+ TeMIeparypa ob6paboTku B H, nIpu maBleHUU
3-5arM. -1000°C 2 ).

BricoKOTeMIIepaTypHasi TepmoobpaboTka B aTMoC-
depe H, npuBoauT K BoccTaHOBIeHHUI0 TiO, mo TiO
(paBHOBecHe BoccTaHOBIeHUS TiO, mo Ti ¢ mocaeny-
IoImKuM B3auMogencTeuem Ti ¢ TiO,, NPUBOASIIUM
K dopmupoBaHuio TiO). B pe3ynbTaTe IION1yUdeHB
HaHOKOMIIO3HUTHI, UbH MesKchepruecKHe II0/I0CTH Ha
30-40% 3amonHeHbl KPUCTA/UIMTaMU pyTHIa uau TiO.

G/ ] B - 100 Hu | 1m
Puc.2. CmpoeHue (P2M) nogepxHocmu ¢popmuposaHus 06pas-
ua onanoeoli Mampuubl (pewem4amas ynakoeka HaHocpep
Sio,)
Fig.2. Structure (SEM) of the surface of opal matrix formation
(lattice packing of SiO, nanospheres)

CTPOEHME ONMAJIOBbIX MATPUL]

W HAHOKOMMNO3UTOB HA UX OCHOBE

IIpaBUJIBHOCTD YIIAKOBKH HaHocdep SiO, mocTUra-
Jlach UX CAMOOpraHM3alLMeH, IIpU 3ToM, JuameTp (d)
HaHocdep 3aBHUCes OT YCJIIOBUK GOPMUPOBaHHUS (pas-
HOCTBb JHaMeTPOB HaHOCPep, COCTABIAIOIMMX KasK-
IbiE obpaser coctabisiia Ad <5%). Ha pyc.2 mpezncras-
7eHO H300paskeHHe IIOBEPXHOCTH 06paslia OIIaIoBOM
MaTpHIIbl, IToNydeHHOe Ha POM Carl Zeiss Leo 1430 VP.
[IpaBUIBHOCTD KybHYecKoH yIlakoBKH HaHocdep SiO,
COXpaHAeTCs IIPU CHHTe3e B UX MeXXCPepHUeCKHUX
IIOJIOCTSIX OKCH/IOB TUTAaHA.

treatment, during which the neces-
sary substance was formed [1, 8, 11].
In this project, 15% solution of tita-
nium trichloride TiCl; in a weakly
concentrated solution of hydrochloric
acid was injected in the interspheri-
cal cavities of opal matrices. Filling
of cavities with a solution and the
preliminary heat treatment at 300-
400°C were performed 5-8 times. The
preliminary heat treatment leads to
the formation of x-ray amorphous
and crystalline phases of different
TiO, modifications, and high-tem-
perature heat treatment promotes
the crystallization of the phases of a
given composition. Crystalline rutile
was formed by high temperature

heat treatment of the nanocom-
posites in air at 700-1000°C, and
TiO - by heat treatment in H,. High-
temperature heat treatment leads to
consistent transformation of x-ray
amorphous TiO, to anatase and
rutile. The phase transition "ana-
tase - rutile” in the conditions of lim-
ited geometry occurs at lower tem-
peratures compared to polycrystal-
line massive TiO,.

The formation in the interspher-
ical cavities of opal matrices of
the lower titanium oxide TiO was
achieved at a controlled high tem-
perature of heat treatment in H,
using a hydrogen generator. OTJIG
TM-6 system (Research Institute of

Precision Machine Manufacturing,
Zelenograd) (Fig.1) provided the
defined parameters of the heat
treatment. The heating chamber
of the installation has a two-sec-
tion spiral heater with the quartz
reactor inside. Two thermoelec-
tric platinum converters allow
to adjust the temperature in the
range of 20-1000°C in various sec-
tions of the reactor. The gas panel
has three flow channels for pro-
cess gases (Ar, N,, H,) with flow reg-
ulators in each channel and pro-
vides heat treatment of the sam-
ples in the flow of the specified
gas. Control unit consists of a ana-
log four-channel system for control
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Puc.3. Cnesa: a - cmpoeHue mpex (1-3) niomHoynakosaHHbix cnoeg Harocgep SiO, (4) duamempom d (npoekuust Ha nnockocmb {111}; ueHmpbl
HaHocoep SiO, 06pasyrm 2pareueHmMpUPOBAHHYIO KyEUHECKYIO peluemKy), 06pasyrowux okmasdpudeckue (5, 6) u mempa3adpuveckue (7, 8, 9)
nonocmu. Cnpaea: b - okma3sdpbl (Ox) u mempa3dpui (T1 u T2), 06pasosaHHble harocepamu SiO, (10, 11 - cepei, BNUCAHHbIE 8 0OKMAIPU-
yeckue U mempasdputecklie noAocmu), U 06semHas Modenb 8eliecmad, 3anoAxsILLLe20 Mexxcdepuyeckue nonocmu mpex (1-3) naomHoynako-

8aHHbIX cnoes HaHocpep SiO,

Fig.3. Left: a - the structure of the three (1-3) close-packed layers of SiO, nanospheres (4) of d diameter (projection onto the {111} plane;
the centers of the SiO, nanospheres form a face-centered cubic lattice) which form octahedral (5, 6) and tetrahedral (7, 8, 9) cavities. Right:
b - octahedrons (Ok) and tetrahedrons (T1 and T2) formed by SiO, nanospheres (10, 11 - spheres inscribed into octahedral and tetrahedral
cavities), and 3D model of the substance that fills the interspherical cavities of the three (1-3) close-packed layers of SiO, nanospheres

Ha puc.3a nmokasaHsl Tpu cj104 (1-3) I0THeHIIer
TpexMepHOHN KybH4eCKOH pelleT4YaTOM yIaKOBKHU
HaHocdep SiO,( 4). Kaxxpgas HaHocdepa A B IIOCKOM
IUIOTHEHIIIeM CJI0e OKPYsKeHa IIeCThIO0 TPeyrolbHBIMHU
3a30paMU pas3NNYHOM opueHTauuu (B u C). BepxHUI

of concentrations of gases and of a

DC power supply with galvanic iso-

lation. Automatic operation of the

heating chamber according to one
of 16 preset programs is ensured.

To obtain nanocomposites con-
taining TiO, we used the following
parameters of the high temperature
heat treatment:

« reaction chamber pre purge with
use of passive or inert gas (N, or Ar)
during 20 min;

« heating rate in a stream of H,
at a pressure of 5 atmospheres
is 600 grad./h;

 treatment temperature in H, at
a pressure of 3-5 atmospheres
is1000°C (2 hours).

HAHO MHOVCTPHA #4/66/2016

High-temperature heat treatment
in H, leads to the reduction of TiO,
to TiO (balance of reduction of TiO,
to Ti with subsequent interaction
of Ti with TiO,, leading to formation
of TiO). As a result, the nanocom-
posites were obtained whose inter-
spherical cavities are filled with the
crystallites of rutile or TiO with the
degree of fill of 30-40%.

STRUCTURE OF OPAL MATRICES AND
NANOCOMPOSITES ON THEIR BASE
The correct packing of SiO, nano-
spheres was achieved by their self-
organization, and the diameter (d)
of the nanospheres was dependent
on the formation conditions (the

CJI0¥1 HaHOCdEep OTHOCUTEIBHO HHUKHEro MOXKeT ObITh
OPHEeHTHPOBAH KOO 10 IONOKeHUIM B, 1160 110 110110~
skeHUsIM C (puc.3a). IIpu UCII0Nb30BaHHBIX B paboTe
SKCIIepHMEeHTa/IbHBIX YCIIOBHSX GOPMHUPOBAIACh TPEX-
cionHas (kybudeckas) cTpykrypa .../ABC/... [1, 7, 12].

difference of the diameters of the
nanospheres of each sample was
Ad<5%). Fig.2 shows the REM surface
image of the sample of opal matrix,
obtained using Carl Zeiss Leo 1430 VP.
The correctness of the cubic packing
of SiO, nanospheres retained during
synthesis in their interspherical cav-
ities of the titanium oxides.

Fig.3a shows three layers (1-3) of
the dense 3D cubic lattice packing
of Si0, nanospheres (4). Each nano-
sphere A in a flat dense layer is sur-
rounded by six triangular gaps of dif-
ferent orientations (B and C). The top
layer of nanospheres relative to the
bottom can be oriented either by posi-
tions B or by the positions C (Fig.3a).
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Puc.4. Cmpoeue (INM3M) Harocdep SiO, (1) onanosbix Mampuy, U CUHME3UPOBAHHBIX 8 UX MexCGHepuHeckUx noAocmsix Kpucmanaumos (2)

TiO (a) u pymuaa (b)

Fig.4. Structure (TEM) of SiO, nanospheres (1) in the opal matrices and of TiO (a) and rutile (b) crystallites (2) synthesized in interspherical

cavities

CTpyKTYypa BblpaskaeT IIJIOTHEHIIYIO YIIAKOBKY CO CTe-
IeHbIO 3aII0/JIHeHHs HaHocpepaMH IIPOCTPAaHCTBA
paBHoO¥ 74,05% [13]. [110THeMIIas yIIaKOBKa HaHOChep
obpasyeT TeTpasgpUYecKHe U OKTa3JpHUUecKHe MesKC-
dbepuyeckUe ONIOCTH, 3aHUMAIOIIUX 25,95% 06bema
OIlaJIOBBIX MaTpHIL. Iloka3saHHBIE HA PHUC.3a I[0JIO-
cTu 517 cpopmupoBaHbl HaHOChepamu SiO, IIepBoro u
BTOPOTIO CJIOEB, A II0JIOCTH 6, 8 1 9 —~ BTOPOr'0 U TPEThEro

CJI0eB IIJIOTHEeMIIeH ymaKoBKH HaHocdep. Kakgas
HaHocepa SiO, OKpysKeHa BOCEMBIO TeTpa’ipHuue-
CKHMMH U IIeCThI0 OKTA3APHUUYECKUMHU II0JIOCTIMHU.
CoeIMHUB LIEHTPEI YeThIpeX U IeCTH GOPMUPYIOIIUX
I[I0JIOCTH HaHocep, Ioly4yaeM, COOTBeTCTBEHHO, OKTa-
31pel (OK) ¥ pa3IUYHO OPHUeHTUPOBAHHBIE TeTPAs Pl
(T1uT2 (pHc.3a). OKTasaphl ¥ TeTPA3LPhI II0JTHOCTHIO
3aI0JIHSAIOT IPOCTPAHCTBO (prc.3b). CeveHUs MesKc-

Under used experimental condi-
tions a three-layer (cubic) struc-
ture .../ABC/... was formed [1, 7, 12].
The structure represents the dens-
est packing with the degree of fill-
ing of equal space by nanospheres
of 74.05% [13]. The densest packing
of nanospheres forms a tetrahedral
and octahedral interspherical cav-
ities, occupying 25.95% of the vol-
ume of opal matrices. The cavities 5
and 7 (Fig.3a) are formed by SiO,
nanospheres of the first and second
layers, and the cavities 6, 8 and 9 by
nanospheres of the second and third
layers of closest packing of nano-
spheres. Each SiO, nanosphere is sur-
rounded by eight tetrahedral and six

octahedral cavities. Connecting the
centres of four and six nanospheres,
which form the cavities, we obtain,
respectively, octahedrons (Ok) and
differently oriented tetrahedrons
(T1 and T2) (Fig.3a). The octahedrons
and tetrahedrons completely fill the
space (Fig.3b). Sections of interspher-
ical space by facets of tetrahedrons
and octahedrons are highlighted on
their surfaces (Fig.3b).

Octahedral and tetrahedral
cavities are conditionally con-
sist of spheres (10 and 11 in Fig.3b),
inscribed in the cavity, and the con-
necting space. The diameter of the
spheres inscribed in the tetrahedral
and octahedral cavities is equal to

about 0.22d and 0.41d, respectively.
Fig.3b shows a three-dimensional
model of the substance, which fills
ten interspherical cavities in three-
layer package (four octahedral and
six tetrahedral).

The structure of the nanocom-
posites containing crystallites of
rutile or TiO was investigated using
a transmission electron micro-
scope (TEM) JEM 200C. Samples for
TEM were prepared according to
the method, allowing to separate
the SiO, nanospheres and particles
of titanium oxide, synthesized in
interspherical cavities of opal matri-
ces (Fig.4). The particles of the syn-
thesized substances were in the
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MNHTEHCMBHOCTb, OTH.€A,.
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Puc.5. PeHmzeHogckue dugppakmozpammsl 06pasL,o8 onano-
8bIX MAMPUL, C CUHME3UPOBAHHLIMU 8 MeXCchepu1ecKux nono-
cmsax kpucmanaumamu pymuaa (1) u TiO (2)

Fig.5. X-ray diffraction pattern of opal matrices with the crys-
tallites of rutile (1) and TiO (2) synthesized in the interspheri-
cal cavities

bepuyeckoro NpocTpaHCTBAa IPaHsIMU TeTPASAPOB U
OKTa3/pOB BbIJIe/IeHBI Ha UX IIOBEPXHOCTSIX (pHC.3b).
OKTasapuyecKkHe M TeTpasHpUUecKHe II0JIOCTH
YCTI0BHO cocTosAT U3 cdep (10 u 11 Ha puc.3b), BnucaH-
HBIX B IIOJIOCTH, U COAUHSIOINEr0 UX IIPOCTPAHCTRA.
JuameTp coep, BOIMCAHHBIX B TeTpasgpHyecKue
U OKTa3JpHUYecKHe IIOJOCTH PaBHHI okoio 0,22d u
0,41d, cooTBeTcTBeHHO. Ha pHc.3b [I0Ka3aHa obbeM-

Has MoJe/b BelllecTBa, 3all0JIHUBIIEro AecsaTh HaXo-
JSIIUXCS B TPEXCIOMHOM yIIaKOBKe MexKchepHiecKUx
[10JIOCTeH (dYeThIpe OKTa3LPHUUeCKUX U IIeCTh TeTpas-
OPUYeCKHX).

CTpoeHHe HAHOKOMIIO3HUTOB, COAEPKAIIUX KPHU-
CTAJUIMTHL pyTuia i TiO, hccaefoBaay C UCIONb-
30BaHHeM IIpPOCBeYHBAIMIIEro 3J1eKTPOHHOIO
MHuKpocKoma (II3M JEM 200C). Obpa3susl aas [I19M
TOTOBHJIM II0 MeTOJAMKe, I103BO/SIOMEN pa3fensiTh
HaHocdepsl SiO, U YacTHULIBL OKCHAOB THUTAaHA, CUH-
Te3UPOBAHHBIX B MeXCPepruUyeCKUX II0JI0CTAX OIla-
JI0BBIX MaTpHIl (pHrc.4). YacTHUIBI CUHTe3UPOBAHHBIX
BellleCTB UMeNnr $opMy KPUCTAIUTOB, 6IU3KYIO K
paBHOOCHOI. OLleHHBaeMbIH 110 II9M pa3mMep 4acTHI]
cocTaBiisI okoso 20-30 HM zis TiO U okoio 25-90 HM
ons pyTtuna. TemIepaTypa CHHTe3a B IIpefejax
700-1000°C He BiMseT Ha pa3Mep U GOPMY KPUCTaJI-
JILTOB OKCU/J0B TUTAHA.

®A30Bblil COCTAB HAHOKOMIO3MTOB:

OMNAJIOBAA MATPULIA - OKCHADI TUTAHA

CocTaB HaHOKOMIIOSUTOB KOHTPOJIMPOBA/TIH PEHT-
TeHOBCKOH JUPPAKTOMETPHUEH M CIeKTPOCKOIHEeH
KOMOMHAIIMOHHOIO paccesHusa (KP) cBeTa. I/1g UEeH-
TUQUKALUMY KPUCTATIUYECKUX Pa3 CUHTE3HUPO-
BaHHBIX COeJTUHEHUM IIPUMEHSIH PeHTIeHOBCKHU
nudpakTomeTp ARL X'tra (Thermo Fisher Scientific) B
crepypomux pesxumax: Cu Ka-usnydeHue, SHEProAu-
CIIepCHOHHBIN TBEPAOTE/NbHBII JeTeKTOP C 0XJIagu-
TeseM IlenbThe, BpallleHHe obpaslia IpU BeTHUYKHe
mara 0,02° ¥ B HeIlpepbIBHOM peskuMe (1°/MHUH).
PeHTreHorpaMMBbl aHAJTHU3UPOBAIIHN C HCIIOIB30-

form of crystallites, which is close to
equiaxed. The particle size measured
by TEM was about 20-30 nm for TiO
and about 25-90 nm for rutile. The
synthesis temperature in the range
from 700°C to 1000°C does not affect
the size and shape of crystallites of
titanium oxide.

PHASE COMPOSITION

OF NANOCOMPOSITES:

OPAL MATRIX - TITANIUM OXIDE

The composition of the nanocompos-
ites was monitored using x-ray dif-
fraction and Raman spectroscopy.
To identify the crystalline phases of
the synthesized compounds the x-ray
diffractometer ARL X'tra (Thermo

HAHO MHOVCTPHA #4/66/ 2016

Fisher Scientific) was used in the
following modes: CuK -radiation,
energy-dispersive solid-state detec-
tor with Peltier cooler, the rotation of
the sample with step size of 0.02° in
continuous mode (1°/min). X-ray pic-
tures were analyzed using an auto-
mated database ICDD PDF-2. Fig.5
shows x-ray diffraction pattern of
opal matrices whose interspherical
cavities are filled with oxides of tita-
nium. Phase composition and phase
structure of the synthesized sub-
stances was dependent on the com-
position and conditions of heat treat-
ment of impregnating solutions.
It was determined the presence of
the following crystalline phases:

rutile (tetragonal system, the space
group P4,/mnm) (Fig.5, curve 1) and
TiO (cubic crystal structure, Fm-3m)
(Fig.5, curve 2). Other crystalline
phases of titanium oxides (out of
15 known) were not detected.
Depending on the synthesis con-
ditions the recrystallization of x-ray
amorphous silica is possible with
formation of small concentrations
of SiO, crystalline phases of various
modifications, for example of SiO,
(quartz (hexagonal crystal struc-
ture, P3,2)) (Fig.5, curve 1). During
heat treatment in the H, crystal-
line phases of SiO, are not formed.
Polymorphic transformations of SiO,
modifications (quartz, tridymite
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BaHHEeM aBTOMAaTH3UPOBAHHON 6a3bl MaHHBIX
ICDD PDF-2. PeHTreHoBCKHe AHUPPaKTOTpaMMBbI
06pa3IIoB OIaJIOBBIX MATPHII, YbH MeKCPepHuUecKHe
II0JIOCTH 3aII0/IHEHBl OKCHJAMHU TUTAHA, IIPUBeJeHbI
Ha puc.5. ®a30BbIA COCTAB U CTPOeHHe $pa3 CHUHTe-
3UPOBAHHBIX BeIIeCTB 3aBHCEN OT COCTAaBa U YCIIO-
BUI TepM006paboTKHU MPONUTHIBAIOIIUX PACTBOPOB.
BBII0 YyCTAaHOBJIEHO HaJIW4He CAeAYIIUX KPUCTaI-
nudeckux $as: pyTU (TeTparoHanabHasi CHHIOHUS,
IPOCTPaHCTBeHHad rpymnna P4,/mnm) (puc.5, Kpu-
Bas 1) u TiO (kybudeckasi cHHronusi, Fm-3m) (puc.5,
KpuBasg 2). Jpyrux KpUCTaJINUYeCKUX a3 OKCUOB
TUTaHa (K3 15 U3BeCTHBIX) He 0OHapYy KeHO.

B 3aBHCHUMOCTH OT YC/IOBUI CHHTe3a MOXKeT IIPO-
XOAUTb PeKPUCTANNIHU3AI U PEHTTeHOaMOPPHOTO
KpeMHe3eMa U GOPMHUPOBATHCSA B HEOOJNBIIMX KOH-
LieHTpalUsIX KpUCcTalindeckue ¢passl SiO, pa3iuy-
HBIX MOOUJUKALIUK, HanpuMep SiO, KBapl (rekca-
roHaJbHAsl CHHIOHHUS, P3;2;) (puc.5, kpusas 1). [Ipu
TepMoobpaboTke B aTMochepe H, KpUCTAIITHUECKHUX
a3 SiO, He obpasyercs. [TomumopdHEIe IpeBpa-
meHHUs MoauduKkauuu SiO, (KBapL, TPUAUMUT U
KPHUCTOOAIHUT) COIPOBOKAAIOTCS K3MeHeHHeM 06b-
eMa, OflHaKo IIpH KOHI[eHTpalHUsX, He IIpeBhlIIalo-
mux 4%, ykasaHHble H3MeHeHH s He BIUseT Ha pas-
Mep 1 opmMy MeskchepHUUecKUX Io0cTer. He Biu-
SI0T Ha IPOYHOCTb HAHOKOMIIO3UTOB ITPOUCXOAsIIIee
IIpY HaTpeBaHHUU (Ha Bo3ayxe U B H,) HeobpaTuMoe
npeBpalleHHe aHATasa B 6oJiee MIOTHBIN PYyTHI
(TemmepaTypa nepexoga 400-1000°C) u pytuia B TiO
(rIoTHOCTH OKCUAOB: 4,05 r/cMm3 y aHaTtasa; 4,23 r/cm3
y pyTuna u 4,9 r/icm? y TiO).

VI3MepeHHBI 110 PeHTTeHOBCKHUM AUPPaKTOrpaM-
MaM IepHof 31eMeHTapHoM siuerku TiO cocTas-
ns1 a=0,4156-0,4165 HM (TeopeTHYecKoe 3HAUeHHe
a=0,4244 uM). CylecTBeHHO MeHbIIHe 3HAUeHUS
Iepuoaa sSTYerKHU 110 CPAaBHEHHUIO C TeOPeTUYeCKUM
niist TiO 0byc/ioB/IeHO HAJIUYKMeM BBICOKOM KOHIIeH-
Tpanuy BakaHCUM Ti v O U UX CCKHMAOLUUM JIeH-
cTBUeM. IlapaMeTpsl 3/leMeHTapHOM S4YeHKH pPyTUIa
coctaBnsaau: a=0,46053-0,46074 M, c=0,29568-
0,29634 HM, 4TO BIM3KO K TeOpeTHUYeCKHM 3Haye-
HuaM (@=0,45929 um, c=0,29591 HM).

[ToMHMO KPUCTAT/IMYECKUX a3 CUHTe3HPOBaH-
HoOe BellleCTBO COMeP>KUT peHTreHoaMopdHbIe dpas3bl.
CTeneHb KPUCTAJIIMYHOCTH (KOHILEHTPALKs KPU-
CTAJINYeCKUX $pa3 B 06beMe CHHTe3UPOBAHHOTO
BellleCTBA) 3aBUCHUT OT YC/IOBHI MOJNy4YeHUS] U MOKET
JOCTHUIaTh JeCATKOB IIPOLIeHTOB. Pa3smep KpUCTA-
nuToB (06J1acTeN KOrePeHTHOIO pacCessHUS peHTre-
HOBCKOTO M3/Ty4YeHMU S, LOKP) KPHUCTaI/INYeCKUX a3
OKCHOB THTaHa OIpee/si/IH 10 YUIHMPeHUHIO TUD-
PaKUMOHHBIX MAKCHUMYMOB Ha PeHTIT@HOBCKUX THUP-
pakrorpaMmax. CHHTe3HPOBaHHbIE BellleCTBA KMe/TH
LOKP=49,0-59,8 um i pyTriaa v LOKP=15,8-18,0 HM
nis TiO, 4To MeHbllle AHAMeTpPOB chep, BIIMCAHHBIX
B TeTpasfpUyecKHUe U OKTas3gpHUyecKHUe I10JI0CTH OIla-
JIOBBIX MATPHI], PaBHBIX 57,2 HM (0,22d) u 106,6 HM
(0,41d), coorBeTcTBeHHO. JlaHHBIe [I9M (pHc.4) o pa3-
Mepax 4YacTHUL CUHTe3HPOBAHHOIO BellleCTBa COOT-
BETCTBYIOT pacyeTaM II0 PeHTIeHOBCKUM AUPPaKTO-
rpamMmam. Ilo pesynpratam II9M U peHTreHodpaso-
BOI'0 aHaJ/IK3a YCTAaHOBJIEHO, YTO BO BCeM HHTepBaje
HCII0JIb30BAHHBIX TeMIlepaTyp TepmoobpaboTku

and cristobalite) are accompanied
by volume changes, but at concen-
trations not exceeding 4%, these
changes do not affect the size and
shape of interspherical cavities.
The transformation of anatase into
more dense rutile (junction temper-
ature 400-1000°C) and of rutile into
TiO (density of oxides: 4.05 g/cm?3 for
anatase; 4.23 g/cm? for rutile and
4.9 g/cm? for TiO), which occur irre-
versibly during heating (in air and
in N,), do not affect the toughness of
nanocomposites.

Measured using X-ray diffraction
pattern period of the unit cell of TiO
was a=0.4156-0.4165 nm (theoretical
value is a=0.4244 nm). Significantly

smaller values of the period of
the cell compared to the theoreti-
cal value for TiO are caused by high
concentration of Ti and O vacancies
and their compressive effect. The
unit cell parameters for rutile were:
a=0.46053-0.46074 nm, c=0.29568-
0.29634 nm, which is close to the
theoretical values (a=0.45929 nm,
c=0,29591 nm).

The synthesized material con-
tains x-ray amorphous phase in
addition to the crystal phases. The
degree of crystallinity (concentra-
tion of crystalline phases in the
synthesized substance) depends on
the conditions of synthesis and can
reach tens of percent. The size of

crystallites (areas of coherent scat-
tering of x-rays, Lokp) of crystalline
phases of titanium oxides was deter-
mined by the widening of diffraction
maximums in x-ray diffraction pat-
tern. In our case Lygp=49.0-59.8 nm
for rutile and Ly p=15.8-18.0 nm for
TiO, which is less than the diame-
ters of the spheres inscribed in the
tetrahedral and octahedral cavities
of opal matrices (57.2 nm or 0.22d
and 106.6 nm or 0.41d, respectively).
TEM data (Fig.4) on the particle size
of the synthesized substances cor-
respond to the calculations of the
x-ray diffraction pattern. According
to the results of TEM and x-ray phase
analysis it was found that over the
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NHTEHCMBHOCTb, OTH.eA,
Intencity, a.u

Puc.6. Cnekmpbi KP 06pa3uoe onanogbix mampuu, mexcgepu-
YecKue noA0CMU KOMOPbIX 3aN0AHEHbI Kpucmanaumamu pymu-
na (1)uTio (2)

Fig.6. Raman spectra of opal matrices, interspherical cavities of
which are filled with crystallites of rutile (1) and TiO (2)

CHHTe3HpyeMble OKCH/bI Ti He B3aUMOZeHCTBOBAIN
c SiO,. YcTtaHOBIeHO, 4T0 LOKP KpUCTa//IMUeCKUX
da3 He 3aBHUCAT OT CTeIeHH KPUCTATTHYHOCTH CUH-
Te3HPOBAHHOIO BelllecTBa.

PeHTreHOBCKasg OIHUPAKTOMETPUS HE YyBCTBU-
Te/lbHa K $a3aM € Logp<l HM, KOTOpBIe COXPAaHSIOT
dYHKIMOHA/TbHbBIE CBOMCTBA CUHTE3HUPyeMBbIX MaTe-
pHanioB. AHaJIM3UPOBATh MaTepHaJIbl B PEHTIeHO-
aMOpPOHOM COCTOSHHMH I103BOJISET CIIEKTPOCKOIIU A

KP, Tak KaK COCTaB 1 CTPOEHHE BelleCTB OAHO3HAYHO
oTpaskaercs B uX cnekTpax KP. B HacTosIem mccie-
JOBaHHH CIIeKTpocKomnrsa KP McIo/ib30Banach AJ1g
UIeHTUPHUKALNHUKU M KOJHUYEeCTBeHHOM OLEHKH
aMopdHBIX U KpUCTaaAndeckux ¢pas TiO,. CieKTphl
KP perucTpupoBaau C IPUMEHEHKHEM JIa3epHOTO
(nuHHA 632,8 HM He-Ne nasepa; MOLIHOCTD 1a3epa
<300 MBT; fMaMeTp IISITHA Jy4da OKOJIO 4 MKM?; I1y-
6KMHa aHAJTHU3HUPYeMOTIo CJI0S OKOJIO 3 MKM) MHKPO-
paMaHOBCKoro crekTpomerpa KP LabRAM HR800
(HORIBA Jobin-Yvon). CriekTpsl KP HAaHOKOMIIO3UTOB,
cofepsKaluX KPUCTAJI/IMThI OKCUIOB TUTAHA, IIpef-
CTaBJ/IeHHI Ha PUC.6. Ha mprBegeHHBIX ClIeKTpax KP
IIPUCYTCTBYIOT OCHOBHBIEe Hauboslee sipKHe I0JIOCHI,
XapaKkTepHBbIe s 3aMO0MTHAIOMINX MeKChepruiecKue
II0JIOCTHU KPUCTAITIMYECKUX ¥ PEHTTeHOaMOPHEIX
$a3 OKCUIOB TUTAHA.

Ha crekTpax KP HAaHOKOMIIO3HTOB, IIpeACTaB/IeH-
HBIX Ha pHUC.6 (KpUBas 1) TepMoAUHAMHUUYECKH CTa-
6unpHast ¢asa pyTH/la UMeeT OCHOBHBIE IIOTIOCH B
obnmactu caBura KP Av paBHoro 462 1 622 cMm™* (ymu-
penue mosnoc Av,,~36,9 u 39,5 cM! COOTBETCTBEHHO)
U cnabele mmonocsl pu Av 235, 295 u 703 cm™L, ITonocs
KPHUCTa/UTHYecKok $assl pyTHIa HabmoIaoTcs moce
TepM0o06paboTKU peHTTeHoaMopdHOro obpasia npu
400°C U BBIIIE, CTAHOBACH O0Jlee UHTEHCUBHBIMHU
I10 Mepe YBe/JIUYeHUS TeMIIepaTyphl, YTO CBHE-
TeIbCTBYET O IOBBIIIEHHUM CTEIIeHH KPHUCTaINY-
HOCTH. PeHTreHoamopoHbIil TiO, mpeobpasyercs, B
OCHOBHOM, B aHaTa3 IIpU TeMIepaTtype oxoso 400°C,
H3sMeHeHMS B IIOJIOXK@HHH I10JI0C B cIieKTpe KP HaHO-
CTPYKTypPHUPOBaHHBIX $a3 aHaTa3a U pyTHia, 0bb-

whole range of applied temperatures
of heat treatment the synthesized
oxides of Ti did not interact with
Si0,. It is determined that Ly, for
crystalline phases does not depend
on the degree of crystallinity of the
synthesized substance.

X-ray diffractometry is not sen-
sitive to phases with Lygp<1 nm,
which retain the functional prop-
erties of the synthesized materials.
Raman spectroscopy allows to ana-
lyze materials in the x-ray amor-
phous state, since the composition
and structure of substances clearly
reflected in their Raman spectrum.
In this study, Raman spectroscopy
was used to identify and quantify the
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amorphous and crystalline phases
of TiO,. The Raman spectra were
recorded using a laser (632.8 nm line
of He-Ne laser; laser power <300 mW;
spot diameter of the beam is
about 4 pm?; depth of analyzed
layer is about 3 pm) micro Raman
spectrometer LabRAM HRS800
(HORIBA Jobin-Yvon). Fig.6 shows
Raman spectra of nanocomposites
containing crystallites of titanium
oxide. These Raman spectra present
the most important bands, which
characterize the crystal and x-ray
amorphous phases of titanium diox-
ides filling interspherical cavities.
Fig.6 (curve 1) presents the Raman
spectra of nanocomposites, where

the thermodynamically stable
phase of rutile have the main strips
in the area of shift Av=462 cm
and Av=622 cm™ (the broadening
of the bands Av,;, is about of 36.9
and 39.5 cm’!, respectively) and
weak strips in areas of Av=235cm,
Av=295cm™and Av=703 cm™. Strips
of crystal phase of the rutile were
observed after heat treatment of the
x-ray amorphous sample at 400°C
and above, becoming more intense
with increasing temperature that
indicates the enhancement of crys-
tallinity. X-ray amorphous TiO,
transforms mainly into anatase ata
temperature of about 400°C. Changes
in the position of the strips in the
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Puc.7. YacmomHbie 3agucumocmu deticmaumensHoli (a) u mHumol (b) KomnoHeHm duanekmpuyeckoll NpoHULdeMocmu, d MaKe MUKpo-
80AH080LI npogodumocmu (c) 06pasLoe oNano8bix Mampuu, Mexcdepudeckue N0AOCMU KOMOPbIX 3aN0AHeHbl Kpucmanaumamu pymuaa
Fig.7. Frequency dependences of real (a) and imaginary (b) components of the dielectric permittivity and microwave conductivity (c) for
the samples of opal matrices, interspherical cavities of which are filled with rutile crystallites

SICHSAIOTCS OTKJIOHE@HUSIMH COCTaBa OT CTeXHOMe-
Tpuu [6].

CroexkTp KP [/ cepuy HAaHOKOMIIO3MTOB, COep-
skamux TiO, mpencTaBieH Ha puUc.6 (KpuBas 2).
[1s1 06pa3loB OMaOBEIX MATPHUIL, Mexxchepuye-
CKHe TO0J0CTH KOTOPBIX 3aIosHeHbl TiO, mpHUCYT-
CTBYIOT I10JIOCHI, OTHOCSIIIIKECS K PYTUJIY U aHaTas3sy.
YirpeHHe CIIeKTPaJbHBIX I10JI0C OKCHU/I0B TUTaHA
CBSI3aHO C MaJIbIMHU pa3MepaMM KPUCTAJJIHUTOB a3
CUHTE3UPOBAHHBIX OKCHIOB. C MOBBIIIEHHEM TeMIIe-
patypsl cuHTe3a Av,, YBeIMYHBAETCS, B TO BpeMs KakK

TI0JIO’KEHMe [10JI0C Je MOHCTPUPYIOT pa3HOHAIIpaBJIeH-
HYIO 3aBUCHMOCTb.

Crnexrtpockonus KP Takske IpUMeHUMaA I/ UAeH-
TUOUKALIMH PEeHTTeHOaMOPOHBIX U IIOTUMOPOHBIX
MoIHUKALMI KpUCTaMIHUecKux dpas SiO,. Ha npu-
BeJleHHOM crekTpe (prc.6, KpuBas 1) IpUCYTCTBYIOT
II0JIOCHI, XapaKTepHBbIe, s 3aII0IHAIOIMX Mekche-
pHUYecKHe MOJIOCTH KPUCTAIINUeCKON U PeHTIeHo-
aMopdHoil dpa3 SiO,. B mpeAcTaBIeHHBIX CIeKTPax
KP HabnrogaoTcs MOA0CH IpU Av=246-295 cmt u
Av=1077-1170 cm™!, oTHOCsmuecs K dpazam SiO, pas-

Raman spectrum of nanostructured
phases of anatase and rutile are
explained by the deviation of compo-
sition from stoichiometry [6].

Fig.6 (curve 2) presents a Raman
spectrum for a series of nanocompos-
ites containing TiO. In case of sam-
ples of opal matrixes, which inter-
spherical cavities TiO are filled with
TiO, there are strips relating to rutile
and anatase. The broadening of the
spectral strips of titanium oxide is
caused by the small size of the crys-
tallites of the phases of the synthe-
sized oxides. With increasing syn-
thesis temperature Av,;, increases,
while the position of the strips show
differently directed dependence.

Raman spectroscopy is also appli-
cable to identify x-ray amorphous
and polymorphic modifications of
crystalline phases of SiO,. The pre-
sented spectrum (Fig.6, curve 1) con-
tains strips that are typical for crys-
talline and amorphous phases of
SiO, that fill interspherical cavi-
ties. In the presented Raman spec-
tra the strips for Av=246-295 cm!
and Av=1077-1170 cm™ are observed,
related to the phases of the various
Si0, modifications: cristobalite, trid-
ymite and a-quartz [14]. X-ray amor-
phous silica have weak strips in the
Raman spectra when Av=1077 cm™.
A weak peak at Av=885 cm™ can be
attributed to the quartz.

DIELECTRIC PROPERTIES

Studies of frequency dependences of
real (¢) and imaginary (") compo-
nents of permittivity and conductiv-
ity (o) of opal matrices, interspheri-
cal cavities of which are filled with
crystallites of rutile and TiO synthe-
sized at1000°C, have been conducted
(Fig.7, 8). The dielectric spectrom-
eter with a coaxial measuring cell
Novocontrol BDS 2100 and Agilent
4291B impedance analyzer were
used for measurement of real (¢') and
imaginary (¢") components of the
permittivity in the frequency range
1-105-1.8-10° Hz. Agilent’s equipment
included a component for measure-
ment of the dielectric and magnetic
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Puc.8. YacmomHble 3asucumocmu delicmaumeabHoll (a) u mHumol (b) komnoHeHm duaaekmpuyeckoll npoHULAeMocmu, a makxe
MUKP080AHO80L nposodumocmu (c) 06pa3u08 onaaosbix Mampuu, Mexcdepudyeckue NOAOCMU KOMOPbIX 3dN0AHeHbl KpUCMaAu-
mamu TiO. HanpskeHue npuaoxeHHozo noas: 0 B (1), 50 B (2), 100 B (3), 140 B (4)

Fig.8. Frequency dependences of real (a) and imaginary (b) components of the dielectric permittivity and microwave conductivity (c) for the sam-
ples of opal matrices, interspherical cavities of which are filled with TiO crystallites. The applied voltage: 0 (1), 50 V (2), 100 V (3), 140 V (4)

JTUYHBIX MOAHUPUKALIMN: KPUCTOOANTHUTY, TPUAUMHUTY
U o-kBapuy [14]. [Ins peHTreHOaMOp)HOIro KpeMHe-
3eMa XapaKTepHBbI cabble II00CH Ha crekTpax KP
npu Av=1077 cm™l. Ha criektpax KP 06pas1oB c1abbri
MUK IpH Av=885 cM™! MOKHO OTHECTH K KBaplly.

AV NEKTPUYECKUE XAPAKTEPUCTUKH
Bbrlnu npoBefeHbl UCCIeloBaHUS YaCTOTHOM 3aBH-

CUMOCTH OeHCTBUTeNbHOM (€') U MHUMOU (€") KOMIIO-
HEHT AU3IeKTPUYECKOMN IIPOHUIIAeMOCTH, a TaKXKe

IIPOBOAKMOCTH (0) OITAJIOBBIX MATPHL], Mekceprye-
CKHe I10JIOCTH KOTOPBIX 3all0/IHeHBl KPUCTAIIUTAMU
pyrtuna u TiO, cMHTe3HMpOBaHHBIMU Ipu 1000°C,
(puc.7, 8). I3MepeHHUSI LeHCTBUTENBHOMU (€') U MHHU-
MoH (€'') KOMIIOHEHT AU 3/1eKTPUYIeCKOH IIPOHUIIae-
MOCTH B JHaIla3oHe yacToT 1-10°-1,8-10° 'Ly BBIIIOI-
HeHBI C MCIIOIb30BaHUEM JU3IeKTPUUeCKOro CIIek-
TpoMeTpa C KOaKCHaJIbHOK U3MepUTelbHOM ST KOk
Novocontrol BDS 2100 ¥ UMIIeJaHCHBIM aHaIHU3aTo-
poMm Agilent 4291B. H3mepuTenbHOe 060pyLOBaHUE

permeability, including losses, in the
range from 1 MHz to 110 GHz.

Agilent E4991A network analyzer
was used for investigation of €' and
€" components of dielectric and mag-
netic permeability in the range from
200 MHz to 3 CHz, and Agilent PNA
E8361 network analyzer was used in
the range from 75 GHz to 110 GHz. In
the microwave region (2-108-2-10%0
Hz) the measurements were con-
ducted using a coaxial probe with
an open end (Agilent 8507E) with
Agilent E8364B network analyzer.
In the terahertz region the terahertz
transmission spectroscopy was used
with femtosecond Ti:sapphire laser
system.
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Coaxial measurements (1-10°-
-1.8-10° Hz) were conducted using
samples in the form of cylinders
with a diameter of 3 mm and a
height of 4-5 mm and all other mea-
surements were carried out using
samples in the form of plates 10x10
mm with a thickness of 1-3 mm. The
parameters of the microwave con-
ductivity and €' and €" components
of the permittivity were evaluated
using superlattice0000_04_my.m
subroutine. All measurements
were performed on samples with-
out the application of electrodes.
Spectra of samples were measured
at room temperature. Fig.7 shows
the results of measurements of a

sample, which according to x-ray
phase analysis contains crystallites
of rutile. According to the Raman
spectroscopy, this sample also con-
tains x-ray amorphous phase of tita-
nium oxides.

Terahertz and microwave data
indicate a higher loss, absorption
with the center in the range of
30-100 GHz, where measurement
is difficult. The curves of the fre-
quency dependence of the dielec-
tric permittivity and conductiv-
ity of nanocomposites that contain
titanium monoxide (TiO), are close
to shown in Fig.7 results for the
nanocomposites containing rutile.
The introduction of the crystallites
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dupmel Agilent BKJII0Ya/I0 KOMIIOHEHT [J151 H3Mepe-
HUS JUIeKTPHUUeCKOM U MarHUTHON IPOHHUIIaeMo-
CTH, BK/IIOYasd [IOTepH, B Auamnasone 1 MI'ny - 110 I'T1r.

Taxkske B muamasone 200 MI' - 3 I'T uccie0BaHbL
€' U €' KOMIIOHEHTBHI AHU3JIeKTPUUEeCKOM U MarHHUT-
HOI1 IPOHHUIIaeMOCTeH C HUCIIONAb30BaHHEeM aHa/IHh3a-
TOpa Agilent E4991A, a ong guamna3oHa 75-110 I'T1 -
Agilent Network Analyzer PNA E8361. B MHUKpPOBOJI-
HoBOM obactu (2-108-2-10'° I'1y) ©3MepeHUsI IIPOBO-
JUTHCh METOJOM KOAKCHaIbHOTO 30H/a C OTKPBITHIM
KoHIIOM (Agilent 8507E), oJsi 4ero HCIIONIB30BAJICS
ceTeBOM aHanu3artop Agilent E8364B. B obnactu
TTL IpUMeHSJICSI MeTOA TPaHCMHUCCHOHHOM TTLI-
CIIeKTPOCKOIIMH C MCII0JIb30BaHUEeM GeMTOCeKYH/-
Hou Ti-canipupoBOM T1a3ePHOL CUCTEMBI.

KoaxkcuanpHble n3Mepenus (1-100-1,8-10° I'xy) mpo-
BOAMJIKCH Ha 06pa3uax B dopMe UIHUHIPOB AHA-
MeTpoM 3 MM U BBICOTOM 4-5 MM, a BCe OCTajbHbIe
HM3MepeHUs IIpoBefleHbl Ha obpasuax B Gopme Ij1a-
CcTHUH 10x10 MM TonmuHOH 1-3 MM. IlapaMeTphl
MHKPOBOJTHOBOM MMPOBOOUMOCTH, a TakXke €' U €'
KOMIIOHEHT JH3/JeKTPUYeCKOH IIPOHUIIAeMOCTH
OLIEHUBA/IM C KMCIIOJIb30BAHHEM IMOLIIPOrpaMMBbl
superlattice0000_04_my.m. Bce u3MepeHHs IIpo-
BeJleHBbI Ha obpa3uax 6e3 HaHeCeHUS 3/1IeKTPOJOB.
CreKTpsl 06pa31oB ObIIM M3MepeHBbl IIPU KOMHAT-
HOM TeMIlepaType. Ha puc.7 mpe[CTaB/IeHEl pe3yib-
TaThl U3MepeHHUN obpasla, cojepsKallero 1o gaH-
HBIM PeHTreHo(}a30BOro aHaaK3a KPUCTAJIUThHI
pyTuiaa. Obpaser 10 JAaHHBIM CIIeKTpocKonmuu KP
TaK>Ke COAeP>KUT peHTreHoaMopdHEbIe Ppa3bl OKCHUI0B
THTaHa.

of titanium oxide leads to increase

TepareprioBsle I MUKPOBOJIHOBbIE JaHHBIE CBU-
JleTeJIbCTBYIOT O IIOBBIIIEHHBIX IIOTePsiX, abcopb-
IIUU C LIeHTPOM B obnactu 30-100 ITu, B KOTOPOH
H3MepeHHS 3aTPyAHeHBl. BUJ KPHUBBIX YaCTOTHOMN
3aBUCHUMOCTHU JU3JIeKTPUUECKOHN IIPOHUIIAeMOCTH
U IIPOBOJKMMOCTH HAaHOKOMIIO3UTOB, COEPsKAILIUX
MoHoOKcHu /[, TUuTaHa (TiO), 61K30K IpeACcTaBIeHHBIM
Ha PUC.7 pe3y/ibTaTaM 10 HAHOKOMIIO3UTaM, COLep-
SKAIlMM PYTHJI. BBeleHHe KPHUCTAJIHUTOB OKCH-
J0B TUTaHA IIPUBOAUT K IOBBIIIEHHIO €' OIIAJIOBBIX
maTpul Ha 40-200%, HO He BIKseT Ha AUIIEKTPHU-
YecKue IIOTePH, OCTAaloUecss HU3KUMU (" <0,1) Bo
BCEM MCII0JIb30BAHHOM JIHMalla30He 4acToT. UMeeT
MeCTo HeboJbIIOe MTOBBIIIeHHe AU3TeKTPUYeCKUX
IoTeph B 06/1aCTH HU3KHUX 4acToT (0Koso 10° I'1y) u
KX POCT B HaIa30He BBICOKHUX (101°-10 I'11) gacToT.
Poct noteps B TT1I-061acTH, 04eBUAHO, 00yCIOBIEH
HH3KOYaCTOTHBIM KPbUIOM GOHOHHOIO CIIEKTPA BBO-
IOUMBIX COeTUHeHUH.

O6pa3ibl 0I1aI0BOM MAaTPHUILBI, MeKCchepruUuecKue
[10JIOCTH KOTOPOM 3aIIOJIHEeHBl KPHUCTAJIMTAMHU
OKCHOB THTaHa, UMEIOT He3HAaUYMTeJAbHBIH TOK
MIPOBOJMMOCTU Ha IIOCTOSHHOM TOKe, Ha YTO yKa-
3pIBaeT HM3KOYACTOTHOE I1J1aTo 3aBUcuMocTH o(f),
CKOpee BCEro CBSI3aHHOE C II0OBEPXHOCTHBIMHU TOKAMHU
YyTeUKH, a TaKKe C IIPUCYTCTBHEM peHTreHoaMopd-
HBIX $pa3. [lusnekTpuYecKkas MPOHULAEMOCTD €'
HCCIe0BAaHHBIX ONAJIOBBIX MAaTPHLI, IIOTIOCTH KOTO-
PBIX 3aII0/IHEHBI KpUcTaaauTaMu TiO, u TiO, Bhlle,
yeM 3HadyeHHUS €' OJIS He3aIoJHeHHOM OIIa/loBOH
MAaTpHIIEl. Bo BceM IpHBeIeHHOM JHAIIa30He YacTOT
[IPOSIB/ISeTCS AHU3IeKTPUYecKasi JUCIIePCHs, Xapak-

in €' of opal matrices for 40-200%,
but does not affect the dielectric
loss, which is low (¢"<0,1) in all
used frequency range. There is a
small increase in dielectric losses at
low frequencies (about 10° Hz) and
their growth in the range of high
frequencies (101°-10'2 Hz). Growth
losses in the terahertz region are
obviously caused by low-frequency
wing of the phonon spectrum of the
input compounds.

Samples of opal matrices, inter-
spherical cavities of which are filled
with crystallites of titanium oxide,
have a low conduction current at a
direct current. This is evidenced by

the low-frequency plateau of a(f),
which is most likely associated with
surface leakage currents, and also
with the presence of x-ray amor-
phous phases. Dielectric permittiv-
ity €' of the investigated opal matri-
ces, the cavities of which are filled
with crystallites of TiO, and TiO, is
higher than the values of €' for the
unfilled opal matrix. Dielectric dis-
persion, which is typical for compos-
ite materials, is evident throughout
the given frequency range, and the
values of €' slightly decreases with
frequency. Simultaneously, the
dielectric loss increases towards low
frequencies (f<10MHz) and towards
terahertz frequencies.

The study of the effects of elec-
tric field on the specified depen-
dencies in the frequency range
1-10° Hz were conducted for the
samples of nanocomposites con-
taining TiO (Fig.8). The measured
dependencies on the electric field
displacement (at a temperature
of 300 K) for this sample showed
low conductivity at a direct cur-
rent and a weak dependence on the
displacement field at low frequen-
cies. The investigated materials are
"bad" dielectrics with high losses
and advanced relaxation polariza-
tion, whose loss and conductiv-
ity at high frequencies differ little
from the parameters of the unfilled
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TepHas /11 KOMIIO3UTHBIX MaTepHaloB, IPU 3TOM
3Ha4yeHUs € He3HAUMTe/IbHO IIOHMXKAIOTCSA C 4acTo-
Tor. OMHOBPeMEeHHO, fU37eKTpHUYecKIe I0TepU BO3-
PacTaoT Kak B CTOPOHY HU3KHUX 4acToT (f<10 MI1),
TakK ¥ B CTOPOHY TT1-4acTOT.

H3ydyeHue 3pdeKTOB BO3AEHCTBUS dJeKTpHUUe-
CKOTO I10J151 Ha YKa3aHHBIe 3aBUCUMOCTH B 06s1acTH
4acToT 1-10° I'1y 6b1710 ITpOBeieHO 1151 06pa3IioB HAHO-
KOMIIO3UTOB, cofiep>kammux TiO (puc.8). 3mepeHHBbIe
3aBUCHMMOCTH OT 3JIeKTPHUYECKOTro M0/ CMelle-
Hus (mpu TeMmiepatype 300 K) giast Takoro obpasua
MOKa3aJHu HU3KYI IPOBOAKMMOCTb Ha IIOCTOSIHHOM
ToKe U c1abyio 3aBUCHMOCTD OT I10JIeH CMellleHU s Ha
HH3KHX 4acToTax. HM3ydeHHbIe MaTepHaJIbl AB/ISIOTCS
"IJIOXUMHU" AUITeKTPUKAMHU C BBICOKUMH ITOTEPSIMHU
Y Pa3BHUTOM pelaKCallMOHHOM IOJSIpH3aLlKell, YbU
IOTepH U IIPOBOJKMMOCTb Ha BRICOKHX YacTOTax MaJslo
OT/JIMYaIOTCs OT IapaMeTPOB He3aIlOJIHEeHHOM OIalo-
BOM MaTpHULbl. Ha gacTtoTe 1 KI'1] HeJIMHEKHOCTb IIPaK-
THYeCKH He 3aMeTHa, a Ha 4acToTe 1 [l KMeeT MeCTO
HeboJIbIIIoe CHHSKeHUe €', €' 1 0 C yBeJIMUeHHeM HaIlps-
>KeHHOCTH 1osis (puc.8). Cabast HeMTUHEHHOCTD CBUTIE-
TEJILCTBYET, UTO OO/IBIIHe HU3KOUACTOTHBIE CHHKEHHU ST
BeJIMYHUH €', €' U 0 He CBSI3aHBI C IPU3/IeKTPOJIHBIMU
IpoLlecCaMHU, a BbI3BaHBI peslaKCalluOHHOM IIO/NSpHU-
3a1yer (MIK HaTuYKheM MPbI’KKOBOM ITPOBOAHMOCTH)
HaHOKOMIIO3HMTa, IIPU 3TOM, OCHOBHOK BKJIaJl BHOCAT
OKCH/IBI TUTaHA, CUHTe3UPOBaHHbIe B MeXXchepHrue-
CKHX IIOJIOCTSIX OINAJIOBBIX MAaTpHIl. IIpuIoKeHHOe
I07Ie B OCHOBHOM BO3/I€HICTBYeT Ha OI1a/IOBYI0 MaTPHILLY
(8i0,), KoTOpas 37MeKTpHUUeCKH HeaKTUBHA U He 0671a-
JaeT CKOJIbKO-HUOYAb 3HAYMMBIMHU IIPOBOAH MOCTBIO

WJIH IU3/IeKTPUYeCKON HeJTMHEeMHOCThi0. O6pa3oBaHue
KPHUCTAJTUYeCKUX $pa3 SiO, IPOUCXOIUT C TOBEPXHOCTH
HaHocdep, IIPU 3TOM, CTPOEHHeE U KOHIIeHTPaLlHs KpU-
cTa/TMyeckux ¢as SiO, 3aBHCeNIH, B OCHOBHOM, OT yCJIO-
BHU TepMOOOPabOTKH.

Bce Marepuassl BefyT cebst KaK KOMIIO3UTHI Kepa-
MHYECKOr0 THIIA C KOHLIEHTPAllUel IIPOBOASILETO
HAIIOJTHUTEJ Sl HEeCKOJIbKO BBIIIE IIOPOTA IIePKOJIS-
LIMH. YKa3aHHBIE CBOMCTBA IS BCeX MCC/IeTOBAHHBIX
HaHOKOMIIO3UTOB 61M3KU ApYr K Apyry. O crabom
IIepPKOISLMH CBHUETENbCTBYET U HU3KHUN yPOBEHb
HHU3KOYaCTOTHOM IIPOBOAUMOCTH, CIeI0BATeNIbHO, U
IIPOBOAMMOCTHU Ha IIOCTOSTHHOM TOKe. Mi3MepeHHbIe
CIIeKTPBl YaCTOTHON 3aBHCHUMOCTH IIPOBOAHMMOCTH
Y [1apaMeTpOB AUIeKTPUYECKON IIPOHUIIAeMOCTH
IIOKa3BIBAIOT, YTO HUCC/IeIOBAHHBIE 0OPa3IIBl OTHOCSTCS
K MaTepuasiaM, IIPOILIEIIHUM ITOPOT IIEPKOISLIUH s
BBOJUMBIX KOMIIOHEHTOB. MOSKHO TaK>Ke IIpeJIoa-
raTh, UTO Ha HEKOTOPbIe XaPAKTEPUCTHUKHU OKa3bIBAET
BIIMSIHHE peaibHasl CTPYKTypa 06pasLioB, IIPUBOSIIAS
K OTCYTCTBHIO [TJIOCKOCTH OTPasKeHHU I MeKAY CJIOSIMH 1
K3pdeKTaM XHUpaTbHOCTH [15].

3AKNIIOYEHUE

Beinu monydeHBl o6pa3lbl OMAJIOBBIX MaTPHIL
(3D-pemreTyaThIX YIIAKOBOK HaHOCPep peHTreHoa-
MopodHoro SiO, guameTrpamu d=250-280 HM) 06beMOM
boree 2 cM? ¢ pasMepaMU MOHOOMEHHBIX obacTei
10 0,1 Mmm3, MeskchepryecKue IOTIOCTH KOTOPBIX 3310
HeHbI KPUCTAIMTAMHU OKCHUJIOB THTaHa (TiO, u TiO).
ITpolLiecc CHHTe3a OKCHUJIOB THUTAaHA IIPOBOLHUIIH B yCJIO-
BHUSIX Ol PAHHUYEeHHON reOMeTPHH — B MesKCHepHUUeCKHX

opal matrix. At 1 kHz the linear-
ity is almost negligible, and at a
frequency of 1 Hz there is a small
decrease of €, €" and o with increas-
ing field strength (Fig.8). Weak
nonlinearity indicates that large
low-frequency reduction of €', &"
and o are not associated with near-
electrode processes, and are caused
by the relaxation polarization (or
hopping conduction) of nanocom-
posite, with the main contribution
from the titanium oxides synthe-
sized in interspherical cavities of
opal matrices. The enclosed field
mainly affects the opal matrix
(Si0,), which is electrically inactive
and does not have any significant
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conductivity or a dielectric non-
linearity. The formation of crystal-
line phases of SiO, occurs from the
surface of the nanospheres, at the
same time, the structure and con-
centration of crystalline phases
of SiO, depended mainly on heat
treatment conditions.

All materials behave as compos-
ites of ceramic type with a concen-
tration of conductive filler slightly
above the percolation threshold.
The specified properties for all
investigated nanocomposites are
close to each other. Low level of
low frequency conductivity, hence
of the direct current conductivity,
also confirm a weak percolation.

The measured spectra of the fre-
quency dependence of conductivity
and permittivity parameters show
that the studied samples belong to
the materials passed the percola-
tion threshold for the input com-
ponents. We can also assume that
some characteristics are influenced
by the real structure of the samples,
leading to the absence of the mirror
plane between the layers and to the
chirality [15].

CONCLUSION

Samples of opal matrixes (3D-lattice
packings of x-ray amorphous SiO,
nanospheres with diameters of
d=250-280 nm) with a volume more
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II0JIOCTSIX OI1JIOBBIX MaTpUL,. POPMHPOBaHHE B MeKC-
depryecKUX IMOTOCTSIX OMAJIOBBIX MAaTPUL, HU3IIETO
okcuga TutaHa (TiO) JocTUranock KOHTPOIHPYeMOH
BBICOKOTEMIIepaTy PHON TepMoob6paboTKOM B BOLOPOZE,
KOTOPYIO IIPOBOJIMIIM C UCIIOTIb30BAHHEM CIIeLIHa/IbHO
CKOHCTPYHPOBAaHHOM YCTAaHOBKHU "OT>KUT TM-6".
CocTaB U CTpOeHHe [10/1yYeHHbIX HAHOKOMIIO3HTOB,
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of 2 cm? with sizes of single-domain
regions up to 0.1 mm? which inter-
spherical cavities are filled with
crystallites of titanium oxides (TiO,
and TiO) have been obtained. The
synthesis of titanium oxides was
conducted under conditions of lim-
ited geometry in interspherical cav-
ities of opal matrices. The forma-
tion in interspherical cavities of
opal matrices of the lower titanium
oxide (TiO) was achieved at a con-
trolled high temperature heat treat-
ment in hydrogen, which was per-
formed using a specially designed
OTJIG TM-6 system.

The composition and structure
of obtained nanocomposites that

contain synthesized in the inter-
spherical cavities crystalline and
x-ray amorphous phases of tita-
nium oxide have been investi-
gated by scanning and transmis-
sion electron microscopy, x-ray
diffractometry and Raman spec-
troscopy. Synthesized in the
interspherical cavities crystal-
lites of titanium oxide had a size
of 49.0-59.8 nm for TiO, and 15.8-
18.0 nm for TiO with a shape close
to the equiaxed. By varying the
synthesis conditions it is possi-
ble to change the phase composi-
tion and structure of substances
formed in interspherical cavities
of opal matrices.

Frequency dependences of the real
and imaginary components of the
dielectric permittivity of nanocom-
posites, as well as conductivity have
been measured in the range from
1 MHz to 110 GHz. Researches have
allowed to establish the relation-
ship between microwave properties
and phase composition of titanium
oxides, and to obtain data necessary
for the application of such non-crys-
talline inhomogeneous materials
with spatial modulation (dispersion)
of the electric and dielectric proper-
ties at the nanoscale. [ |
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B KHure npefCTaBaeHo 0606LLeHMe HAKOMEHHOO OMbITa MO CO3AAHNI0 METOLOB BXOAHOTO M TEXHOMOrMYeC-
KOrO KOHTPOAS NpW pa3paboTke 1 npou3BOACTBe CBY TPaH3MCTOPOB HA OCHOBE LUIMPOKO3OHHDIX MaTEPUaIOB,
B YACTHOCTM, TPAH3MCTOPOB Ha reTepocTpyKkTypax TUna AlGaN/GaN. PaccMoTpeHbl CUCTeMbI OTe4eCTBEHHbIX
11 33pyHEXHbIX CTAHAAPTOB, HA OCHOBE KOTOPLIX MPOBOAATCS paspaboTki CBY TpaHaucTopos. MoapobHo onu-
CaHbl M3M4eckue 0CHOBLI FeTepOCTPYKTYP, ONMCAHLI CBOWCTBA LIMPOKO30HHLIX MOAYNPOBOAHNKOB, METOAbI
u3roToBnenmst CBY TpaH3nCTopoB. fleTasibHo aHaM3VPYETCs TEXHOOT S NPOU3BOACTBA TPAH3UCTOPOB C Yye-
TOM UMEIOLLErCs OMbITa UX PaibHOr0 U3roToB/EHMS.. PaCCMOTPEHbI AMEKTPUYECKIE, ONTUYECKUE, PEHTTEHOB-
CKMe, 3NeKTPOHHO-MUKPOCKONMYECKVE W aHATUTUYECKVE METOfbI, KOTOPbIE NPUMEHSIKOTCS NPY BXOAHOM U Tex-
HOMOrM4eckoM MeTofax KOHTpons. PaccMoTpeH onbiT co3gaHus B OAO "HIMM "Mynbcap” CBY TpaH3ucTopos
11 CBY 6710K0B Ha X OCHOBE.

KHura byaeT monesHa cneumanucTam B 061aCTh 3NeKTPOHKM, UCCNERO0BATENSM, UH)KEHEpaM-MPaKTMKaM
11 pa3paboTumMKam paauo3INeKTPOHHOM annaparypbl.
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