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BBE/JLEHUE
CTPYKTYpBI, IIOJy4yaeMble Ha OCHOBe KOJ/IJIOMAHBIX
doToHHO-KpUCTaIIHYecKUX (PK) IIJIEHOK, OTHOCATCSA
K 6a30BBIM MaTepHasiaM [Jsl TEXHOJOTHUM, peanu-
3yeMBbIX I10 HAHOMHKeHePHOMY IIPUHIUIY 'CHHU3Y-
BBepx' (bottom-up). [lepcrIeKTHBBI UX HUCIIOTb30BAHHUS
CBS3BIBAIOT C YCTPOMCTBAMHU GOTOHUKHU, OITO3/IEK-
TPOHUKH, JIa3epHOM TeXHUKHU U psifja Apyrux obna-
cteu [1]. B [2-4] mpencTaB/IeHBl CeHCOPHBIE YyCTPOU-
CTBa, IPUHIIUII AeHCTBUS KOTOPEIX OCHOBAH Ha CMe-
IeHHH MOoJIOKeHHsI POTOHHOU 3aIlpellleHHOM 30HbI
(®33) IIpU MeXaHHUYeCKOM, XMMHYeCKOM H 3JIeKTPO-
CTaTH4YeCKOM BO3/IeMCTBHHU Ha CTPYKTYypy. B [5] omn-
CaH CeHCOp KHCJIOTHOCTH pacTBOpa, OCHOBAaHHBIU
Ha M3MeHeHUH QYHKIIMOHAIbHBIX 3aPSIOBBIX [PYIIIL
IIpYU U3MeHeHHH BOLOPOAHOTO MoKa3aTens. B [6-7]
PaccMOTpeHBl BaPHAHTHI HCII0JIb30BaHU S HHBEPC-
HBIX KOJUIOUJHBIX CTPYKTYP C HHTEeIPUPOBAHHBIMH
OHMOMHMeTHYeCKMMH MaTepHalaMU B HAKOITHUTESIX
U poboToTexHUKe. B [8-10] mpeacTaBieHBI 06pa3Iisl
aKTHUBHUPYeMBIX CBeTOM aKTyaTOPOB, IIPUHIIMII JIeH-
CTBHSI KOTOPBIX OCHOBAH Ha SIBJICHUSX LIUC-TPaHC-
HM30MepHU3alH, POTOLMKIN3ALMY UIH BHYTPUMO-
JIeKyJISIpPHOM MaccomiepeHoce. B [11-14] paccmaTpurBa-
eTcs NIpUMeHeHHe KO/JIOUJHBIX CTPYKTYP IIPH CO3-
JaHUH LBEeTHEIX AHCIIeeB, B TOM YMCJIe, Ha OCHOBe
KUJKHUX KPHCTalJOB, MJAa3MOHHBEIX CTPYKTYP
1 QOTOHHBIX KPHUCTAJIIOB, ITOA06HBIE JUCIIIeH II0Tpe-
O14I0T MeHbIIe IUTAHHUS NPU paboTe U TpebyoT
MeHbIIero pabouero Hanps kKeHHUs 10 CPAaBHEHHUIO
C KOHBeHIIMOHA/IbHEIMU LC-pucrieaMu. CTPYKTYPHL,
I10/ly4eHHBbIe Ha OCHOBE KOJJIOUJHBIX POTOHHBIX KPH-
CTaJIJIOB, MO3BOJISIOT IIOBBICUTH KBAHTOBBIM BBEIXO/,
YAYyYIIUTh OMOTOTMYeCKyl0 aKTUBHOCTb, CHU3UTh
TOKCUYHOCTb U YIYUIINTh KATAIUTUYECKHe CBOMCTBA
BemecTsa [15-16]. IIoMMMO CO3LaHUSA GYHKIIMOHAb-
HBIX CTPYKTYP KOJIJIOKIHBIE CJIOU 33IaHHON KOHPUTY-
PALIMH HCIIONB3YIOTCS B Ka4ecTBe MAacKU IIpHU IIpoBe-
JIeHU U MTPOLIeCCOB MUKpochepHOM nuTtorpaduu [17].

MHoroob6pa3sue ob1acTer IpUMeHEeHU S KOO~
HbIX QK IJIEeHOK aKTyaaH3upyeT 3aady I0oaydeHHUs
Pa3IMYHBIX KOMOMHALIMI YIIaKOBKH YaCTHUI] X KOJIH-
yecTBa GOPMHUPYeMBIX IIPH 3TOM cj10eB. HampuMep,
npu GopMuPoBaHUU SERS-aKTUBHBIX IIOAJIOXKEK [18]
nub0 MaCKHPYIOLIEro CI0sI ISt MUKPOCPEePHOH TUTO-
rpaduu cTporo obs3aTenbHBEIM TpebOBaHUEM SIBIIS-
eTCsi [ToNly4deHHe YIIOPSA0UeHHOIO MOHOC/IOS YaCTHLI.
B To BpeMs KaK B QOTOHHO-KPUCTA/LIMYeCKOM JaT-
ynKe fepopmanui [19] TpebyeTcs monayueHHe CTPyK-
TyPBI TOJLIMHOM B HECKOJIBKO MKM, YTO IIPH Xapak-
TePHBIX pa3Mepax YacTHI] B COTHH HAHOMeTPOB O3Ha-
yaeT HeobxoquMoCTh GOPMUPOBAHUS He MeHee 10
CJI0€eB.

B ocHoBe mpoliecca MOJy4YeHUS yHOPsLOUeH-
HBIX MEepPHOJHUYeCKUX KOJJTOUAHBIX C/I0EB JIEXKUT

INTRODUCTION

The structures obtained on the basis of colloidal pho-
tonic-crystalline (PC) films belong to the basic materi-
als for technologies realised by the bottom-up nanoengi-
neering principle. The prospects for their use are associ-
ated with photonics, optoelectronics, laser technology,
and a number of other fields [1]. In [2-4] sensor devices
were presented, the operation principle is based on the
photonic forbidden zone (PFZ) position displacement
under mechanical, chemical and electrostatic effects on
the structure. In [5], a sensor of solution acidity based on
the change of functional charge groups when the hydro-
gen index changes is described. In [6-7], variants of using
inverse colloidal structures with integrated biomimetic
materials in storage devices and robotics are considered.
In [8-10] samples of light-activated actuators were pre-
sented, the operation principle of is based on the phenom-
ena of cis-trans isomerisation, photocyclisation or intra-
molecular mass transfer. In [11-14] the colloidal structures
application in forming the colour displays, including
those based on liquid crystals, plasmonic structures and
photonic crystals, such displays consume less power dur-
ing operation and require less operating voltage compared
to conventional LC displays. The structures obtained on
the basis of colloidal photonic crystals allow increasing
quantum yield, improving biological activity, reducing
toxicity and improving catalytic properties of the sub-
stance [15-16]. In addition to creating functional struc-
tures, colloidal layers of a given configuration are used as
amask in microsphere lithography processes [17].

The diversity of applications of colloidal PC films high-
lights the problem of preparing the various combinations
of particle packing and the number of layers to be formed.
For example, when forming SERS-active substrates [18] or
a masking layer for microsphere lithography, it is strictly
necessary to obtain an ordered monolayer of particles.
Whereas in a photonic crystal strain sensor [19], a struc-
ture with a thickness of a few microns is required, which,
with characteristic particle sizes of hundreds of nanome-
tres, means that at least 10 layers must be formed.

The process of obtaining ordered periodic colloidal lay-
ers is based on the phenomenon of self-organisation (self-
assembly) of colloidal particles. External perturbing influ-
ences on the self-organising system transfer self-assembly
into a controlled direction, affecting coagulation of col-
loidal microspheres, their movement in solution and the
assembly rate into a crystal. The corresponding processes
can be used to obtain structures with specified proper-
ties, including photonic bandgap (PBC) characteristics.
PBG indicators are determined by the colloidal superlat-
tice structure, which, in turn, is related to the colloidal
system properties, monodispersity of the particles con-
tained in it and the character of self-assembly. The lat-
ter depends on the method of obtaining colloidal parti-
cles, as well as modes of their deposition and parameters
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Fig.1. Structural transformation stages in technology of colloidal photonic crystals formation

sSIBJIeHHe CaMOOpTraHU3alHuHU (cCaMoc6OPKH) KOIOK -
HBIX YaCTHL. BHeIIHMe BO3MYIIAOIIe BO3JeHCTBHS
Ha CaMOOPTaHH3YIOIYIOCS CHCTeMY I1ePeBOASIT CaMO-
cbopKky B ympaBiisieMoe PycyIo, BIHSS Ha KOATY/ISIIHIO
KO/UIOMHBIX MUKPOCdep, UX JBHKEHHe B PacTBOpe
M CKOPOCTb COOPKH B KpUCTasI. COOTBETCTBYIOIIHE
IIPOLIeCCHI MOTYT OBITH MCIIONTB30BAHBI AJISI IIOTyUe-
HUSI CTPYKTYP C 33IaHHBIMHU CBOMCTBAMH, B TOM UHCTIe
XapaKTepUCTUKAMU GpOTOHHON 3aIlpeleHHON 30HBI
(@33). [TokasaTenu $33 onpeensoTCs CTPOEHHUEM KOJI-
JIOUTHON CBEepPXpPeLIeTKH, KOTOPOe, B CBOIO Ouepe[b,
CBSI3aHO CO CBOMCTBAMHM KOJUIOMTHOM CHCTEMBI, MOHO-
TUCIIEPCHOCTBIO COAEPIKANTUXCS B HEH YaCTHIL U XapaK-
TepoM caMocbopku. ITocmeJHHUI 3aBUCHUT OT CIIocoba
MO/TyYeHH sl KOJUIOUIHBIX YaCTHI], a TAKKe PEXKHMOB
KX OCa’KJIeHH I M [IapaMeTPOB HCII0/Ib3yeMOr0 [P 3TOM
obopynoBaHus. [IPOMCXOASIIAS IIPH 3TOM KOATY/ISLIHS
KOJUIOMHBIX YaCTHI] JeTaJIbHO OITHCBIBAETCS H3BECT-
HOU TeopueH [lepsiruna, Jlanmay, Pepses, OBepbeka
(II®O). OmHaKo, CyLecTBYIONAs B HACTOsIee BpeMs
npobnemMa nonydeHus 6e3medeKTHHIX MOHOKPHCTAI-
JIMYeCKUX CTPYKTYP Ha AOCTATOYHOM /IJISI U3TOTOB/IEHH
YCTPOMCTB IUIOIIAIH B COTHU MUKPOMETPOB TOPMO3HUT
repeBof;, pa3paboTok B 3TOM 06/1acTH HAHOUHKeHEepUH
B IIpaKTHYecKoe pycyo. [I7is ee pelleHUs: He06X0mMMO
HaJIM4YHe CIel[HaabHOro 060pynoBaHUS, peannusyo-
I1Iero KOHTPOIMPYeMBIe U YIIPAB/IsieMble IIPOLIeCCHI CHH-
Te3a MOHOAMCIIEPCHBIX KOJUIOMAHBIX YACTHIL] M I10Ty4de-
HHUS U3 HUX CBepXpelleToK. I103ToMy Lie/Ibio JaHHOM
paboTsl sIBIsAIACh pa3paboTKa U CO3ZaHHE KOMIIIEKTA
MacmTabupyemoro o60pyIoBaHHUS U CIIeI[HaJbHOM
OCHACTKH J1J151 1abOpaTOpPUE HayUHbIX U YIeOHBIX 3aBe-
IeHHUH, a TAKKe OllpeJie/leHHe PALlMOHATbHbIX PESKU-
MOB UX QYHKLUHMOHMPOBAHUS.

METO/bl U MATEPUA/IbI

IIpoliecc M3roTOBIeHUS KOMIOUAHBIX PK-CTPYKTYp
COCTOMT M3 3TAIlOB OYMCTKU IIOAJIOKEK; CUHTe3a KOJ-
JOMIHBIX YaCTUIL; UX CAMOCOOPKU U POPMHUPOBAHU S
KOJUIOMHBIX MOHOCJ/IOEB, IIJIeHOK JIN00 3D-CTPYKTYP;
YIIPOUHSIOer TepMoobpaboTKH; TOHKOM MOATOHKH
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of the equipment used in this process. The coagulation of
colloidal particles occurring in this process is described
in detail by the well-known theory of Deryagin, Landau,
Fervay, Overbeck (DLFO). However, the current problem
of preparing the defect-free single-crystal structures on
an area of hundreds of micrometres sufficient for device
fabrication hinders the transfer of developments in this
area of nanoengineering into practical applications. For
its solution it is necessary to have special equipment real-
ising controlled and manageable processes of synthesis of
monodisperse colloidal particles and obtaining superlat-
tices from them. Therefore, the aim of this work was to
develop and create a set of scalable equipment and spe-
cial tooling for laboratories of scientific and educational
institutions, as well as to determine the rational modes
of their operation.

METHODS AND MATERIALS

The fabrication process of colloidal PC structures consists
of the stages of substrate cleaning; synthesis of colloi-
dal particles; their self-assembly and formation of colloi-
dal monolayers, films or 3D structures; hardening heat
treatment; fine fitting of monolayer lattice parameters
by plasma etching and microscopic and spectral control
(Fig.1).

Since colloidal solutions have a tendency to age, and
unstrengthened structures degrade rapidly, there is an
obvious need to create a complex of equipment character-
ised by a unity of place, implementing the above opera-
tions (Fig.2). The equipment used in it should provide pos-
sibility of monitoring and control of key process param-
eters. We have created a laboratory complex that meets
these requirements. Currently, it is used both in the edu-
cational process and in research work to produce struc-
tures based on silicon dioxide (silica) particles and poly-
styrene monodisperse latex PS with diameters from 100
to 500 nm. Steps such as media purification and prepa-
ration, heat treatment and plasma etching are realised
therein using commercial equipment. For the stages of
colloidal solution synthesis and colloidal layer deposi-
tion, original plants, stands and tooling were designed
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Puc.2. Cmpykmypa nabopamopHo20 komnAaekca
Fig.2. Structure of the laboratory complex

IapaMeTPOB PelleTKH MOHOC/IOS IIJIa3MeHHBIM TPaB-
JTeHueM U MHUKPOCKOIIMUYECKOr0o W CIeKTPaJbHOIo
KOHTpos (pHc.1). IIOCKONIBKY KOJITIOUHbBIE PAaCTBOPELI
MMEIOT CKJIOHHOCTb K CTapeHHI0, 3 HeyIIpOUHeHHbIe
CTPYKTYPEI OBICTPO AErPafHPYyIOT, OUeBUIHA He0bX0mMU-
MOCTb CO3/IaHHUSI XapaKTePHU3yeMOro eIUHCTBOM MeCTa
KOMILIIeKca 060pynoBaHMS, peaau3yoliero Ha3BaH-
Hble BblIlIe orlepanuu (puc.2). Mcmonb3yemoe B HeM 060-
PyAoOBaHUe JOMKHO 0b6ecredrBaTh BO3MOKHOCTb KOH-
TPOJISl U YIIPaB/IeHUS K/II0UeBbIMH I1apaMeTPaMHU IIPo-
necca. Hamu 6BII cO34aH OTBeYAOM M Ha3BAHHBIM
TpeboBaHUSIM 1a60pPaTOPHBIN KOMILIEKC. B HacTosimee

and manufactured. The methods used in this process are
described below.

Silicon dioxide SiO,, polystyrene PS and polymethyl
methacrylate PMMA microspheres are used in practice to
obtain colloidal FC structures. Organic microspheres are
characterised by high monodispersity, silicon dioxide is
thermally and chemically stable, and is easily integrated
into optoelectronic circuits. Therefore, the presented
complex is designed to operate with both organic mate-
rials and silicon dioxide. We use commercial standard
polystyrene samples. Colloidal solution of silicon dioxide
is synthesised on the basis of the laboratory complex.

VoL.17 No. 3-4 2024 NANO INDUSTRY
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Puc.3. MemoObl ynpasasiemozo 8030elicmaus Ha npouecc camocbopku Npu NoAy4eHUU KoAAoudHbix OK-cmpykmyp: a = memoo
8epMUKANbHO20 0CAXKOeHUs); b — memod eepmuKkanbHO20 0CaXk0eHUsl; ¢ — Memod 3AeKmpodopemuyeckozo oca)koeHus, d — memood
JleHzmtopa — bnodxkemm; e = memo0 ueHmpugyauposarus; f — memod ueHmpupyauposaHus 8 npobupkax

Fig.3. Methods of controlled stimulation of self-assembly process in obtaining colloidal photonic crystals: a - dip coating; b - vertical depo-
sition; ¢ - electrophoretic deposition; d — Langmuir - Blodgett technique; e - spin coating; f - centrifugation method in test tubes

BpeMsi OH HUCIIO/NIb3yeTcs KaK B y4e6HOM IIpoLiecce, Tak
Y B Hay4HO-HCC/Ie[J0BaTe/IbCKOK paboTe, AJIs IoNyde-
HUS CTPYKTYP Ha OCHOBE YaCTHIL JUOKCHIA KPeMHU
(kpeMHe3eMa) 1 IOJIUCTHPOIBHOIO MOHOJHCIIEPCHOTO
natekca PS nametpom ot 100 1o 500 HM. TaKue 3TaIlbl,
KaK OYMCTKa M IMOJATOTOBKA cpef, TepMoobpaboTKka
Y [JIa3MeHHOe TPaB/ieH e Pealu3yIoTCsa B HeM Ha KOM-
Mep4yecKoM 060pyI0BaHUHU. [|J1s1 3TaIlOB CUHTE3a KOJI-
JIOMIHOIO PAcTBOPA M 0CaKAeHUS KOJJIOULHBIX CJI0OeB
OBLIM CIIPOEKTHPOBAHEL K M3TOTOBJIEHBI OPUTHHAJIBHBIE
YCTaHOBKH, CTEHBI M OCHACTKA. HIKe IIpe/CcTaB/IeHO
OIIMCaHMe HUCII0Ib3YeMBbIX IIPY 3TOM METOLOB.

J1s rony4eHu s KOJUIOUAHBIX PK-CTPYKTYp Ha IpaK-
THKE HCIIONIB3YIOTCSI MUKPOCHEPHl JHOKCHUIA KpeM-
Hus Si0,, nonuctupona IIC ¥ MonTHMeTHIMETaKPH-
nata [IMMK. Opranuyeckye MUKPOCcHepsl XapaKkrTe-
PH3YIOTCSI BBICOKOM MOHOAHCIIEPCHOCTBIO, JHOKCH/
KpeMHHUSI 06/1a/1aeT TepMHUYECKOM U XMHUYeCKOM CTOH-
KOCTBIO, JIETKO MHTEeTPUPYETCS B OITO3IeKTPOHHEIE

oM e 33—
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The synthesis of silicon dioxide particles (SDP) is car-
ried out by the modernised Stober method in terms of
the nucleation stage (Fig.3). It is this stage that deter-
mines the monodispersity of the obtained particles, for
its increase the pretreatment of initial tetraethoxysilane
(TEOS) is used. The size of formed SDPs is determined by
the hydrolysis ratio and condensation rates, which, in
turn, can be set by varying concentration of ammonia in
the mixture.

To increase accuracy of the obtained results, the syn-
thesis process is realised under conditions of strict con-
trol of a large number of factors determining the size
and monodispersity of particles, such as: purity of the
reagents used and their concentration, mixing protocol,
reaction temperature, mixing frequency, and process
duration.

To obtain colloidal films under conditions of externally
controlled self-assembly, the laboratory complex uses
electrophoresis, centrifugation, Langmuir - Blodgett and
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cxeMbl. IIo3ToMy IpefCTaB/asieMblkl KOMIIJIEKC pac-
CUMTAH Ha paboTy KaK C OpraHMYeCKUMH MaTepHua-
JIAMH, TaK U C TUOKCUIOM KpeMHU . MBI UCII0/Ib3yeM
KOMMepueckHe CTaHapTHbIe 00pasLibl IIOTUCTUPOIIA.
Koo AHBIN pacTBOP JUOKCHA KPeMHHS CHHTe3HPYy-
eTcst Ha 6a3e 1abopaTopHOro KOMIIIeKca.

CHHTe3 YacTHUL] JUOKCHUA KpeMHUSL (4OK) OCYILeCT-
BJISIETCS MOJIEPHU3UPOBAHHBIM B YaCTH 3Talla 3aPOIbI-
meobpa3oBaHus MeTogoM llltobepa (puc.3). KMeHHO
3TOT 3Tall OIIpe/ieisieT MOHOAMCIIEPCHOCTD IOy YaeMbIX
YaCTHL, [/ ee TIOBBIIIEHUS UCII0NIb3yeTcsl ITpe1obpa-
6oTKa HMCXOLHOrO TeTpasTokcucriaHa (T90C). Pa3mep
dopmupyeMbix YK orrpesesisieTcs COOTHOIIEHHeM CKO-
POCTel IpoLLeccoB FUIPOAN3a U KOHJeHCAlluH, KOTO-
poe, B CBOIO o4epe/ib, MOKeT OBITh 33/1aHO BapbHPOBa-
HHeM KOHLEHTPAlIMK aMMHaKa B CMeCH.

JJ1s TIOBBIIIEHM ] TOYHOCTH I10/Iy4YaeMbIX pe3yibra-
TOB IIPOLIECC CUHTE3a Peasik3yeTcs B yCIIOBHAX KeCTKOI0
KOHTPOJISI 6OJIBIIIOro KOMHUYecTBa paKTOPOB, OIIpeiess-
IOIIMX Pa3sMep U MOHOOMCIIEPCHOCTD YaCTHL], TAKMX KaK
YHCTOTa MCIIO/Ib3yeMBbIX PEAKTHBOB M UX KOHLIEHTPa~
LM, [IPOTOKOJI CMEIIMBAHM S, TeMIIepaTypa peaKkLuH,
YacToTa IlepeMelluBaHu s, I TeIbHOCTD IIpoLiecca.

IUis 1IoydeHu s KOJJIOUAHBIX IIJIEHOK B YCJIIOBHUAX
yIIpaB/IsieMON BHEIIHEro BO3JEeHCTBHUS CaMOCOOPKHU
B J1abopaTOpPHOM KOMIIJIEKCe HCIIONB3YIOTCS 3/IeKTPO-
¢dopes, HeHTpUGYTUpOBaHUE, METOAEI JIeHTMIOpa ~
B1oskeTT ¥ BepTHUKAIBHOIO OCAKAEHHMSI, Peai3yeMoro
nub0 MoCpeCTBOM OTKAYKH PacTBOpa, K60 BEITSATH-
BaHHeM II0/IJIOKKH 13 Hero (TaK Ha3blBaeMbIM, BePTH-
Ka/IbHBIM BBITATHBaHHeM). CXeMbl Ha3BaHHBIX METO0B
IIOKa3aHBbI Ha PHUC.3. B 1ab0paTOpHOM KOMILIEKCe pea-
JIU3YIOTCS BCe IIepeYrC/IeHHbIe METOABI YIIPaB/IsIeMOro
BO3/IEMCTBHS.

B cooTBeTcTBUHU C Teopuel [1JIPO, B3aUMOAEHCTBHE
067aa0IUX JBOMHBIM 3IeKTPUUECKUM CI0eM KOJI-
JIOUJHBIX YACTHIL IIPOMCXONUT 3a CUeT 3JIeKTPOCTa-
THUKH U MEKMOJIEKYJISIPHBIX BaH-Iep-BaabCOBBIX CHIL.
I[lepBasi IPUBOHT K CTPEMJ/IEHHIO YaCTHL 060COOUTHCS
JIPpyT OT Apyra, OOHAKO, IIPU CTOIKHOBEHU X, OHU MOTYT
06pa30BEIBATh KOMILIEKCHI. COOTBETCTBEHHO, IIPOLIECC
bopMUPOBaHMS KOJIJIOMTHOIO KPHUCTAJI/Ia MOYKHO pas-
IelIuTh Ha TpU ¢asel. IlepBas ¢pasa: YacTHIEI HAX0-
OSTCSI B paCTBOpe B CBOOOLHOM JBHSKEHUH, Ha OT/AAJIe-
HUH PYT OT Apyra. Bropas dasa: gacTUIlkl cOMMKA-
I0TCA 3a CYeT MCIIapeHM s pacTBOpa H/UIH JeHCTBHUS
BHEIIIHUX CHUJI, B YaCTHOCTH CHUJIBI TSSKeCTH, OHH HaXo-
JSTCS B 30He JeHCTBUS CHJI B3AUMHOIO IIPUTSOKeHU S
M OTTAJIKUBAHUS MeXIY YacTHIlaMU. TpeThs pasa:
YaCTUILEI COOPMUPOBAJIH PEIIETKY, PAaCTBOP IIPaKTH-
YeCKH HCIIApUJICH, HO MeXKIY YaCTHULAMH OCTAIOTCS
KaIlHJIISIPHBIE MOCTBL. 3afjayell BHEIIHEeT 0 BO3[eHCTBH ST
Ha KOJUIOMJHYIO CHCTeMYy SBJISIeTCS CO3JaHHe YCIOBUU
1151 CAMOCOOPKHY YaCTHUIL M HeJOIYIIEeHUS UX KOATYIIsI-
LIMH KaK B TOJIILE PACTBOPA, TaK U BOIM3U IIOJIOKKH.

vertical deposition methods, realised either by pumping
the solution or by pulling the substrate out of it (so-called
vertical pulling). Schemes of the mentioned methods are
shown in Fig.3. The laboratory complex implements all of
the above methods of controlled action.

According to the DLFO theory, interaction of colloidal
particles possessing a double electric layer occurs due to
electrostatics and intermolecular van der Waals forces.
The former leads to desire of particles to separate from
each other, however, they can form complexes during
collisions. Accordingly, the colloidal crystal formation
process can be divided into three phases. First phase:
the particles are in solution in free movement, at a dis-
tance from each other. Second phase: the particles are
brought closer together by evaporation of the solution
and/or external forces, in particular gravity, they are
in the zone of action of the forces of mutual attraction
and repulsion between the particles. Third phase: the
particles have formed a lattice, the solution has practi-
cally evaporated, but capillary bridges remain between
the particles. The task of external influence on the colloi-
dal system is to form conditions for self-assembly of par-
ticles and prevent their coagulation both in the solution
thickness and near the substrate. The methods realising
this approach differ from each other in the way of reali-
sation of external influence on the particle interaction
pattern at the first and second stages of colloidal crystal
formation.

The vertical pulling method allows to obtain struc-
turally ordered films with a given number of layers and
packing density. The essence of the method consists in
slow pulling of a vertically arranged substrate from a col-
loidal solution (Fig.3a). In this process, a meniscus area
is formed at the three media air - colloidal solution - sub-
strate interface due to surface tension forces. Evaporation
of the solution results in a flow of particles towards the
meniscus, forming the highest concentration of particles
in thisregion. Formation begins with a single row of par-
ticles deposited on the substrate surface, stopped by fric-
tional and capillary forces, taking into account mutual
attraction and repulsion with other particles approach-
ing the substrate [20]. Thus, as the substrate is stretched,
hexagonal layers of particles are formed stepwise. To find
the number of film layers (k) obtained by self-assembly
methods, one can use the formula linking the average
evaporation rates of solution and particles to the process
parameters [20-21]:

% o)
0,605vr(1-¢,)

where [} is a constant depending on the ratio of solute to
meniscus velocities, 1is the evaporation length, j is the
evaporation intensity, ¢, is the particle volume frac-
tion, v is the particle pullljing velocity, and r is the par-
ticle radius.

k =Blj
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OBOPYAOBAHME A1 HAHOUHAYCTPUM

Peati3yrolyie TAKOM IIOIXO0/ METOIBI OT/THYAIOTCS IPYT
OT Jpyra criocobom peanu3ally BHELIHErO BO3JeH-
CTBUSA Ha KapTHUHY B3aHMOﬂefICTBHH YacCTHL Ha IIep-
BOM U BTOPOM 3Tamnax GOpMHUPOBAHUS KOJIOUTHOTO
KPHCTaLIa.

MeTon BEePTHUKAJIBHOTO BBITATHBAHHUS IIO3BOJISAET
I10/71y4aTb CTPYKTYpPHO-YyIIOpAAO4Ye€HHDbIE IIJIEHKH
C 33IaHHBIMU KOTUYECTBOM CJIOEB U IVIOTHOCTBIO yIIa-
KOBKH. CyTh MeTO/Ia 3aK/II0UAeTCS B Me/I/IEHHOM BBITS-
TUBAHUHU BEPTHUKAIBHO PACIIONIOKEHHOH IOJJIOKKHU
M3 KOJUIOUHOTO pacTBopa (puc.3a). B aTom mporiecce
Ha I'PaHHIIe pasfena TpexX Cpef "BO3AyX — KOJJIOH/-
HBIF PacTBOP - IOAJIOKKA" 3a CYeT CHUJI IIOBEPXHOCT-
HOT0 HaTsDKeHUs obpasyercst ob61acTs MeHUCKA. [Ipu
HCIIapeHUH PacTBOpPa BO3HUKAET ITOTOK YACTHI] B CTO-
POHY MeHHCKa, 06pa3ys B 3TOH 0671aCTH HAaU6O0/IBIIYIO
KOHLIEHTPALIHIO YacTHL. POPMHUPOBAHHE HAUHHALTCS
C OIHOTO psIia YaCTHL], OCEBIIMX Ha IOBEPXHOCTD IO/
JIOKKH, OCTAHABIMBAeMbIX CHJIOHN TPEHHU S U KaITHJUISIP-
HOM CHJIOH C y4eTOM B3aMMHOI'O IIPUTS KeHHU S K OTTa/l-
KUBAHUS C APYTUMHU YACTULIAMH, TPUOIHSKA IO MHCS
K IoIokKe [20]. TakuM 06pa3oM, IO Mepe BBITSTHUBA-
HHUS IIO/IJIOKKH IIPOMCXOLUT M03TaIIHOe GOPpMHUPOBA-
HUYe reKCaroHaJIbHbBIX CJI0O€B YaCTHII. I[JIH HaXOKOeHU s
KoiuryecTBa cioeB IuteHKH (k), 10Ty YeHHOM MeTOAAMU
caMoc60OpKHU, MOSKHO BOCIIONb30BAThCs POPMYJIOH, CBSI-
3pIBAIOLIEH CpefiHHe CKOPOCTH MCIIApeHHUs pacTBopa
Y YaCTHLI C [IapaMeTpaMHu IIpotiecca [20-21]:

L T , )
0,605vr(1-¢,)

rze - MOCTOsSIHHAS, 3aBUCSIIASI OT COOTHOLIEHHSI CKO-
POCTell IlepeMelleHHs pacTBOpa K MEHHCKY; | - qinuHa
VICIIapeHUS; | - MHTeHCUBHOCTD UCTIapeHus; ¢~ 06bem-
Hasl 101 YaCTHLL; V - CKOPOCTb BBITSITIBAHU ST YaCTHIIBI;
I~ PafiNyC YaCTHULIBL.

Ha oCHOBe TeOpeTH4eCcKoro pacueTa U MaTeMaTH4e-
CKOT'0 MOZIeTHPOBAHU I ObI/Ia IIOCTPOEHA 3aBUCHMOCTb
KOJTMYeCTBa CJI0eB OT CKOPOCTH BBITSITHBAHMUS A5 5%
KOJUIOMTHOTO PACTBOPA JHUOKCH/IA KPEMHHSI C pa3MepOM
yacturi 200 HM (puc.4).

TpeboBaHUSMH, IIPeIbSIBISIEMBIMH K 000PyIOBAHHIO
IJ1sL aITpobalivi TeOpeTHUeCKHUX UCCIeOBAHUI, SIBIIS-
I0TCSI IUVIABHOE M PAaBHOMEPHOE BBITSITHBAHHE ITO/ITIOKKH
BO BpeMs BCero Ipoliecca, a TaKKe OTCYTCTBHe BUOpa-
LUH 1 MUHUMU3ALUS BTUSHUS BHEIITHUX paKTOPOB,
CII0COOHBIX OKa3aTh BIHSHHE Ha IIPOIecc CaMOCOOPKH
YaCTHII.

CoueTaHHe METONOB BePTHUKAJIBHOIO OCaXKJe-
HuUs (puc.3b) u snekTpodopesa (puc.3c) UCIIONB3yeTCs
I71s1 pelleHHUs 3aflaul paBHOMEPHOro GOpMHpPOBa-
HHS KOJJIOUJHBIX CTPYKTYP MHJIIMMETPOBOH IIJIO-
IaJX Ha IOJJI0KKe. B 3ToM cirydae c 1enbio obecre-
YeHHSI BOCIIPOM3BOJMMOCTH CTPYKTYP IO IIOMIAH
MIOJIO>KKH He0OXOA MO CO3/1aTh YCJIOBHSI, IIPU KOTOPBIX

k =Bl
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Fig.4. Plot of dependence of the number of layers in the colloidal
film on the pulling speed

Based on theoretical calculation and mathematical
modelling, the dependence of the number of layers on
the pulling speed was plotted for 5% colloidal silica solu-
tion with a particle size of 200 nm (Fig.4).

The equipment requirements for the validation of the-
oretical studies are smooth and uniform pulling of the
substrate during the entire process, as well as the absence
of vibrations and minimisation of the influence of exter-
nal factors that can affect the process of self-assembly of
particles.

The combination of methods of vertical deposition
(Fig.3b) and electrophoresis (Fig.3c) is used to solve the
problem of uniform colloidal structures formation of
millimetre area on the substrate. In this case, in order to
ensure structures reproducibility over the substrate area,
it is necessary to make conditions under colloidal solu-
tion stability will not be disturbed in the volume, while
particles coagulation of the dispersed phase should take
place directly in the deposition zone. In accordance with
the extended DLFO theory, in order to exclude coagula-
tion, i.e. direct interaction between particles, it is nec-
essary to carry out the ordering of microspheres in solu-
tion by applying an external influence that keeps micro-
spheres in the sedimentation zone. The energy of such
influence should be higher than the chaotic motion
energy of microspheres, but less than the energy of the
potential barrier characterising the adhesion of par-
ticles. Directionality of the impact will not prevent the
particles from travelling along the deposition zone.
Thus, self-assembly of particles into the structure occurs
before their coagulation. Since the interaction energy of
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YCTOMYHUBOCTb KOJUIOUIHOIO PacTBOpa He OyzmeT Hapy-
IIaThCs B 06'beMe, ITPH 3TOM KOATYIISILIU S YaCTHUL AHC-
nepcHOI a3kl JOKHA IPOTeKaTh HEIIOCPeICTBEHHO
B 30He OCa’kJeHHS. B COOTBETCTBHUHU C paCUIMPeHHON
Teopuell JJI®O, g UCKIIOUEHUS KOATYASIUU, TO
eCTbh HeIlOCPeJCTBEHHOTO B3aUMOJEHCTBUS MEXAY
YacTHULAMHU, He06XOOMMO IIPOBECTH YIIOPSILOUHBa-
HHe MUKpocdep B pacTBoOpe, IIPUKJIAAbIBasI JIS1 3STOrO
BHelllHee BO3JeHCTBHe, yAepKHBalollee MUKPO-
cdepsl B 30He OCa’KJeHMs. DHePrus TaKoro BO3Jeu-
CTBHS O/IKHA OBITH BBIIIE SHEPIUH XaOTUYHOIO JIBU-
SKeHH I MHUKpocdep, HO MeHbIIIe SHepruHy IOTeHIHaJIb-
Horo bappepa, XapaKTepHU3yIOLIero CIUIIaHUe YaCTHII.
HarmpaBeHHOCTb BO3[eHCTBUS He OyeT IIpensiTCTBO-
BaTh IIepeMeIleHHI0 YaCTHIL BJ0/Ib 30HbL OCaSKIEHMU.
TaxuMm 06pa3om, camocbopKa 4acTHUIL B CTPYKTYPY IIPo-
HMCXOOHT 10 MX KOATy/IALHHK. IT0CKOIBbKY SHEePrus B3ak-
MOJIEHICTBHS YaCTHL 3aBUCHUT OT TeMIIePaTypbl, yMeHb-
IIeHHeM TeMIIepaTyphl CUCTEMBI MOSKHO 0becIIednTh
yBeJIMYeHHe IIO0TeHI[HMaIbHOro bapsepa C yMeHbIe-
HHEeM 3HepPIryuH TeIlJIOBOTO ABHKeHMUs, TO eCTh YBeIU-
YUTh JHAIIA30H PeryJIupoBaHUS YAPsKUBAIOIIEr0 BO3-
IercTBUs. Y HaobopoT, yBelTMUeHHe TeMIIepaTypbl
II03BOJISIET PeaIn30BaTh CAMOCOOPKY B BHICOKOYCTOM-
YMBBIX KOJIJIOUJHBIX CUCTeMaX C IIPUJIOKeHHeM MeHb-
IIMX BHEITHUX BO3[eKCTBUU. PeryJIHpoBKa TOTIIHHBI
bopMHpyeMOU CTPYKTYPHI B 3TOM C/Iy4dae OCYIIeCTBIIS-
eTCsI KOHTPOJTHPYeMBIM OTPaHHUYEHUEM 3JIeKTpHUYe-
CKOI0 IIOTeHIIHAaJIa C er0 yMeHbIIeHHeM IIPU yaaJIeHHuH
OT IIOAJIOKKH BBHUY SKPaHHUPOBAHMS 3apsAiaMU B pac-
TBOpe. B pesynbTaTe IIpU JOCTH KEHHUH KOHEUHOT'O (/1051
SHEPrHs BHELIHETro0 571eKTPOCTaTUUeCKOro BO3IeCTBH ST
W, CHM>KaeTcs 10 BeTMYKHBI, MeHbIIIeH SHepTUH B3au-
MOJEHCTBU S YaCTHILIBI W C coceIsIMH, KOJTUYeCTBO
KOTOPBIX PaBHO I:

B3aUM

Wa < an3aI/IM’ (2)

YIpouHeHUe MoN1y4YeHHBIX KOJJIOUAHBIX KPHUCTa-
JIOB OCYII[eCTBIISIETCSI IIOCPeACTBOM HAarpeBa [0 TeM-
IepaTypsl, COOTBETCTBYIOIIEH Havaly IJIaBJIeHUS
MaTepHasa 4acTull. [Ipy 3ToM IPOUCXOAUT yAase-
HHe KOJUIOUJHOM CPefbl U OPraHHUYeCKUX OCTaTKOB
13 MeXChepUUecKUX MYCTOT, U MeXAY YaCTHLAMH
obpasyroTcs "MocTUKHU". TaKUM 06pa3oM, CTPYKTypa
KOJIIOMHOTO KPHUCTAJI/Ia CTAHOBUTCS boJslee mpoy-
HOM, a TaK’Ke YIyYIIAIOTCS er0 ONTHYeCKHe XapaKTe-
PUCTHKH. B mpoliecce TepMoo6paboTKH YaCTHL ITOJIH-
CTHPOJIa "MOCTHUKHU 00pa3yIoTcs 3a CueT BOSHUKHOBE-
HU S HOBBIX XUMHYECKHUX CBSI3eH B X0Jle TePMUUeCKOH
OeCTPyKIMH U pa3pylleHHUs] MaKPOMOJIEKYISPHBIX
CBSI3eH.

ToHKasi AOBOJKA JUAMeTPOB CHepHUUYeCKHUX
YaCTHUI [0 3aJaHHBIX pa3MepoB, a TaKXke KOP-
PeKTHUPOBKA MeXCPepHUIeCKHUX PACCTOSIHHU

particles depends on temperature, decreasing tempera-
ture of the system can provide an increase in the poten-
tial barrier with energy decrease of thermal motion, i.e.
increase the range of control of the restraining effect.
Conversely, increasing of temperature makes it possi-
ble to realise self-assembly in highly stable colloidal sys-
tems with the application of smaller external influences.
Adjustment of formed structure thickness in this case is
carried out by controlled limitation of the electric poten-
tial with its decrease at a distance from the substrate due
to screening by charges in the solution. As a result, when
the final layer is reached, the energy of external electro-
static influence We is reduced to a value smaller than
interaction energy of the particle W, ,,, with its neigh-
bours, the number of which is equal to n:

W, < W, u- )

Strengthening of the obtained colloidal crystals is
carried out by heating to temperature corresponding
to the beginning of melting of the particle material.
In this case colloidal medium and organic residues
are removed from interspherical voids and "bridges"
are formed between particles. Thus, the colloidal
crystal structure becomes stronger and its optical
characteristics are improved. In the process of heat
treatment of polystyrene particles like "bridges" are
formed due to emergence of new chemical bonds in
the course of thermal degradation and destruction of
macromolecular bonds.

Fine tuning of spherical particle diameters to a
given size as well as correction of interspherical dis-
tances to obtain non close-packed colloidal crystals
(NCPCC) is carried out by plasma etching in a mix-
ture of argon Ar and oxygen O,. The etching process
and, consequently, the resulting diameter of micro-
spheres are most influenced by the gas flow rate,
etching time and power of the source.

The obtained samples are controlled by electron and
atomic force microscopy on a ZEISS Crossbeam 550
scanning electron microscope (Carl Zeiss Microscopy,
Germany) and a Solver Next scanning probe micro-
scope (NT-MDT, Russia), respectively, and spec-
trometry on an EPSILON optical spectrophotometer
(IZOVAK, Belarus).
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OJIsI TIOJIyYeHHU I HeIlJIOTHOYIIaKOBAHHBIX KOJIJIOK/I-
HBIX KpUcTasaoB (non close-packed crystal, NCPC)
OCyIIeCTB/SIETCS METOAOM IIJIa3MEeHHOI0 TpaBile-
HHS B CMeCH aproda Ar v kuciaopoga O,. Ha mpo-
LleCcC TPaBJIeHHUS U, CJIe[JOBATe/bHO, Ha Pe3yIbTHPY-
IO JTHAMeTP MUKpochep Haubosblilee BIUSHHE
OKa3BIBAIOT PACXOJ ra3a, BpeMs TPABAeHUS U MOII-
HOCTb UCTOYHHKA.

KOHTpO/Ib IONy4YeHHBIX 00pa3I0B IPOU3BOAUTCS
MeTOAMH 3JIeKTPOHHOM U aTOMHO-CHJIOBOM MUKPO-
CKOIIMH Ha CKAaHUPYIOIEeM 3JIeKTPOHHOM MHKPO-
ckorme ZEISS Crossbeam 550 (Carl Zeiss Microscopy,
TepMaHUsI) U CKAHUPYIOLIEM 30HJ0BOM MHKPOCKOIIe
Solver Next (NT-MDT, Poccus), COOTBEeTCTBEHHO,
U CIIeKTPOMEeTPHH Ha OIITHUYeCKOM CIIeKTpodoTome-
Tpe EPSILON (M30BAK, Benapycs).

NHOOPMALIUA O PELLEEH3MPOBAHMUK

Pemakuus 61arofapuT aHOHHMHOIO pelleH3eHTa
(pelLleH3eHTOB) 3a X BK/IaJ, B peLleH31POBaHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CalTe
SKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BHU e B HOb
eLIBRARY.RU.

Jekaapauus o KoHpAuKmMme uHmepecos. Asmopsl 3a38Aat0M 06
omcymcmauu KOHPAUKITOB8 UHMepecos UAU AUYHBLX OMHOLWEHU,
Komopble mMozAu bbl no8AUSMb HA pabory, npedcmasAeHHyto 8 daH-
Holl cmambe.
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