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OCOBEHHOCTH 30Ab-TEAb-®PAKTAAbHBIX HAHOOBBEKTOB,
MOAYYEHHbIX MPU AONMOAHUTEAbBHOM OMNEPALIMM 3AKAAKU 30AA

HW)XE TEMIEPATYPbI 3AMEP3AHUA

Ilocmynuna 6 pedaxuuro 01.02.2016

Yemarnoeneno, umo npoyeccol cuabH020 0XAANCOCHUS 304ell HUMCe MEeMNepamypbl 3amMep3anus NPUOOAM K HOBOMY 3(exmy
00pa308aHUsL CAMOOP2AHUZ08AHHbIX 8ePemeH000pasHblx 0bsekmos. B pabome pazpabomarsl modenvHble npedcmaesieHus 0cober-
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UCHHblE IKCnepUMermanbHble daHHble.
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M3 0630pa COBpEMEHHOTO COCTOSIHUSI MaTepuralio-
BeIEHMS BBITEKAET, UYTO Haubojee mepcrneKTUBHOE Ha-
MpaBjeHue Pa3BUTUSI TEXHOJIOTUM ITOJyYeHUs] HaHO-
CHCTEM C HOBBIMU CBOMCTBAMU 3aKJIIOYAETCS B IIOUCKE
MIPUHLINTIOB YITPaBJICHUST pa3MepaMi U XapaKTepUCTH -
KaMM HaHO2JIEMEHTOB 1 pa3BUTHE CIIOCOOOB HMepap-
XMYECKOM COOPKM M3 HUX HOBBIX CTpyKTyp [1]. Ilpu
5TOM OIIYIIAETCSI OCTPasi HEOOXOMMMOCTh COBEPIIICH-
CTBOBaHUSI KaK TEOPETUUYECKUX OCHOB (hOPMUPOBAHUS
KPUCTAJIMYECKNX, aMOP(HBIX U (PpaKTaIbHBIX HAHO-
00BEKTOB, TaK U IKCIEPUMEHTAIbHON 0a3bl IS UX
co3nganus u coopku. Hanbonplmii ”HTEpEC IpeacTaB-
JISIOT (pakTaibHble HAHOJIEMEHTbl U HaHOCUCTEMBbI
Ha UX OCHOBe.

M3 pu3nKo-xuMuuecKnux oCoOEHHOCTEH TOoJIyde-
HUSI HAaHOMAaTepUaJIOB METOJIOM 30JIb-T€Ib-TeXHOJIO-
rum [2, 3] HamOoJiee BaXXHOU SBJSIETCS HEOOXOIM-

MOCTh KOHTPOIISI TIpollecca oOpa3oBaHUsS IIEHTPOB
HYyKJIealluy TTIepBOHAYaIbHBIX (PpaKTaIbHBIX arperaToB
B IIpolieccax pocTa B 30Ji¢ U MX 3BOJIONNHN B HAHODJIE-
MEHTHI 3a CUET arperaiuu MoHoMepoB. OCOObI NHTe-
pec TIpeACTaBIsIeT pa3paboTKa TEXHOJOTUUYECKUX pe-
KMMOB JIUISI YIIpaBJIeHUsS TaKUMU XapaKTepUCTUKaMMU
HaHOYACTULI, KaK CpelHUil pasmep, ¢opma u (pak-
TaJlbHAsl Pa3MEPHOCTb.

Kak mpaBuio, o6pazoBaHue (pakTajoB B MaTe-
pUaJIOBEACHUHN aCCOLIMUPYETCsI C CUIBHO HEpaBHOBEC-
HBIMW YCJIOBHSIMA BO3HMKHOBCHHUS HAaHOOOBHEKTOB
(1, KaK clIencTBHe, CaMOOPTaHU30BAaHHOTO BOZHUKHO-
BEHMS Pa3BUTON (DpaKTaaIbHOI ITOBEPXHOCTH, OOECIIe-
ypBalolleil "copoc” M30bIToUuHOM 3Heprun). ObpaszoBa-
HHMe (DpaKTaIBHBIX OOBEKTOB B 30JIb-TeNIb-TIPOIIeCCax
MIPOUCXOMUT B 6osiee "MIATKUX" YCIOBUSX U CBSI3aHO C
arperaleii HAaHOYACTUI[ M KJIACTEPOB B Pe3y/bTaTe
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OpOYHOBCKOTO ABMXEHHUS (TpaeKTOpHsSI YAaCTHUIILI B
OpPOYHOBCKOM ABMXEHUU SBJISIETCS! (ppaKkTaabHOI).

M3 knaccuyeckux (pU3MKO-XUMUYECKUX IMOJIOXKe-
HUI MaTepualOBECHUST U3BECTHO [4], YTO TepMOau-
HaMMYeCKre U KMHETUYECKUE YCIOBUS TOJyYeHUs U
00pabOTKU MaTepualioB TPENOIpeAcIsSIIOT COCTaB U
CBOIICTBA.

B cBs13u ¢ 3TUM OOJIBIIOKM MHTEPEC MpPeACTaBIsIeT
W3Y4EHUE BIUAHUA Bapuallid TEMIIEpaTypbl B IIPO-
1iecce BO3HUKHOBEHMS, POCTa U BOJIOLMU 30J1b-TeJb-
(dpakranbHbIx arperatoB. [Ipy 3TOM U3MEeHEHUE TeM-
neparypol OyAeT BAUSITb HE TOJBKO Ha IapaMeTphl
OpPOYHOBCKOIO ABMXKEHUSI, HO U Ha CTEIeHb Iepechl-
LIEHUS U TTOTEPI0 YCTOMUYMBOCTU, COMTPOBOXKIAIOIILYIO-
Csl CIMHOIAJIbHBIM pacrnaaoM U ¢opMHUpPOBaHUEM Jia-
OMPUHTHOM CTPYKTYphl Matepuaina [5, 6].

Oco0bIii HTEpEeC MPeACTaBIIsIeT U3yYeHe POoLIeC-
COB CMJILHOTO OXJIaXAECHMSI 30JIsl HUXXE TeMIlepaTyphl
3aMep3aHusl. DTO NPUBOAUT K UHTEpeCHOMY 3 heKTy
00pa3oBaHusI CaMOOPTraHM30BaHHBIX BEpETEHOOOpa3-
HBIX 00BEKTOB, TTO-BUIMMOMY, BIIEPBBIE OITMCAHHOMY
B pabotax [7, 8]. B aTux paborax MeTomaMu aTOMHO-
CWJIOBOM MUKpoOcKonuu [9] ObUIO YCTAHOBJIEHO, YTO
00beKTHl pa3zMepoM 500 HM cocTosIT M3 Oojee Mejl-
KMX, pa3Mep KoTopbiX He npeBbiiaeT 100 HM (puc. 1,
CM. YETBEPTYIO0 CTOPOHY OOJIOXKKM).

Ilenpro maHHOM pabOTHI OBLIO YIJIyOJIEHHOE MCCIIe-
JIOBaHUE OCOOEHHOCTEH IIPOLECCOB CaMOCOOPKM MpU
3aKaJjike 30J1s1 HUXXe TeMIepaTypbl 3aMep3aHMUsl.

ToHKMe HaHOCTPYKTYpUpPOBaHHbIe IJIeHKU SiO,
OBbUTM TOJYYEHBI METOIAOM 30JIb-TeJb-TEeXHOJOIMU Ha
CTEeKJISHHBbIX momjioxkax. Ha mepBom artame Tterpa-
9TOKCHUCUJIAH PacTBOPsUIY B 1-OyTaHOJIE B pa3IMYHBIX
COOTHOIIIEHUSIX B KPYIJIONOHHOU KOJ0E ¢ mocienyto-
IIAM MepeMelInBaHeM IPY KOMHATHOH TeMIlepaType
B TeueHue 15 muH. Ha BTOpOM 3Tare B peakKIlMOHHYIO
cMech 100aBIsLIn pacTBOp cojigHoi kucnotel (HCI) B
KayecTBE KaTajiu3aTopa C MOCIEAYIOIIUM MepeMellu-
BaHMeM B TeuyeHue 2 MMH. locse aToro mpoucxonuia
3aMOpO3Ka 30Jiel 10 TeMIlepaTypbl XXWIKOTO a3oTa
(T = 77,4 K). IIpouecc 3amopo3ku nmpoBonuics 40 MuH.
Ha cnenyromeM 3Ttane TMpoOBOAWJIM HarpeB 30Jis1 A0
KOMHATHOH TeMIlepaTypbl B €CTECTBEHHBIX YCIOBMSIX
MpU KOHTpOJiE M3MEHEHUs1 ero temmeparypbsl. Ilpu
JocTkeHun KoMHatHoil temmepaTypsl (7= 300 K)
MPOUCXOAUTI0 (POPMUPOBAHKE TOHKHUX TUJICHOK METO-
oM LIeHTpuGyTrupoBaHus (CKOPOCTb LHEHTPpUQYTUpo-
BaHus1 — 4000 06/MuUH, BpeMsI — 2 MUH).

OxoHyaTenbHOe (POPMUPOBAHNE TIICHOK TMOKCH-
Ja KPeMHHUS MPOUCXOIUIO B MPOIIECCE OTXKUTa MPHU
600 °C B Teuenmne 20 MUH.

IIponecc HarpeBaHUs 30j€il TTOCIE 3aMOPO3KHU 10
KOMHATHON TeMIlepaTypbl ObUI OCYILECTBJIEH IBYMSI
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Fig. 3. Growth kinetics of the aggregates during sol cooling

MyTsIMU: OBICTPBIM, IIPU KOTOPOM 0Opasell momelanu

B KOMHAaTy 0e3 TeIIOM30JUPYIoLIei pyoaliku, U MeI-

JICHHBIM, TIpU KOTOPOM O0pa3zell moMelliaau B pyoaiii-

Ky U3 IOpOJIOHA.

Taxeke ObLI IIPUTOTOBIEH KOHTPOJBHBIM 0Opaszell
30J151, KOTOPBII CO3peBaJl TAKOE XK€ KOJIMYECTBO Bpe-
MEHHU, 4TO U obOpasel] 0e3 TeNJIOU30JUPYIOLIEH py-
Oammku, HO He OB MOABEPTHYT OoXJIaxaeHuio. Ha ero
OCHOBE METOJIOM LIEHTpU(YTMPOBAHUS TakKke Oblia
chopMUpoBaHa TIJIeHKAa, KOTOPYIO OTXWTrajiud B Teue-
Hue 20 muH nipu 600 °C. Ha puc. 2 (cM. 4eTBEpTYIO
CTOPOHY 00JIOXKKHW) MPeACTaBIeHO U300paKeHUEe MOP-
¢o10ruM NOBEepXHOCTU KOHTPOJIBHOIO 00pa3uia, mojy-
YEHHOE C MOMOIIbI0 aTOMHO-CHUJIOBOTO MUKPOCKOTIA.

ITonydyeHHBIN pe3yabTaT HAXOAUTCSI B COTJIACUU C
COBPEMEHHBIMU MOIEJbHBIMU TPEACTABICHUSIMU O
(opMuUpOBaHUM MaTepUaIOB METOAOM 30Jb-TeJib-
TexHoa0TuM. [T0CKOIBKY BpeMs CO3peBaHUS 30JIs IS
KOHTPOJILHOTO 00pa3siia He mpeBbIIaio 3 4, To cop-
MHUpPOBaHHAas TUIEHKA HWMEET 3€PHUCTYIO CTPYKTYPY,
TaK Kak IoJjiydeHue MepKOJSILIMOHHBIX U Pa3BETBIICH-
HBIX TIEPKOJISIIIMOHHBIX CTPYKTYP, a TaKXKe JJAOUPUHT-
HBIX CTPYKTYpP CIMHOAAJIBHOTO pacmnaga TpeOyeT 00Jib-
el CTeNeHW TOJMMepU3allii M, COOTBETCTBEHHO,
0OJIbIIETO BPEMEHU CO3PEeBaHMUSI.

st MOJeabHOrO aHajau3a MPOLECCOB POCTa arpe-
raToB 30JI81, OXJIAXKIAEHHOTO IO TEMIIePATypPhl KUIKOTO
azora, cesaeM psil MPUOJVKEHHbIX TOMYILICHUIA:

e arperaTt coOMparT U3 KJIACTEPOB, MOJYYEHHBIX Ha
MIEPBOM CTAIMM MPUTOTOBJICHHUS IPU KOMHATHOM
TeMmIieparype; Ha puc. 3 B objactu | ripeacrapieHa
BpeMEHHas 3aBUCHMOCTh pa3Mepa arperata Ipu
pa3MyHbIX 3HaueHusix pH Ha srtame, mpeaiect-
BYIOIIIEM 3aMOpPO3Ke 30JI5I; 9Ta 3aBUCHUMOCTD TIOJTY-
YyeHa B paMKaX MOJEJbHbIX MpeaCcTaBACHUH, MOa-
poOHO onucaHHbIX B padote [10] (43 ombiTa ciemy-
€T, YTO Ha JaHHOM 3Tare, COCTaBJSIONIEM 2 MUH,




pasMep arperatoB OyIeT COCTABIATb €MMHUIIBI-Ie-
CSITKM HAHOMETPOB, B 3aBUCUMOCTH OT KUCJIOTHO-
CTU Cpelibl);

e 3aMOpPO3Ka 30JISI MPOMCXOIUT MPAKTUYECKU MIHO-
BEHHO, TO3TOMY MOXHO JIOMYCTUTh, YTO B 3TO Bpe-
M U BO BpeMsl HaXOXIEHMSI 00paslioB B XKUIKOM
a30Te He MPOUCXOAUT MPOLECCOB TMAPOJIN3A U TO-
JIMKOHIIEHCAIIMM; B 3TOM CJIyyae pa3Mephbl arpera-
TOB, TIOJIyYEHHBIX Ha MPEbINYILEeM ITarne, MEHITh-
csg He Oynyt (obnacts II puc. 3);

e POCT CaMOOPTaHM30BAaHHOIO arperara IMPOUCXO-
JUT TPU TMEPEXOAHOM IIpoliecce HarpeBaHUs 30151
OT TeMIeparyphbl IUIaBJI€HUs OO0 KOMHATHOM (00-
nactsb 11 puc. 3);

e B XOIe Mpoliecca HarpeBaHUsl (ppakTajabHas pas-
MEPHOCTb arperaToB M3MeHsIeTCsI OT 3 (IJIOTHBII
arperat, pacTyIIMi TIPU CaMBIX HU3KHX TeMITepary-
pax) A0 TUNWYHBIX 3HAYEeHWM, Oau3kux 2,5—2,7
[11]). Takke nameHeHUsT PpaKTaIbHOM pa3MepHO-
CTHU MOTYT IIPOMCXOIUTh IIPU UepapXuuecKoii coop-
Ke MpH Mepexoe Ha HOBBI ypoBeHb [12, 13].

Oo6macts 1V puc. 3 onuchIBaeT 3BOIIOLMIO 30715 110~
cJie JOCTUXKEHUS] KOMHATHOM TeMIIepaTyphl.

DKCNepuMeHTAIbHO YCTAaHOBJIEHO, YTO B Mpoliecce
HarpeBaHusl TeMmIieparypa 30Jeil MEeHsIeTCsl 10 IKCITO-
HEHIIMaJbHOMY 3aKOHY, YTO MO3BOJISIET OMNUCATh 3a-
BUCUMOCTb M3MEHEHUS (paKTajJbHOW pPa3MEepPHOCTHU
B BUJE

D)= (3 — Dyge "' + Dy, (1)

e a;, — Ko3(OMUIMEHT, XapaKTepU3YIOLIUI CKOPOCTh
HarpeBaHud 30Ji; I — BpeMd.

Torma c yuetoM ypaBHeHus (1) u Moneneii, npen-
CTaBJIeHHbIX HaMu paHee B pabote [10], monyuyum
OKOHYATEJIbHOE BBIPAXEHUWE JJI OINpPENeJICHUs pas-
Mepa CaMOOPTraHU3YIOLLETOCs arperara 5’5:

-1
((3-Dyg)exp(-a t0)+D )
N Vs h Vs

dg = o'd , )
rae d’ — CpeoHUI pa3Mep arperaToB, IMOJYYECHHBIX HA
TIEPBOM 3TaIl€ CO3pEBaHUA 30JI4, IO — BpPEMs HarpeBa-
HUMA 30JId OT TEMIIEPATYPhI IJIaBJICHUA 10 KOMHATHOIA.

H1s1 comocTaBiaeHUsT MOJEJbHBIX MPUOIMXKEHUA
C 9KCHEPUMEHTOM OBbLIM MPOBEACHBI HCCIEIOBAHUS
(pakrambHOIl pa3MepHOCTU arperaToB B UX LIEHTPE U
Ha nepudepuu. [TogpobHee pazHble METOAMKU OIU-
caHbl B padote [14]. Ins1 maHHBIX 1eeil Obuia Hamm-
caHa yHUBepcajbHasl MporpamMma, mo3BoJisollas pac-
CUUTHIBaTh (DpaKTaJbHYI0 pPa3MEPHOCTb Ha OCHOBE
JIAHHBIX aTOMHO-CUJIOBOM M pacTPOBOI 2JI€KTPOHHOM

‘\
*
-
,
o
-
.d

-~
SSenaan"

Puc. 4. ®pakraabHas pa3MePHOCTb PA3IMYHBIX 00J1aCTell arperaTos
Fig. 4 Fractal dimension of various areas of the aggregates

MUKPOCKONUU H300pakeHUid MaTepuasa MeTOI0M

"mmepuMeTp — Turomans” [15].

ITo pa3paboTaHHOII MeTOAMKE ObLUIM pacCUYUTaAHBI
3HauYeHMUs (ppaKkTaIbHOU pa3MEPHOCTU CAMOOPTaHU30-
BaHHBIX BEpeTeHOOOpa3HbIX arperaToB B ABYX obJjac-
Tsx (puc. 4). O6nactb / HaxoAuaach B LIEHTpe arpera-
Ta, obyacTh 2 — Ha nepudepun. PesyabTaThl pacueToB
MpencTaBieHbl HA TOM X€ PUCYHKE.

OTMETUM, YTO YMEHbIIEHUEe 3HAaYeHUI (ppaKTasb-
HOI pa3MEpHOCTU OT LIEHTpa K mepucdepun arperata
TUIIUYHO IJII MHOTHUX TUIIOB (DpaKTaJbHBIX arpera-
TOB, TMOJYYEHHbIX MPU pa3HBIX ycaoBUsX. B yacTHo-
CTH, DBOJIIOIIMS arperaToB B MPOILIECCE OTKUTOB MOXET
MPUBOJIUTH K UCUYE3HOBEHUIO (DPAKTAILHOCTU B LIEHT-
pe arperata ¥ 00pa30BaHUIO TUIOTHOTO KOHIACHCHPO-
BaHHOTO COCTOsSTHUSI ¢ Topamu. [losTomy st mpen-
CKa3aTeJIbHOCTU MOIEJIbHBIX IIPEACTaBICHUI pocTa
ObLJIO M3rOTOBJEHO NIBE CEPUU 0OPA3LIOB CO CEMYIO-
IIUMU YCIOBUSMU CUHTE3a:

o cepud 1: Vypos = 1,5 i, Vgyr = 2,5 M, pH = 3;
BpeMsI CO3pEeBaHUS 10 3aMOPO3KHM — 2 MUWH; BpeMs
HarpeBaHuss — 40 MuH (0e3 TEIIOU30JIUPYIOLLICH
pyoaiikm);

o cepua 2: Vipos = 1,5 M, Vgyr = 2,5 mit; pH = 3;
BpeMsI CO3peBaHUsI 10 3aMOPO3KU — 2 MUH; BpeMs
HarpeBaHus — 120 MUH (C TETLTOU30JIUPYIOLIEH Y-
OallKoit),

rne Vypos — 00beM TeTpastokcucunana; Veppr —

o0beM 1-OyraHoa.

st Kaxnmoil cepuu ObUia McciaegoBaHa MOPQOII0-
TYs TIOBEPXHOCTH BCceX 00pa3uoB. B mpenenax ogHoM
cepurHu Bce 00pa3iibl UMEIN TTPAKTUIeCKU NIEHTUIHYIO
cTpykTypy. Ha puc. 5 (cM. 4eTBepTy10 CTOPOHY 00JIOXK-
K1) npeacraBiaeHbl TUnnyHbie ACM-CHUMKHU ITOBEPX-
HOCTM 00pa3loB B IBYX cepusix. BumHo, 4To B 060UX
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CIyJasix KpyIHBIE CaMOOpPraHW30BaHHBIE cepuye-
CcKMe 00JIaCTH COCTOSIT U3 YACTUIL Pa3MepOM OKOJIO
20 HM BJIUNICOMAATBLHON (POPMBI C pa3TUUHBIMU OPU-
eHTtanusamu. [Ipu MenIeHHOM OXJIaXIEeHUU KiacTep-
Hble 00pa30BaHMsSI 3HAUMTEIBHO KpYIIHEe, YeM IIpUu
OBICTPOM OXJIAXIEHUU 0e3 TPUMEHEHUS TEIJIOU30JIM -
pyoleit pydamku. DToT ¢akT coriacyercs ¢ npemio-
JKEHHBIMM MOJIETbHBIMU MPEICTaBICHUSIMU O TIPOIIEC-
ce M IOCTaTOYHO TOYHO TMOAYMHSETCS YpaBHEHUIO (2).
Takum o0pazoM, MpeIoXKeHHbIe MOJEIbHbIE MPe/-
cTaBJieHUs1 0 (pOPMUPOBAHUU MOKPHITUH Ha OCHOBE
30J1eli, MpeTepleBIINX 3aMOPO3KY A0 TeMIlepaTypbl
JKUIKOTO a30Ta, afeKBaTHO OMUCHIBAIOT MOJyUYeHHbIE
SKCIepUMEHTAJIbHBIE TaHHbIe. MoneIbHbIe TTPeaCcTaB-
JIeHUsI ObUIM MCHOJIb30BaHbI IIPU pa3pabOTKe ra3ovyyB-
CTBUTENIBHBIX CTPYKTYp It ceHcopuku [16, 17].

Yacms pabom, ces3anHas ¢ pazpadbomrol MoOeabHbIX
npedcmaeneHull, 8bin0AHeHa npu YUHAHCOB0U noddepic-
Ke co cmoponbi Munobprayku P® 6 pamxax 6a3060l
yacmu eocydapcmeennoeo 3adanus IITY No 2014/151
(ko0 npoexma 117), a maxwuce 2oczadanus CII6GTDTY
JIDTH" Ne 16.2112.2014/K (npoekmuas uacmy).

HYacms pabom, ceszanHas ¢ uccredoganuem cmpyk-
mypol 00pasyo8, 6vINOAHEHA NpU (OUHAHCOBOU NO0-
depucke PODU 6 pamxax nayunoeo npoexma N 16-32-
00053 mon_a.
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Specific Features of Sol-Gel Fractal Nano-Objects, Obtained by an Additional
Operation of Zol Hardening Below the Freezing Temperature

It was established, that the processes of strong cooling of sols below the freezing temperature lead to a new effect of formation
of self-organized spindle-shaped objects. The article presents model specific features of the self-assembly processes during hardening
of sols at temperature below freezing, which describe adequately the obtained experimental data.

Keywords: sol-gel technology, self-assembly, self-organization, cooling of sols

From a review of the state of materials technology
it follows, that a perspective direction of development
of the technologies for obtaining of nanosystems with
new properties consists in search for the principles of
control of the sizes and characteristics of the nano-el-
ements and development of ways of hierarchical assem-
blage of new structures from them [1]. At that, there is
an urgent necessity for improvement of both the theo-
retical bases of formation of the crystal, amorphous and
fractal nano-objects, and of the experimental base for
their creation and assemblage. Of the greatest interest
are the fractal nano-elements and nanosystems on
their basis.

Out of the physical-chemical specific features of ob-
taining of nanomaterials by means of sol-gel technolo-
gies [2, 3] important is the necessity for control of for-
mation of the centers for nucleation of the primary
fractal aggregates during their growth in a sol and their
evolution into nano-elements due to aggregation of the
monomers. Of special interest is development of modes
for control of such characteristics of nanoparticles, as
average size, form and fractal dimension.

As a rule, formation of the fractals in the materials
science is associated with highly unbalanced conditions
of occurrence of nano-objects (and self-organized oc-
currence of a developed fractal surface ensuring "a dis-
charge" of the superfluous energy). Formation of frac-
tals objects in the sol-gel processes proceeds in "softer"
conditions and is connected with aggregation of the
nanopartides and clusters of the Brownian movement
(the particle’s trajectory is fractal).

From the classical positions of the materials science
it is known [4], that the thermodynamic and Kinetic
conditions of reception and processing of the materials
predetermine their composition and properties.

In this connection of big interest is studying of the
influence of a temperature variation in the course of oc-
currence, growth and evolution of the sol-gel fractal ag-
gregates. At that, the temperature change will influence
the parameters of the Brownian movement, degree of
supersaturation and loss of stability, accompanied by a
spinodal decomposition and formation of a labyrinth
structure of a material [5, 6].

Of special interest is also studying of a strong cooling
of sol at below the freezing temperature. This leads to
formation of self-organized spindle-shaped objects,
and it is probably established, that the objects of the
size of ~500 nm consist of smaller objects, the size of
which does not exceed 100 nm (fig. 1, see the 4-th side
of cover).

The aim of this work was a deep study of the specific
features of self-assembly during hardening below the
freezing temperature.

Thin nano-structured SiO, films were received by
the method of sol-gel technology on glass substrates. At
the first stage there was dissolution of tetraethoxysilane
in 1-butanole in various ratios in a round-bottomed
flask with hashing at a room temperature within 15 min.
At the second stage a solution of hydrochloric acid
(HC1) as a catalyst was added in the reactionary mix
and stirred during 2 min. After that the sols were frozen
down to the temperature of liquid nitrogen (7= 77,4 K)
during 40 min. At the next stage there was heating of the
sol up to the room temperature in natural conditions
and controlled change of its temperature. When the
room temperature (7 = 300 K) was achieved, a forma-
tion of thin films was done by centrifugation (speed of
centrifugation — 4000 rpm, time — 2 min.).

The final formation of the silicon dioxide films oc-
curred during annealing at 600 °C within 20 min.
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The after-frost process of heating of the sols up to
the room temperature was carried out by two methods:
a quick one, when a sample was placed in a room with-
out a heat insulation gasket, and a slow one, when a
sample was placed in a heat insulation gasket from rub-
ber foam.

Also a control sample of sol was prepared, which
ripened during the same period of time, as the sample
without a heat insulation gasket, but was not subjected
to cooling. On its basis by centrifugation a film was
formed, which was annealed during 20 min at 600 °C.
Fig. 2 (see the 4-th side of cover) presents an image of
the morphology of the surface of the control sample by
means of an atomic-force microscope.

The received result agreed with the model presen-
tations about formation of materials by the sol-gel tech-
nological method. Since the period of maturing of the
sol of the control sample did not exceed 3 h, the re-
ceived film had a granular structure, because obtaining
of percolation and ramified percolation structures, and
also of the labyrinth structures of spinodal decomposi-
tion demands a greater degree of polymerization and,
longer maturing period.

For a model analysis of the growth processes of the
sol aggregates cooled down to the temperature of a lig-
uid nitrogen we will make a number of assumptions:

— an aggregate is assembled from the clusters, re-
ceived at the first stage of preparation at a room tem-
perature; fig. 3 presents in area I the time dependence
of the size of the aggregates at various values of pH at
the stage, preceding freezing of the sol. This depend-
ence was received within the framework of the model
presentations described in detail in [10] (from the ex-
perience it follows, that at the given stage equal to
2 min, the dimensions of the aggregates will be tens of
nanometers’, depending on the acidity of the environ-
ment);

— a sol is frozen practically instantly, therefore it is
possible to admit, that during this time and when the
samples are in liquid nitrogen no hydrolysis occurs; in
this case the dimensions of the aggregates received at
the previous stage will not change (area II fig. 3);

— growth of a self-organized aggregate occurs dur-
ing the transient process of sol heating from the tem-
perature of fusion up to the room temperature (area I11
fig. 3);

— during heating the fractal dimension of the ag-
gregates changes from 3 (a dense aggregate growing at
the lowest temperatures) up to the typical values, close
to 2,5—2,7 [11]). Also the changes in the fractal di-
mensions can occur during the hierarchical assemblage
and transition to a new level [12, 13].
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Area IV fig. 3 describes the sol evolution after
achievement of the room temperature. It was experi-
mentally established, that in the course of heating the
temperature of the sols changed by the exponential law,
which allows us to describe the dependence of the
change of the fractal dimensions in the following way:

D)= (3 — Dyge " + Dy, (1)

where a;, — is the factor characterizing the speed of
heating of the sol; r — time.

Then, with account of equation (1) and the models
presented above in [10], we will receive the final ex-
pression for determination of the dimension of the self-
organizing aggregate c?S:

0 -1
ES _ a'a’ON((3 Dyg)exp(-a,t) + Dyyg) , 2
d® — is the average size of the aggregates received at the
first stage of sol maturing; O — time of heating of the
sol from the temperature of fusion up to the room tem-
perature.

For comparison of the modeling approximations
with the experiment a research of the fractal dimensions
of the aggregates was carried out in their centre and pe-
riphery. In more detail the different techniques are de-
scribed in [14]. For the given purposes a universal pro-
gram was written, allowing us to calculate the fractal di-
mension on the basis of the data from the atomic-force
and raster electronic microscopy on the images of a ma-
terial by the perimeter — area method [15].

By the developed technique the fractal dimension of
the self-organized spindle-shaped aggregates was cal-
culated in two areas (fig. 4). The first area was in the ag-
gregate centre, while the second one — in the periph-
ery. The results of the calculations are presented in the
same figure.

We should point out that the reduction of the fractal
dimensions from the center to the aggregate periphery
is typical for many fractal aggregates received under dif-
ferent conditions. In particular, evolution of the aggre-
gates in the annealing processes can lead to disappear-
ance of the fractality in the aggregate center and to for-
mation of a dense condensed state with pores.

Therefore, in order to ensure predictability of the
model growth presentations, two series of samples
were manufactured with the following conditions of
synthesis:

o series I: Vigos= 1,5 ml; Vgyr= 2,5 ml; pH = 3;
time of maturing before freezing — 2 min; heating
time — 40 minutes (without a heat-insulating
gasket);




o series 2: Vipos= 1,5 ml; Vgyr= 2,5 ml; pH = 3;
time of maturing before freezing — 2 min; heating
time — 120 min (with a heat-insulating gasket),

where Viypog — is the volume of tetraethoxysilane;

Vgyr — volume of 1-butanol.

For each series the morphology of the surface of all
samples was investigated. Within one series all the sam-
ples had practically identical structure. Fig. 5 (see the
4-th side of cover) presents typical AFM pictures of the
surface of the samples in two series. It is visible, that in
both cases big self-organized spherical areas consist of
the particles with the size of about 20 run, of ellipsoidal
form and various orientations: In case of a slow cooling
the cluster formations are much bigger, than in case of
a fast cooling without application of a heat-insulating
gasket. This fact agrees with the proposed modeling
presentations about the process and submits to the
equation accurately enough (2).

Thus, the proposed model presentations about for-
mation of the coatings on the sol basis frozen down to
the temperature of the liquid nitrogen, describe the ex-
perimental data adequately; Modeling presentations
were used for development of the gas-sensitive struc-
tures for the sensorics [16, 17].

A part of the works for development of the model pres-
entations was done with the financial support from the
Ministry of Education and Science within the framework
of the base part of the state task PGU Ne 2014/151
(project code 117), and also state tasks of LETI
No 16.2112.2014/K (project part).

A part of the work for research of the structure of the
samples was done with the financial support of the Russian
Federal Property Fund within the framework of the sci-
entific project No 16-32-00053.
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Dopmuposanue MUKPOINLEKMPOHHbIX NPUOOPHBIX CIMPYKMYP OCYUECMEAemcs ¢ NPUMEHEHUEeM UOHHbIX NPOUECcos, npouecca
OmMIICU2A HeKO2ePeHMHbIM U3LyHeHuem u mpaeienus. Modeauposanue u ar2opummusayusi HEPAGHOBECHbIX NPOUECCO8 NPU CO30a-
HUU MUKDPOINCKMPOHHBIX NPUOOPHBIX CmMpyKmyp obecneuusaem hopMuposanue ¢ 6biCOKOU MOYHOCHbIO CIPYKMYPHbIX CA0e6 U
yayuuieHue 00HOPOOHOCMU XAPAKMEPUCMUK npubopos. Aneopummuszayus mexHoA02UHecK020 npoyecca no3goasem Onmumusupo-
6amb MeXHON02UMECKUE PedCUMbL 0451 00CMUNICEHU MPedyeMblX napamempos npubOPHuIX CMPYKmyp, 3¢p(eKkmueHo u ONMuMaibHO
YAPABASMb MEXHOA0UHECKUM NPOUECCOM OPMUPOBAHUS CIPYKMYDHbIX CA0€8.

Karouesnie croea: umnianmayus, omycue, mpasierue, NApamemp, Mooeab, pexscum, CmpyKmypa, ynpasienue, npoyecc, mo-

noaoeusd, ancopumm

BBenenune

IIpn mpou3BOACTBE MUKPOINEKTPOHHBIX IIPUOOP-
HbIX cTpyKTYp (MIIC) BaxHeiie nx XxapakTepucTu-
KA (GOPMUPYIOTCS HAa OCHOBE IPUMEHEHMSI MOHHO-
(OTOHHBIX MPOLIECCOB C MCIOJb30BAHUEM HEPABHO-
BeCHBIX TexHoyiorndyeckux onepauuii (TO). K HuM ot-
HOCSITCSI MIOHHAsI UMILIAHTALIUsI, OTXKUT, TpaBJICHHUE.

ITpu cozpanuu u popMupoBaHuU CTPYKTYypbl MITC
HEOoOXO0IMMO O0eCHeYUTh TOCTUXKEHUE 3aJaHHOM TOY-
HOCTU M CTaOWJIbHOCTU TEXHOJOTMYECKUX OIepaluii
(TO), onHOpomHOCTH WX TTapaMeTpoB [1, 2]. BTo BO3-
MOXHO Ha OCHOBE MOJEJIMPOBAHUS U aJrOpUTMU3A-
LIMA TIPOILIECCOB MX M3TOTOBJEHUS, YUYUTHIBAIOIIUX
0COOEHHOCTH MPOTEeKAHMSI MPOLIECCOB (POPMUPOBAHUS
MIIC [3]. MoaenupoBaHue U aJITOPUTMU3ALIUS TIPO-
eccoB B TexHosorun MIIC 1mo3BoJisioT obecrneuynuTh
COOTBETCTBME TEXHOJIOTMYECKUX PEKUMOB U XapaKTe-
PUCTHK CTPYKTYp TTpUOOPOB, KAUeCTBO M HAAEXKHOCTh
U3JEJIUA B LEJIOM.
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MO,I[CJII/I[)OBaHI/Ie TEXHOJOIH4E€CKOro mpoiecca

Mogaens texHonoruyeckoro mnpouecca (TII) usro-
toBjieHUst MITC MOXHO 3amaTh B BUIIE YaCTHBIX MO-
JieJieil, oNMChIBAIOIIMX OTAEAbHbBIE onlepauuu (puc. 1).

CHavaya onpenessieTcsl 3aBUCMMOCTb MapamMeTpoB
oT pexxuMoB TO M COCTOSIHUSI BXOIHOIO BeKTOpa b:

bjy1=Gb, T; 11}, i=0,1,..,n—1 (1)

3aTeM yCTaHaBJIMBAETCSI 3aBUCHUMOCTh BEKTOpa Tie-
PEMEHHBIX @; 4 | OT COCTOAHUS MPEABIAYLIETO BEKTOPa
b; + |, PEXUMOB KOHTPOJIA M BEKTOpA C; 4 |.

st obecniedeHNsT HEOOXOMUMBIX PEXMMOB IPO-
Bepenus TII tpebyercsa momoOpaTh ympaBieHue /;
(i=1, ..., N), 4ToObl BBIXOJHbIE XapaKTEPUCTUKU lev,
VIOBJIETBOPSIOIINE TPEOOBAaHMAM, TIPEAbSIBICHHBIM K
MIIC, MUHUMAJIBHO OTJIUYAJIUCH OT LIeJIeBbIX.

B xauecTBe MmepeMEeHHBIX B3ATHl PEXXKMMBI BBITION-
HEeHUS onepauuit. B aToM ciiyyae MUHUMYM lieJIeBOM




Puc. 1. Crpykrypa monenu na (i + 1)-it onepanun
Fig. 1. Structure of the model on (i + 1)-th operation

¢dynkuuu L ang (n — 1)-11aroBoro mpoiecca MMeeT
BMI;

n-1
fp—1(C)=minL, | = min.zlyi, (2)
1=
TIIE y; — YWIEH, XapaKTepU3YIOLIUii COOCTBEHHbIE LIEIH
I-TO 2Tarna.

IMpouecc popmupoBanus ctpyktyp MIIC moxeT
OBITH IIPENCTaBIIEH B BUIE OJIOKOB (puC. 2) ¢ TpaHC-
MOPTHO-HAaKOMUTeNbHOI cucTteMoil. [locaeaHsst BKITO-
qaeT:
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J(Cpi ) = mlin[yn(C,, + 0 L) T 5 - 1(CYHI,
n=12, .., N—1. 3)

Otkionenue TII ompenensieTcsi MOrpelIHOCTSIMU
MOJEIMPOBAHUS IIPOLIECCOB. MaKCHUMaJIbHYIO OLINOKY
MOXHO ONpenenuTh o hopmye

max| /5 (C}) ~fy(Cyv, 1] =

N T

— TPaHCIIOPTHYIO MOACUCTEMY — YCTPOIMCTBA, BbI- = max 2. % CO (|Apln|) +
MTOJTHSIIOLIME TPAHCIIOPTHBIE OTIEPallNH; n=1||]|0L,|%n+1

— HaKOMUTEJIbHYIO TMOICUCTEMY — YCTPOMCTBA,
BBIMOJIHAIOLIME HAKOMUTEIbHbIE OMEPALIUN; + (11 0 T (AC) + of, 0 T o

— BCIIOMOTaTe/bHYI0 MOJACUCTEMY — YCTPOMCTBA, oC, C, " oC, 1 Crii
BBITIOJTHSIOIINE OPUEHTAIIUIO, ITOBOPOT, (DUKCALMIO,
3aXMM U JPYrUe OrepaLyi. X (AC, + 1) = Ayaxes “4)
e | Tae A,l, — TOTPEIHOCTh peatu3aum
| |
| | . 0
| OuncTtka OnHTaKCUs OkwucieHne ‘ PEXMMOB U 3aaHusl KOOPIAMHAT; f; —
| Cleaning Epitaxy Oxidation | 0
w A A y w KOHEYHBIE OTKJIOHEHUS OT LEeNu; [ —
| |
I | OXHujaeMble OTKJIOHEHMUSI B Hauaje
! ' mpouecca.
: TpaHCIOPTHO -HAKOIUTEIbHAS CHCTEMA : i
| Transport accumulation system | pi 9TOM YCJIOBME KpUTCPIA TpO-
| | MU3BOACTBEHHOI'O COOTBETCTBUSI HMMEET
| | % .
| v v v | CJICTYTOIIUIA BHI;
: Tpasnenue Nwmrnanranus Juddysus : 0. .0 0. .0

’ j ffisi Cy)— fy(Cypp) A ®)

! Etching Implantation Diffusion ! fo (CY) N YN+ 1/ = Bmake
| |
| |
b e e e 4 s obecrnieyeHUsT HOMMHAJIBHBIX
Puc. 2. Cxema ¢OpMHPOBAHHS MHKDPOJJIEKTPOHHBIX MPHOOPHBIX CTPYKTYP BBIXOMHBIX xapakTepucTtuk MIIC mpu-

Fig. 2. Scheme of formation of the microelectronic device structures

MeHs1oT yrpasieHue TII (puc. 3). Cxe-
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Puc. 3. Cxema ynpasiennsi npoueccoM ¢GopMHPOBAHHS CTPYKTYP
Fig. 3. Control circuit of the structures’ formation process

Puc. 4. Biok-cxeMa yCTAHOBKM MMIYJIbCHOH MOHHOW MMILUIAHTAIMA
C MPOrpaMMHBIM ynpaBjieHnem: /| — MUIIEeHb; 2 — MOHU3ALMOHHAs
Kamepa; 3 — onrTuyeckas cuctema; 4, 7 — 3JIeKTPOd; 5 — MEeJIKO-
CTPYKTYpHas CeTKa; 6 — j1a3ep; § — npueMHasi KacceTta; 9 — npuBo.I
MPUEMHOI KacceTbl; /0 — TacTHa KpeMHusl; [/ — maT4vK ToKa;
12 — 650K u3MepeHust 103bl; 13 — OTKAYHOM MOCT; /4 — reHeparop
BBICOKOTO HarnpspkeHust; 15 — 050k yripaBiieHus:; 16 — BaKyyMHast
Kamepa

Fig. 4. Flowchart of the software controlled installation of pulse ion
implantation: 1 — target;, 2 — ionization chamber; 3 — optical system;
4, 7 — electrodes; 5 — fine-mesh; 6 — laser; 8 — plateholder: 9 —
plateholder drive; 10 — silicon plate; 11 — current sensor; 12 — dose
measurement unit; 13 — exhaust unit; 14 — high-voltage generator;
15 — control unit; 16 — vacuum chamber
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| HcnmonnurensHabie Cucrema P Cucrema cbopa

: CHCTEMBI yIpaBICHUS A uHGOpMaIuU

| Executive system Control system Data collection

: system

|

|

Ma YNpaBIE€HUA BKJIIOYAET BXOAHBLIE IMapaMeTphl {Xx;},
i=1, .., k, BbIXO#HBIE TIApaMeTPbl CTPYKTYP {V;},
i =1, ..., n, v ynpassiouye CUrHaibl {Ax;}, i = 1, .., k.

Honnaa uMnjianTanms

ITpouecc MOHHOU MMILIAHTALIMK TTO3BOJISIET ChOp-
MUPOBaTb MOHHO-JIETUPOBAHHbBIE CJIOW MPU CO3AAHUU
MIIC c¢ 3amanabpiMEu TTapamerpamu [4, 5]. ®opmu-
poBanue MIIC ¢ nmpuMeHeHUEeM HMOHHBIX MPOLIECCOB
OCYIIECTBJISIETCSI HA YCTAHOBKE MMITYJIbCHOIM MOHHOM
UMIUIaHTauMu (puc. 4) U ¢ MPUMEHEHUEM WMITYJIbC-
HOTO Jla3epa ¢ MOAYJIUPOBAHHON AOOPOTHOCTHIO. AJ-
TOPUTM YIIPABJIEHUS MPOLIECCOM MOHHOW MMILIAHTA-
1y (puc. 5) odbecrieunBaeT HaNpaBJeHHOE U3MEHEHE
PEXUMOB PabOTBl M COTJIACOBAHHOE JEWCTBHUE BCEX
MOJICHCTEM, BXOISIIMX B ero coctaB (rme U — Hampsi-
JXEHUe TeHeparopa).

ITpu popmupoBanuu MITC npodunu pacnpenesne-
HUS KOHIIEHTPALMU BHEAPEHHBIX UOHOB B KPEMHUIA
onuckiBaeT PpyHkuus ITupcoHa, KoTopass UMeeT BUI

(x = ap)fix)
by + by x+ byx’

dfix) _
dx

: (6)

rae yHkuus f(x) yoOBAETBOPSIET COOTHOIIEHUIO

+o
| flx)dx = 1.

Koncranrel ag, by, by, b, 3amarorcs cieayommumMu
BBIPAKEHUAMMU:

—_pr -

_ARAPB+3)
® b

a0=b1=

(7)




Hauano
Start

BKJIK)’-]VI'”: y3J]bl yCTaHOBKM
Enable installation units
¥
VCTaHOBHTB KacceTsl
Set the cassette

v

3amyCTHTh IIOCT OTKAYKH
Start pumping post

Hactpourts nasep, OITHYECKYIO CHCTEMY, MULICHb
Adjust laser, optical system, target

!

i=1n

¥

Beectu U, L
Enter U, L

M3baTh KacceTbl
Extract the cassettes
'

OTKJIIOYUT CUCTEMY
Disable system

2

Konerg
End

Puc. 5. AnropuT™ ynpasjieHnsi npoueccoM MOHHON WMILTAHTAIAA
Fig. 5. Control algorithm of ion implantation process
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200+
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26322~ AR
by = _—®£, )

roe ® = 10 — 1202 — 18; ARp — IUCTIEpCHs CpeIHEro
MPOEKTUBHOIO IIpodera.

Hnsa pacnpegenenust Ilupcona IV chopaBeainBo
cJieyIollee COOTHOIIEHUE:

3/2
3902+ 48 + 6(%2 +4) /

0<A2<32, B> ;
321

(10)

IIpouecc nOHHOM MMIUIAHTALIMM OOECIIEUNBAET I10-
nyyenrie MIIC c 3amaBaeMBIMHU ITapaMeTpaMH (puc. 6).

OTxHUT HEKOr¢peHTHbIM HU3JIY4CHUEM

B TexHonornu popMupoBaHUST TOHKUX MOHHO-JIE-
rupoBaHHbIX cioeB MITC npumMeHsieTcs Mpolece oT-
JKHWTa HEKOTEPEHTHBIM M3Ty4eHUEeM, KOTOPBIN ITPOBO-
JIUTCS TIPU OMpPeNeIeHHBIX TUIOTHOCTM TOTOKAa MOIII-
HOCTH W JUINTETEHOCTSIX BO3ICHCTBHSL.

MopenupoBaHue TIpoliecca HarpeBa IJIaCTUHBI TPU
OTXXWTE TIO3BOJISIET OIPEACIUTh paclipefcieHue TeM-
nepatypbl 7 B TOJYNPOBOIHUKOBOI IUIACTUHE TPU
TepMOOOPabOTKE C MOMOIIbIO YpaBHEHUS TEIJIOBOrO
OanaHca:

CP(T)pd%% = Wy(1 — Rf(1) — AE[T* — T, 1, (11)

Ijie p — TUIOTHOCTh KPEMHUS, d — TOJILIMHA TUIACTH-
Hbl; C — TEIIOEMKOCTb KpeMHust; E = 8, /S s,
Koo duumeHt; Wy — MIOTHOCTh MaaloIlero MoToKa

2004

Puc. 6. I'paduk 3aBHCHMOCTH TOBEPXHOCTHOTO CONPOTHBJICHHS KPEMHHS, HMILIAHTAPOBAHHOTO HOHAMM 00pa (a) ¥ MbIIbsAKA (), OT 103bI HOHOB

npu pazanuHbix sHeprusx (I — 1 k3B, 2 — 5 k3B, 3 — 10 k3B)

Fig. 6. Dependence diagram of the surface resistance of silicon, implanted by boron ions (a) and arsenic (b) from the dose of ions at different energies

(I— 1keV,2— 5keV, 3 — 10 keV)
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Hauano
Start

v

Beectu T, W), t,
Enter Ty, Wy, t,
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v
BeisecTn (i)
Display t,(i)
v
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v

BriBecTu Tmax; Lend, Tcp
Display Ty tenss Tep

v

OrnpenenuTs AMHAMUKY HAarpeBa, CTAlMOHAPHOMN YacTh
HarpeBa U INHAMUKY OCTHIBaHUS. 3alHCaTh JAaHHBIC B MACCHB
Identify the dynamics of heating, the stationary part of the
heating and cooling dynamics. Record data in the array

\ 4

Ioctpouts rpaduk pacrpeeseHus TeMIepaTypsl B
3aBHCHMOCTH OT BPEMEHH Harpena
Construct a graph of the temperature distribution as a
function of heating time

Komnenr
End

Puc. 7. Biok-cxemMa ajaropurMa omnpesesieHdsl TEIJIOBOTO PEXNMMA KPEMHHEBO# IJIACTHHBI
Fig. 7. Flowchart of the algorithm determining the thermal conditions of the silicon wafer
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MOIIHOCTH; R — WHTeTrpaJbHbII
Ko ULMEHT oTpaxkeHus; f(f) —
GyHKUIMSA DOPMBL U TJIMTEIbHOCTHU
UMIysibea; A = &;,8 (5 — MOCTOSIH-
Hast Credana—bonblMaHa; ey, —
MPUBENICHHAs U3JTydaTesbHasl Cro-
COOHOCTH 00JIyyaeMoro MaTrepuaja
U CTEHOK paboueil kamepbl); Ty —
TeMIiepaTypa OKpyxKalolleil cpembl.

AJITOPUTM, MO3BOJISIIOLIMMN OIl-
pEOEIUTh TEIUIOBOM PEXUM Kpem-
HUEBON TJIACTUHBI, TPUBEAEH Ha
puc. 7, rae T, — TeMmmeparypa
JMIOCTUKEHUST CTAallMOHAPHOTO pe-
Xuma; W — II0THOCTb MOIIOIIEH-
HOTO MOTOKAa MOUIHOCTU W3Jyye-
Hus; ¢ BpeMs JOCTUXKEHMUS

cTall
CTalMOHApHOTO pexmuMma; 71

max
MakcHUMasbHast Temmneparypa; 7., —
CPeIHSIsL TEMIIepaTypa; f, — Bpemsi
BO3IEUCTBUS U3TYyYEeHUS.

Hnga  abdeKTuBHOrO  yrpasiie-
HUS TIPOLECCOM OTXKHWTra IJIaCTUH
MMPUMEHSIETCS CHCTEMa KOMIIbIO-
TepHoOro ympanjeHust (puc. 8), co-
cTosllas M3 aHajJoro-uudpoBoro
npeodpaszosarens (ALIT), ycunu-
TeJISI TIOCTOSTHHOTO TOKa W YCUJIM-
tenst curHaina (YY), uubpoaHano-
roporo mpeobpaszosateis (LIAIT).
VYrpaBiaeHue OCYLIECTBISIETCSI KO-
MaHAaMH1, KOTOpbIe (OPMUPYIOTCS
nHTepdericHbiM MonyneM (b).

IIpuMeHeHMEe CHUCTEMBl YIpaB-
neHust TTI u anropuTMu3anus mpo-
lecca OTXMIa IO3BOJISIOT TOBBI-
CUTb Ka4Y€CTBO U3JEJIUIA.

®opMHEPOBAHNE TONOJIOTHH

I[Ipu dopMupoBaHUM TOIMOJIO-
ruu cozgaBaemoit MIIC npumeHsi-
eTcsl mpoluecc TpaBieHus (maas-
MEHHOE M HOHHOE), JJISI 4Yero Io
PUMCYHKY B XMMHUYECKM aKTHBHOM
IJla3Me TMPOBOIUTCS CEIEKTUBHOE
yIajleHue HEMAaCKHMPOBAHHBIX ydya-
CTKOB MUKPO3JIEKTPOHHOU CTPYK-
TYPBI.

TpaBneHue  OCyLIECTBISIETCS
MPU BCKPBITUM KOHTAKTHBIX OKOH,
SIBJISTIOLIMXCSI HAMMEHBIIMMU 3Jie-
MEHTaMU TPUOOPOB, UIST KOTOPHIX
TPeOYIOTCS BBICOKME aHU30TPOIUS
U CEJIEKTMBHOCTh TpaBieHus. B 1e-
JISIX  ONTUMM3allMKM  MapameTpoB
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I KommbroTep ¢ auciuieeM U MoayneMm A
I Computer with display and module A
|

A

Brox
Monyms b MHUTaHUA
Module B Power unit

Bakyymmerp
Vacuum gauge

A

Yeunurens
Amplifier

‘ Ji1 HaOOpOM TOYEK, COEOMHEHHBIX
! MEXIy COOOM MPSIMBIMU OTPE3KaAMMU.
: B nmanHOM ciydae, yYMTBHIBasI CUM-
METPUYHOCTh TPOGUIISI, T0CTaTOU-
b HO €ro IMpeJACTaBUTb C ITOMOIIIbIO
| Tpex TOYEeK.

YpaBHeHHUsT pacyeTa KOOpAMHAT
| B Mpoliecce TpaBJIeHUs] UMEIOT BUJI:

;! xp = X1 + Vits

! =Y ™ const;

DoTonpueMHUK
Photodetector

(12)

Puc. 8. CrpyKkrypHas cxemMa CHCTeMbl YNpaBJeHHs MPOIECCOM OTKHMIA KPEMHHEBOI IJa-

CTHHBI

Fig. 8. Control circuit for wafer annealing system

rpoliecca TPaBICHUS] MPUMEHSIETCS aJrOpPUTMU3ALINS

JaHHOTI'O IIpouecca.

B cooTBeTCTBUM C aITOPUTMOM MOIENIH CTPYHBI

Y2 = Yoo T
X3 = X3 = const,
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CTPYKTYp

Fig. 9. Flowchart of the simulation algorithm of the dry etching during formation of the topology of the microelectronic device structures simulation

HAHO- 1 MUKPOCHUCTEMHASA TEXHUKA, Tom 18, Ne 6, 2016

351



SLN. Lo 1000

Puc. 10. IIpoduau Tpasienus cTpykTypbl SizN,4—SiO,, nonydennbie B pe3yibraTe Moje-
JIMPOBAHUS

Fig. 10. Etching profiles of Si3;N—SiO, structure, obtained by simulation
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Fig. 11. Etching profiles of Si3N—Si structure, obtained by simulation
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Fig. 12. Functioning diagram of the technology control system of forming of the microelectronic
device structures
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rie o — yroj HakJOHa Macku, Ofl-
penenseTcsl TeXHOJOTMEN TMpejllie-
CTBYIOIIUX ITPOIIECCOB.

CKOpOCTb TpaBJIeHUSI MOJIEJIUPY-
€TCSI B COOTBETCTBUU C 3(PDEKTUB-
HOCTBIO pacnblieHUs o hopMyJie

inMym
V= %So(cose)f, (14)

rie iy — TUIOTHOCTH TOKa IEPBUY-
HBIX MIOHOB Ha MUIIIEHU; p — TIIOT-
HOCTb MUIIIEHU; e — 3apsiil DJIEKTPO-
Ha; M, — OTHOCHUTEJIbHAsA aTOMHas
Macca MMIIEHU; 0 — Yrojd Mexmy
HampaBJIicCHHMEM TIOTOKAa HMOHOB U
HOPMaJIbI0 K TMOBEPXHOCTU MHMUIIIE-
HU; [ — dakTop, ompeneaseMblii
COOTHOIIICHUEM MacC CTaJIKUBalO-
LIUXCA YacTHll; Sy — KOSPGhULMEHT
pacrblICHMSI.

JBrXeHne BCeX TOYEK CJIOS TT0-
JINKPEMHUSI pacCMaTpUBaeTCs BAOIb
JIUHWI, TapajuleJIbHBIX Harpasie-
HUIO TI0TOKA MOHOB. YpaBHEHMUSI
IBIDKEHUSI TOUYEK TIPEACTABIISIIOTCS B
BUJIE:

x; = const;
(15)
Yi =Y+ Vit,

rae V; — CKopoCTb ABMXKEHUS I-i
TOYKU; y; — | — NPEabIAyLIMe 3HaYe-
HUS KOOPAMHATHI i-ii TOYKU 10 TIIy-
OuHe.

biok-cxema anropurma Moaesu-
poBaHMsI ~ TIpoliecca  TpaBJEHUS
npeAcTaBicHa Ha puc. 9. Airopur-
MU3alus Ipoliecca Mo3BOJISIET Olie-
HUTbh NPOPUIN 0OBEKTOB, KOTOPbIE
MOJIyYEHBI B TIPOLIECCE TPABJIEHMUS.

B pesynprate MpoOBENEHHOTO
MOJIEJIMPOBAHUSL OB TIOJYyYEHBI
npoduiu TpaBlieHUS CTPYKTYPbI
Si3N, — SiO,, nzobpaxeHHble Ha
puc. 10, u Si3N4 — Si, uzo6paxeH-
HbIe Ha puc. 11, 111 Mpo1eccoB U30-
TPOMMHOTO U aHU3O0TPOMHOIO TpaB-
JICHU COOTBETCTBEHHO.

ITpodunu, rnonydyeHHbIE B pe3yJib-
TaTe MOACIUPOBAHUS, aIEKBATHO OT-
paxaroT TeXHOJOTMYeCKUil TMpolecc
CYXOTO TPaBJIEHUS.

Peanuzanust anroputmoB 3¢ dex-
TUBHOTO YIIPaBJICHUSI TpolieccaMu




¢opmupoBanus ctpykryp MIIC no3BoJisieT mOBBICUTD

BOCITPOM3BOJUMOCTb, UX KAa4eCTBO M HaIEXHOCTb.
CxeMa yHKIIMOHUPOBAHUSI CUCTEMbI YIIpPaBJICHUS

TII pu popmupoBanuu MIIC nokazana Ha puc. 12.

3akmoueHne

AJITOpUTM yMpaBieHUs TMPOLECCOM WOHHOU HM-
MJIaHTaluU 1Mo3BoJsieT noaydatb MIIC ¢ 3amaHHBIMU
rnapameTrpamu, (GOpMUPOBAHUE C BHICOKOI TOUHOCTBIO
CTPYKTYPHBIX CJIO€B U YJIydllleHWE OJHOPOIHOCTU MX
XapaKTepPUCTUK.

AJITOpUTM yIIpaBJIeHUST TIPOLIECCOM OTXKUTa HEKO-
TePEHTHBIM U3JIyYeHUEM IPENOCTaBIsIET BOBMOXHOCTD
ofpeiesieH!s] 3aBUCUMOCTU TeMIlepaTypbl KpeMHUe-
BOW IJIACTHHBI OT TUIOTHOCTM ITOTOKAa MOIIHOCTU U
OLIECHKM W3MEHEHUs TeMIepaTypbl IJIaCTUHBI IOCJe
MpeKpauleHUsT BO3AEHCTBUSI HA HEe CBETOBOIO MTOTOKA.
Cucrema ynpaBjieHUs TO3BOJSIET C BbICOKOU TOUHO-
CTBIO M BOCIIPOM3BOIMMOCTBIO PEAIM30BaTh HEOOXO-
JIMMblE TeMITepaTyPHO-BPEMEHHBIE PEXXUMbI UMITYJIbC-
HOTO OTXKMTIa IMOJYNPOBOIHUKOBBIX MIACTHH.

AJTOPUTM MOJEIMPOBaHUs IMpollecca CyX0oro Tpas-
JIEHUS C YYETOM OCHOBHbBIX MTapaMeTPOB peXXrMa TpaB-
JIeHus1 obecreurmBaeT BOCIIPOU3BOIUMOCTD PesibehOB C
BBICOKOI TOYHOCTBIO M OINTHMU3AIAIO TapaMeTpOB
npotriecca.

ANropuTMHU3aLMSl  TEXHOJOIMYECKOro Ipolecca
MO3BOJISIET ONTUMU3UPOBATH TEXHOJIOTUUECKUE PEXU-
MBI JIJ151 TOCTUXKEHMST TpeOyeMbIX TapaMeTpoB MpUOop-
HBIX CTPYyKTyp. Kpome TOoro, maer BO3MOXKHOCTb 3¢-
(heKTMBHO 1 HauboJIee ONTUMATLHO YIIPABJISTh TEXHO-

JIOTUYECKUM TIporieccoM (OPMUPOBAHUSL CTPYKTYP-
HBIX CJIOEB.

MonenupoBaHue TEXHOJIOTMUYECKUX ONepaluii
dopmuposannss MIIC no3BojisieT mpoOBOIUTH IeIeHa-
MpaBJIeHHBIA TMOMCK TEXHOJOTMYECKUX IapaMeTpOB
JUUISL OCYILECTBJEHUST ONTUMAJIbHOM TEXHOJOTUU M3r0-
TOBJICHUSI IIPUOOPOB.
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Modeling and Algorithmization of the Nonequilibrium Processes
in Development of Microelectronic Device Structures

Formation of microelectronic device structures is carried out with the use of the ionic processes, the process of annealing by in-
coherent radiation and etching. Modeling and algorithmization of the nonequilibrium processes in development of the microelectronic

device structures ensures high-precision formation of the structural layers and improvement of the uniformity of the instruments

>

characteristics. Algorithmization of the technological process allows us to optimize the technological modes for achievement of the
required parameters of the devices’ structures, efficient and optimal control of the technological process of formation of the structural
layers. The authors demonstrate that the model of the technological process of manufacture of the microelectronic device structures
can be defined as partial models, which describe individual operations. Presented by a control algorithm, the process of ion im-
plantation ensures directional change of the operating modes and concerted action of all the subsystems comprising its structure. The
profiles obtained as a result of modeling, adequately reflect the technological process of dry etching. Implementation of the algorithms
Jor an efficient control of the processes of formation of the microelectronic device structures allows us to increase the reproducibility

of their quality and reliability.

Keywords: implantation, annealing, etching, parameter, model, mode, structure, control, process, topology, algorithm
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Introduction

The most important characteristics in production
of the microelectronic device structures (MDS) are
formed by applying of ion-photon processes with the
use of non-equilibrium technological operations. These
include ion implantation, annealing, etching.

The accuracy and stability of the process operations,
the uniformity of their parameters is the most important
in creating and forming of the microelectronic device
structures [1, 2]. This is possible to achieve on the basis
of modeling and algorithmization of their production,
taking into account the peculiarities of MDS manufac-
turing [3]. The modeling and algorithmization process-
es in MDS technology helps to ensure the compliance
with technical conditions and characteristics of the
structures of devices, the quality and reliability of prod-
ucts in general.

Simulation of the technological process

Simulation of the technological process of MDS
fabrication can be defined as partial models, which de-
scribe individual operations (fig. 1).

Firstly, the dependence of the parameters from the
technological processes and the state of the input vector
b are being determined:

by 1=Glb, T; v}, i=0,1,...,n—1. (1)

Then, the dependence of the vector of variables
a; 4+ | from the condition of the preceding vector b; 4 |,
the control modes and the vector ¢; 4 .

It is required to choose the management /;
(i=1, ..., N) to the output characteristics ijv satisfy-
ing the imposed requirements, minimally different from
the target in order to ensure the necessary conditions
for technological processes.

The modes of operations are taken as the variables.
In this case, the minimum of the objective function L
for (n — 1)-step process is as follows:

n-1
Jn—1(Cy) = minL, _, = minizlv,a 2
where y; — a member, characterizing their own objec-
tives of i-th stage.

The process of forming of MDS structures can be
represented in the form of blocks (fig. 2) with transport
and accumulation system. The latter includes:

— transportation subsystem — the devices perform
transport operations;

— accumulation subsystem — the devices perform
storage operations;
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— additional subsystem — the devices, performing
orientation, rotating, fixing, clamping and other oper-
ations.

Then

S G+ D) = minly, (Cy i 45 ) + fy — (G

n

n=1,2,..,N—1. 3)

Deviation of the technological process is defined by
the process’s modeling errors. The maximum error can
be determined by the relation:

max| /5 (C1) ~f3(Cyv, )] =

N
oL T
= max _h—0 ALD +
n%l ( aln Cn+lj ( pn|)

o, T

+ (|22 L0 (AC)) +

ﬂ oC, an (AGD
0 T

+Ua o ) (ACy+ 1) = Ape ()
n+1] n+l

where A/, — an error gf implementation of modes and
coordinates’ setting; f, — the deviations from the final
objective, f 1(\), — the expected variations in the begin-
ning of the process.

The condition of the production process’s conform-
ity criterion can be determined by the relation:

S0 (CD) = SN (Chs D) < Ay (5)

The control of technological processes is used to
ensure the nominal output characteristics of MDS
(fig. 3). The control circuit includes input parameters
{x;}, i=1, ..., k, output parameters of structures {y;},
i =1, ..., n, and control signals {Ax;}, i =1, ..., k.

Ion implantation

The process of ion implantation allows to form the
ion-doped layers to create MDS with the specified pa-
rameters [4, 5]. Formation of MDS using ionic proc-
esses is carried out on the installation of impulse ion
implantation (fig. 4) and with the use of a pulsed
Q-switched laser. The control algorithm of ion implan-
tation process (fig. 5) provides a directional change of
operation modes and coordinated action of all subsys-
tems, included in its composition (where U — the volt-
age of the generator).




At MDS forming, the Pearson function the concen-
tration distribution profiles of ions implanted in silicon
describes, which has the form:

dfix) _  (X=ag)fix)

dx by+byx+ b2x2’

(6)

where the function f(x) satisfies the relationship:
+

00f(x)a’x = 1.

-0
The constants a, b, by, b, are given by the expres-
sions

_AR x(5+3); 7

ag= by = =

2
po = - DRD3), ®

, 2= 312 - AR
y = _—E(a , )
where ® = 10 — 122 — 18, AR, — the dispersion of
the mean projection range.

The following relation is true for Pearson distribu-
tion 1V:

3/2
3902 + 48 + 6(%2 +4) /

0<A2<32, B> -
32-A

(10)

The process of ion implantation provides obtaining
of MDS with the set parameters (fig. 6).

Annealing by incoherent radiation

The technology of forming of thin ion-doped MDS
layers applies the process of annealing by incoherent ra-
diation, which is held at a specific power density and
duration of exposure.

Simulation of the plate’s heating process at anneal-
ing allows to determine temperature distribution T in
the semiconductor wafer during heat treatment using
the heat balance equation:

dT
C(Tpd= =
P Dpd—
= Wy(1 — R)f(H) — AE[T* — T 1, (11)
where p — density of silicon; d — thickness of the plate;
C — heat capacity of silicon; £ = S,4/S:;aq — coeffi-

cient; W, — density of the incident power flow; R — in-
tegral reflection coefficient, f(r) — function of pulse

shape and duration; A = g,48 (8 — Stefan—Boltzmann
constant; g4 — reduced emissivity of irradiated mate-
rial and the walls of the working chamber); 7, — am-
bient temperature.

The algorithm that allows to determine the thermal
conditions of a silicon wafer is shown in fig. 7, where
T, — temperature to achieve the steady-state condi-
tions, W — density of the absorbed radiation power
flow; t, — time to reach steady state; 7},,,, — maximum
temperature, TCp — average temperature, tp — radiation
exposure time.

The computer control system is used to effectively
manage the annealing of the plates (fig. 8), consisting
of analog-to-digital converter (ADC), DC amplifier
and signal amplifier (amplifier), digital to analog con-
verter (DAC). It is controlled by commands that form
the interface module (B).

Application of process control system and algorith-
mization of the annealing process improves the quality
of products.

Formation of topology

The process of the topology formation of the MDS
being created applies etching process (plasma and ion),
for which the selective removal of unmasked parts of
the microelectronic structure is made in a reactive plas-
ma by a drawing.

The etching is carried out at opening of the contact
windows, which are the smallest elements of devices
that require high anisotropy and selectivity of etching.
Algorithmization is used to optimize the parameters of
the etching process.

In accordance with the algorithm of a string model,
the surface of original profile is approximated by a set
of points, connected by straight line segments. In this
case, taking into account the symmetry of the profile,
it is sufficient to represent it with three points.

The equations for calculating of the coordinates

during the etching process have the form:
x| =Xg1 + Vit, y; = Yy = const;

V t
— M
Xy = X2 ——

e

X3 = Xo3 = const;

=yt VWb (12)

y3=yo3 T Vut,

where xj;, yp; — initial coordinates of points; V,, —
mask etching rate;  — time of the process; V, — silicon
nitride etching rate along axis x:

V.= V,/sina, (13)
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where o — slope angle of the mask, determined by the
technology of the previous processes.

The etching rate is simulated according to the sput-
tering efficiency by the formula:

iyMym

V= Sy(cosp)/, (14)
where i, — primary ions current density on the target;
p — density of the target; e — the electron charge;
M, — the relative atomic mass of the target; 6 — angle
between the direction of the ion flux and the normal
to the target surface; f— factor determined by the ratio
of the masses of the colliding particles; S, — sputtering
ratio.

The movement of points of the polysilicon is con-
sidered layer along lines parallel to the direction of ion
flow. The equations of points’ motion are represented
in the form:

X; = const;
(15)
Yi=Yi_1+ Vi,

where V; — speed of i-th point; y; _ | — previous value
of the coordinate of the i-th point in depth.

The flowchart of the modeling algorithm of the
etching process is shown in fig. 9. The algorithmization
of the process allow evaluate the profiles of objects,
which are obtained in the etching process.

As a result of the simulation, the etching profiles for
structure Si3N4,—SiO, were obtained, which is shown
in fig. 10 and Si3N,—Si, shown in fig. 11, for processes
for anisotropic and isotropic etching, respectively.

The profiles obtained by simulation, adequately re-
flect the dry etching process.

The implementation of an effective process control
algorithms form MDS structures can improve the re-
producibility of their quality and reliability.

The circuit of operation of the process control sys-
tem in formation of MDS is shown in fig. 12.

Conclusion

The control algorithm of ion implantation process
allows to obtain MDS with the specified parameters, to
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form high-precision structural layers and to improve
the uniformity of their characteristics.

The control algorithm of annealing by incoherent
radiation allows to determine the dependence of tem-
perature of the silicon wafer from the power flux density
and to evaluate the change of temperature of the plate
after exposure to the light flux. The control system with
high accuracy and repeatability allows to implement the
required time-temperature regimes of pulsed annealing
of semiconductor wafers.

The simulation algorithm of dry etching taking into
account the basic parameters of etching regime ensures
reproducibility of the reliefs with high accuracy and op-
timization of the process’s parameters.

Algorithmization of the technological process allows
to optimize the its process modes to achieve the desired
parameters of device structures. Furthermore, it enables
efficiently and optimally control the process of forming
of the structural layers.

The simulation of the technological operations of
MDS formation allows to make targeted search of pa-
rameters for optimum technology of device fabrication.
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IIyHrUT M UEOJUT OTHOCSTCS K HOBOMY IOKOJIe-
HUIO NPUPOIHBIX MHUHEpadbHbIX copoeHToB (ITMC).
LLyHTUT — TIPOMEXYTOUHBIHN TMTPOMYKT MEXAY aMop(-
HBIM YIJIEPOJOM U KPUCTAJUIMYECKUM rpaduToM, co-
nmepxammit yrirepon (30 macc. %), kBapir (45 macc. %)
" cunukartHble cmoasl (20 mace. %) [1].

[leonuTsl SIBASIIOTCS aJIIOMOCWJIMKATHBIMU MUHE-
pajaMu HaTpusl, KaJlusl WIKW APYTUX 3JeMEHTOB [2].
ITpuponHbie 11EOJUTHI 00PA3YIOTCSl B YCIOBUSIX BBICO-
KUX TeMIlepaTyp U JaBJIEHUI MPU KOHTAKTE BYJIKAHU-
YeCKMX TMOpOoJ U CJIOEB Teria C 11eJIOYHbIMU [PYHTO-
BbIMU BOJAMM.

B xauectBe I[IMC 1IYHTUT U LIEOJTUT NPUMEHSIOT
B XMMMWYECKOH TIPOMBILLJIEHHOCTU W WHAYCTPUU.
IIyarutr obiagaer cOpOLUMOHHBIMU, OAKTEPUIIUIHBI-
MU, KaTaJUTUYECKUMU, BOCCTAHOBUTEIbHBIMU CBOM-
CTBaMM, a TaKXKe CITIOCOOHOCTBIO SKPaHNPOBATh BJIEK-
TpOMarHuTHEIE U paguonsitydeHus [3]. IlepBoHavaib-

HO LIIYHTUT KCIIOJIb30BAJIM B KAYECTBE HATIOJHUTEIIS U
3aMEHUTEIISI KOKCA B IOMEHHOM ITPOU3BOJNICTBE BBICO-
KOKPEMHHUCTOTO JIUTEMWHOTO YyryHa, TPU BbITJIABKE
(eppocraBoB, B TPOM3BOJACTBE TEPMOYCTOMUUBBIX
KPAaCOK U AHTUINPUTAPHBIX MOKPBITUM, a TAKXKE Kak
HAIOJIHUTEIb pe3uHbl. BriociencTtBuu oOHapyXUIu
IIpyTU€e ILIEHHBIE CBOMCTBA IIYHTUTOBBLIX IOPOI —
COPOILIMOHHBIC, KATATUTUYECCKME U BOCCTAHOBUTEIIb-
HbIE, a TaKXE CIIOCOOHOCTb LIYHIMTa SKPaHUPOBATh
3JIEKTPOMarHUTHBIC U PAAMOU3ITyYeHUS. DTU CBOMCT-
Ba MO3BOJIMJIU UCIIOJIb30BATH LIIYHTUT B PA3JIUNYHBIX OT-
pacisix HAyKu, TIPOMBILIIEHHOCTU Y TEXHUKU JJIS1 CO3-
JTAHUS Ha €ro OCHOBE CaMBIX PA3HBIX MATEPUAJIOB C
HaHOMOJIEKYJIAPHOM CTPYKTYPOIl — BJIEKTPOMPOBO/I-
HBIX KPAaCOK, HAIOJHUTEJIEW MOJUMEPHBIX MaTepua-
JIOB U PE3UH, 3aMEHUTEJIEN CaXU U TEXHUYECKOTO yI-
Jiepojna, 6eToHa, KUpHUuel, IITYyKaTypHBIX PacTBO-
pOB, acdaibTa, a TAKXKE MaTepUaoB, SKPAaHUPYIOIIUX
5JIEKPOMAarHUTHOE U PaIMOU3IydeHUe. TakxkKe ITyHTUT
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sBsieTCs 3¢ (GEKTUBHBIM COPOSHTOM /IS OUMCTKU BO-
JIbl OT HEOPraHMYeCKUX (TSKesble MeTaIbl, aMMUaK,
XJIOp) U opraHuveckux ((eHosbl, TMOKCUHBI, HedTe-
nponykThl, ITAB) BeliecTB, ob61agaeT 6aKTepULIMIHbBI-
MM CBOMCTBaMU IO OTHOLIEHMIO K MAaTOreHHOW MUK-
podope B Bone [4, 5].

IleonuTsl Gy1arogapsi CHOCOOHOCTH ITOIIOIIATh UJIA
MPOIYyCKaTh Yepe3 KPUCTATMYECKUI KapKac MOJIEKY-
JIBl APYTUX XUMUUECKUX COeTMHEHWI UCTOIb3YIOT KaK
MOJIEKYJISIDHBIE CUTA IS pa3aejeHUs] CMECU Ta30B U
xuaKocTeit [6]. KpoMe 3TOTo 1eOIUTH SIBISIOTCS HO-
HOOOMEHHUKAMM KAaTUOHHOTO THUIla, CIOCOOHBIMU U3-
BJIEKaTh U3 BOIbI TSKEJIble METaJUIbl, U TIO CPABHEHUIO
C CUHTETMYECKUMU CMOJIaMU 00JIalatoT MOBBILIEHHOMK
M30MPaTEeIbHOCTHIO K KaTUOHAM 1Ie3Usl, CBUHIIA, Ka-
MU M cTpoHLMS. DPOEKTUBHBI LIEOJUTHI U1 B OTHO-
IIEHUU OpraHWYECKUX COEAMHEHUIA, HampuMep, KOH-
LIEHTpalusl HauboJiee paclpOCTPAHEHHOIO B BOJIE
KaHlieporeHa 0eH3arnupeHa YMeHbIlaeTcsl Mpu (pUIbT-
poBaHUM 4epe3 QUILTP ¢ LeoJuToM moutu B 230 pas.
3aMeHa AeCTBYIOIUX (DUIBTPYIOLIUX MaTepUAJIOB Ha
LICOJIUT TO3BOJISIET TMOBBICUThH IMPOU3BOAUTEILHOCTh
BOJIOOYMCTHBIX COOPYKEeHUI mouytu B 2 pasza. Ilpu-
POJHBIE LIEOJUTHl MCIOJB3YIOT B BUJAE IMOPOIIKOB U
(GUIBTPYIOIIMX MaTepUaJOB MJIsI OUYMCTKHA BOIBI OT
ITAB, TsKebIX METaJJIOB, apOMaTUYeCKUX OpraHuye-
CKMX COEIMHEHMI, KpacuTesel, MeCTULMI0B, KOJLIO-
WIHBIX M OakTepualbHbIX 3arpsidHeHuil. OcobeHHO
3¢ HEKTUBHBIM U TEXHOJOIMYECKU ONpaBIaHHbBIM SIB-
JIsieTcsl IpUMEHEHUE B (PUIBTPYIOLIMX CUCTEMaX CMe-
ceil Ha OCHOBE IIEOJIMTA W IIIYHTUTa C aKTUBUPOBAH-
HbIM YIJIEM C BO3MOXHOU Mocienyollieil pereHepaiu-
eil copoeHToB [7].

Bricokuii CrieKTp CBOMCTB ILIYHIMTa U LIEOJUTA
oIpenessieT MOUCK HOBBIX 00JlacTell MPaKTUYeCKOro
MPUMEHEHUSI 3TUX MUHEPAJOB, UYTO CIOCOOCTBYET
bosiee MIyOOKOMY M3YYEHHMIO CTPYKTYPHI IIIYHTUTA U
1ICOJIUTA C TOMOIIBIO COBPEMEHHBIX aHATUTUUYECKUX
MeTon0B. Ilenb HacTosIel paboThl — UCCeq0BaHNe
CTPYKTYPHO-(YHKIIMOHAJIBbHBIX CBOMCTB IIYHTWUTA W
LIeoJIUTa IS TIOCTPOEHUsI MaTeMaTU4YeCKOW Mojelu
B3aUMOJECHCTBUSI 3TUX MUHEPAJIOB C BOJOM.

MeToauka 3KcnepuMeHTa

Mamepuaawt. ViccnenoBaHve npoBOAUIU ¢ 00pa3-
IaMM IIIYHTUTA U3 3aXKOTUHCKOTO MECTOPOKICHMUS
(Kapenus, Poccust) u antomocunukara teoauta (MocT,
Bonarapus). O6pasiibl ObLIM B3SIThl M TPOAHAIU3UPO-
BaHbl B TBEPABIX MPOOAX B COOTBETCTBUM C HAIMO-
HaJTBHBIM cTaHmapToM Poccuiickoro demepaabHOTO
areHTCTBA MO TEXHUYECKOMY PETYJIMPOBAHHMIO W MET-
posioruu. OGpasipl ObUIM MOMEILIEHBl B FePMETUYHO
3aKpbITbIe CTEKJISIHHbIE TTpoOMpKU oobeMom 100 oM’
MOCJIE NPOMBIBKM TUCTUUIMPOBAHHON BOIOM 1 BBICY-
IIEHbI B TUTEJbHON Meuu, a 3aTeM T'OMOT€HU3UPOBAHbI
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B TOMOT€HHM3aTOpe MyTeM MeXaHMYeCKOoro nummdona-
HUs. IS TEpMUYECKOTO Pa3IoXKeHUsI 00pa3loB LIyH-
ruta ucnonabzoBanu cucremy CBU-narpeBa. [dpyrue
MeTobl 00paboTKU MpoO BKJIOYATU MPOMBIBKY JMC-
TUWITUPOBAHHOM BOJIOM, CYILIKY M TOMOT€HU3AlLMIO0 Ha
KpecToBoil ynapHoii MenbHULe Retscn SK100 (Retsch
Co., I'epmanust) u Pulverisette 16 (Fritsch GmbH, I'ep-
MaHUs).

Onmuueckasa 3MUCCUOHHAS CNEKMPOMEMPUsL C UH-
dykmueno ceazannoii naasmoii (ICP-OES). Mune-
pajbHBI cOCTaB lLIyHruTa usydyaau merogom ICP-
OES-cnexktpoMerpun Ha cnektpomerpe Agilent ICP
710-OES (Agilent Technologies, CIIIA) ¢ nna3MeH-
HBIM pachbuiuTesieM (B IIOTOKE aproHa) OeTeKTOPOM
MegaPixel CCD (CIIA) u BY-reHepaTopoMm: cIiek-
TpaJibHBIN Auana3oH — 67...785 HM; CKOpOCTb MOTO-
Ka mmia3mbl — 1,5 J1/MMH; BbIXOAHAs MOLIHOCTb —
700...1500 Br.

Daemenmnuotii anaaus. 1loqHOE KOJIUYECTBO yriie-
pona (Ciy,) B LUYHIUTE ONPENEIsIA C UCTIONb30Ba-
HUeM ayeMeHTapHoro aHanu3satopa LIOH-580 (Eltra
GmbH, TepMmaHus1), OCHAILEHHOIO 3JEKTPUYECKOM
neysto 1 UK nerexkTopom, nmpu cropanuu 200 Mr TBEp-
JIOTO YCPeTHEHHOTO 00pas3iia B ITOTOKE KUCIOpoAa IIPU
temrmieparype +1500 °C.

Ilpoceevusaoman  31eKmMpoHHAA  MUKDPOCKONUA
(IIPM). CTpyKTypHbIE MCCJICAOBAHUS IPOBOAUIU C
ucrnojab3oBaHuem mnpuodopa JSM 35 CF (JEOL L.,
Kopest), ocHallleHHOro peHTreHOBCKUM MUKpOaHaIU-
3atopoM Tracor Northern TN, merekropoMm SE, Tep-
MOMOJIEKYJISIDHEIM HAacoCOM M BOJb(PPaMOBOI 3JIeK-
TpoHHoi nyuikoil (Harpin type W filament, CIIIA);
pabouee napneHue — 4...10 IMa; ysenmmuenue — 300 000;
paspeiieHue — 3,0 HM; yCKopsiiollee HanpsokeHue —
1...30 xB; pasmep obpasua — 60...130 mm.

HK cnexmpockonusa. UK criexTpbl TojydyeHbl Ha
MK cnexktpomerpe Brucker Vertex (Brucker, I'epma-
Hus) (CriekTpajbHbIil nuana3oH — cpeaHuit UK —
370...7800 cM ™' Buammbiii — 2500...8000 cM!; pas-
pewrenue — 0,5 CM_I; TOYHOCTh BOJIHOBOT'O YHCJIa —
0,1 em™ ! Ha 2000 CM_I).

HIC- u JHIC-cnekmpockonusa. Vicrnonb3oBaiu
METOIBl HEepaBHOBECHOTO SHEPTeTUYECKOrO CIEKTpa
(HBC) u nuddepeHuraaibHOro HEPaBHOBECHOTO SHEP-
retuueckoro crnekrpa (JIHOC) Ha mpubope, CKOHCT-
pyupoBanHoMm B HULIMB (Codust, bonrapust), nusme-
psIolIEM Yroil MCIapeHMsl KaIlld BOIbl B Juana3oHe
72...0°. B xauecTBe OLIEHOYHOTO KPUTEPUS MCIIOIb-
30BaJIM CPENHIOW 3Hepruio (AEy ) BOMOPOIHBIX
O...H-cBaseit mexny monekyramu H,O B obpasuax
Boabl. CIIEKTp BOABI PETUCTPUPOBAIM B IMAIla30HE
AEy o =0,08...0,1387 5B wim 1 = 8,9...13,8 MKM ¢
MOMOILBIO CHELUATIBHO pa3paboTaHHON KOMIIbIOTEP-
HOW MpOrpamMmbi.




Pe3ynabTaThl B MX 00CYyXKIAEHHE

CmpykmypHubte ceoiicmeéa u cocmaé uiyHzuma u
yeoauma. lLIyATUT W LIEOJUT TPENCTABISTIOT HOBOE
nokojienre [TMC. ILIyHIUT 1o cTpyKType SIBIISIeTCs aJl-
JIOTPOITHOM (hOPMOI MeTacTabMIIBHOTO yIiIepoaa, Haxo-
ISIIEerocsl Ha IpearpaduroBoil cTamuu yrieduKauu
[8]. B cocraB urynrura (tabn. 1), Kpome yriiepona, BXO-
a4t Si0, (57,0 macc. %), TiO, (0,2 macc. %), Al,O5
(4,0 macc. %), FeO (0,6 macc. %), Fe,O5 (1,49 macc. %),
MgO (1,2 macc. %), MnO (0,15 macc. %), K,O
(1,5 macc. %), S (1,2 macc. %). B iponykTe, ToJjTyueH-
HOM IIpY TePMMYECKOM OOKUTe IIYHTUTa (IIYHTU3UT)
npu 1200—1400 °C, oOGHapyXuBarOTCS B HEOOJbIINX
kommuectBax V (0,015 macc. %), B (0,004 macc. %),
Ni (0,0085 macc. %), Mo (0,0031 macc. %),
Cu (0,0037 macc. %), Zn (0,0067 macc. %),
Co (0,00014 wmacc. %) As (0,00035 macc. %),
Cr (0,0072 macc. %), Zn (0,0076 macc. %).

Leomut — aTiOMOCHIMKATHBINN MUHEpa, COCTOS-
U U3 aTIOMOCHMJIMKATHOIO KapKaca C IeJJOYHO-3¢-
MEJTbHBIMM MeTaUTaMW HATPUsI, KaJius WIN APYTUX
ayieMeHTOB [9]. Kpucraminyeckass CTpyKTypa LIEOau-
TOB OOpa3oBaHa TeTpal’apaMu [A104]2_ u [SiO4]2_,
00beMMHEHHBIMU OOIIMMM BEpPIIMHAMM, OTPUIIATEIIb-
HbIE 3apsiibl KOTOPBIX KOMIICHCUPYIOTCSI KATUOHAMU

Tabmmua 1
XWMHYECKMIi COCTAB MIYHIHTOB 32:KOTMHCKOTO MECTOPOXKIAEHHS
(Kapesms) (macc. %)
Table 1
The chemical composition of shungites from Zazhoginsky deposit
(Karelia, Russian Federation), in % (w/w)

XUMUYECKUI DJIEMEHT, Conepxanue, Macc. %
Ne _ KOMTIOHEHT Content %; (w/w)
Chemical element, component ’

1 C 30,0
2 SiO, 57,0
3 TiO, 0,2

4 Al,O5 4,0

5 FeO 0,6

6 Fe,04 1,49
7 MgO 1,2

8 MnO 0,15
9 CaO 0,3
10 Na,O 0,2
11 K,0 1,5
12 S 1,2
13 B 0,04
14 A\ 0,015
15 Co 0,00014
16 Cu 0,0037
17 Mo 0,0031
18 As 0,00035
19 Ni 0,0085
20 Cr 0,0072
21 Zn 0,0076
22 H,0 1,5

Puc. 1. Tpexmepnas KpucCTalIMyecKasi CTPYKTYpa LEOJUTAa TUNA
ZSM-5 (l)OpMyJ]bl N32[A12Si96 - n0192] . 16H20 (Il = 3...5): pas-
Mepsl stueiiku — 0,51...0,56 HMm

Fig. 1. The three-dimensional crystal structure of zeolite ZSM-5 with the
Jormula Nay[Al,Sigs — ,0195] * I6H,0 (n = 3..5): a cell size —
0,51...0,56 nm

(H+, Na+, K+, Ca2+, NHI), B OOJIBIIMHCTBE CIy4aeB
CIIOCOOHBIMM K KaTMOHHOMY OOMEHY B BOIHBIX pac-
TBOpax. B mpoMexyTkax KpUCTaJIN4ecKoro KapKa-
ca pacriojoXeHbl TMAPATUPOBAHHBIE MMOJOXUTEIbHbIC
HVOHBI IIEJIOYHBIX U IIEJTOYHO-3eMETbHBIX METAJLIOB —
HATpusl, Kaausl, KalblUsl, pexe MarHus, 6apusi, CTPOH-
11sI, KOMIIEHCUPYIOIINX 3apsl KapKaca M MOJIEKYJIbI
BOIBI. TeTpasaphl [AlO4]2_ u [SiO4]2_ 00pasyloT BTO-
pUYHBIE CTPYKTYPHBIE €IWHMIIBI, TaKME KaK IIECTHU-
YIeHHbIC W MSATUYJICHHBIC KOJIbIIA, YCEUCHHBIE OKTa-
aapbl U ap. (puc. 1). Kpucramnuyeckuii Kapkac us3
ATIOMOCHJINKATOB BKJTIOYAET B3aMMOJAEICTBHE KaHa-
JIOB U TIOJIOCTEM, 00pa3yIolIuX MOPUCTYIO CTPYKTYPY C
bopmupoBaHreM "MOJEKYISIPHBEIX TOp" pasMepaMu
0,3...1,0 um [10]. Pa3amepnl KaHAJIOB TOCTATOYHbBI JJIsT
MPOHNUKHOBEHUS B HUX OPTaHWYCCKIX MOJIEKYJT M Ka-
TUOHOB, a CyMMapHBbIIi 00beM ux cocTaBisger 50 %.
CpenHuit pasMep KpUCTAUTMIECKOMN PEIIeTKN EOTH-
Ta BapbupyeT B auanaszoHe ot 0,5 1o 30 Mkm.

OOmag xuMudeckass (popMyna LICOTUTOB OIIpeIe-
nsetcst opMynoit

Mez/n[(A1203)x(SiO2)y] N ZHzO,

rme Me — KaTHMOH IIEeJIOYHOTO MeTajlla; # — ero Ba-
JICHTHOCTb, X, ¥ — MOJIbHbIE€ COOTHOLLEHUSI OKCUIIOB
KpeMHUS 1 aJTIOMMHUS B KapKace IIeO0JINTa, YKa3hIBalo-
IIKe Ha KOJUYECTBO KATMOHOOOMEHHBIX IO3ULIMI B
CTPYKTYpe (¥ = 2 — ©); 7 — KOJIMYECTBO MOJIEKYJI BOJBI.

B Hactosiiiee Bpemsi m3BectHo Ooyiee 30 BUIOB
MPUPOIHBIX LIEOJIUTOB, HO JIUIIB YacTh U3 HUX obOpa-
3yeT KpymHble MecTopoxneHus (80 % KoHIeHTpa-
TOB), YIOOHBIE IJisI MPOMBIIIJIEHHON TepepaboTKU
[11]. CunTeTMYECKME 1IeONUTHI [12] MMEIOT cTpoeHue
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U KPUCTALINYECKYIO CTPYKTYPY, aHAJOTUYHBIC TPH-
POIHBIM IICOJTUTAM.

DJIeMEeHTHBIN COCTaB aHAJIM3UPYEMOTO 1ICOJIUTa U3
Mmecteuka Moct (bonrapus) (tabn. 2) aHajllornyeH
TaKOBOMY IJisl IIYHTHUTA, 32 UCKJIIOYEHUEM YIJIepoa,
KOTOPBLIN HE BCTpeYaeTCs B IICOJIUTE, U HEKOTOPHIX
JIPYTUX 2JIeMeHTOB. KOIM4YeCcTBO OCHOBHBIX BJIEMEH-
toB (Si0,, TiO,, Al,O3, FeO, Fe,05, MgO, CaO,
Na,0, K,0, S), cocrapisonux 3Tu MUHEPAJbl, OT-
JIMYaeTCs OT MX KOJIMYECTBA B IIIYHTUTE: B IIEOJUTE UX
cojiepxkaHue BbIlIE, YeM Yy LIIYHTUTA, 32 UCKIIOUeHHUEM
TiO, n K,0, coaepxaHue KOTOPLIX B LIEOJIUTE CHU-
xeHo. Conepxanvie MukpoasiemMeHToB — V (0,0272 %),
Co (0,0045 %), Cu (0,0151 %), As (0,0025 %), Zn
(0,1007 %), Ba (0,0066 %) yBenudyeHO B LiONUTE TIO
CPaBHEHUIO C LIYHTUTOM (Tabi. 2).

DOH3NKO-XUMITYECKIe CBOMCTBA IIIYHTUATA W LIEOJTATA
JIOCTaTOYHO XOpouIo u3ydeHsl [13]. TT1oTHOCTD 1IyHTH-
Ta cocrasister 2,1...2,4 F/CM3; TTOPUCTOCTh — 110 5 %;
Ko dumImeHT ayekTpornpoBogHoct — 1500 Cwm/M;
Koa(hGULIMEeHT TeraonpoBogHoctTu — 3,8 Bt/(M * K);
ajgcopbuuroHHas eMkoctb — 15...20 Mz/r. ITnoTHOCTD
neonaura — 1,7...2,1 F/CM3; nopuctoctb — 50 %; an-
COpOLIMOHHAsI €MKOCTD 3 M2/l“; CpemHMIA pa3Mep IIop —
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0,4...0,6 HM; TBepAOCTh 11O 11Kaje Mooca — 4...5.

Tabnuua 2
Xumnueckwmii coctas neoaura (Moct, Bosrapus), mace. %
Table 2
The chemical composition of zeolite (Most, Bulgaria), in % (w/w)
XUMUYECKUMA DIIEMEHT, Conepxanue, macc. %
Ne KOMITOHCHT Content, %; (w/w)
Chemical component ’
1 SiO, 22,14
2 TiO, 0,01
3 Al,O5 17,98
4 FeO 23,72
5 Fe,03 1,49
6 MgO 14,38
7 MnO 0,61
8 CaO 0,36
9 Na20 0,5
10 K,0 0,4
11 S 0,32
12 P,04 0,06
13 Ba 0,0066
14 \" 0,0272
15 Co 0,0045
17 Cu 0,0151
18 Mo 0,0012
19 As 0,0025
20 Ni 0,0079
21 Pb 0,0249
22 Sr 0,0021
23 Cr 0,0048
24 Zn 0,1007
25 H,0 1,43

10 20 25 30 35 40 45 50 60

Content, mass. %
Conep:xanne, Mmacc.%

Puc. 2. Pacnpenenenue (Macc. %) yriepoaa C (CnjiomHas JUHAA) ¥

KpeMHus Si (IUTPUXOBas JIMHKUSA) B PAAOBBIX POOAX UIYHTHTOB U3 3a-
JKOrHHCKOro Mectopoxaenus (Kapenus) mo JanHbIM aTOMHO-IMHC-
cuonHo# crekrpodoromerpun (ADC)

Fig. 2. The distribution (%) of carbon (C) (solid line) and silicon (Si)
(dotted line) in shungate samples from Zazhogmsky deposit (Karelia,
Russian Federation) according to atomic emission spectrometry (AES)

LIyHrUTBl M LIEOJUTHI Pa3jiMyaloTCs IO COCTaBY
MHMHEpPaTbHOU OCHOBHI (AJTIOMOCUJIMKATHOM, KpeM-
HUCTOI), a IIIYHTUTHl JOMOJHUTEIbHO — IO KOJUYe-
CTBY IIYHTMTHOTO yriepona. LIIyHTUTBI ¢ CUIHUKAT-
HOI MUHEPaAJbHOU OCHOBOM MOAPA3AEIIAIOT HA MaJIO-
yraepoaucteie (1o 5 macc. % C), cpemHeyriaepoau-
creie (5...25 macc. % C) M BBICOKOYIJIEPOAMCTHIC
(25...80 macc. % C) [14]. Cymma (C + Si) B 1ryHrurax
3aKOrMHCKOI0 MECTOPOXKIEHUSI HaXOAUTCS B Mpese-
nax 83...88 macc. % (puc. 2). MojibHbIe COOTHOLLIEHUS
OKCHUJOB KPEMHUS U aJTIOMUHUST B JTIOMOCUIIMKATHOM
Kapkace 11e0JIMTa COCTaBsIoT ~2...3.

Kpuctamibl 1po6ieHOro, TOHKOMOJIOTOTO IIIYHTUTA
00J1a1aI0T BbIPAXKEHHBIMU OWMOJIIPHBIMU CBOMCTBA-
MH. Pe3yabTaToM 3TOTO SBISIIOTCS BBICOKWI YPOBEHB
aJife3uu 1 CIIOCOOHOCTD IIIYHTUMTa CMELIMBATHCS MTpaK-
TUYECKU CO BCEMU OPraHMYECKUMU M HeOpraHmde-
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C arboﬁ

Silicates

Puc. 3. CTpykTypa IIyHrMTOBOi MOPOJBI B PACTPOBOM 3JIEKTPOHHOM
MHKpocKone: o01acth ckanupoBanusi — 100 X 100 Mkwm, paspelie-
Hue — 0,3 uM, yBeaumuenue — 100 000 pa3: cTpeakaMy MOKa3aHbI
CWJIMKATHBI KapKac M3 MEJKOMUCIIEPCTHOTO KBaplia pasMepamu
1...10 MKM ¥ OTHOPOTHO pacIpeAeIeHHBIN YIJIepOI

Fig. 3. The structure of schungite rock obtained by the TEM method:
scanning area — 100 X 100 mm, resolution — 0,3 nm, magnification —
100 000 times. The arrows show the silicate framework of fine dispersed
quartz with the size 1...10 um, and uniformly distributed carbon

IIUPOKUM CHEKTPOM OaKTepULMAHBIX CBOMCTB: OH
afcopOIMOHHO aKTWBEH II0 OTHOIICHWIO K HEKOTO-
PBbIM OakTepHalbHbIM KJIeTKaM, (param M MmaToreHHbIM
canpocdutam [13].

HccnenoBaHust yabTPaTOHKUX LIIMGOB IIYHIUTA
METOIOM IIPOCBEUYMBAIOLLIECH (TPAHCMUCCUOHHOI) 2JIeK-
TpoHHOU Mukpockonuu (ITO9M) u
pacTpoBO 3JEKTPOHHOM MMKPO-
ckonuu (POM) B MOTJOILIEHHBIX U
o0paTHOpACcCeTHHBIX  BJEKTPOHAX
[16] moka3au, 9TO IIYHTUTOBBIA yT-
JIEpOIl paBHOMEPHO pacIipeiesieH B
CHJIMKATHOM KapKace M3 MeJTKOIUC-
MEePCTHBIX KPUCTAJIJIOB KBaplia pas-
Mepamu 1...10 mxMm (puc. 3).

CormacHo pe3ynbTaTaM MCCIIe-
MIOBaHW YTJIEPOAMCTOE BEIIECTBO
IIYHTUTA SIBJISETCS MPOAYKTOM BbI-
COKOM CTEeIeHM KapOOHM3alln! yT-
JeBonopoaoB. Ero ajeMeHTHbIN co-
craB (Mmacc. %): C — 98,6...99,6;
H —0,15...0,5; (H + O) — 0,15...0,9.
I[lpn mnpakTUYeCcKW TIOCTOSTHHOM
3JIEMEHTHOM COCTaBe YIJIEPOAMCTO-

THYTBIX YIJIEPOAHBIX CI0€B, (POPMUPYIOIIMX HAHOIIO-
pbl (puc. 4). CtpykTypa r1o0yJibl YCTOMUYMBA OTHOCH-
TeJTbHO (pa30BBIX MEPEXOI0B IIYHTUTOBOTO yIjieponaa
B JpYyrue ajioTpornHble ¢opMbl. DyiaepeHonono0-
HbIE TJIO0YJIBI MOTYT COEePKaTh OT HECKOJIbKHUX IECSIT-
KOB JI0 HECKOJIbKMX COTE€H aTOMOB yIjiepojia U pasiu-
yaThesd 110 popme U pasmepam [18].

Vrnepoaucroe BelECTBO IIYHTMTOB oOjaaaer
CTPYKTYPHOM aHMU3O0TPOIIMEN U IPOSBIISET CYIIECTBEH -
HOE YBeJIWYCHME AMAaMarHeTh3Ma TPU ITOHIDKEHHBIX
TeMIiepaTypax, XapakTepHoe ISl KpUCTa/UIOB, 00pa3o-
BaHHBIX MoJeKyJaMu yiiepeHoB (¢yaaeputsr) [19].
DynnepuTl — MOJIEKYJISIPHBIE KPUCTALILI C I'paHe-
LeHTpupoBaHHOK Kyonueckoil (I'LIK) peieTkoit pas-
mepoMm 1,42 HM, yrclioM OKariuux coceneint — 12 u
paccTosiHueM Mexny HUMU — 1 HM. [1noTHOCTh dy-
Jieputa coctapisier 1,7 I‘/CMS, YTO HECKOJIbKO MEHbIIIE
IUIOTHOCTA M myHruTa (2,1...2,4 r/CM3), u rpagura
2,3 F/CM3). Monexkyinbl QyJIsIepeHOB MOTYT COAEpKaTh
24, 28, 32, 36, 50, 60, 70 u T. 1. aTOMOB YIJIepoOJa
(puc. 5). @yurepeHbl C YUCIOM YIJIEPOIHBIX aTOMOB
n < 60 sSBISIOTCS HEyCTOMYMBBIMU. Briciue ¢yie-
peHBI, coaepxallue 0oJibliiee YUCIO aTOMOB yIiiepoaa
(n = 400), oOpa3yloTcsl B HE3HAUUTEIbHBIX KOJIUYECT-
Bax M 4YaCTO MMEIOT JOBOJIBHO CJIOXHBIA M30MEPHBIMN
coctaB [20]. B yriiepoaucToM BelleCTBE LIYHIMTOBBIX
nopoxn BEIsIBIIeHH (ymiepers (C60, C70, C74, C76,
C84 u gp.), a Takxke QyIepeHONOA00HbIe CTPYKTY-

ro BelllecTBa 1IyHTUTa HabJtonaeTcs
HETIOCTOSIHCTBO €0 MOJIEKYJISIDHOM,
HaIMOJICKYJISIPHOM, MOBEPXHOCTHOM
U IIOpUCTOM cTpyKTypHhl [17]. IyH-
TUTHBIA YIJIEpON TPEACTaBICH IIO-
JIBIMU, MHOTOCJOUHBIMU (pystepe-
HOITOJOOHBIMU ChepUISCKUMU TJIO-
oynmamu numameTpom ~10...30 HM,
coepKalIMH TTaKeThl TUIABHO M30-

Puc. 4. HanonudpakuuonHas 3JeKTPOHOrpaMMa yriiepoaa IIYHIUTa B Buae cepuueckux
MHOTrOCJIOUHBbIX (yJuiepeHonono0HbIX 1100y auametpom 10...30 HM, NoyYeHHAS METOAOM
II®M: 30u1 — 0,3...0,7 HM, sHeprust mydka 3ekTpoHoB — 100...200 k3B, paguyc myuka —
10 HM; cieBa — dayopecunupymiue GyLIepeHONnoa00Hbe chepudeckue TI00YIbI;
crpaBa — MHOTOC/OMHBIE (GyUIepeHONON00HbIe chepuuecKre rIo0yabl C MaKeTaMu yr-
JIEPOIHBIX CJIOEB MPHU 00JIee BHICOKOM pa3pelieHUun

Fig. 4. Electron diffraction of nanopattern of shungite carbon in the form of spherical multilayer
fullerene globules with a diameter 10—30 nm, obtained by the TEM method: the probe size —
0,3...0,7 nm, the energy of the electron beam — 100...200 kV, the beam radius — 10 nm;
on the left are shown fluoresent spherical fullerene-like globules, on the right — the multi-
layered spherical fullerene-like globules with packets of carbon layers, recorded at a higher
resolution
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Puc. 5. Pa3HOBHIHOCTH BCTPEYAIOIMXCS B MIYHTMTE MPUPOAHBIX (byJiiepeHOB ¢ Pa3iMYHbIM
anciom aTomos yraepona: Cyy, Cyg, Csj, C3q, Csq, Cgo, Cog

Fig. 5. Varieties of fullerenes found in natural shungite with different numbers of carbon atoms:

Cos Cas C3p C35 Csp Cop Cp

PbI, KaK 000COOJIEeHHbIE, TaK U CBSI3aHHbBIE C MUHEpa-
nmamu [21].

B HacTosiiiee Bpemst BeayTcst paboThl MO MOAUPU-
KallMy TPUPOIHBIX IITYHTUTOB C TTOJyYeHUEM CMeEIlIaH-
HOro HaHOYIJIEpOIHOTO MaTepuana [22] m arperart-
HON YCTOMYMBOCTU YIJECPOMHBIX HAHOYACTHUL, B BOJ-
HBIX KOJIJIOUAHBIX PACTBOPAX LLIYHTUTOB U (pyJUIepeHOB
[23]. IlepcrieKTUBBI pa3BUTHUsSI CUHTEe3a (QYIEPEHOB
CBSI3aHbl C OCOOEHHOCTSIMU XMMMYECKOIO CTPOEHUS
MOJIEKYN (GYyIEpeHOB — TPEXMEPHBIX aHaJOIOB apo-
MaTUYECKUX CTPYKTYpP U HaJuuyuveM OOJIbILIOro yucia
JIBOMHBIX CONMPSIKEHHBIX CBS3€H M peaKIIMOHHBIX IEH-
TPOB Ha 3aMKHYTOI yriepomgHoii cepe. O0manast BbI-
COKOI 3JIEKTPOOTPULATEIbHOCTIO, (YJIJIEPeHbI BbI-
CTYyNalT B XUMUYECKUX PEAKLIMSIX KaK CUITIbHBIE OKMC-
qurenu. IlpucoenuHsst K cedbe paavKalibl pa3IMYyHOR
XMMUYECKOM MPUPOAbI, QyIepeHbl CIIOCOOHBI 00pa-
30BBIBaTh IIMPOKUI KJIACC XUMUYECKUX COCTUHEHUH,
0o01aJalIKUX Pa3IMYHbIMU  (PU3UKO-XUMUUYECKUMU
cBoiictBamu. Ha qaHHbBI MOMEHT CUHTE3UPOBAHO OKO-
JIO TpeX THICSIY COEeAMHEHU Ha OCHOBE (Y/UIEpEHOB.

Hzyuenue wyneuma u uyeoauma memodamu MUK,
HIC- u JJHIC-cnexkmpockonuu. MeTonbl M3y4eHUS
CTPYKTYpBl IIYHTMTA W lieosuTa BKIo4yaioT COM,
POM, nudpakuunonHsiii ananus, MK crekrpockomnuio
u ap. MK criekTpbl MOTYT OBITh MOJIy4eHBI, KaK Tpa-
BuJIO, ¢ KonuuectBoM 0,5...3,0 mr obpa3ua, T. €. 3Ha-
YUTEJIbHO MEHbIIE, 4YeM TpeOyeTcs: s SIAepHOTro
MarHuTHoro pe3oHaHca (IMP). B otanuue ot AMP
usmepeHne MK criekTpoB BO3MOXHO JJisI TBEPIbIX
COCIMHEHMH, YTO TTO3BOJISIET MUCCAEAOBATh HEPACTBO-
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pUMBbIE TBEpIbIE BEIIECTBA M MUHE-
paJbl.

ITocpeactBom wu3mepenuss MK
CMHEKTPOB B 00JIaCTU BUOpallMOH-
HBIX KOJIEOAHMI KpUCTaJIMYECKOMI
pelIeTKH IIYHTUTa U LIe0JIUTa MOX-
HO TMOJIYYUTh MH(MOPMAIIMIO O CO-
cTaBe MUHepalia, CTpyKType CUJIu-
KaTHOTO/aJTIOMOCUJINKATHOTO Kap-
kaca u cootHomenuun C/SiO, wnn
SiO,/Al,03 B KpUCTALIMYECKOMI
pelleTke MUHepasa, a TakXe O Xa-
paKkTepe MOBEPXHOCTU CTPYKTYPHBIX
TPYIIH, KOTOPbIE SBJSIIOTCS LIEHTpa-
MM aACOpOLMM M KaTaTuTUYECKU
AKTUBHbBIX CalTOB.

[lornoleHne  >AEKTPOMArHUT-
HBIX BOJIH B MH(paKpacHOU ob1acTu
(400...4000 HM) oOyCIIOBIIEHO KOJIe-
OaTeNbHBIM JIBUKEHHEM MOJIEKYII,
CBSI3aHHBIM C U3BMEHEHUEM JUTUH XU~
MHWYEeCKNX CBs3ei (BaJIEHTHBIX KO-
JiebaHuii, v) WIK YIJIOB CBsI3eil Me-
KOy aroMaMu (OedopMallOHHBIE
konebanwusi, §). MK cnekTp yriepoaa, coaepxaliero
OpraHMYecKue COeAMHEHUs, HaXOAUTCS B IMara3oHe
400...4000 cM ™! 1 TO3BOMISIET TOCTATOYHO TOYHO MICH-
TUGULIMPOBATH 3TU CoeAHEeHMsI. TeM He MeHee 4acTo
WHTepIIpeTalusl TPUPOAHBIX YIJIEPOACOAEPKAIIUX
MMHEPAJIOB 3aTpyIHEHA BBUAY UX MHOTOKOMITOHEHT-
HOIo cOoCTaBa U, KakK CJIeACTBUE, MHOTOUYUCIEHHBIX
nojoc kojebaHuii B oobpasuax. Kpome toro, umcio
noJjioc noryioieHus: B UK criekTpax ciaoXHBIX COeau-
HEHUI MOXET OTJIMYAThCS OT YMCJIa HOPMAJIbHBIX KO-
JieOaHUI MOJIEKYJ BCJIENCTBUE TOSIBJICHUS TOMOJHU-
TEJbHBIX MOJOC OOEPTOHOB, COCTABJISIONIUX YACTOT U
TepeKpLIBAaHMS JIMHUI BCIIEACTBHE pe3oHaHca PepMu.

M3yuenue mrynrura merogoM MK crekrpockonumu
I0Ka3aJjio IIPUCYTCTBME CeMU OCHOBHEIX mojoc B UK
CIIEKTpE IIYHIUTa, 3aperMCTPUPOBAHHBIX MPU ITMHE
BoJIHBI A = 2,90; 3,18; 3,32; 6,13; 7,14; 8,59; 9,21 Mxm
WY TIpY BOTHOBOM umciie k = 3448; 3141; 3016; 1630;
1400; 1164 1 1086 cM ™!, KOTOpbIE COOTBETCTBYIOT KO-
JIebaHMSIM pa3IMYHbIX TPYIII YIJIEPOACOAEPKALIUX Op-
raHUYECKMX COeNVHEHUI B yHrure (puc. 6).

IIpn wuntepnperanuu MK crnekTpoB Haubosee
UHOOPMATUBHBIMU SBISAIOTCSI obnacts mpu 2500...
1500 cM ™!, a takxke o6macts mpu 4000...2500 cm L.
AHanmn3 TIepBOi U3 HUX MO3BOJISIET ONPEACTUTD TIPH-
CyTCTBME B 00paslie HEHaChIIIEHHBIX YIJIEPOA-CO-
nepxaimux coeauHeHuit: C=C, C=C, C=0, C=N,
C=N, a Takxke apoMaTUYeCKUX U TeTepoapoMaTuye-
cKux coeauHeHuit. Iloysockl TorioieHuss B 00JacTu
4000...2500 cm~ ! Moryr mmeHTMGUUMPOBaT (GYHK-
LMoHanbHbIe rpymnbl, Kak O—H, N—H, S—H, a Tak-
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XapakTepucTUYEeCKMMU MOTYT OBITh
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Puc. 6. UK cnekTp nryHraTa, noJy4eHHblii npu cnekanum oopasua B KBr na UK cnekrpo-
metpe Bruker Vertex ("Brucker”, I'epmanus): crieKTpaJibHbIN IUANIa30H: CpeIHUI UHbpa-

KpacHbIii — 370...7800 CMil; BuauMeblii — 2500...8000 CMil; paspemenne — 0,5 CMil; TOY-

HOCTh BOJIHOBOTO ynciia — 0,1 em™ ! Ha 2000 cm~!

Fig. 6. IR spectrum of shungite in KBr pellet on IR-spectrometer Bruker Vertex ("Brucker”, B
Germany): the spectral range: average IR — 370...7500 em™! ; visible — 2500...8000 em™! ; the
; accuracy of wave number — 0,1 em™! on 2000 cm™

permission — 0,5 em™!

XK€ pa3TUIHbIC BABI Csp3—H, Cspz—H, Csp—H, (0=
C—H-cBa3eit.

MK criekTpbl opraHM4ecKuX COeAMHEHU moapas-
JIEeJISIOT Ha TPpM OCHOBHBIX auamasona: 1) 4000...
2500 cm~ ! — o6nactb BaNeHTHBIX KoJeGaHWil OIM-
HapHbIX KOBaleHTHBIX cBsizeit X—H: O—H, N—H,
C—H, S—H; 2) 2500...1500 cM ! — o6nacte BaseHT-
HBIX KoJieOaHMI KpaTHBIX cBsizeir X=Y: X=Y, C=C,
C=0, C=N, C=C, C=N; 3) 1500...500 cM~ ' — 06-
JIACTb BaJICHTHBIX KOJIeOAHUI OJMHAPHBIX KOBAJICHT-
HbIx cBsa3eit X—Y: C—C, C—N, C—0O u gedopma-
LIMOHHBIX KOJIeOaHUI OOUHAPHBIX KOBAJIEHTHBIX CBSI-
et X—H: C—H, O—H, H—H.

B cniektpanbHoMm muamnasone (700...1500 CM_l) Ha-
XOJSTCS TIOJIOCHI MOTJIOIIEHUSI CKeJleTa OPTaHNYeCKUX
Mojiekyn, cogepxamux C—C, C—O u C—N-cBs3u
(11 BTOrO Auama3oHa HexapaKTepHbl KoJjiebaHus,
MpUHaIexXallnue oTaeAbHbIM CBsI3sIM). Xapaktep UK
CIEKTpa B 3TOM JAMANa30He YaCTOT 3HAUUTEILHO Baph-
HUpYeT B 3aBUCUMOCTHU OT HeOoabluX pasnnuuii B UK
CHEeKTpaxX OpPraHMYECKUX COeIMHEHUI, U KaXJoe COo-
€IMHEHUE UMEET CBOW YHUKAJIbHBIA OTIUYUTEIbHBIA
Habop mnoJioc noroueHus1. OH MoXeT ObITh UCIIOJIb-
30BaH ISl UASHTU(PUKAIIMU MOJIEKYJ, UMEIOIIUX TY XKe
(YHKLIMOHANIBHYIO TPYIIITY.

B criekrpaibHOM amamnasone 1500...4000 cm~ ! Ha-
XOJSTCSI Bce KOJIeOaHMSI OCHOBHBIX (DYHKIIMOHABHBIX

T
1200
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C=C COOTBETCTBYIOT CpEIHEl WHH-
TEHCUBHOCTH ITOJIOCHI Ipu 1640 em L
[TonoxeHue TMONOCH TOMIOLIEHUS
CH,-rpynmsl nipu 800...700 cm ! 3a-
BUCHUT OT IJIMHBI YIJIEPOAHOUN Lenu
W MCTIOJIB3YETCS IJIT OOHAPYKEHUS
OPraHWYECKUX COeNUHEHUI, colep-
KallUX TIOJMMETUJICHOBYIO 1IeTb.
obmactm  3095...3010; 2975;
] 3040...3010 cm~ ! naxomsTcs Ba-

JieHTHbIe KonebaHuss C—H-apoma-

TUYECKUX, TeTepoapoOMaTUIECKUX,
HEeOONMBIINX IMUKINYECKUX W TaJOTCHHPOBAHHBIX ajl-
KWJIbHBIX TPYIII.

OCHOBHOM IMana3oH XapaKTepHBIX MOJIOC OPTaHU-
YeCKUX COeaMHEeHMi u3MmeHsiercss or 3100...3000 cm !
mist H—C; N—H; O—H-casizeii; 3100...2800 cm™ | —
mis C—H; —CHj-cpaseit; 3040...3010 cv™ ! — s
=CH-cBssu; 1750...1700 cm™! — mia C=0-cpssu;
1690...1630 cM™' — s C=N-cssu; 1670...
1620 e~ ! — g C=C-cBsizu; 1420—1410 ecm™ ! —
mis CH,=CH-cBasu; 1310..1295 cm ! — ans
—CH=CH-cBsi3u; 1250...1200 cm ™" — st Cy3—Cyp-
cesi3u; 1260...1000 em ! — s C—O-cBs3u; 1220...
1020 em™ ! — g C—N-casu; 1400...1300 e~ ' —
st CH,-cBsasu; 1640...1600 em™ ! — s C=C—C=C
um C=C—C=0-csszeit; 1060...1950 cm~ ! — w1 co-
npsoKeHHBIX TBOMHBIX C=C=C-cBs3eil.

Mornouenue B o6aactu 3000...2800 cM™ ! nerexru-
pyercs B BUAEC KOMIUJIEKCHOW MOJIOCHI MOIJIOLLEHUS.
ITonoxeHue 1oJioc B 3TOM OOJACTU COXPAHSETCS BO
BCeX THUMAaX alnpaTHIeCKUX YIIIeBogoponoB. MHTeH-
CHUBHOCTb TT0JIOCHI TMOTJIOLIEHUS B 3TOI 00JIaCTH 3aBH-
cut ot konuyectsa CH,- u CH3-rpynn B Mosexysie.
Hakoruienne CH,-rpynn MoBbIIIAET MHTEHCUBHOCTh
nonockl noryomenus npu 3000...2800 CM_I, B TO Bpe-
MsI KaK MHTEHCUBHOCTb 1osiockl CH3-rpymnmbl Mano
U3MEHSIETCS. DTO CBOMCTBO MCIIOIB3YIOT UIST KOJTMYE-
CTBEHHOT'O aHAJIN3a YIJIEBOJOPOAOB B aHATU3UPYEMBIX
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obpasuax metonoMm MK criekrpockonuu. Takum obpa-
30M, MOJIEKYJISIDHBII COCTaB ILIIYHTUTa SIBJISETCS MHO-
TOKOMITOHEHTHBIM U CJIOKHBIM; 3TOT MMHEpaj Co-
JEPXXUT B CBOEM COCTaBe MHOTHUE (PYHKIIMOHAIbHBIE
TPYIIbl OPraHUYECKUX COCAWHEHUU C pas3sIUuYHBIMU
TUIIAMU XUMMYECKHUX CBsI3eil, 4TO 00YCIOBIEHO MHO-
TOKOMITOHEHTHBIM OPIraHUYECKUM COCTaBOM.

BDdDeKTUBHBIM METOAOM TIPU M3YYEHUU B3aMMO-
IEWCTBUS IIYHTUTA U LEOJUTA C BOIOW SIBJSIETCS
MmocTpoeHue 3HepreTudeckoro crnekrpa (DC) BoabI,
KOTOPBIH AaeT MHMOPMALIMIO O CpeHEH DHEPTUU BO-
JOPOJHBIX CBSI3el. DKCMEPUMEHTAIbHBIM TyTEM YC-
TAHOBJIEHO, YTO TPU MCIAPEHWU KarlulM BOABI YIOJ
CMauyuBaHUSI © yMeHbIIaeTcsl AUCKPETHO 10 HYJs,
MPUYEM TUAMETP KaIUIM U3MEHSIETCS HE3HAYMTEIBHO.
ITyrem M3MepeHMit 3TOrO yrja yepe3 paBHble WHTEP-
BaJIbl BpeMEHU onpenessieTcss GyHKUMOHAIbHasI 3aBU -
cuMocTh f(0), KkoTopasi 0603HAYaETCsI CIEKTPOM CO-
CTOSIHUS BOABI. 151 MpakTUYECKHUX 1IeJIei 3a CUET U3-
MEpPEHMUSI CHEKTPA COCTOSIHUS BOJbI MOXHO TOJYYUTh
nHdopManrio 00 YCPEAHEHHOM 3HAYEHUM 3SHEPruu
BOJIOPOJHEIX CBsI3eli B IIpoOe BOALI. JIJIsl TOT0 aBTOPHI
KCITOJIb30BaNu Moaenb Y. JIykka, paccMaTpUBaIOILyIO
BOJly KaK aCCOLUMHUPOBAHHYIO XWIKOCTb, COCTOSIILYIO
n3 B3auMocBsizaHHbIX O—H...O—H-rpynm [24]. bonb-
111asl YacTh ATUX TPYIIN OINpPEAEsieTcsl SHeprueil Bomo-
ponHbIx cBszeil (—E), a octayibHble cBOOOAHBI (£ = 0).
@Oynkuusa pacnpeneneHus monekyn H,O no sHeprusam
S(FE) uamepsieTcsl B 3J1eKTPOHBOJIbTaX (eB_l) U U3Me-
HSETCS C TeMIIEPATypO.

Hnst mpakTuueckux pacueToB yHKuuu f(E) wuc-
MOJIb3YeTCS IKCIEPUMEHTabHAs 3aBUCUMOCTb MEXIY

MMOBEPXHOCTHBIM HaTsKEHMEM BOJIbI O M DHEPTHUei BO-
JOPOIHBIX CBA3eil £ Mexay monekynamu H,O:

Ay = A30)
[1=(1+bE)7

rie b= 14,33 3B, 0 = arcos(l — bE).

IMpouecc xapakTepusyeTcss HepPaBHOBECHBIM WC-
MapeHneM KarleJIb BOJbI, TO3TOMY UCIIOJIb3yeTCS TEP-
MWH "HEpaBHOBECHBIN SHEPTeTUYECKHUI CIIEKTP BO-
el (HOCO).

PasHoctb Af (E) = f (El'[p.BOI[bI) B f (EKOHTp.l'lp.BOZ[LI)
xXapaktepusyer "muddepeHInaabHbIi HepaBHOBEC-
HBI SHepreTnueckuii cnektp Boabl" (JIHOC).

JHDC uzmepsiercss B MWIMAJIEKTPOHBOIbTaX (M2B)
U SIBJISIETCS MOKa3aTesieM CTPYKTYPHBIX U3MEHEHUI B
BOZIE, TaK KaK SHEPTUs BOIOPOMTHBIX CBSI3EH B ITpobax
BOZIbl U3MEHSIETCS B 3aBUCUMOCTU OT YMCJia BOAOPOI-
HBIX CBA3er Mexay monekyiaamu H,O B mpo6Gax Bomsl,
KOTOpbIe BO3HUKAIOT B pe3yJibTaTe TOro, 4To pasiny-
HBIM 00pa3iiaM BOJbl MPUCYIIU pa3IndHbIe MEXMOJIe-
KYJISIpHBIE B3aMMOJEHCTBUSI MEXKIY acCOLMaTUBHBIMU
2JIEMEHTaMu; TepepacrpeneneHue monekyn H,O B
mpo0ax BOABI 110 SHEPIUHU IIPeACTaBIsIeT cO00il cTaTu-
CTUYECKUIi pouecc. JJaHHbIM METOOM HaMU paccuu-
TaHAa CPEOHSIS SHEPTrUsT BOMOPOIHBIX CBSI3eH MEXIy
Mmosekyiaamu H,O B o6pa3nax Bozibl, KOTOpasi COCTaB-
et —0,1067 + 0,0011 3B.

WUccnenosanme meromamu HOC- n JHOC-criek-
TPOCKOIUHU 00pa3loB BOIbI, MOJYYEHHBIX ITOCE TPEX-
JTHEBHOTO KOHTAKTa IIIYHTUTA W LI€OJUTa C JEUOHU3U-

Tabauua 3
DHepran BOAOPOHBIX cBA3eil Mexay monekydamu H,O B o0pasunax Boawl, nomydennsix JJHIC-meTonom*,
NoCJie TPEXTHEBHOTO KOHTAKTA C HIYHIHTOM W LEOJIHUTOM
Table 3
Characteristics of spectra of water after 3 days infusion with shungite and zeolite, obtained by the DNES-method
IyHrur ILeonur IyHrur IyHruT
—E, eV Shungite Zeolite —E, eV Shungite Shungite
[ Evare)/ Erorat vatue)ls % | —Eyaiue)/ (—Eporat vare) 1> % [ Evate)/ — Epotat vatue)ls % | [ Eyaed)/(— Evorat vatue)ls %

0,0937 2,85 6,3 0,1187 0 12,4

0,0962 8,8 6,3 0,1212 5,9 6,3

0,0987 5,9 0 0,1237 0 0

0,1012 11,8 12,4 0,1262 0 0

0,1037 11,8 6,3 0,1287 0 18,7

0,1062 0 6,3 0,1312 8,8 6,3

0,1087 0 0 0,1337 2,85 0

0,1112 5,9 0 0,1362 0 0

0,1137 11,8 0 0,1387 11,8 2,4

0,1162 11,8 6,3 — — —

*TMpumeuanue. ITokazano pacnpenenenue sHaueHU (—E,,1,0)/(—Eypar vaiue) (%] Monexyn H,O B COOTBETCTBUM C 3HEPrUSIMU
BOJIOPOAHBIX cBsA3el (—E,,;,,) OTHOCUTENBLHO OOLIE 3HEPTUMN BOXOPOIHBIX CBA3EH (E ),/ ya/ue) B 00PA3LAX BOIBL.
* Notes: It was demonstrated the distribution of values [(—E,;1,0)/(—Ejpras vaie)l> % molecules of H,O according to energies of hy-

drogen bonds (—E,,,,) relative to the total energy of hydrogen bonds (£, yaue) in Water samples
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——[lynrur, Shungite

HBIM COCTaBOM, CTPYKTypoii (Io-
PUCTOCTD, TNIOTHOCTD, alCOPOIINOH-
Hasl eMKOCTb).

—8—[eonur, Zeolite

IlonyyeHHble pe3yabTaTbl CBU-
NETETbCTBYIOT O PECTPYKTypH3a-

LM 3HAYEHUI SHEPruii BOAOPOI-
HBIX CBSI3€ MEXIy MHIWBUIYaIb-

HbiMU Mostekynamu H,O co cratu-
CTMYECKM [JOCTOBEPHBIM YBeJINYe-

HHUEM JIOKAJbHBIX MaKCMMYMOB B

HOHOBC-cnexrpax. Tak, nisa 3Haye-
Hus 0,1387 3B cyliecTByeT J0Kajb-

Distribution (-E 1, )/(-E 11 vaiue)» %

HBbIA MaKCUMyM C ITOJOKUTCJIIbHbBIM
3HAYCHUECM OHCPIrMM KakK IJId IIYyH-

Pacnpenesenue CE,,ie)/ CE o vatue)s 70

ruTa, TaK W AJs LeoJIuTa.
JHSC-cnekTpbel BOMHBIX pac-

TBOPOB, coxepxarue KaroHsl Ca’’
B koHueHTpauuu 0,1 moab/a, 06-

R —

JIaIaloT JIOKAJIbHBIM MAaKCUMYMOM
snepruu npu —0,1100 3B 1 10KaIb-

Energy of hydrogen bonds-E, eV
JHeprusi BOAOPOAHBIX cBs3eii-E, 2B

Puc. 7. Pacnpenenenue snagenuii (—E,1,0)/ (— Ejotal varwe)> 70 Moekyn H,O B cooTeTcTBHI
¢ SHEePrusiMH BOAOPOAHBIX cBa3eil (—E,,;,.) OTHOCHTEIBHO 001eii 3HePruy BOAOPOIHBIX CBs-
3eil (Eigta) value) B AHDC-cnekrpax 00pasnos Bobl HOCJI€ TPEXAHEBHOT0 KOHTAKTA IIyHTHTA

U Le0JIUTa ¢ BOLOM

Fig. 7. The distribution (—E,;1,.)/(—Eat vaiue)» % of H,0 molecules in water solution of
shungite/zeolite according to energies of hydrogen bonds (—E,,;,,) to a total result of hydrogen

bonds energy (E,y41 vaiue) it DNES-spectra after 3-day infusion

POBaHHOI BOIOM, MOXET TakxXKe JaTh MHMOPMAIIUIO O
BO3MOXKHOM YHCJIe BOMOPOIHBIX CBS3EM B acCOIIMaTax
Boabl, cocTosiiiux u3 O—H...O—H-rpynn u pacnpe-
aeneHun Monexkyn H,O mo sHeprusiMm BOLOPOIHBIX
cBaset (—E, ;) OTHOCUTEIBHO OOLLUEN SHEPTUU BOIO-
POIHBIX CBA3EN ( Loty value) B 00PasLax Bobl (Tabi. 3).
PesynbTaThl, oayyeHHbIe ¢ moMolubio Metoga HOC,
ObUIM CBEPEHBI C pe3yJibTaTaMu, IMOJIydYeHHbIMUA METO-
oM JHOC.

HMccnenoBaHue o6pas3lioB BOAbI MOCJE TPEXIHEB-
HOI0 KOHTaKTa IIYHTUTA W LI€OJIMTa C JEUOHU3UPO-
BaHHOU Bonoi metonmoM JHOC mokazanu 3HaueHUS
cpenneil sHeprun (AEy o) Bomopoanbix H...O-caseii
mexny monekynamu H,O, cocrasisaomue —0,0925 +
+ 0,0011 3B pnst mynrura u —1,1901 £ 0,0011 3B gns
eosuTa. I8 KOHTPOJIBLHOTO oOpaslia JAeUOHU3UPO-
BaHHO# BoAbI 3TO 3HaueHue coctasisieT —0,1162 3B.
JlaHHas pa3HULA B 3HAUYEHUSAX AEy o MEXIy LIYHIU-
TOM U LIEOJIUTOM CBUIETEJIbCTBYET O Pa3IUUMU MeXa-
HU3MOB B3aMMOJEUCTBUS 3TUX MUHEPAJIOB C MOJIEKY-
namu H,O, 00ycC/I0BIEHHBIX Pa3TMYHLIM KOMIIOHEHT-

0 0,02 0,04 0,06 0,08 0,1 0,12
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0.14 0.16 HeIM MuHUMYMOM 1ipu —0,1000 3B.

151 BOOHBIX pacTBOPOB, comepka-
IIAX KaTUOHBI Mg2+, Fer™ u Fe3+,
HabOmromaeTcsd aHAJOTWYHBIA  Xa-
paxkTep pacrpeaeaeHus JOKaIbHbIX
MakKCUMyMOB ¥ MHWHUMYMOB B
JHSC-cnekrpax, 4To CBUAETEIbCT-
BYET O TOM, UTO HalIeHHasl 3aBUCU-
MOCTbD SIBJISIETCSI YHUBEPCATbHOM.

OHS3C-cniekTpbsl 00pa3loB BO-
Bl TIOCJIe KOHTakKTa C IITYHTUTOM
00J1a1al0T JIOKAJIBHBIM MaKCUMY-
MoM sHepruu nipu —0,1187 3B u 10-
KaJgbHbIM MuHUMYyMoM Tipu —0,0937 3B. Ilpu nsme-
HEHMHM TeMIlepaTypbl BOIBI CPEIHSIS DHEPTHUS BOMIO-
ponubix H...O-cBaseit B mosnekynax H,O nsmensercs,
YTO MPUBOIUT K CTATUCTUUYECKOMY Tepepacrpenese-
a0 Monekynr H,O no sueprusam B JJHOC-cniekrpax
[25]. B pesynbrate MpoCieXuBalOTCS TPYMIbl MoOJe-
Kyl H,O, B KOTOpBIX IIPOSIBJISETCSA ONMMHAKOBOE pac-
npeneseHue mo 3HeprusiM. I1o JaHHBIM SKCITEPUMEH -
TaJbHBIM 3aBUCUMOCTSIM paclpenesieHusT 3HaYeHUH
[(—Eyarue)/ (— Eiotal vae)]> % monexyn H,O B cooTseT-
CTBUHU C SGHEPTUSMU BOAOPOIHBIX CBA3EH (—E,41,6) OT-
HOCUTEJIbHO OOIlleli BHepruy BOAOPOIHBIX CBsI3eit
(Etotal value) B 00pasLiax BOAbI IIOCTPOEHA rpapuyeckas
3aBUCUMMOCTbD, BbIpaxalolllas MaTeMaTU4ecKylo MOJIE/b
B3aMMOJIEMCTBUSI 9TUX MUHEPAJIOB C BoJOi (puc. 7).
M3yueHHast 3aKOHOMEPHOCTb U3MEHEHUSI S9HEPTUU BO-
JOPOIHBIX cBA3el Mexay mojekyramu H,O npu 06-
paboTKe BOABI LIYHTMTOM U LIEOJIUTOM BaxKHa IJIST TEX-
HOJIOTMYECKOTO MCIIOJb30BaHUSI 3TMX MUHEpAaJoOB B
KayecTBe aJcoOpOEHTOB MPU MPOU3BOACTBE (PUIBTPOB
OYVICTKH BOIEI.
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3akioueHue

CornacHO TIPOBEICHHOMY MCCJIEIOBAHUIO YTJIEPOI-
coaepxkalluii ¢yiepeHONOJ00HbI MUHEpa IIYH-
TMT W MMKPOIIOPUCTHI MMKPOKPUCTALUIMYECKUN
aJTIOMOCUJIMKATHBIM MUHEpajl LEeOJUT MMEIOT CJIOX-
HYI0O KOMILIEKCHYI0O MHOTOKOMITOHEHTHYIO MOJIEKY-
JISIDHYIO CTPYKTYPY. DP(PEeKTUBHOCTb UCIIOIb30BAHUS
9TUX IBYX NPUPOIHBIX MUHEpPAJIOB OOyCJIOBJeHAa 00-
LIMPHBIM CIMEKTPOM LIEHHBIX CBOMCTB (COpPOLIMOHHBIE,
KaTaJIUTUYECKNE, BOCCTAHOBUTEJIbHbBIE, OaKTEpULIU[I-
HbIE, 3JEKTPOMPOBOAHBIE), IKOJOTMYHOCTbIO, HEBbI-
COKOI CTOMMOCTbBIO MaT€pUaJOB Ha OCHOBE LIIYHTUTa
U LI€OJIUTA M TEXHOJIOTUI MX MOJydyeHUs u oopaboT-
KM, HaJIM4YMeM OOIIMPHOI OTEYECTBEHHOM CHIPhEBOM
0asbl, CroCOOCTBYIOINIEH IMPOKOMY MCIOJIb30BAHUIO
3TUX MUHEPAJIOB B PA3JIMYHBIX OTPACISAX HAYKU U TEX-
HUKM. B pesynabpTaTe MccienoBaHUil yCTaHOBJIEHA Ma-
TeMaTU4yecKas MOJEJb, ONMUCHIBAIONIAs B3aMMOJEH-
CTBUE LIYHTUTA U LI€0JUTA C BOJOM, 3aKOHOMEPHOCTD
U3MEHEHUSI SHEPTUU BONOPOAHBIX CBA3EU MEXAYy MO-
sexynamu H,O nipu 00paboTKe BOABI IIYHIUTOM U Lie-
OJIUTOM. DTO TO3BOJISIET MOHSTh, KaK 3TU MUHEpaJbl
B3aUMOIENCTBYIOT ¢ Mosiekynamu H,O g o6bsacHe-
HUST UX (QUIUKO-XUMUUYECKUX U aACOPOLIMOHHBIX
CBOWCTB.

Paboma evinoansnace npu ¢unancosoii nodoepoicke
Hayuno-uccaedosamenvckoeo  uyenmpa  mMeOUUUHCKOU
ouoghusuxu (boseapus), epanm Ne 234-RU.
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Research of the Structural-Functional Properties of the Fullerene-Like Shungite
and Micro-Crystalline Alumosilicate Mineral Zeolite by Elemental Analysis,

TEM, IR and DNES Spectroscopy

The research is devoted to the structural-functional properties of the amorphous, uncrystallized, fullerene-like carbon containing
natural mineral shungite (Zazhoginskoe Deposit, Karelia, Russia) and micro-crystalline alumosilicate mineral zeolite (Most, Bul-
garia). It presents data on the nanostructure of these minerals, obtained with the use of elemental analysis, transmission electron
microscopy (TEM method), IR and DNES spectroscopy. The measured average energy (AEy ) of hydrogen H...O bonds between
H,0 molecules in the water samples after treatmeni of shungite and zeolite with water was —0,0925 = 0,0011 eV for shungite and
—1,1901 £ 0,0011 eV for zeolite. A regularity was revealed in the change of the energy of the hydrogen bonds between H,0 mol-
ecules in the process of water treatment by shungite and zeolite, with an increase of the local maxima in DNES spectra.

Keywords: shungite, zeolite, nanostructure, fullerens, TEM, NES, DNES

Introduction

Shungite and zeolite are minerals belonging to a new
generation of the natural mineral sorbents (NMS).
Shungite is an intermediate form between the amorphous
carbon and the graphite crystal, containing carbon
(30 %), silica (45 %) and silicate mica (about 20 %) [1].

Zeolites are alumosilicate minerals of sodium, po-
tassium or other elements [2]. The natural zeolites are
formed in the conditions of high temperatures and pres-
sures, when volcanic rocks and ash layers react with the
alkaline groundwater. As NMS shungite and zeolite are
applied in chemical industry. Shungite has adsorption,
bactericidal, catalytic, reduction-oxidation properties,
as well as the ability to screen off the electromagnetic
and radio radiations [3]. Initially shungite was mainly
used, as a filer and substitute for the carbon coal coke
in the blast furnace production of high-silicon cast iron,
in ferroalloys melting, in production of heat-resistant
paints and non-stick coatings, and as a filler in the
rubber productions. Subsequently other new valuable
properties of shungite were discovered — adsorption,
bactericidal, catalytic, reduction-oxidation properties,
as well as the ability of the shungite minerals to screen
off the electromagnetic and radio radiations. Due to
these properties shungite is used in various branches of
science, industry and technology, for development on
its basis of a big variety of new materials with nano-mo-
lecular structures — conductive paints, fillers for poly-
meric materials and rubbers, and carbon black substi-
tutes, concrete, bricks, stuccoing plasters, asphalts, as
well as the materials shielding off the radio-frequency
and electromagnetic radiation. Shungite is an effective
sorbent for cleaning of the sewage waters from many in-
organic substances (heavy metals, ammonia, organo-
chlorine compounds) and organic substances (phenols,
dioxines, oil products, surfactants, etc.). Moreover,

shungite has bactericidal properties in relation to the
pathogenic microflora in water [4, 5].

Due to their ability to absorb or pass through their
skeleton the molecules of other chemical compounds,
zeolites are used as a molecular sieve for separation of
the mixes of gases and liquids [6]. Besides, the zeolites
are also ion exchangers of a cation type, capable to ex-
tract heavy metals from water, and, in comparison with
the synthetic pitches, they have higher selectivity to the
cations of caesium, lead, cadmium and strontium. Ze-
olites are also efficient in relation to the organic com-
pounds, for example, zeolite filtering reduces the con-
centration of benzapirene, the most widespread carcin-
ogen in water, almost 230 times. Introduction of the ze-
olite filtering materials allows us to almost double the
productivity of the water treatment works. Natural ze-
olites are used in the form of powders and filtering ma-
terials for purification of water from the surface-active
substances, heavy metals, aromatic organic compounds,
dyes, pesticides, colloidal and bacterial pollutions. But,
the most efficient and technologically advantages ap-
plications of them are connected with the zeolite and
shungite-based mixes with activated carbon and possi-
ble regeneration of the sorbents [7].

A wide range of properties of shungite and zeolite
determines a search for new areas of industrial appli-
cation of these minerals in science and technology
which contributes to a deeper study of the structure
with the use of the modern analytical methods. The aim
of this work is investigation of the structural properties
of shungite and zeolite for construction of a mathemat-
ical model of interaction of these minerals with water.

Method of Experiment

Sample preparation. The research was done with the
samples of shungite obtained from Zazhoginsky Depos-
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it (Karelia, Russia) and zeolite deposit in Most, Bul-
garia. The samples were taken and analyzed in a solid
form, in accordance with the requirements of the Na-
tional Standard of the Russian Federal Agency for
Technical Regulation and Metrology. The samples
were put into 100 cm? hermetically sealed glass tubes
after being washed in distilled H,O and dried in cru-
cible furnace, and homogenized in a homogenizer by
mechanical grinding. For a decomposition of the shun-
gite samples a system of microwave decomposition was
used. The other methods of the samples’ processing
were washing in distilled H,O, drying, and homogeni-
zation on cross beater mill of Retsch SK100 (Retsch
Co., Germany) and Pulverisette 16 (Fritsch GMBH,
Germany).

Inductively coupled plasma optical emission spec-
trometry (ICP-OES). The mineral composition of
shungite was studied by the inductively coupled plasma
optical emission spectrometry /CP-OFES on Agilent ICP
710-OES (Agilent Technologies, USA) spectrometer,
equipped with plasma atomizer (in argon flow), Mega
Pixel CCD detector, and 40 MHz free-running, air-
cooled RF generator, with spectral range of 67...785 nm;
plasma gas flow: 1,5 1/min; output power: 700...1500 W.

Elemental analysis. The total amount of carbon
(Ciotap) in shungite was measured according to ISO 29541
standard using CHS-580 elemental analyzer (Eltra
GmbH, Germany), equipped with electric furnace and
IR-detector for combustion of 200 mg of solid homog-
enized sample in a flow of oxygen at the temperature
T = +1500 °C.

Transmission electron microscopy (TEM). The
structural studies were carried out with the use of JSM
35 CF (JEOL Ltd., Korea) device, equipped with X-ray
microanalyzer of Tracor Northern TN, SE detector,
thermomolecular pump, and tungsten electron gun
(Harpin type W filament, USA); working pressure:
4...10 Pa; magnification: 300 000, resolution: 3,0 nm;
accelerating voltage: 1...30 kV; sample size: 60...130 mm.

IR spectroscopy. 1R spectra of shungite were ob-
tained on Fourier-IR Brucker Vertex spectrometer
(Brucker, Germany) (spectral range: average IR —
370...7800 cm™!; visible — 2500...8000 cm™!; resolu-
tion — 0,5 cm_l; accuracy of the wave number —
0,1 cm™! per 2000 cm_l).

NES and DNES methods. NES and ONES methods
were used for estimation of the energy of the hydrogen
bonds of shungite zeolite solutions in water in order to
evaluate the mathematical model of interaction of these
minerals with water. The device designed in NITsMB
(Sofia, Bulgaria) measured the angle of evaporation of
the water drops from 72° down to 0°. The main estima-
tion criterion was the average energy (AEy () of the
hydrogen O...H bonds between individual H,O mole-
cules in the aqueous samples. The water spectrum was
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recorded in the range of AEy o = 0,08...0,1387 eV or
A = 8,9...13,8 urn with the use of a specially developed
computer program.

Results and their discussion

Structural properties and composition of shungite
and zeolite. Shungite and zeolite represent a new gen-
eration of PMS. Shungite is a metastable allotropic
form of carbon with high level of carbonization (carbon
metamorhism), being on a prior to the graphite stage of
coalification [8]. Alongside with carbon, the shungite
(Tablel) contains SiO, (57,0 %), TiO, (0,2 %), Al,O4
(4,0 %), FeO (0,6 %), Fe,O5 (1,49 %), MgO (1,2 %),
MnO (0,15 %), K,0 (1,5 %), S (1,2 %) (Table 1). The
product obtained after a thermal firing of shungite
(shungizite) at 7= 1200...1400 °C contained small
amounts of V (0,015 %), B (0,004 %), Ni (0,0085 %),
Mo (0,0031 %), Cu (0,0037 %), Zn (0,0067 %), Co
(0,00014 %) As (0,00035 %), Cr (0,72 %), Zn (0,0076 %),
and other elements.

Zeolite is an aluminosilicate mineral from an alumi-
nosilicate skeleton with alkaline-earth metal of sodium,
potassium or other elements [9]. The crystalline structure
of the zeolites is formed by tetrahedrons — [A104]2_ and
[SiO4]2_ linked to each other via their common verti-
ces, the negative charges of which are compensated for
by cations (H+, Nat, K*, Ca2+, NHI), which in most
cases are capable of a cation exchange in the water so-
lutions. In between the crystalline framework there are
the hydrated positive ions of the alkali and alkaline
earth metals — sodium, potassium, calcium, and, less
frequently, magnesium, barium, strontium, compen-
sating for the carcass charge and water molecules. The
tetrahedrons [AlO4]2_ and [SiO4]2_ form the second-
ary structural units, such as six-membered rings, five-
membered rings, truncated octahedra, etc: (fig. 1). As
a result the zeolite framework composes interacting
channels and cavities forming a porous structure with a
pore size of 0,3...1,0 nm [10]. The sizes of the channels
are sufficient enough for penetration of the organic
molecules and cations and their total volume is 50 %.
The average size of the crystal lattice of the zeolite var-
ies from 0,5 up to 30 pm.

Common chemical formula of zeolites:

Mez/n[(A1203)x(Si()2)y] . ZHzo,

where Me — is a cation of an alkali metal (n — its va-
lency); x, y — molar ratios of the oxides of silicon and
aluminum in the zeolite framework, indicating the
amount of the cation exchange positions in the struc-
ture (y = 2 — «); £ — amount of water.

Currently, over 30 varieties of natural zeolites are
known, but only some of them form large deposits
(80 % of concentrates) suitable for industrial processing




[11]. The synthetic zeolites [12] have a composition
and crystal structure similar to the natural zeolites.

The element composition of the analyzed zeolite
from Most (Bulgaria) (table 2) is similar to that of shun-
gite, except for the carbon, which does not occur in ze-
olite, and some other elements. The amounts of the ba-
sic elements (SiO,, TiO,, Al,O3, FeO, Fe,05, MgO,
Ca0, Na,O, K,O0, S) comprising this mineral, differ
from shungite: their content is higher than in shungite,
except for TiO, and K,O, the content of which in
zeolite is decreased. The content of microelements
V (0,0272 %), Co (0,0045 %), Cu (0,0151 %), As
(0,0025 %), Zn (0,1007 %), Ba (0,0066 %) is increased
in the zeolite, in comparison with shungite (table 2).

The physical and chemical properties of shungite
and zeolite have been well studied [13]. Density of
shungite is 2,1...2,4 g/cm3; porosity — up to 5 %;
compressive strength — 1000...1200 kgf/cmz; conduc-
tivity coefficient — 1500 SI/m; thermal conductivity
coefficient — 3,8 W/mK, adsorption capacity —
15...20 mz/g. Density of zeolite — 1,7...2,1 g/cm3; po-
rosity — 50 %; adsorption capacity is 5 mz/g; an aver-
age pore size — 0,4...0,6 nm.

Shungites and zeolites differ by composition of
their mineral matrix (aluminosilicate, siliceous, car-
bonate), and shungites, in addition, by the amount of
carbon in the schungite samples. The shungite miner-
als with silicate mineral basis are divided into the low-
carbon (up to 5 % C), medium-carbon (5...25 % C),
and high-carbon schungites (25...80 % C) [14]. The
sum of (C + Si) in shungites of the Zazhoginskoe De-
posit generally varies within 83...88 % as shown in Fig. 2.
The molar ratios of SiO, and Al,O5 in the aluminosil-
icate framework of the zeolite are equal to ~2...3.

The crystals of the crushed, fine ground shungite
possess strong bipolar properties. This results in a high
adhesion, and shungite’s ability to mix with almost all
organic and inorganic substances. Besides, shungite has
a broad spectrum of bacterecidal properties; the min-
eral is actively adsorptive to some bacterial cells, phag-
es, and pathogenic saprophytes [15].

The research of the ultra-thin sections of shungite by
transmission electron microscopy (7EM) and scanning
electron microscopy (SEM) in the absorbed and back-
scattered electrons [16] showed that the shungite car-
bon was uniformly distributed in the silicate framework
from fine dispersed quartz crystals with dimensions of
1...10 urn (fig. 3).

According to the research, the carbonaceous mate-
rial of shungite is a product of a high degree of carbon-
ization of the hydrocarbons. Its elemental composition
(wt. %): C — 98,6...99,6; N — 0,15...0,5; (H + O) —
0,15...0,9. At a virtually constant elemental composi-
tion of shungite, the carbonaceous matter demonstrates
variability of its structure — both the molecular and su-

pramolecular, as well as the surface, and the porous
structures [17]. The shungite carbon contains hollow,
multilayer fullerene-like spherical globules with diam-
eter of ~10...30 nm, comprising inclusive packages of
smoothly curved carbon layers forming the nanopores
(fig. 4). The globule structure is stable in relation to the
phase transitions in the other shungite carbon allotropic
forms. Fullerene-like globules can contain from a few
dozen up to several hundred carbon atoms, and vary in
shapes and sizes [18].

The carbonaceous matter of shungite has structural
anisotropy and shows a significant increase of diamag-
netism at low temperatures typical for the crystals
formed by fullererie molecules (fullerites) [19]. The ful-
lerites are molecular crystals with a faced-centered cubic
(FCCQ) lattice size of 1,42 nm, the number of the nearest
neighbors — 12 and the distance between them — 1 nm.
The density of a fullerite is 1,7 g/cm3, which is slightly
lower than that of shungite (2,1...2,4 g/cm3) and graph-
ite (2,3 g/cm3). The fullerene molecules can comprise
24, 28, 32, 36; 50, 60, 70, etc. carbon atoms. The
fullerenes with the number of carbon atoms of n < 60
are unstable. The higher fullerenes containing more
carbon atoms (n < 400) are formed in insignificanr
quantities and often have rather complex isomer com-
position [20]. The carbonaceous material of shungite in
its composition contains fullerenes (Cg, C7(), C74, C74,
Cy4 ete.), and fullerene-like structures, as separate and
as well as the ones related to minerals [21].

Currently the work is under way aimed to modify
the natural shungites in order to produce mixed nano-
carbon materials and increase the aggregate stability of
the carbon nanoparticles [22] in the aqueous colloidal
solutions of shungites and fullerenes [23]. The prospects
for development of the fullerene synthesis are associat-
ed with the peculiarities of the chemical structure of the
fullerene molecules — the three dimensional analogues
of the aromatic structures and presence of a big number
of the double conjugated bonds and reaction centers on
a closed carbon sphere. Possessing high electronegativ-
ity, the fullerenes act in chemical reactions as strong
oxidizing agents. By attracting to themselves the radi-
cals of different chemical nature, the fullerenes can
form a wide class of chemical compounds with different
physical-chemical properties. So far, about 3 thousand
compounds based on fullerenes have been synthesized.

Studying of the shungite and zeolite structures by the
methods of IR, NES and DNES spectroscopy. The
methods for studying the structure of the zeolite and
shungite include TEM, SEM, diffraction analysis, IR
spectroscopy, etc. IR spectra may be obtained, as a
rule, with the amount of 0,5...3,0 mg of the sample, i.e.
significantly less than required for nuclear magnetic
resonance (NMR). In contrast to NMR, measurement
of IR-spectra is possible for solid compounds, which
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makes possible a study of even insoluble solid substanc-
es and minerals.

By the method of IR-spectroscopy within the range
of the vibrations in the crystal lattice of zeolite and
shungite it is possible to obtain information on the
composition of the mineral and its components, and on
the structure of the framework, particularly the lattice
ratio type of C/SiO, or SiO,/Al,05, as well as on the
nature of the surface of the structural groups, which of-
ten serve as adsorption and catalytically active sites.

The electromagnetic wave absorption in the infrared
region (400...4000 nm) is due to the vibrational motion
of the molecules associated with the changes in the
chemical bond lengths (stretching vibrations, v) or
bond angles between the atoms (deformation vibra-
tions, §). The IR spectrum of the carbon containing or-
ganic compound ranges from 400...4000 cm™ ! and al-
lows us to identify these compounds. However, often
the interpretation of the natural carbon-containing
minerals is difficult due to their multi-component com-
position and numerous oscillations in trie samples. Fur-
thermore, the number of the absorption bands in the IR
spectra of complex compounds may differ from the
number of the normal molecular vibrations due to oc-
currence of additional bands, overtones, component
frequencies, and overlapping lines caused by the Fermi
resonance.

The research of shungite with the use of the method
of IR spectroscopy revealed presence of at least seven
main bands in the IR-spectrum of shungite, detected
at 2,90; 3,18; 3,32; 6,13; 7,14; 8,59; 9,21 um (wave-
length, L), or 3448; 3141; 3016; 1630; 1400; 1164 and
1086 cm™! wave number (k) corresponding to the os-
cillations of various organic group types in shungite
(fig. 6).

Interpretation of the IR spectra of the organic sam-
ples reveals that the most informative ares the region of
2500...1500 cm™ ! and the region of 4000...2500 em” L.
Analysis of the first of them allows us to detect presence
in the sample of the unsaturated carbon-containing
compounds: C=C, C=C, C=0, C=N, C=N, as well as
the aromatic and heteroaromatic compounds. The ab-
sorption bands in the region of 4000—2500 cm™ ! can
identify the functional groups as O—H, N—H, S—H,
as well as various types of Cy,3—H, Cy,—H, C—H,
(0O=) C—H bonds.

The IR spectra of the organic compounds can be di-
vided into three main bands: 1) 4000...2500 cem™ ! — the
area of stretching of vibrations of the single bonds X—H:
O—H, N—H, C—H, S—H; 2) 2500...1500 cm™ ! —
the area of stretching of vibrations of the multiple
bonds X=Y, X=Y: C=C, C=0, C=N, C=C, C=N;
3) 1500...500 cm™ ! — the area of stretching the vibra-
tions of single bonds X—Y: C—C, C—N, C—O0 and de-
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formation vibrations of the single bonds X—H: C—H,
O—H, H—H.

In the spectral band (700...1500 cm_l) there are the
absorption bands of the skeleton of the organic mole-
cules containing C—C, C—0, and C—N bonds (for
this band oscillations belonging to separate bonds are
not typical). The nature of the IR spectrum in this fre-
quency range vanes significantly with small differences
in the IR spectra of the organic compounds, as each
compound has its unique distinctive set of the absorp-
tion bands. It can be used for identification of the mol-
ecules having the same functional group.

In the spectral range of 1500...4000 cm” ! there are
all the fluctuations of the basic functional groups of the
organic compounds. These groups act isolated and in-
dependently of the rest of the molecule, as their ab-
sorption frequencies change insignificantly during tran-
sition from one compound to another. Characteristic
may be the bands corresponding to both the stretching
and bending vibrations.

Absorption in the area of 1400...1300 cm™ ! and
700 cm™ ! is due to the deformation oscillations of
CHj3- and CH,-groups. The stretching vibrations of the
terminal C=C bond correspond to the average intensity
of the band of 1640 cm™!. The position of the band of
adsorption of CH,-group at 800...700 em s depend-
ent on the carbon chain length and is used to detect the
organic compounds containing the polymethylene chain.
In the area of 3095...3010; 2975; 3040...3010 c¢cm !
there are stretching vibrations of C—H aromatic, heter-
oaromatic, small cycles, and halogenated alkyl groups.

The main band of the characteristic bands of the or-
ganic compounds changes front 3100...3000 em™ ! for
H—C—; N—H—; O—H bonds; 3100...2800 cm™' —
for C—H; —CHj bonds; 3040...3010 em™ ! — for
=CH bonds; 1750...1700 cm™! — for C=0 bonds;
1690...1630 cm™! — for C=N bonds; 1670...
1620 cm™ ! — for C=C bonds; 1420...1410 cm™! — for
CH,=CH bonds; 1310...1295 cm™! — for —CH=CH
bonds; 1250...1200 cm™! — for Cyp3—Csp3 bonds;
1260...1000 cm™! for C—O-bonds; 1220...1020 cm ™! —
for C—N-bonds; 1400...1300 cm™ ! — for CH, bonds;
1640...1600 cm™ ' — for C=C—C=C or C=C—C=0
bonds; 1060...1950 cm™! for conjugated double C=C=C
bonds.

Absorption in the area of 3000...2800 em ™ !is de-
tected as a complex band absorption. Position of the
bands in this area is preserved in all the types of the
aliphatic hydrocarbons. The intensity of the bands of
absorption depends on the number of CH,- and
CHj;-groups in a molecule. Accumulation of CH,-
groups increases the intensity of the absorption band
at 3000...2800 cm_l, whereas the intensity of the band
of the CHj3-group changes little. This property is used
for a quantitative analysis of the hydrocarbons in the




analyzed samples by IR spectroscopy. Thus, the car-
bonaceous composition of shungite is multicomponent
and complex; this mineral contains in its composition
many functional groups of the organic compounds with
different types of bonds, which is due to its complex or-
ganic composition.

An effective method for studying interaction of
shungite and zeolite with water is construction of the
energy spectrum (ES) of water, which provides infor-
mation on the average energy of the hydrogen bonds. It
was established experimentally that during evaporation
of watef droplet the contact angle (0) decreases dis-
cretely down to zero, whereas the diameter of the drop-
let changes insignificantly. By measuring of this angle
with regular time intervals a functional dependence f(0)
can be determined, which is designated by SWS. For
practical purposes by measuring of SWS it is possible to
obtain information about the average energy of the hy-
drogen bonds in an aqueous sample. For this purpose
the model of W. Luck is used, which considers water as
an associated liquid, consisting of O—H...O—H groups
[24]. Most of these groups is determined by the energy
of the hydrogen bonds (—F), while the other ones are
free (E = 0). The function of distribution of H,O
molecules by energies f(F£) is measured in electron-
volts (eV_l) and may vary under the influence of tem-
perature.

For calculation of function f(F) the experimental
dependence between the water surface tension (6) and
the energy of the hydrogen bonds () between the mol-
ecules of H,O is used:

fE) = 14,33fg9)2 -
[1-(1+bE)7]
where b = 14,33 eV_!; 0 = arcos(1 — bE).

The process is characterized by non-equilibrium
evaporation of water droplets, therefore the term "non-
equilibrium energy spectrum of water" (NES) is ap-
plied.

The difference AAE) = fEgmples of water) —
— f(Econtrol sample of water) Characterises the “differential
non-equilibrium energy spectrum of water" (DNES).

DNES is measured in milielectronvolts (meV) and
is a measure of the changes in the structure of water, be-
cause the energy of the hydrogen bonds in the water
samples differ due to different numbers of the hydrogen
bonds between the H,O molecules in the water sam-
ples, which may result from the fact that different sam-
ples of water have different structures and composition
and various intermolecular interactions — various as-
sociative elements, etc. Redistribution of H,O mole-
cules in the water samples by energy is a statistical proc-
ess. By using this method we calculated the average en-
ergy of the hydrogen bonds (AEy ) between the H,O

molecules in the water samples, which is equal to
AEy o= —0,1067 £ 0,0011 eV.

The research by the methods of NES and DNES
spectroscopy of the water samples obtained after a 3-
day contact of shungite and zeolite with the deionized
water, may also provide information about the possible
number of the hydrogen bonds in the water associates
consisting of O—H...O—H groups and distribution of
H,0 molecules by the energies of the hydrogen bonds
(—Eyape) 1n relation to the total energy of the hydrogen
bonds (Eiya) vaise) in the water samples (table 3). The
results obtained by NES method were checked with the
results obtained by DNES method.

A study of the water samples after a 3-day contact
of shungite and zeolite with deionized water by the
DNES method showed the average energy (AEy ()
of H...O hydrogen bonds between H,O molecules,
equal to +0,0925 £ 0,0011 eV for shungite and —
1,1901 £ 0,0011 eV for zeolite. For the control sample
of the deionized water this value was —0,1162 eV. This
difference in values of AEy  between zeolite and sc-
hungite testifies to the difference between the mecha-
nisms of interaction of these minerals with H,O mol-
ecules due to different component composition and
structure (porosity, density, adsorption capacity).

The results also testify to the restructuring of the en-
ergy values among the individual H,O molecules with
a statistically reliable increase of the local maxima in
DNES spectra. Thus, for the value of —0,1387 eV there
is a local maximum with positive energies for both
shungite and zeolite.

DNES spectra of the aqueous solutions containing
cations of Ca?" in concentration of 0,1 mol/1 have a lo-
cal maximum energy at eV —0,1100 and a local mini-
mum at —0,1000 eV. For the aqueous solutions con-
taining cations Mg2+, Fe2" and Fe?" a similar distri-
bution pattern of the local maximums and minimums
in DNES spectra is observed, which suggests that the
discovered dependence is universal.

DNES spectra of the samples of water after a con-
tact with shungite have a local maximum energy at
—0,1137 eV and the local minimum at —0,0987 eV.
When the temperature of water is changed, the average
energy of the hydrogen H...O bonds in the molecules of
H,O also changes, leading to a statistical redistribu-
tion of H,O molecules by energies in DNES spectra
[25]. As a result their groups are traced, in which sim-
ilar distribution by energies is revealed. According tb
the experimental dependences of distribution of values
[(—Eyarue)/(— Eiotal vatue) > % of H,O molecules in accor-
dance with the energy of the hydrogen bonds (—E,;,,c)
in relation to the total energy of the hydrogen bonds
(Etotal value) in the water samples, a graphic dependence
expressing the mathematical model of interaction of
water with the minerals was constructed (fig. 7). The
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studied regularity of change in the energy of the hydro-
gen bonds between H,O molecules after treatment by
shungite and zeolite is important for the industrial ap-
plication of these minerals as adsorbents for production
of water purification filters.

Conclusion

According to the study, the carbon-containing
fullerene-like mineral shungite and microporous crys-
talline aluminosilicate mineral zeolite have a complex
multicomponent molecular composition. The efficien-
cy of the use of these two natural minerals is stipulated
by a high range of their valuable properties (absorption,
catalytic, antioxidant, regenerative), high environmen-
tal safety and relatively low cost of the filters based on
shungite and zeolite, as well as availability of an exten-
sive domestic raw material base of shungite and zeolite
deposits, facilitating application of the minerals in var-
ious branches of science and technologies. As a result
of the studies the foundation for the mathematical
model describing the interaction of these two minerals
with water was established, describing the regularity in
the change of energy of the hydrogen bonds between
the H,O molecules, when water is treated by shungite
and zeolite. This allows us to understand better, how
these minerals interact with H,O molecules in the water
solutions and explain the physical-chemical and ad-
sorption properties of these minerals.

This work was implemented with the financial support
of the Scientific Research Center of Medical Biophysics
(Bulgaria), grant number 234-RU.
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MOPUCTbIM KPEMHUWN: COBPEMEHHOE COCTOSIHME

M MNEPCIEKTUBbI PA3BUTUA

Ilocmynuna ¢ pedarxyuio 25.01.2016

Kpemnuii seasemes naubonee 60cmpe608aHHbIM MAMEPUALOM HOAYAPOBOOHUKOBOU MUKPOILeKmpoHuKy. Hapsdy ¢ MoHOKpu-
CMAanIu1eckum KpemHuem npu peuleHuu 3a0a4 nogvlueHuss QYHKUUOHANBHOU CAONCHOCMU NOAYHPOBOOHUKOBLIX NPUGOPOE U mpe-
008aHUIL K UX CeyuGU4ecKUM XapaKmepucmuxam ocoboe 6HUMAaHue yoeasemcs HAaHOKOMRO3UMAM, K KOMOPbIM OMHOCUMCS U NO-
pucmolil KkpemHul. B cmamve dan 0030p 0CHOGHbIX c6edeHull 0 nOpUCMoM KpemHuu. PaccmompeHsl 6onpocst mexHoA02UU U320~
MOoBAEHUsL NOPUCMO20 KPeMHUL, €20 CIPYKMYPHble CEOUCMEA U XaPAKMePUCMUuKU, 0C00eHHOCMU NPUMEHEHUs. NPU U320MOBACHUL
N0AYNPOBOOHUKOBbIX NPUOOPOE U Opyeux uz0eauli I1eKmpoHHOU MeXHUKU, Memoobl CIAabUAU3AUUY UX XaPAKMePUCMUK.

Karoueevie caoea: kpemnuii, nopucmoiii kpemuuil (11K, por-Si), Hanokpucmanium, eemepocmpyKkmypa, pomonaroMuHecUeHyus,
6ygepHbIll CA0l, eemepoINUMAaKcus, NOPUCMOCHb, MUKPOCUCMEMHAS MEXHUKA

Beenenune

KpemHuii siBnsieTcsi OCHOBHBIM MaTepuUaioM CO-
BPEMEHHOM 3JIEKTPOHMKM: HA €0 OCHOBE M3rOTaBIM-
BaroTcs 95 % MHTErpaabHbIX cxeM U cBbilie 90 % r1o-
JIyIIPOBOJHUKOBBIX MPUOOPOB U YCTPOMCTB. JLOCTOMH-
CTBOM Marepuaja SIBISIETCSI TO, YTO OH MOXET OBITb
MOJTy4eH B Pa3HbIX CTPYKTYPHBIX MOAU(UKALIUAX (MO-
HOKPUCTAJIMYECKOM, aMOP(dHON, MOIUKPUCTAIINYE-
CKOI, MUKPOKPUCTAJLUTMYECKOM, TIOPUCTOM), KaxKaast 13
KOTOPBIX 00J1alaeT YHUKAJIbHBIM HabOpPOM CBONCTB,
COBMECTHMMA APYT C APYIOM U C TEXHOJIOTMYECKUMU
MPOLIECCAaMU KPEMHUEBOW TEXHOJIOTHUH.

B Hacrosiiiee BpeMs rccienoBaTesv Mpyu peleHun
3ama4y TOBBIIEHUST (PYHKIIMOHAJIBHON CIIOXHOCTA U
CTETNeHU MHTerpauyy NpudoopoB, YBEJIUUEHUS UX ObI-
CTPOJEHCTBUS U PAAUALIMOHHOM CTOMKOCTU MPOSIBIISI-
10T OOJIBLLIOKM MHTEPEC K CBOMCTBAM HAHOKOMITO3UTOB,
YTO OOYCJIOBJIEHO BO3MOXHOCTbIO CO3/JaHUsI HA OCHO-
BE TaKMX HOBBIX MaTepHAJIOB BJIEMEHTOB C >XKeJaeMbl-
MM (U3NYECKMMU U XUMUYECKUMU CBOMCTBAMMU.

KnaccuueckuM npumMepoM MHOTOKOMITOHEHTHOM
KBaHTOBO-Pa3MEpPHON CHUCTEMBI SIBJSETCSI MOPUCTHIN
kpemHuit (ITK, wnu por-Si). B uaeanbHOM ciyuae
por-Si coaepXUT KpeMHUEBbIE MUKPOKPUCTAJIUTHI 1
nopbl. B 3aBUCMMOCTH OT METOAUKM M3TOTOBJICHMS
OH MOXET COJAEePXKaTh TakKe BKIIOYEHMST aMOPGHOTo
KPEMHUSI, KDEMHUEBBIX OKCUIOB U Jaxe KpeMHUIOp-
FaHUYECKUX COENMHEHUHN B pe3yjbTare 00padOTKU B
OpPTaHUYEeCKUX CMECSX.

[IpuHIIMNIMANIbHOE 3HAYEHUE B HAHOKOMITO3UTaX
UMEIOT pa3Mep U (opma yacTull, UX oObeMHasl J0Js,
a Takxe cBoiicTBa moBepXxHOCTU. CyliecTBeHHas! MO-
nudurkalus CBOMCTB OO0ycClOBJieHa OrpaHUYEHUEM
JBYDKEHWSI HOCUTEJIeH 3apsiaa B YaCTUIIAX, BeCbMa pa3-
BUTOI MOBEPXHOCTHIO HAHOKOMITO3UTHBIX Cpell, U3Me-
HEHUEM 3JIEKTPOMAarHUTHbBIX MOJIel, IeHCTBYIOIIMX Ha

KaXXIBIA aTOM Cpelbl, TI0 CPaBHEHUIO ¢ OOBEMHBIMU
MaTrepuajJaMu.

BriepBoble TTOPUCTHINT KpeMHUIT OBLT TIOIYYeH B Ce-
peanHe 1950-x rogoB A. YimpoMm B Xoae McCIenoBa-
HUSI TIPOLIECCOB aHOJHOU BJIEKTPOXUMUUECKOI oOpa-
0OTKM TIACTUH MOHOKPUCTANIMYECKOTO KPEeMHUS B
BIIEKTPOJIMTAX HA OCHOBE BOAHBIX PACTBOPOB ILJIABU-
koBoi kucyiotel. B 1990 r. JI. KoHxaM obGHapyxXui
JIOCTaTOYHO 3(P(PEeKTUBHYIO (HOTOTIOMUHECLICHIINIO
TMIOPHUCTOTO KPEMHUSI TIpU KOMHATHOI TeMIiepaType B
BUANMOIT 00JIACTH CITEKTpPa, UYTO SIBHJIOCH TTOOYIUTEITh-
HbIM MOTHBOM K UHTeHCU(UKAIIMUA U3YYEHUSI CBOMCTB
MOpUCTOro KpeMHug [1, 2].

IMopucthlii KpeMHU# KiIacCUPUUIUPYIOT YCIOBHO
0 HECKOJbKUM TpyMIlaMm:

e MaKpOIOPUCTHIi (pazmep nop > 50 HM; TOPUCTOCTh
~5...30 %);
e Me30IMOpUCTHIi (pa3mep nop 2...50 HM; TOPUCTOCTh

30...70 %);

e MUKPOMOPUCTHIN (pazmep nmop <2 HM; MOPUCTOCTh
~70...90 %).

ITopucThlii KpeMHUMII B 3aBUCUMOCTH OT YCJIOBUIA
TpaBlieHUs1 00JamaeT IIMPOKMM WHTEpBaJIOM 3Haue-
HUI yIeJIbHOTO COIPOTUBIICHUS (10_2...1011 OMm * cM),
IUdJIeKTpruyecKoi npoHunaemoctu (1,75...12) u no-
Kazatens npenomiienus (1,2...3,5) [2]. DTo o3HauaerT,
YTO TOPUCTHIN KPEeMHHI MOXeT OBITh MCTIOJIb30BaH B
KayecTBe KaK TOJYITPOBONHUKOBEIX, TaK W IUAJIEK-
TPUUECKUX CJIOEB B MpHUOOpax MUKPO-, HAHO- U OMTO-
BIIEKTPOHUKHU, a TaKXKe IJIs1 MPUIOXKEHU B CEHCOPU-
Ke, OMOCeHCOpUKe U COMHeYHbIX OaTapesix [3]. IToaTo-
My MOMCK HOBBIX CLIOCOOOB MOJy4YeHMsT por-Si, a Tak-
K€ COBEpILICHCTBOBAHME WMEIOIINXCSI TEXHOJIOTHIA
CHHTE3a TaKUX CTPYKTYP MPEACTaBISETCS aKTyaTbHOM
3a/auyeil CerogHSIIIHErO AHS.
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Crioco0bI MOJIy9eHHs1 IOPACTOT0 KPEeMHHS
U €ro OCHOBHbBIE CBOWCTBA

OcHoBHBIM criocobom TmoaydeHus: [1K siBnasercs
HU3KOTEeMIIEpaTypHasl 3JIEKTpoXUMHUUecKass o0pabot-
Ka MOHOKPHUCTAJIMYECKOTO KPEMHHUS B pacTBOpax Ha
OCHOBeE IIJIABUKOBO# KUCIOTHI [4, 5]. B aTOM mpouec-
Cce MOXHO KOHTPOJUPOBATh pa3zMep U IIyOMHY IOp,
MOPUCTOCTD CJIOSI (OTHOILLIEHHE 00beMa, 3aHUMAaeMO-
ro mopamu, K oOIIeMy 00beMy IMOPUCTOro CJos), a
MPpU MU3MEHEHUM COCTaBa 3JEKTPOJUTA MOXHO B OM-
pelieJIeHHOU CTeNeHU yIpaBJisiTb COCTABOM TTOBEPXHO-
CTU MOP.

B mpoueccax 31eKTpoXMMHUUYECKO OOpabOTKH B
KauyecTBE aHOJa CIYXXUT KpeMHHeBas MIacThUHa, KOTO-
pasi ToMellaeTcs B BJEKTPOXUMUUYECKYIO stueiky. Oc-
HOBOW 32JIEKTPOJIUTA SIBJISIETCS TIJIaBUKOBasi KMCJIOTa
(HF) ¢ pasnuyHbIMU OpraHMYeCKUMM TO00aBKaMu,
KOTOpBIE XOPOIIIO CMAaYMBAIOT TTOBEPXHOCTb KPEMHUS
(yawe ucnoansyror staHon C,H;OH). B xauecTse Ka-
TOJa UCIOJIb3YETCS BJEKTPOI, MaTeEpUal KOTOPOTO He
B3aUMMOJIEHCTBYET C IJIABUKOBOI KUCJIOTOHN (Harpu-
Mep, IUIaTMHA WM CIEeKTPaJibHO-YUCTHIM rpadur).
DNEKTPOXMMUYECKYIO UKy U3rOTaBJIMBaIOT M3 Ma-
TepUaoB, YCTOMUYMBBIX K AeiictBuio HF, Hanpumep
u3 propormiacra. s noaydeHust I1K ucnonbdyercs
Takxe MeTon YHHOo—MWMMau, B KOTOpOM KpeMHHUEBas
IUIaCTMHA YCTaHABJIMBAETCS MEXIy ABYMS TJIaTUHO-
BBIMU 3JieKTpomamMu [6]. OCHOBOIl 3JIEKTpOXUMMYE-
CKOI siueiKu sIBjsseTcsl (pTopoIuiacToBas BaHHA, CO-
JlepKalliasi 1Ba HE3aBUCUMBIX O0ObEMa 3JEKTPOJIUTA, B
KaXJ0M M3 KOTOPBIX HaXOAMUTCS TJIATUHOBBIM BJ€K-
Tpoxa. [1pu nogaye HanpsKEHWS Ha TJIATUHOBBIE 2JIEK-
TPOAbl HA AHOOHOW CTOPOHE KPEMHUEBOM IJIACTUHBI
dopmupyetcs cioit I1K; Ha KaTogHO# CTOPOHE KpeM-
HUEBOU TMJIACTUHBI, OOpalllEHHOM K IUJIATUHOBOMY Ka-
TOAY, TIPU OMpPEASEHHBIX YCIOBUSX MPOUCXOIAT W3-
MEHEHHUS TTOBEPXHOCTHOTO CJIOSI.

Hnsa nonyyenust cioeB I1K wmcnonb3yeTcst TakxKe
METO/I XMMUYECKOTO OKpalllMBaIOILEero TpaBIeHUs, KO-
TOPBI MPOBOAUTCS 6€3 MPUIOKEHUST BHELIHETO JIeK-
Tpuueckoro mnojs [35, 7, 8]. IIpu 3TOM B cocTaB TpaBu-
TeJI Hapsiy C TJIAaBUKOBOM KMCIIOTOW BBOIAUTCS CUJIb-
Hblil okucnuTenb, HanpuMmep KNO,, HNO; [9]. Cion
TOPUCTOTO KPEMHUS, TTIOJTYYEHHBIE XUMUYECKUM TPaB-
JIEHUEM, MOTYT YCHELIHO MPUMEHSITHCS KaK ajlbTepHa-
TUBA TOPUCTBIM CJIOSIM, TMOJYYEHHBIM 3JIEKTPOXUMMU-
YECKMM TpaBJI€HUEM, B Cllyyasix, Koria HeoOXOAMMO
CO3/IaHME TIOPUCTOTO CJIOSI HA OOJIBIION TIIOLIAIAN.

OcsgellleHe KpeMHMEBOWM MOMJOXKK B Mpoliecce
3JIEKTPOXUMMUYECKOTO TPaBJICHUSI YCUJIMBAET BKJAl
peakiluu IUCIPOINOPLUMOHUPOBAHUS B 00pa3oBaHUE
me3onopucTeiex ciaoeB I1K. Ha mommoxkax n-Tuma
npoBoauMoctu ITIK mpakThuecku Bcerga MojydyaroT
MPU OCBEIIEHUM, TTOCKOJBbKY CBET 00ECTIEYMBAET JOC-
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TATOYHYIO KOHIIEHTPAILIMIO IBIPOK HA TPaHMIE KpeM-
HUsI ¢ 2jeKkTpoautoM [5]. Haubomblyo mopucTocTh
cnoeB IIK moiyyaior nmpu HauboJjiee MHTCHCUBHOM
OCBEIIEHUU B IIMPOKOM CHEKTPAJIbHOM Juana3oHe
(pTyTHaAg naMna 0e3 (uUiIbTpa), IMPUYEM CIEKTpalb-
HBIIl COCTaB U3JIYYEHMSI CYLIECTBEHHO HE BJIUSIET Ha
nopuctocte. B pabdote [9] uccienoBanuchk cBOMCTBa
IIK, moay4yeHHOro mpy OCBELIEHUU TOMIOXKU U3ITY-
yenneMm HeNe nasepom Ha mivHe BOJIHBI 632,8 HM rpu
nHTeHcuBHOCTU cBeTa 1100 MBT/CMZ.

ITopucTelii cnoit, chopMUpPOBaHHbBII Ha TOBEPXHO-
CTU MOHOKPHUCTAJJIMYECKOU MIacTUHBI Si, 0OBIYHO CO-
JIEPXKUT KJIacTephl M KBAHTOBBIC HUTU KPEMHMST HAHO-
METPOBBIX pa3MepOB, MOBEPXHOCTb KOTOPBIX YACTUYHO
OKHCJICHA, YaCTUYHO ITOKpPBITA aTOMaMU BOAOpOAA U
IMAPOKCUIbHBIMU rpyrinamu [10, 11].

CTpyKTypa HapyXHBIX M BHYTPEHHMX ITOBEPXHO-
creit cnost I1K He ommHakoBa. Eciau Ha HapyXHOI
MMOBEPXHOCTH HAOJIOMAIOTCS PAaBHOMEPHO pacIpeme-
JICHHbIE MOPHI MPUMEPHO OAMHAKOBOTO pa3Mmepa, TO
Ha TOBEPXHOCTH, MPUMBIKAIOIIEH K IMOMIOXKE, Mpo-
CMaTpUBAIOTCSl KaHaBKHU, pasle/ieHHbIe IT0CTaTOYHO
OOoJIbIIMMU (AECATKA MUKPOMETPOB) OCcTpoBKaMu. Ilpu
5TOM KaHaBKU M OCTPOBKM OKa3bIBAIOTCSI MPOHU3AH-
HBIMM HAHOMETPOBLIMU ITOpaMHU, pa3Mep Ieperopo-
JIOK MEXJy TopaMu MPUOJIU3UTEIBLHO paBeH AUaMETPY
mop [12].

Hanuuue cnabbix KpeMHUIi-BOJOPOIHBIX CBSI3ei
Ha MOBEPXHOCTHU IIOp 00YCIOBIMBAET HECTAOMIBHOCTD
coiictB 1K Bo BpemeHu. IlocreneHHOE OKUCIEeHUE
TOPHMCTOTO CJIOS MPU €r0 XpaHEHU Ha BO3IYyXe 3a CUeT
paspyumeHus cBsizeir Si—H m mMx 3ameHa KpeMHUIA-
KHCJIOPOIHBIMM CBSI3SIMM, a TakKKe THMAPOKCUIbHBIMU
rpynrnaMy MPUBOIUT K CHWKEHUIO (DOTOTIOMUHECIICH -
LIMU, YXYAIIaeT COPOLIMOHHbIE XapaKTEPUCTUKU MaTe-
puaina [13].

B nopucToM KpeMHMU B XO[Ie 3JIeKTPOXUMHUECKO-
ro TpaBJIeHWSI BO3MOXKHO MOJIyyaTh KBAHTOBbIE TOUKU
U HUTU, DJIEMEHTBI C Pa3IMUYHON (hpaKTaJbHOI pa3-
MepHocTbio. Cpefay OCHOBHBIX (DaKTOPOB, MPUBO.SI-
LIMX K CYLIECTBEHHOU MOAU(pUKALIUU CBOMCTB, OTME-
YaloT OrpaHWYEHME JBUXEHUS HOCUTeNeil 3apsna,
BeCbMa Pa3BUTYIO MTOBEPXHOCTb, U3MEHEHUE BIEKTPO-
MAarHUTHBIX TIOJIEW, NEMCTBYIOLIMX HA KaXAbIM aTOM
cpenbl (JIOKaJbHbBIX MOJieli), IO CPaBHEHUIO C O0BbEM-
HBIMHM MaTepuanamu [14].

B pabGote [15] mpoaeMoHCTpHUpOBaHA MPUHIIUIIM-
aJlbHO HOBas TexHosiorus noyydyeHust ciaoeB 1K ¢ Ha-
HOYacTUlIaMU cepedpa Ha IOBEPXHOCTHM MOHOKPU-
CTaJIJIMYecKoro Si Mpy UCMHOJIb30BAHUM HU3KOIHEpre-
THUYECKOM BBICOKOMO30BOI MMILIaHTauuu. MMIuiaH-
Tauus npoBoauiaach noHamu Ag+ ¢ sHeprueit 30 koB
npu no3e obaydyenus 1,5 107 I/IOH/CM2 M TIJIOTHOCTH
TOKa B MOHHOM Iyuke 4 MKA/CM2 Ha MOHHOM YCKO-
putene UJIY-3 npu KoMHaTHOI TemmiepaTtype. Paccmar-




puBaemasi TexHonorus pomuposanus 11K B ommmuue ot
XUMWYECKUX MTOIX0A0B 00J1a1aeT TEM MIPEUMYILIECTBOM,
YTO MOXET OBbITh JOCTATOYHO JIEFKO MHTErpUpOBaHa B
WHIYCTPUATBLHBIA COBPEMEHHBIN MPOIIECC COBEPIICH-
CTBOBaHUSI TEXHOJOTUW U3TOTOBJIEHUSI MUKPOCXEM.

Bo3MoxkHbIE CITOCOOBI yIipaBieHUsT YIPYroHaInpsi-
JKeHHBbIM cocTtosiHueM cioeB ITK paccMoTpeHbl B pa-
6orax [16, 17]. Cnou I1K pasnuuHOii TOIILMHEL Pop-
MupoBajiuch Ha nomioxkax KJ/Ib-12 (001) aHomHol
o6pabotkoii B 10 %-M BOIHO-CIIUPTOBOM PAaCTBOPE
¢ropucroBogopoaHoii kuciaotel. ITociae dopmupona-
Hus ciost [IK ycraHOBiI€HO, YTO B HEM AEHCTBYIOT
cxkumarolye HamnpspkeHus. IIpy mocTosiHHOI MIIOT-
HOCTU aHOJAHOTO TOKA 3TU HaMpPSIKEHUST MPAKTUYECKU
JIMHEWHO yobIBaloT ¢ TouuHoi ciaos [1K; ooHapyxe-
Ha CUJIbHAsl HEMOHOTOHHAs 3aBUCHUMOCTb Iedopma-
LIMU OT TUIOTHOCTY aHOIHOTO TOKa. MOHOKpHCTAUIU -
yeckuil Kapkac cios 1K mpereprneBaer TeTparoHajb-
Hyl0 AedopMaluio, 00yCIOBIEHHYI0 HAIMYMEM TOH-
KOT0 aMOp(HOTO KPeMHMS Ha TIOBEPXHOCTH U CTEHKAX
CTPYKTYPHI, a TAKXKE €CTECTBEHHBIM OKHMCJICHUEM I10-
PUCTOM CTPYKTYPHI.

®opmupoanue ciaoeB [1K pa3nuuHoii TOMIIWHBI C
MOCJIEAYIOIIUM OKUCIEHUEM U JTOMOJHUTEIbHOW Tep-
MoOpaavalMalMOHHON 00pabOTKOM MO3BOISIET Bapbh-
poBaThb MUKpPO- M MakporapaMeTpbl npoduisi, Ha KO-
TOopoM coszfatTcsl 3aeMeHTel MOMC. XapakTepHoit
OCOOEHHOCTbIO TaKMX BJIEMEHTOB SIBJISIETCSl BbICOKAsI
MeXaHW4ecKasi IPOYHOCTb, UTO BaXKHO JIJII AUHAMUYE-
ckux anemMeHToB. Ha pucyHke mpuBeneHa nehopmu-
pOBaHHasl KpeMHUEBas TJIACTUHA CO CJIOEM OKHCJIeH-
HOTO MOPUCTOTO KPEMHMSI, UJUTIOCTPUPYIOLLAST TTOBbI-
IIEHHYI0 MEXaHWYECKYIO TPOYHOCTh KOMIIO3ULIMU.

IToBblllIeHrE paauallMOHHON CTOMKOCTH HaHOMOPY-
CTHIX ci1oeB (pa3mep 1op 4...5 MM, opuctoctb 70 %)
MPEXIe BCEro CBI3aHO C YPE3BbIYAMHO PAa3BUTOM I1O-
BepxHocThlo [TK (10 1000 M2/0M3) 3a cyeT obOpasoBa-
HUSI HAHOKPUCTAJUIOB, TPAHULIBI KOTOPBIX MOTYT BbI-
CTYIaTh Kak objacTb 3¢ (HeKTUBHOrO CTOKa C IMocie-
IyIollel aHHUTWISILMER paaualdOHHBIX Ae(heKTOB.
Takxe Tpu B3aMMOAEWCTBMMU BBICOKOIHEPTETUYHBIX
HMOHOB C 3JIEMEHTAMU MMOPUCTOM CTPYKTYPhI BO3MOXHA
rnepenaya SHEPruu He TOJIbKO OTAEJbHBIM aTOMaM, HO
U uenbiM kiaactepaMm. [logoOHBIA MexaHU3M IIpUeMa
9HepIrur, OOYCIOBJIEHHOW M3MEHEHHEM (POHOHHOTO
CMeKTpa B KPEMHUEBBIX HAHOCTPYKTYpax, yBeIuunBa-
eT paJlualMOHHYI0 CTOWMKOCThb. IIpu mepexome K pas-
MepaM HaHOKpucTaiuToB KpemHus 10...20 HM 1ipo-
HUCXOAUT (DUKCHUpYyEMOe YBEJIMUYEeHUE MX paaralllOH-
HOM cTolKOCTU. JJaHHBINM (PaKT, MO BCEU BUIAMMOCTH,
CB$SI3aH C IPOCTPAHCTBEHHOM JIOKAJIMU3ALUEN TEPBUY-
HBIX paguallMOHHBIX Ae(eKTOB (KOMIIOHEHTOB Iap
®dpeHKeNs) BHYTPH 30HBI UX Oe3aKTHBALIMOHHOM pe-
KoMOuHanum [18].

ITnacTuna kpemuus co ciaoem okuciennoro ITK ToimuHoi ~2,5 MKM.
Pannyc kpuBU3HBI ~15,8 M (BBITTyKJ1as1 CTOPOHA C OKCUTHBIM CJIOEM).
Onexrponut ang popmuposanus [1K: HF : H,0 : (CH;),CHOH =

=1:1:2; nnotHocTh TOKA 5...15 MA/CM2. Kopobnenne miactun
00yCJIOBJIEHO OBICTPOI CKOPOCTBHIO HAarpeBa-OXJaXAECHUSI MPU Tep-
MUYECKOM OKCUAMPOBAaHUU. Bpems u3roroBneHus miacTUHb — HO-
s6pb 1997 r.; cHUMOK BbITIOJIHEH B aBrycte 2015 .

A silicon plate with a layer of the oxidized PS with thickness ~2,5 um.
Radius of curvature ~15,8 m (the convex side is with the oxide layer).
Electrolyte for PS formation: HF : HyO : (CH3),CHOH =1:1:2

current density 5...15 mA/cmZ. The distortion of the plates is caused by
a high speed of heating-cooling during the thermal oxidation. Time of
manufacture of the plate — November, 1997; the picture was made in
August, 2015

OpHoil u3 BaxHelux xapakrepuctuk K sps-
€TCs OPUCTOCTD. 1151 ee onpeaeaeHus1 Haudosee yac-
TO UCIIOJIb3YeTCS OKUCIUTEbHO-TPaBUMETPUUECKUIA
metox [19]. [TorpeirHocTh rpaBUMETPUUYECKOTO METO-
Jla TIpU MaJbIX TolrMHax (10 10 MKM) MOPUCTOTO CIOST
" 601X TTopucTocTaX (6oee 70 %) MOXET JOCTU-
ratb 15...20 %. Pa3mep miop, ux ¢popmMa, a TakKe TOJ-
IIMHA TOPUCTOrO CJIOS OMNpeAeasioTCsS MeToaaMu
3JIEKTPOHHOU MUKPOCKOMUU, JUTUTICOMETPUEN, TEP-
MOIIPOMETpPHEH, a TAKKe METOJaMM, OCHOBAaHHBIMY Ha
U30TEPMUYECKOM TMOTJIOIIEHUU ra3a, KOMOMHAILMOH-
HOM pacCesiHuM CBeTa, MaJOYIJIOBOM PEHTTEHOBCKOM
paccesHunu [18, 20, 21].

B pabGore [22] nis udMepeHuUs] IOPUCTOCTU Mpe-
JIOXKEH OMNTUKO-aKyCTUYECKWI MMEPCUOHHBIA METOM
Hepa3pyllaoleil TMarHoCTUKA, OCHOBAHHBIMA Ha Ja-
36pHOM BO30YXIEHUU ILIMPOKOMOJOCHBIX aKyCTUYe-
CKHX MMITYJIbCOB M MX PETUCTPALIMU C BBICOKUM Bpe-
MEHHBIM pa3pelleHUEM II0Cie MPOXOXKIESHUST Yyepe3
ucciaeayeMbliii oopaseu. IlpenioxXeHHBI METOH MC-
MOJIB3YeTCs ISl ONpeneeHrs] MOPUCTOCTA U TOJIILIM -
HbI ciiog T1K, mpudyeM mopucTocTbh MOXET OBITh U3MeE-
peHa JJokaibHO. MeTon obecrieuyuBaeT u3MepeHue mno-
PUCTOCTU C MOTPEIIHOCThIO He Xyxke 5 %.

KoHTposb cTeneHn oJHOPOIHOCTH CTPOESHUS CJIO-
eB IIK MoXeT mpoBOAMTHCS MO M3MEPEHUIO MHTEH-
CHUBHOCTHY OTPaK€HHOTO CBETa C Pa3JUYHbIX YYaCTKOB
TMOBEPXHOCTH IO W TIOCIe 1ehOPMUPOBAHUS MOMITOX-
ku co cioeMm IIK [23].
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OcHoBHbIE HATIPABJICHUS] IPUMEHEHHS
NOPUCTOr0 KPeMHHUS

IlepcnexTuBnl npuMeHeHus ciaoes ITK B npubdopax
U YCTPOMCTBAX 3JIEKTPOHUKM OOYCIOBJIEHBI TaKUMU
(dakTOpaMm, KaK TEXHOJIOTUIHOCTb, COBMECTUMOCTD C
Pa3IMYHBIMU TEXHOJOTUSIMU HAHO- U MUKPOBJIEKTPO-
HUKU, MHOTO(DYHKLIMOHAJILHOCTD [4].

OTKpbITHE B KOHIIE MPOILJIOro BeKa MHTEHCUBHOM
dotomomunecueHuuu 1K nmpuseno K pa3BUTUIO Me-
TOJOB CO3JaHMUSI MOPUCTOrO KPEMHHUSI U OCBOECHUIO
HOBBIX HaIpaBJICHUH €ro MpakTUYeCKOro MCITOIb30-
BaHUsI. DDPEKTUBHOCTL MEPBBIX BJIEKTPOJTIOMUHEC-
LIEHTHBIX MPUOOPOB Oblla HeBEJMKa (10_5 %) |51,
(OTONIOMUHECLIEHTHBIE U 3JIEKTPOJIOMUHECLIEHTHbIE
CTPYKTYpbl OBICTpO nOerpaaupoBaju. B HacTosiiee
BpeMsl YIaJiOCh BEISICHUTH TIPUYMHBI CTAPEHMST CBETO-
uznyyaromero I1K u HamMeTuTh myTH CO30aHUSI CTa-
OUJIbHBIX BO BpeMeHU CTpyKTyp [24, 25]. ITporHossi,
clelaHHble aBTOpaMu paboThl [26], rOBOpST, 4TO pe-
aJIbHO TIOTHSTH KBAHTOBYIO 3((EeKTUBHOCTD 3JIEKTPO-
momuHecteHTHBIX T1K stueek mo 10 %.

AbcomoTHbli npeneabHbiit KITH doToanekTpuye-
ckoro mnpeobpazosateist (ODI]) conHeyHON dHEPruu
Ha OCHOBE MOHOKPUCTAIMYECKOTO KPEMHUS COCTaB-
et 25...27 % [27]. IIpu nmocTpoeHUN KpEeMHUEBBIX
®BI1 TpeTbero MOKOJICHUS TIPUMEHSIETCS CTPATETHS
YBEJIMYEHUSI YuCia 3alpellieHHbIX 30H UCXOIHOTO Ma-
tepuana [28]. B 2008 r. yueHble YHUBepcUTETa 1ITATa
Henapep (CIIA) cooOlumau O co3laHUM Ha OCHOBE
Mom00OHOM CTPYKTYPhI KPEMHHEBOIO (POTORJIEKTPUYEC-
ckoro mnpeobpazosatesst ¢ KIT 42,8 %. [IpumeHenue
B KoHCTpyKLuuu MDI1 Ha KpeMHUEBOM MOIIOXKKE CJIO-
€B MTOPUCTOr0 HAHOKPUCTAITIMYECKOTO KPEMHUSI, 111U -
POKO30HHOTO KapOuma KpeMHUS, OUIJIEKTPUIESCKUX
MOKPBHITUI U3 (DTOPUIOB WU OKCUIOB PEAKO3EMEb-
HBIX 3JIEMEHTOB TTO3BOJISIET TMTOBBICUTH €TI0 3(PpHeKTUB-
HOCTh TIpakTHYecKH 10 ypoBHS PDII Ha ocHOBe ap-
CEeHHUAA TaJIAS TIPU COXPAaHEHMH IPEUMYIIECTB Tpa-
TAIIMOHHON TEXHOJIOTMN W3TOTOBJICHUST KPEeMHHEBBIX
OBIT [29].

Craenyer oTMETUTD, 4TO Hctioyib3oBanue I[1K, o6na-
JAIOIIEeTo B OTJMYME OT IPYTUX HAHOCTPYKTYPUPOBAaH-
HBIX MaTepuasoB OMOCOBMECTUMOCTbHIO, BECbMa MpPU-
BJIEKaTeJIbHO B MEIMKOOMOJIOTMYECKO OTpacau s
Tepanuu (11 HampaBl€HHOM IOCTaBKU JIEKapCTB),
JMMArHOCTUKM pas3JWyHbIX 3a00JIeBaHUI, OpTONEANN U
TKaHeBou mHxkeHepuu [30].

B nocnenHee BpeMst MFHTEHCUBHO BEAYyTCSI UCCIIENO-
BaHMSI B 00JIACTM OJHOTO M3 HauboJjiee aKTyaJdbHbIX
HanpaBJeHUI BOAOPOAHON DHEPreTMKU — pa3padoT-
KU TTOPTATUBHBIX TOIIMBHBIX 3JIEMEHTOB MaJIO MOIII-
HOCTU (MMKPOTOIUIMBHBIX 3jieMeHTOoB, MT3D). Ha oc-
HoBe MTD, obnagaroiiux 00JbIIONK 3HEPTOEMKOCThIO
u BbicokuM KII/, co3maeTcsi HOBOE MOKOJEHUE MC-
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TOYHUKOB TWTAaHUS PA3TUYHBIX aBTOHOMHBIX 3JIEK-
TPOHHBIX YCTPOMCTB MOIIIHOCTBIO TTopsiaka 0,5...20 Br.
B stux xoHcTpykuusx ITIK BeinonHseT (yHKUUU ra-
30pacrpeaeuTeTIbHOTO 2JIeKTpoaa U, OJHOBPEMEHHO,
Kapkaca Bceil KoHcTpykuuu [4, 31—35].

st co3maHust TUCKPETHBIX TOJYITPOBOTHUKOBBIX
MpuOOPOB U MHTErpajbHbIX cxeM IpumeHeHue [1K
BO3MOXHO B CJIEIYIOLIUX BapUaHTax.

1. TToBblllIeHUE CTPYKTYPHOTO COBEPILIEHCTBA KPEM-
HUEBBIX MOIOXKEK 32 CUET YBeJnYeHUsT 3 GHEKTUBHO-
CTU TeTTEPUPOBAHMS M CHIDKEHUS B HUX KOHIICHTpa-
LIMM POCTOBBIX U TEXHOJOTMUYECKMX MUKPOAEHEKTOB.
O0OpaboTKa KpeMHHMEBBIX MOMIOXKEK BKIIIOYACT 2JIEK-
TpoxuMmuueckoe (popmupoBanue cios I1K, odimydyenune
€ro MOHAaMM M IIOCJIeAylollee yIaJeHue 3TOrO CJIOS.
Ilepen MOHHBIM OOJyYEeHUEM MOJIOXKHU YIIPYro je-
¢opMUpYIOT U3TMOOM TaK, UTOOBI MX paboyasi CTOpOHa
ObLIa BOTHYTOM, a Moc/eaytollee MOHHOe 00JydeHre U
yaajeHue MOPHCTOro KPEeMHUS OCYIIECTBIISIOT OTHO-
BpPEMEHHO IyTeM MOHHO-IIJIa3MEHHOI0 TpaBieHus [36].

2. I1pu reTepo3nuUTaKCUM IJICHOK MOJIYIIPOBOIHM-
KOBBIX MaTepuajJoB Ha MOHOKPUCTALIMYECKUE IOJ-
JIOXXKHM OCHOBHOM MPUUYMHOM, MPENSITCTBYIOLIEH POCTY
KayeCTBEHHBIX AMTUTAKCUAIbHBIX CJI0EB, SBJSIETCS pac-
COrJlacoOBaHUE MEPUONOB PEIIETOK MaTepPHaIoOB TICH-
KA U MOIJIOXKHU, a TaKxKe pas3jinuue TeMIepaTypHbIX
K02 puUIMeHTOB JIMHEHOro paciupeHus. Ilepcnek-
TUBHBI B poJiu Oy(hepHBIX CI0eB MaTepuasbl C MOPUC-
TOM CTPYKTYPOi1, MOCKOJILKY B 3TOM Ciiy4ae "TogaTIu-
Bas" TOJJIOKKA ITOACTPANBAETCS MO, ITOCTOSTHHYIO pe-
IIETKU PACTYIIETO KpUCTa/la M CHUMAET HalPSIKEHUS
BHyTpHu Hero [37—39]. B pamkax Mmonenu ['mimepa mno-
KazaHo [40], yTo peanusyeTcsd MeXaHU3M SIMUTAKCUU
MmyTeM 00pa30BaHUsI METACTaOWJIBHBIX 3apojblllieil Ha
Kparo Top C MOCAeaYIOIUM UX pa3pacTaHueM I0 Te-
puMeTpy 1 POPMHUPOBAHNEM TOHKOTO CIUIOLIHOTO Ha-
BUCAIOIIETO CJIOS.

B paGote [41] ucrnonb3oBaH CIOXHbBIN OydepHbIii
cioii Ha ocHoBe I1K (10 MKM), hopMupyemMoro 3jek-
TPOXUMUUYECKUM TpaBJIEHUEM B pacTBOpPax Ha OCHOBE
TJIABUKOBOI KMCJIOThI, IPUMEHEHHNE KOTOPOTO MPUBO-
IUT K CHIDKEHWIO KOHILEHTPAIINU 3JIEKTPUUECKH aK-
TUBHBIX JedekToB B ieHKax GaN (~1 MKM) Ha moa-
JIOXKax Si M MOBBILIEHUIO UX BJEKTPUUYECKOU OJHO-
ponHoctu. [Ipu ucnonszoBanuu d0ydepHoro ciost I[TK
(otouyscTBUTEILHOCTL MK nuromos Ha ocHoBe PbTe
Bo3pacTaer Ha 1...2 mopsinka [42].

3. dng co3maHusl KPEeMHMEBBIX IIPUOOPOB, pabo-
TaIOIIUX MPU BBICOKMX HATIPSIKEHUSIX, CYILIECTBYET He-
00XOOMMOCTh B MTHUIJIEKTPUUCCKUX CIIOSIX TOJIIIMHOMN
6osee 10 Mxm. OnHaKo AuanekTpuyecKue rieHku Si0,,
MoJIydyaeMble OKUCIEHUEM OOBIYHOTO KPEMHMS, HE MO-
I'YT OBbITh TOJIIE HECKOJBKMX MUKPOMETPOB. [1pu Tep-
MuyeckoM okuciaeHuu I1K 3a cueT pa3BUTOl CUCTEMBI
MOP MOJIEKYJIbl KUCJIOPOJa CIIOCOOHBI TPOHUKHYTh Ha




Bcio TonuuHy 1K 1 npuBecTu K MOJHOMY €ro OKMUC-
nenuto. Ilpouecc dopmMupoBaHUs IUIIECKTPUUYECKIX
IJIEHOK C MCIIOJIb30BAHMEM ITOPUCTHIX CJIOEB ITPOMC-
XOIUT TIpU TeMmIeparypax 0ojiee HU3KMX, YeM IIpU
TPAIUIIMOHHOM TEPMUYECKOM OKHMCJICHUM KPEeMHMSI,
U coueTaeTcs ¢ mpoueccaMu TUdPy3nun, OKUCIeHUS U
SIUTAKCUHU, MPOLlecCaMU MOHHOM MMILIaHTaLuu [43].

4. B xayecTBe OJHOTO M3 CIOCOOOB U3rOTOBJIECHUS
KHMHM-cTpyKTYyp npeaioxkeH CIIoco0 MpsIMOro Cpallu-
BaHUs paboyeil MIaCTUHBI U TIACTUHBI-HOCUTEJS
[44, 45]. B [46] nipemyioxXeHO mepen TEPMOKOMIIPEC-
CHMOHHBIM COEJIMHEHUEM B paboueil riacTuHe CO CTO-
POHBI, KOHTAKTHPYIOIIEH CO CI0eM NM3JIEKTPUKA I1Jia-
CTUHBI-HOCUTEJISI, IMyTeM aHOAHOUW 0O0paboOTKU B pac-
TBOpe (PTOPUCTOBOAOPOIHOMU KUCIOTH (POPMUPOBATH
OPUEHTUPOBAHHBIE HOPMaJbHO K TMOBEPXHOCTH ILja-
CTUHBI 00JIACTU MOPUCTOrO KPEeMHHUSI Ha IIIyOMHY He
MeHee TOJILIMHBI MPUOOPHOIo CJI0sI, a MOCje TEPMO-
KOMIIPECCUOHHOTO COEAMHEHUs TJIACTUH U YTOHE-
HUS paboueil IIACTUHBI OCYILLECTBISATh TEPMUUECKOE
OKUCJIEHHE TOPHCTOrO KPEeMHUS.

5. B ocnose FIPOS-texHonoruu (rosnHasi u30Jsi-
LMl TIOPUCTBIM OKMCJIEHHBIM KPEMHUEM) JIEXUT (hOp-
MUPOBaHHWE Ha MOHOKPUCTAJUTMYECKOM MOMIOXKE JIO-
KaJbHBIX OCTPOBKOB #-TUIA, pa3aeJeHHbIX yIaCTKaMU
p-TUNA B pesyibTaTe MOHHOW WMMILIaHTauUuu Oopa u
Bogopoaa. C IMOMOILBIO 3IEKTPOXUMHUYECKOM obpa-
0OTKM 00JIaCTU KPEMHHUSI C ABIPOYHON MPOBOIMMO-
CTbIO, PACMOJIOXKEHHbIE MEXIY OCTPOBKAMU U HEIO-
cpeAcTBeHHO moa HuMM, TpeBpaiatorcs B [1K. Tlo-
cJenyroliee OKMCAEHUE MIACTUHBI OCYIIECTBISETCS BO
BJIAXKHOM Kuciaopoxae mpu temmneparype 1000 °C.

B paccmarpuBaemom Metome co3manus KHMU-
CTPYKTYp, HECMOTpPSI HAa MPOCTOTY TEXHOJIOTUH, CYIIe-
CTBYIOT OTpaHMYECHUS Ha MAKCUMAaJIbHbIE TOTIOJIOTHYE-
CKMe pa3Mepbl KPEMHMEBBIX OCTPOBKOB. DTHU Orpa-
HUYEHUS 00YCIOBIEHBI OCOOEHHOCTSIMU OOKOBOTO Ce-
JIEKTUBHOTO aHOJAWPOBAHUS CJ0s1 n+-TUIa, KOTOPBIA
HAXOIUTCS MEXAY IMUTAKCUATBHON TUJIEHKOW U TOJ-
JIOXKKOW. DKCIepUMEHTaJbHO YCTaHOBJIEHA BO3MOX-
HOCTb YIpaBJIeHUs] MPOLIECCOM CEJIEKTUBHOIO aHOAU-
pOBaHMSI n+-Cl0sl MOJA KPEMHMEBBIMU OCTPOBKAMU,
umewomwuMu wupuHy 80...100 Mxm. OgHako mocie
TEPMUYECKOTO OKHUCJIEHUSI B LIEHTPaJIbHOW YacTU Ta-
KHX OCTPOBKOB OOpa30BBIBAIMCH TPEIMHBI. Makcu-
MaJibHas IMMPHUHA KPEMHUEBOTO OCTPOBKA, KOTOpasI
rapaHTupyetr nojHoe okucieHue 1K u orcyrcrBue
tpewnH, paBHa 50...60 mxm. [IpumeHeHune maHHOM
TexXHoJIoruu J1st MmaccoBoro npoussoacrea KHU UMC
KpaiiHe Mpo0JieMaTUYHO 110 TOM MPUYMHE, YTO CXeMa
MU3roTaBIMBAEMOro Mpubdopa J0KHA ObITh COTJIacoBa-
Ha c¢ Tonosorueii KHU-cTpykTyp Ha nmpuoOperaeMoii
IutacTuHe KpeMHus [47].

Bricokast ymenabHasi TTOBEPXHOCTH ITO3BOJISIET MC-
nosbs3oBath [1K 1151 co3paHusl 1aTYMKOB BIAXKHOCTH,

Ta30BBIX, XUMMYECKMX U OHOJOTUYECKUX CEHCOPOB.
ITpuHIMIT AeCTBUS TaKKX 1aTYMKOB OCHOBAH Ha BIUSI-
HUU BHEITHMX MOJIEKYJ Ha B3JIEKTPOHHOE COCTOSHHUE
MOBEPXHOCTH, 4TO B ciaydyae [TK mpuBoauT K BbICOKOI
YyBCTBUTEABbHOCTH. OOBIYHO TaKWe AATYUKM (DUKCH-
PYIOT U3MEHEHNE €MKOCTHbBIX, MPOBOASIIIINX, UMITYJIbC-
HBIX TIEPEXOIHBIX XapaKTepUCTUK, JTIOMUHECIICHTHBIX
cpoiictB 1K mpu Haauumy B KOHTPOJIMPYEMOM cpere
3aaHHBIX MOJIEKYT [5, 48, 49].

CTpyKTypbl Ha OCHOBE YaCTUYHO okucieHHoro [TK
XapaKTePU3YIOTCS HEOOBIYHBIMU DJEKTPO(PU3INYECKU -
MU U BBICOKMMM CEHCOPHBIMM CBOMCTBAMU K BO3MICH-
CTBUIO MOJISIPHBIX MOJIEKYJI (CEpOBOAOPOA, allETOHA).
[Taps! yrieBogopomaoB U3MEHSIOT ONITUYECKHUE CBOMCT-
Ba 1 uBeT cyos 1K, KoTophlil 061agaeT 1OATOBPEMEH -
HOM mamsThio Bo3aeiicTBus [50].

DramonMaHUHB METAJJIOB MCITOIL3YIOTCS B Kade-
CTBE Ta304YYBCTBUTEJBHBIX CJIO0€B MMKPOAATYUKOB
KOHIIeHTpaluu. KOHCTPYKTUBHO YyBCTBUTEIbHBIE BJIe-
MEHTBI BBITIOJTHSIIOTCS B BUIE IJIAHAPHBIX PE3UCTOPOB
C KOHTaKTaMU TUIMa BCTPEYHO-LITHIPEBOU CTPYKTYPHI.
HccnegoBanust mokaszanu [51, 52], 4yTo ocaxiaeHue
TUIEHOK (TajiollMaHHAa MeIM Ha IMpeaBapUTEIbHO
copmupoBaHHbiii cioit 1K Ha MoOHOKpMCTaIMYe-
CKOW TOMJIOKKE MO3BOJIWJIO CTAOMIM3UPOBATH MeXa-
HUYECKUE HaIpsKeHWsT M ra304yBCTBUTEJbHBIC Xa-
PaKTepPUCTUKI CEHCOPOB, ITOBBICUTH TTOYTH B ABa pa3a
MPOLIEHT BbIXOJA FOIHbIX.

Bricokasg xumuueckas aKTUBHOCTb ITOPUCTOIO
kpemuus (ITK B 10...100 pa3 TpaBuTcst ObICTpee, YeM
MOHOKPHUCTA/UIMYECKUI KpPEeMHUI) MOo3BOJIsIeT (hop-
MupoBaTh 3D-KOHCTPYKLIMU JUISI MMKPOCUCTEMHOM
TexHuku. B [53] mpemioxkeH cnoco6 (GopMupoBaHuUs
MeMOpaH B MOHOKPHCTALIMUECKON KpeMHUEBOI MOI-
JIOXKe, IIUIS 4Yero yepe3 OKHa Ha HepaboTarolieil cTo-
poHe nomioxku popmupytor cioit I1K, a Ha padboueit
CTOPOHE MOJJIOXKHU CO3Mal0T OTBEPCTHUS IO MOPUCTOTO
kpemHus u yaansior I[TK tpaBneHueMm B pacTBope.

B paGote [54] cooOiiaeTcss 0 MpMMeHEHUM CTPYK-
Typ, comepxamux ciou I1K, mjs perucrpauuu saeK-
TPOMarHUTHOTO CBEPXBBICOKOYACTOTHOTO M3JTyYEHUSI.

3aKkmoueHne

HaHocTpyKTyprpOBaHHBIM KpeMHUI SIBJISIETCS Ma-
TEpUAJIOM C IIUPOKUM CHEKTPOM IMOTEeHLIMATIbHBIX
NPUMEHEHUI, YHUKAJIbHBIE CBOMCTBA KOTOPOIO IMOPO-
KIeHbl 3(P(PeKToOM KBAaHTOBO-pPa3MEPHOIO CBSI3blBa-
HUs B HaHOKpucTaaax. CoOTBETCTBYIOIIUIA BbIOOD
PEXMMOB €ro IoJiydeHus U TepMooOpaboTKu obec-
neyuBaeT (popMUpoBaHME B MOHOKPHCTAUIMYECKOM
KpeMHUM 00JIacTei, 00IamaloniX JU3eKTPUIECKIMM
WJIY TPOBOASIIMMU cBoMicTBaMU. [Ipoliecc momyyeHus
I1K xopollio COBMECTUM C TPaAULIMOHHLIMU 0a30BHI-
MU OIEepalrsIMU TUIAHAPHO-3MUTAKCUAIBHOW TEXHO-
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JIOTMM Ha KPEMHUHM, TPOCTO peaau3dyeTcs] U MOXET
OBbITh aBTOMAaTU3MPOBaH.

Opnako IIK oGmamaeT cyliecTBEHHBIM HEIOCTaT-
KOM, KOTOPBIN CAEPXKMBAET €ro MPaKTUYEeCKOe MpU-
MEHEeHHWe, — HEeCTAaOMJIBHOCTHh ONTHUYCCKMX U 3JIEK-
TpOo(U3UIYECKUX XApPAKTEPUCTUK. DTO TpebdyeT 3Ha-
YUTEILHOTO BHUMAHMWS MIPU PACCMOTPEHHNU TIPOIIEC-
COB MOIM(MUKAIIMM ¥ TACCUBALIMKM CJIOEB IMOPUCTOTO
KPEeMHMSI.
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Porous Silicon: Current State and Prospects for Development

Silicon is one of the most demanded materials in the semiconductor microelectronics. Besides the single-crystalline silicon, special
attention is attracted to the nanostructures, including porous silicon, expected to solve the tasks of improvement of the functional com-
plexity of the semiconductor devices and their specific characteristics. The article reviews the principal data on the porous silicon,
the questions of its production, its structural properties and characteristics, specific features of its application in the semiconductor
devices and other electronic products, and the methods of stabilization of their characteristics.

Keywords: silicon, porous silicon (PS, por-Si), nanocrystallite, heterostructure, photoluminescence, buffer layer, heteroepitaxy,

porosity, microsystem engineering

Introduction

Silicon is the main material for electronics: 95 % of
the integrated circuits and over 90 % of the semi-con-
ductor devices and products are made on its basis. An
advantage of the material is that it can be obtained in
different structural forms (monocrystal, amorphous,
polycrystalline, microcrystalline, and porous forms),
each of which has a unique set of properties, is com-
patible with each other and with the technological
processes of the silicon technology.

Due to the increasing functional complexity and de-
gree of integration of the devices, increase of their speed
and radiation resistance, the researchers demonstrate
big interest in the properties of the nanocomposites,
which is explained by the opportunities for develop-
ment of the elements with the desirable physical and
chemical properties on the basis of such materials.

A classical example of a multicomponent quantum-
dimensional system is the porous silicon (PS or por-Si).
In an ideal case por-Si contains silicon microcrystallites
and pores. Depending on the manufacturing technolo-
gy it can contain inclusions of the amorphous silicon,
silicon oxides and even organic-silicon compounds as a
result of processing in the organic mixes.

For the nanocomposites of primary importance are
the size and the form of the particles; their volume
share, and also the surface properties. An essential
modification of the properties is determined by a re-
striction for movement of the charge carriers in the par-
ticles, with a rather ramified surface of the nanocom-
posite environments, change of the electromagnetic
fields operating on each atom of the environment, in
comparison with the bulk materials.

For the first time the porous silicon was received in
mid 1950s by A. Ulir during research of the anode elec-
trochemical processing of the monocrystal silicon
plates in the electrolytes on the basis of the water so-
lutions of the hydrofluoric acid. In 1990 L. Canham
discovered a rather effective photoluminescence of the
porous silicon at a room temperature in the visible
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spectrum, which became an incentive for intensifica-
tion of the studies of its properties [1, 2].
The porous silicon is conditionally classified in sev-
eral groups:
e macroporous silicon (pores >50 nm; porosity
~5...30 %);
e mesoporous silicon (pores of 2...50 nm; porosity
30...70 %);
e microporous
~70...90 %).
Depending on etching, the porous silicon has a wide
interval of the specific resistance (10_2...10” Q- cm),
dielectric permeability (1,75...12) and index of refrac-
tion (1,2...3,5) [2]. This means, that it can be used as
semi-conductor and dielectric layers in the devices of
micro-, nano- and optoelectronics, for applications in
sensorics, biosensorics and solar batteries [3]. There-
fore, a search for new ways of obtaining of por-Si, and
also improvement of the technologies of synthesis of
such structures is a topical task.

silicon (pores <2 nm; porosity

Ways to obtain porous silicon
and its basic properties

The basic way to obtain PS is a low-temperature
electrochemical processing of the monocrystal silicon
in the solutions on the basis of hydrofluoric acid [4, 5].
In the process it is possible to control the size and depth
of the pores, porosity of a layer (relation of the volume
occupied by the pores to the total volume), and by a
change of the composition of the electrolyte one can
control the composition of the surface.

In case of electrochemical processing the role of the
anode is played by a silicon plate located in an elec-
trochemical cell. The basis of the electrolyte is hy-
drofluoric acid (HF) with various organic additives,
which moisten well the silicon surface (usually, etha-
nol, C,HsOH). For the cathode an electrode is used,
the material of which does not interact with the hy-
drofluoric acid (for example, platinum or spectroscop-
ically pure graphite). The electrochemical cell is made




of the materials resistant to HF action, for example,
fluoroplastic. For obtaining of PS the Unno-Imai
method is also used, in which the silicon plate is placed
between two platinum electrodes [6]. The basis of the
electrochemical cell is a fluoroplastic bath containing
two independent volumes of electrolyte, in each of
which there is a platinum electrode. When voltage is
supplied to the platinum electrodes, on the anode side
of the silicon plate a PS layer is formed; on the cathode
side of the silicon plate turned to the platinum cathode,
certain surface changes occur.

For obtaining of PS layers a chemical coloring etch-
ing is also used, which is done without an external elec-
tric field [5, 7, 8]. At that, a strong oxidizer, for exam-
ple, KNO,, HNOj [9] is introduced into the compo-
sition of the etchant alongside with the hydrofluoric ac-
id. The layers of the porous silicon received by chemical
etching can be successfully applied as an alternative to
the porous layers obtained by electrochemical etching
in cases, when creation of a porous layer on a big area
iS necessary.

Illumination of a silicon substrate during the elec-
trochemical etching strengthens the contribution of dis-
proportioning in the formation of the mesoporous PS
layers. On the substrates of n-type PS is obtained under
illumination, because light ensures sufficient concen-
tration of the holes on the border of the silicon and the
electrolyte [5]. The greatest porosity of the PS layers is
obtained under an intensive illumination in a wide
spectral range (a mercury lamp without a filter), at that,
the spectral composition of radiation essentially does
not influence the porosity. In [9] the properties were in-
vestigated of the PS received as a result of illumination
of HeNe substrate by a laser with the wavelength of
632,8 nm and light intensity of 1100 mW/cm2.

The porous layer formed on the surface of a monoc-
rystal Si plate, usually contains clusters and quantum
threads of silicon of the nanometer sizes, the surface of
which is partially oxidized and partially covered by the
atoms of hydrogen and hydroxyl groups [10, 11].

The structure of the external and internal surfaces of
the PS layer is not identical. If ori the external surface
the evenly distributed pores of roughly identical size are
observed, on the surface adjoining the substrate there
are flutes divided by rather big (tens of micrometers) is-
lets. At that, the flutes and the islets appear to be pen-
etrated by the nanometer pores, and the size of the par-
titions between the pores is approximately equal to the
diameter of the pores [12].

Presence of weak silicon-hydrogen bonds on the
surface of the pores causes instability of the PS prop-
erties. Gradual oxidation of the porous layer during its
storage in the air due to destruction of Si-H bonds and
their replacement with the silicon-oxygen bonds and
hydroxyl groups leads to a decrease of the photolumi-

nescence, and worsens the sorption characteristics of a
material [13].

During an electrochemical etching in porous silicon
we can obtain quantum dots and threads, elements
with different fractal dimensions. Among the factors
leading to modification of the properties are restriction
of movement of the charge carriers, ramified surface,
change of the electromagnetic local fields, operating on
each atom of the environment, in comparison with the
bulk materials [14].

In [15] a new technology is demonstrated for ob-
taining of the PS layers with nanoparticles of silver on
the surface of a monocrystal Si with the use of a low-
energy high-dose implantation, which was done by ions
of Ag+ with energy of 30 keV, irradiation dose of
1,5 1017 ion/cm2 and current density in the ion beam
of 4 uA/cm2 on ILU-3 ion accelerator at a room tem-
perature. The considered technology for formation of
PS, unlike the chemical approaches, has that advantage
that it can be easily enough integrated into the indus-
trial process of improvement of the microcircuits’ man-
ufacturing technologies.

Possible ways for control of the elastic stress state of
the PS layers are considered in [16, 17]. The PS layers
of various thicknesses were formed on KDB-12 (001)
substrates by anode processing in 10 % aqueous-alco-
holic solution of the hydrofluoric acid. After formation
of a PS layer a compressive stress was discovered in it.
At a constant density of the anode current these stresses
practically linearly decreased with the thickness of a PS
layer; a strong non-monotonid dependence of the de-
formation on the density of the anode current was dis-
covered. The monocrystal skeleton of the PS layer un-
derwent a tetragonal deformation caused by the pres-
ence of thin amorphous silicon on the surface and walls
of the structure, by natural oxidation of the porous
structure.

Formation of the PS layers of various thicknesses
with oxidation and additional thermal radiation process-
ing allows us to vary the micro- and macroparameters
of the profile, on which MEMS elements are created.
A prominent feature of the elements is their high me-
chanical durability, which is important for the dynamic
elements. Fig. 1 presents a deformed silicon plate with
a layer of the oxidized porous silicon, illustrating higher
mechanical durability of the composition.

Increase of the radiation resistance of the nanop-
orous layers (the size of pores of 4...5 um, porosity of
70 %) is connected with an extremely ramified surface
of PS (up to 10003) at the expense of formation of na-
nocrystals, the borders of which can act as the area of
an effective drain with annihilation of the radiation de-
fects. Also due to interaction of the high-energy ions
with the elements of the porous structure an energy
transmission to separate atoms and whole clusters is
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possible. Such a mechanism of reception of energy is
determined by a change of the background spectrum in
the silicon nanostructures and it increases the radiation
resistance. During transition to the sizes of silicon na-
nocrystals of 10...20 nm a recorded increase of their ra-
diation resistance occurs. The given fact is, most likely,
connected with a spatial localization of the primary ra-
diation defects (components of Frenkel pairs) inside
their zone of a non-activated recombination [18].

One of the major PS characteristics is its porosity.
For its determination the oxidation-gravimetric method
is often used [19]. At small thicknesses (up to 10 micro-
meters) of a porous layer and high porosity (over 70 %)
an error of the gravimetric method can reach 15...20 %.
The size of the pores, their form, the thickness of the
porous layer are determined by the methods of elec-
tronic microscopy, ellipsometry, thermoprometry, the
methods based on the isothermal gas absorption, com-
binational dispersion of light, and small-angle x-ray
dispersion [18, 20, 21].

In [22] for measurement of the porosity the optical-
acoustic immersion method of nondestructive diagnos-
tics is proposed, based on a laser excitation of the
broadband acoustic impulses and their recording with a
high time resolution after a passage through the inves-
tigated sample. The proposed method is used for deter-
mination of the porosity and thickness of a PS layer, at
that, the porosity can be measured locally. The method
ensures the porosity measurement with accuracy not
worse than 5 %.

Control of the degree of uniformity of the structure
of the PS layers can be done by measurement of the in-
tensity of the light, reflected from various sites of the
surface before and after deformation of a substrate with
a PS layer [23].

The basic directions of application
of the porous silicon

Prospects for application of the PS layers in elec-
tronic instruments and devices are determined by such
factors, as their adaptability to manufacture, compati-
bility with various technologies of nano- and micro-
electronics, and multifunctionality [4].

Discovery of the intensive PS photoluminescence
resulted in advance of the methods of creation of the
porous silicon and development of directions for its use.
Efficiency of the first electroluminescent devices was
insignificant (107> %) [5], the photoluminescent and
electroluminescent structures degraded quickly. The re-
searchers found out the reasons for ageing of the light-
emitting PS and outlined the ways for development of
the stable to time structures [24, 25]. Forecasts [26] say
that it is real to improve the quantum efficiency of the
electroluminescent PS cells up to 10 %.
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The absolute limit for the coefficient of efficiency of
the photoelectric transducer (PET) of the solar energy
on the basis of monocrystal silicon is 25...27 % [27]. For
construction of silicon PET the third generation strat-
egy for increasing the number of the forbidden zones of
the initial material [28] is applied. In 2008 scientists
from University of Delaware (USA) announced crea-
tion of a PET on the basis of such a structure with the
coefficient of efficiency of 42,8 %. Application in a
PET design on a silicon substrate of the layers of the po-
rous nanocrystal silicon, wide-zone silicon carbide, di-
electric coatings from fluorides or oxides of the rare-
earth elements allows us to raise its efficiency practi-
cally up to the level of PET on the basis of the gallium
arsenide with preservation of the advantages of the tra-
ditional manufacturing technologies of silicon PET [29].

It is necessary to point out that since PS, unlike the
other nanostructured materials, is biocompatible, its use
is very attractive for the medical-biological branch, for
the therapy (directed delivery of medicines), diagnostics
of diseases, orthopedy and tissue engineering [30].

Intensive research is conducted in the field of an-
other topical direction — hydrogen power engineering,
development of portable low power fuel elements (mi-
crofuel elements, MFE). On the basis of MFE, pos-
sessing big energy intensity and high efficiency, a new
generation of the power supplies is created for 0,5...20 W
independent electronic devices. PS performs the func-
tions of a gas-distributing electrode and, simultaneous-
ly, of a skeleton of the whole design [4, 31—35].

For creation of the discrete semi-conductor devices
and integrated circuits, application of PS is possible in
the following versions.

1. Further structural improvement of the silicon
substrates due to increase of the efficiency of gettering
and decrease of the concentration of the growth and
technological microdefects. Processing of the silicon
substrates includes an electrochemical formation of a
PS layer, its irradiation with ions and subsequent re-
moval of this layer. Before an ionic irradiation of a sub-
strate it is elastically deformed, so that its working side
is bent, while the ionic irradiation and removal of the po-
rous silicon are carried out by ion-plasma etching [36].

2. During the heteroepitaxy of the films of the semi-
conductor materials on the monocrystal substrates the
cause, hindering the growth of the qualitative epitaxial
layers, is the mismatch of the periods of the lattices of
the film and substrate materials, and difference in the
temperature coefficients of the linear expansion. The
materials with a porous structure are promising for the
role of the buffer layers, because a "pliable" substrate is
adapted to the constant of the lattice of a growing crys-
tal and removes the stresses in it [37—39]. Within the
framework of the Gilmore model it is demonstrated
[40], that epitaxy is realized by formation of the metast-




able embryos on the brink of the pores with their sub-
sequent growth along the perimeter and formation of a
thin continuous hanging layer.

In [41] a complex buffer layer is used on the basis of
PS (10 micrometers), formed by electrochemical etch-
ing in the solutions on the basis of the hydrofluoric ac-
id, application of which leads to a decrease of the con-
centration of the electrically active defects in GaN films
(~1 um) on Si substrates and to an increase of their
electric uniformity. When a PS buffer layer is used, the
photo sensitivity of IR diodes on the basis of PbTe in-
creases by 1...2 orders [42].

3. For creation of the silicon devices working on
high voltages, the dielectric layers are necessary with
thickness over 10 micrometers. However, the SiO, di-
electric films received by oxidation of ordinary silicon
cannot be thicker than several micrometers. During a
thermal oxidation of PS due to the ramified system of
the pores the molecules of oxygen can get through all
the thickness of PS and result in its full oxidation. For-
mation of the dielectric films with the use of the porous
layers occurs at lower temperatures than the traditional
thermal oxidation of silicon, and is combined with dif-
fusion, oxidation and epitaxy, the processes of ion im-
plantation [43].

4. During manufacture of SOI-structures a direct
merging of the working plate and a plate-carrier [44—45]
is offered. In [46] it is proposed before a thermocom-
pression connection in a working plate from the side
contacting the dielectric layer of the plate-carrier, by
means of anode processing in a solution of hydrofluoric
acid to form the plates of the area of the porous silicon
focused normally to the surface, at the depth, not less
than the thickness of the instrument layer, and, after
the thermocompression connection of the plates and
thinning of the working plate, to carry out a thermal ox-
idation of the porous silicon.

5. At the heart of FIPOS-technology (full isolation
by the porous oxidized silicon) is the formation on a
monocrystal substrate of the local islets of n-type di-
vided by the sites of p-type as a result of an ion implan-
tation of boron and hydrogen. By means of electro-
chemical processing the silicon areas with a hole con-
duction located between the islets and directly under
them, turn into PS. The subsequent oxidation of the
plate is carried out in damp oxygen at 1000 °C.

The considered method for creation of SOI-struc-
tures, despite its simplicity, has restrictions on the max-
imal topological sizes of the silicon islets. The restric-
tions are due to the specific features of the lateral se-
lective anodizing of the n+-type layer, which is situ-
ated between the epitaxial film and the substrate.
Feasibility of control of the process of selective ano-
dizing of n+-layer under the silicon islets with width
of 80...100 pm was experimentally established. How-

ever, after a thermal oxidation in the central part of the
islets some cracks were formed. The maximal width of
a silicon islet, which guarantees a full oxidation of PS
and absence of cracks, is equal to 50...60 um. Applica-
tion of a technology for a bulk production of SOI in-
tegrated circuits is problematic, because the circuit of
the manufactured device should agree with the topology
of the SOI structures on the acquired silicon plate [47].

Its high specific surface allows us to use PS for de-
velopment of humidity, gas, chemical and biological
sensors. Their operating principle is based on the influ-
ence of the external molecules on the electronic state of
the surface, which in case of the porous silicon leads to
a high sensitivity. Usually, such sensors record changes
of the capacitor, conducting, pulse transitive character-
istics, and luminescent properties of the porous silicon,
if the set molecules are present in the controllable en-
vironment [5, 48, 49].

The structures on the basis of a partially oxidized PS
are characterized by unusual electrophysical and high
sensor properties to the influence of the polar molecules
(hydrogen sulphide, acetone). Vapors of hydrocarbons
change the optical properties and color of the PS layer,
which has a long-term memory of influence [50].

Phthalocyanines of metals are used as gas-sensitive
layers of the microsensors of concentration. Structur-
ally the sensitive elements are made in the form of the
planar resistors with contacts of interdigital structure
type. Research demonstrated [51, 52] that sedimenta-
tion of films of phthalocyanine of copper on the formed
PS layer on a monocrystal substrate made it possible to
stabilize the mechanical stresses and the gas-sensitive
characteristics of the sensors, and to almost double the
percent of the product yield.

High chemical activity of the porous silicon (PS is
etched 10...100 times faster, than the monocrystal sili-
con) allows us to form 3D designs for the microsystem
technologies. In [53] it is proposed to form membranes
in a monocrystal silicon substrate, and for this purpose
through the windows on the idle side of the substrate a
PS layer is formed, while on the working side the ap-
ertures are made down to the porous silicon and PS is
removed by etching in a solution.

In [54] information is presented about application of
the structures containing PS layers for recording of the
electromagnetic microwave radiation.

Conclusion

The nanostructured silicon is a material with a wide
spectrum of the potential applications, the unique
properties of which are due to the effect of the quan-
tum-dimensional linkage in the nanocrystals. Selection
of the modes of its obtaining and thermal processing
ensures formation of the monocrystal silicon areas pos-
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sessing the dielectric or conducting properties. Obtain-
ing of PS is quite compatible with the traditional basic
operations of the planar-epitaxial technology on sili-
con, and it is realized easily and can be automated.

However, the porous silicon has an essential draw-
back, which constrains its application and that is insta-
bility of the optical and electrophysical characteristics.
This demands more attention to consideration of the
processes of modification and passivation of the porous
silicon layers.
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Hccnedosana KOHCMPYKUUA MUKPDOMEXAHUUECK020 CeHCopa NUHEIHbIX ycxopeﬂud, paccmompeHo 6AUAHUE 31eMEeHmMo6 nodsecog
KOHCMDPYKUYUU HA U3MEHeHUe COOCMBeHHOU Yacmomabl UyecmeumesibHblx 3/1eMeHmoe6, 6blA6/1eHbl NMUnbl I’lOa6€CO€, 6 Hauboavulel u
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UHEepUUOHHAA macca, KO3¢¢L!I4L£€HM Hcecmrkocmu

B coBpeMeHHOM Mupe HaOaOgaeTCs OBICTPHIA
pPOCT pbIHKA MMKPO3JIEKTPOMEXaHUYECKUX CUCTEM
(MDMC), 310 cBSI3aHO C¢ ucnojib3oBaHueM MBOMC
MpU TMPOU3BOJICTBE PA3JIMYHON 3JEKTPOHHON amrmna-
paTyphbl, B TOM 4uciie TeaedOHOB, IJIaHIIEeTOB, CMapT-
(boHOB, HABUTAITMOHHBIX CUCTEM, METUITUHCKUX TIPH-
OopoB.

OcHoBy s1eMeHTHOU 0a3bl MOMC cocTaBislIOT
MUKpPOMEXaHN4YeCcKre CeHCOphl. Pa3paborka ceHcopoB
VIJIOBBIX CKOPOCTEl (TMPOCKOIIOB) M CEHCOPOB JIMHEH -
HBIX YCKOPEeHUH (aKcelepoMETPOB) Ha CETOMHSIIHUMK
JIeHb SIBJSETCS OMHUM W3 MPUOPUTETHBIX HaIpasiie-
HUIA pa3BUTUSI MUKPOCUCTEMHOM TEXHUKH.

Bricokue 3HaueHuUsI TapaMeTpoB paboUMX XapakTe-
PUCTHK, Majoe 3HEPronoTpedIeHre, NHTeTPUPOBaH-
Hasg (QYHKIMOHAJIbHOCTL OOpaOOTKM CHUTHajla, BO3-
MOXKHOCTb KaJIMOPOBKU, MUHUATIOPHOCTDb, HU3Kas 11e-
Ha — BCE 3TO JEJIAET CEHCOPLI JIMHEMHBIX YCKOPEHUN
BOCTPEOOBAaHHBIMU CPEIX MOTPeOUTENE.

B nanHoii paboTe ucciemyeTcsi KOHCTPYKLMS CEeH-
copa JIMHEMHBIX YCKOPEHUI ¢ AByMS OCSIMU UyBCTBU-
TeJIbHOCTH, IIpelacTaBiieHHas Ha puc. 1 [1].

Hccnenyembliit MUKpOMEXaHUUECKUI CEHCOp CO-
JEPXKUT UHEPLIMOHHYIO Maccy [, MoJBeC YyBCTBUTEb-
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HOTO 3JIeMeHTa 2, EeMKOCTHbIE MMpeoOdpa3oBaTesu nepe-
MellleHuu 3, 4, ajieKTpocTaTuueckre nmpuBoasl S5 [1].

JIoCTOMHCTBO paccMaTpruBaeMO KOHCTPYKUMU
MUKPOMEXaHUUECKOTI'0 CeHcopa 3aKJI04yaeTcsl B BO3-
MOXHOCTH €ro paboTbl B KauyecTBe aKcCeJepoMeTpa
KakK IpsMOTo MmpeoOpa3oBaHUsl, TaK U KOMIEHCAIIM-
oHHoro [1].

Llenblo uccaenoBaHUA SBISIETCS ONPENAETIEHUE CTE-
MEeHU BIWSIHUS KaXJO0ro 3JieMeHTa MojBeca IMpesa-
raeMoii KOHCTPYKIIMA Ha W3MEHEeHWE COOCTBEHHOW
YacTOTHI.

CoOcTBEeHHas YacTOTa 3aBUCUT OT MacChl M OOLIETO
KO3 dUIIMEHTa XECTKOCTH KOHCTPYKLIMHU, 3aBUCS-
1LIETO OT MHOTMX NTapaMeTPOB, B TOM YUCJIE U OT M-
HBbI, IIIMPUHBI, TOJIIAHBI YIIPYTMX 0ajOK B MOJABECAX.
B manHoii paboTe paccMaTpuBaeTcsa M3MEHEHUE KO-
apduIMeHTa KeCTKOCTU KOHCTPYKLIMU NP U3MEHe-
HUU JUIMHBI YyIIPYTUX 0ajl0K B MOIBECAX.

B npennoxxeHHONM KOHCTPYKUMK CEHCOpa JMHEeM-
HBIX YCKOPEeHU nMeeTcsT 16 mocienoBaTeTbHO-TIapa-
JIEIbHBIX COEAUHEHUN YIPYyTrux 0ajiokK, T. €. TOJBECOB.
[aHHble TTOABECHl MOXHO YCJIOBHO pa3fejvuTh Ha TPU
TUIIA B 3aBUCUMOCTU OT KOH(puUrypauuu 6anox.

Ha puc. 2—4 nzoopaxens! noaseckl Tvmos I, 11, I11.




KoadduimeHThl XKeCTKOCTH 1151
nonseca tunoB I, II, III nmpu yc-
JIOBUU, 4YTO JUIMHBI CIEIYIOIIUX
0anok paBHBI B moaBece tuna I:
=1, =1L =1L=l,Bnoasece Tu-
nall: [j; = [} = b, Bnonsece tuna I1I:

him=h=l by =h=1 L =5,
ONnpeacIA0OTCA Bpra)KeHI/IHMI/I:

33
I

R @)
lll
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rne £ — monynb FOHra; & — Tommm-
Ha Oajku; w — 1MpuHa 6anku; /j —
JiMHa 6anku noaseca tvna I /fp —
JumHa Oanku B moapece Ttuma II;
IIHI’ IZHI’ l3IH — JJIUHBI OaJIoK 1,
2, 3 B nonsece tumna I1I.

Ha ocHoBe Bbipaxenuii (1)—(3)
MOXHO 3aIlucaTh YpaBHEHUE IJIsl
HaxoxXaeHus KO3 GUIMeHTa KecT-
KOCTU OOILlIEero ympyroro mnojseca
ceHcopa 1o ocsiM X u Y:

_ Ehw( 2 4
I 11

+—2 +LJ. )

3 3 3
Hm+hm  Bm

Ha puc. 5 (cM. TpeTblo CTOPOHY
00JIOXXKM) TMpeAcTaBICHBI 3aBUCH-
MOCTH ECTKOCTU BCEil KOHCTpPYK-
uu ko6m OT JJIMHBI 0AJIOK B ITOJIBE-
cax Kaxnoro Tumna. KpacHslii rpacduk
TMIOKa3bIBAET 3aBUCUMOCTh K, OT
JUTMHBI 6aJTOK MPU U3MEHEHUU JUTU-
HbI 0astok B guanaszoHe 20...300 MKkMm
OIHOBPEMEHHO JUISI KaX0T0 MoBe-
ca. CuHuii rpa¢uK HEeMOHCTPUPYET
V3MEHEHHE Kogy, TIPU M3MEHEHWH
JUTMHBI 0aJIOK OTAENBHO B IOIBECE
tuna I, mpu aToM AymMHa 6ajJ0K B OC-
TaJbHBIX ITOABECAaX OCTAeTCs HEeu3-
MeHHo# (/= 100 MKM), 4yepHbIii U
3eJIEHBIN IrpadMKM TakKe IMOKa3biBa-
0T 3aBUCUMOCTD K, OT JUTMHBI 6a-

Puc. 1. MukpomexaHnuecKuii CEHCOP JIMHEHHBIX YCKOPEHHIA C IBYMS1 OCSIMH YyBCTBHTEIbHOCTH
Fig. 1. Micromechanical linear acceleration sensor with two axes of sensitivity

Puc. 2. IToasec Tuna I
Fig. 2. Suspension of type |

IL1acTHHBI Anchor
KeCTKOCTH

Puc. 3. Iloasec tuna I1
Fig. 3. Suspension of type 11
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30BaHUsI U1 HayuyHo-oOpazoBaTesb-

Horo ueHTpa "HaHoTexHojsoruu"
MHCTUTYTa HAHOTEXHOJIOTUIA, JIeK-
TPOHUKHU U TipubopocTpoeHus HOx-

IL1acTHHBI HOro (eaepajlbHOr0 YHHMBEPCHUTETA
1 ACCTROCTH (Taraupor).
ILnacTuHbl || =F 3 H Stiffness
P TIECCTE a— == plate Paboma evinoanena npu gunanco-
< - 601l noddepocke Murnucmepcmea 00-
ffness pazoeanus u Hayku Poccuu (npoexkm
plate

No 213.01-11/2014-12 ¢ pamkax ba-
30601l 4acmu 20cy0apcmeeHH020 3a-
danus).

Puc. 4. Iloasec Tuna I11
Fig. 4. Suspension of type 111

ok B nmoaBecax II u III TunoB coorBercTBeHHO. [1pHn
pacueTrax OCTaJibHbIe MapaMeTphbl UMENN CleayIoLIne
3HayeHusT: Moaysb FOura £ = 169 I'Tla n ogHaKOBBIE
I8 Bcex OajioK TojumHa A = 1,5 MKM U 1IMpUHAa
w = 4 MKM.

BripaxkeHue misi koaduimeHTa KeCTKOCTU KOH-
CTPYKIIVH TIPU YCIIOBUH, UTO JUTMHA BCeX 0aJIOK B MO -
Becax pasJinuHa, uMeeT BUJI

_4FEhw( 1 1 1 1
k06m—T[F+l—3+l_+lT+
i1 bt hn b
T 3#), )
Bm+hm  Bm

rae /iy, by — mmna 6anok B noasece tuna I; /iy, by —
JuHa 6anok B noasece tuna L, /iy, by, Ly — -
Ha Oajnok B noasece tumna III.

Ha puc. 6, 7 (cM. TPeTbIO CTOPOHY OOJIOXKKM) TIpEI-
CTaBJIEHbl PE3YJbTAThl MOACIUPOBAHUS IJIs1 OAIOK B
noasecax II u III Tumos.

Takum 06pa3oM, IPH UCCIeIOBAHNN KOHCTPYKIINHT
OBIJIO BBISIBJICHO, YTO IIJIsI M3MEeHEeHMsI KoadduimeHTa
JKECTKOCTU MCCJIEAYEMOM KOHCTPYKLUMU MUKpOMeXa-
HUYeCKoro akcejiepomeTpa Ha 20 % HeoOXOAMMO W3-
MEHUTH JUIMHY 6astok B mmoasece 11 tuma Ha 10 %, Tak
Kak TapaMeTpbl OaJloK B 3TOM IIOJBECE OKa3bIBAalOT
HamOoJIbllIee BIMSHME Ha XECTKOCTb KOHCTPYKIIWU.
ITpn nsmenenun onuHbl 0anok / u 5 B monsece 111 Tu-
ma Ha 10 % Ko3(pPUIIMEHT KECTKOCTH MCCIEAYyeMOM
KOHCTPYKIIMM M3MEHUTCSI Ha 5 %, TaK KakK JaHHBIE
OaJIKM BIMSIIOT Ha XECTKOCTb KOHCTPYKIMU B Hau-
MEHBIIEH CTEIEHU.

PesynbraThl ObUIM MOMYYEHBI C MCIOJb30BAaHUEM
obopynoBanust HayyHo-o6pa3oBarenbHOro mnexrpa "Jla-
3epHble TexHoJioruu", LleHTpa KOJUIEKTUBHOIO IT0JIb-
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Research of the Influence of the Suspension Elements
on the Natural Frequency of the Design of a Micromechanical Linear

Acceleration Sensor

The topic of the article is the design of a micromechanical linear acceleration sensor, which has sixteen series-parallel junc-
tions of the elastic beams. The purpose of the research is to determine the degree of influence of each element on the suspension
of the proposed design on the change of the natural frequency. The natural frequency depends on the mass and overall stiffness
coefficient, which in its turn, depends on many parameters, including the length, width and thickness of the elastic beams in the
suspensions. This paper presents measurement of the coefficient of the design stiffness, when the length of the elastic beams in
the suspensions is changed. The stiffness dependencies of the whole design on the beams’ length in the suspensions of each type
were received. The expression for the coefficient of the design stiffness, when the length of the beams in the different suspensions
varies, was obtained, the types of the suspensions, which to the greatest or the smallest degree affect the rigidity of the structure,

were identified.

Keywords: microsystem technology, micromechanical systems, sensor, linear acceleration; design, inertial mass, stiffness coef-

ficient

The world witnesses a fast growth of the market of
the microelectromechanical systems (MEMS), which
is due to their use for manufacture of electronic prod-
ucts (phones, tablets, smart phones, navigation sys-
tems, medical instruments.)

The basis of the MEMS element base is the micro-
mechanical sensors. Development of the sensors of the
angular speeds (gyroscopes) and linear accelerations
(accelerometers) is one of the priority directions in the
microsystem technologies.

High values of the operating characteristics, small
energy consumption, integrated functionality of the sig-
nal processing, possible calibration, small dimensions,
and low price explain high demand for the linear ac-
celeration sensors.

The topic of the given work is the design of a linear
acceleration sensor with two axes of sensitivity (fig. 1 [1]).
A micromechanical sensor contains inertial mass 7, sen-
sitive element suspension 2, capacitive displacement
transducers 3, 4, electrostatic drives 5 [1].

An advantage of the considered design is its ability
to play the role of both an accelerometer of a direct
transformation, and of a compensatory one [1].

The purpose of the research is determination of the
degree of influence of the suspension elements of a de-
sign on the change of its own frequency.

It depends on the weight and overall stiffness coef-
ficient of the design, depending on many parameters,
including length, width, and thickness of the elastic
beams in the suspensions’. This work considers change

of the stiffness coefficient resulting from a change of the
length of the elastic beams.

In the proposed design of a linear acceleration sen-
sor there are 16 series-parallel junctions of the elastic
beams, i.e. suspensions. They can be conditionally di-
vided into three types, depending on the configuration
of the beams.

Fig. 2—4 present suspensions of types I, 11, and III.
If the lengths of the following beams are equal in the
suspension type I, the stiffness coefficients for the sus-
pensions of types I, II, 11 /y = [} = |, = I3 = I, in the
suspension of type II: /jy = /; = |, in the suspension of
type L lyyy = = Is, by = b = Iy, By = b, are de-
termined by the following expressions:

k=2 L, (M)
ly
k= 2 L @
I
_ Fhw 2 1
ki = 3 (13 3 + 13—), 3)
1000 B} 1§ BN 01

where £ — Young modulus; # — thickness of a beam,
w — width of a beam; /; — length of a beam of the sus-
pension of type I; /;; — length of a beam in the sus-
pension of type 1I; /|, },, I; — lengths of beams 1, 2, 3
in the suspension of type III.
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On the basis of the expressions (1)—(3) it is possible
to write down the equation for the stiffness coefficient
of the overall elastic sensor suspension on axes X and Y-

2 _l_J (4)

+ i3 T3 3 3
Hm+bhbm  Bm

k. = Ehw ( 2
Gen 3 -—3
Y

Fig. 5 (see the 3-rd the side of cover) presents the
dependences of the design stiffness kg, on the length
of the beams in the suspensions of each type. Diagram
1 shows the dependence kg, the length of the beams,
if the length of the beams is changed within the range
of 20...300 um simultaneously for each suspension. Di-
agram 2 demonstrates change of kg, in case of a
change of the lengths of the beams separately in the sus-
pension of type I. The lengths of beams in the other sus-
pensions remains invariable (/ = 100 um), diagrams 3
and 4 also demonstrate dependence of kg, on the
lengths of the beams in the suspensions of types II and
III, accordingly. The other calculated parameters had
the following values: Young modulus £ = 169 GPa and
identical for all me beams thickness 2 = 1,5 um and
width w = 4 pum.

Expression for the stiffness coefficient of the design,
provided that the length of the beams in the suspensions
varies, looks like the following:

_ 4FEh 1 1 1 1
kGen—Tw(?+_3+_+T+
hr by Lo b
P2 —31—], 5)
Hhim+hbm  Bm

where /1, l,; — is the length of the beams in the sus-
pensions of type I; /iy, Ly — the length of the beams
in the suspensions of type II, /iy, by, Ly — the
length of the beams in the suspensions of type I1I.

Fig. 6, 7 (see the 3-rd the side of cover) present the
results of modeling for the beams in the suspensions of
type 1II and III.

Thus, during the research of the design it was re-
vealed, that for a change of the stiffness coefficient of
the design of a micromechanical accelerometers by 20 %
it is necessary to change the length of the beams in the
suspensions of type II by 10 %, because the parameters
of the beams have the greatest impact on the stiffness of
a design. With a change of the length of beams 1 and 5
in the suspension of type III by 10 % the stiffness co-
efficient of the design changes by 5 %, because the de-
gree of the influence of the given beams on the stiffness
of a design is the smallest.
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The results were obtained with the use of equipment
of the Laser Technologies Scientific-educational Cent-
er, the Center of Collective Use and Nanotechnologies
Scientific-educational Center of the Institute of Nan-
otechnologies, Electronics and Instrument Engineer-
ing, Sothern Federal University, (Taganrog).

The work was done with the financial support of the
Ministry of Education and Science of Russia (project
No 213.01-11/2014-12 within the framework of the base
part of the state task).
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HAMPSA)KEHME XOAOCTOTO XOAA BETA-BATAPEM
HA OCHOBE KPEMHMUEBbBIX p-i-n-AMOAOB

Ilocmynuna é pedaxyuro 09.02.2016

IIpedcmaénenvi pe3yavmamul 3KCNEPUMEHMANLHBIX UCCA008AHUL U PACHEMO8 HANPAICEHUs X0A0CHOoe0 Xo0a bema-bamapei Ha
ocHoge Ni-063 u kpemHuesbsix p-i-n-ouodos. Iloayueno evipadiceHue 015 HANPANCEHUS XOA0CHO020 X00a NPeotpaz08amensi ¢ y4emom pac-
npedenerus 31eKMPOHO8 BbICOKUX HepeUll @ 00Aacmu HPOCMPAHCMBEHHO20 3apsada p-i-n-ouoda. [lokazansl nymu onmumuzayuy na-
Dpamempoe npeobpazoeamens 3a cuem co8epUICHCMBOBAHUSA MEXHOA0UU U320MO08AeHUs OU0008, ONMUMUZAUUU MOAUUHbI AKMUBHOO0
€04 uznyuamens U i-o6aacmu noaynposooHUK08020 npeobpasosamens. Hanpacenue x010cmoeo xo0a, 8biMucieHHOe meopemu4ecKu,
OMAUYaemcst Om IKCNEPUMEHMANbHBIX 3HAYEHUTI HA 8eAUMUHY KOIduyuenma coobupanus 21eKmpoHO8 8bICOKUX IHEPULl NPUEMHUKOM
uznyuenus. Jlocmuenymole 3nauenus sgppexmusrnocmu npeoopazosanus 5,8 % npeeocxodsm uzeecmHoie OAHHbLE.

Karouegvie caosa: 6ema-6amapeiixu, HAnpsjiceHue Xo010Cmoz0 xooa, 3gyphexmusHocms npeoopazo0eanus

BBenenne

bera-Bonbranueckuii apdekT uccnemyercs ¢ Haya-
JIa 1mecTuaecaThiXx rogoB. Ha ocHoBe m3otoma Ni-63
MOXKHO CO3IaTh UCTOYHWUKH TTMTAHUS CO CPOKOM CITy3K-
on1 0osee 30 net [1—3]. bonee BbicokuM Ko duULIM-
€HTOM TI0JIE3HOIo IeficTBUsI obyamaloT 6aTapeu, oc-
HOBaHHBIE HAa MPUHIIMIIE MPSIMOTO IPeoOpa3oBaHMS
SHeprun. B aToM cirydae B-37eKTpOHBI TeHEpHUPYIOT B
MOJTYTIPOBOAHMKE 3JI€KTPOHHO-ABIPOYHBIE Maphl, KO-
TOpPbIE PA3AENSIOTCS JIEKTPUUECKUM TOJIEM p-n-Tiepe-
XO/1a MJIM KOHTaKTa MeTaJlll — IIOJIyIIPOBOIHUK [4—6].

B naHHoO#1 paGoTe omucaHO TEOPETUYECKOE U IKC-
MepuMeHTaJbHOE UCCeI0BaHWe OIHOIO M3 BaxKHel-
KX MapaMeTpoB OeTa-0aTapeek — HaIpsKeHUe X0-
JIOCTOTO X0ja. DTO HaIpsiKeHHEe MPSIMO ompeaessier
3 PeKTUBHOCTL MPeoOpa30BaHUs 3HEPIUM paguoaK-
TUBHOTO paclajia B 3JEKTPUUYECKYIO SHEPruio. bblio
MPOBENEeHO UCCIeA0OBaHNEe, OT KAaKUX IapaMeTPOB 3a-
BUCUT 2 HEeKTUBHOCTD, MYTU €€ YBEJIUYEHUS, a BME-
CTe ¢ Hell 1 001Iero ko3¢ uIiMeHTa I0JIe3HOro Aeii-
CTBUS MpeobpasoBaTesieil SHEPTUM PaarOaKTUBHOIO
B-pacnaga B 3JEKTPUUYECKYIO SHEPTUIO.

DKcrepuMeHTAJIbHbIE PE3YJIbTAThI, MOJTyYeHHbIE
¢ NCNOJIb30BAaHMEM B-HCTOYHHKA HA OocHOBe Ni-63
M KPEMHHEBLIX p-i-n-auoa0B

OOpa3upl nja ucciaegoBanna. B xayecTBe mpeol-
pa3zoBaTelisl UCIOJIb30BANIUCh p-i-n-AUOAbL C padoueit
iomaabio 1 eM2. MCXOXHBIM MAaTepHAIOM UTs CO3/1a-
HUSI KPUCTAIJIOB p-i-N-AUOMOB CIYXKUIU TIOIJIOXKHU
BBICOKOKAYeCTBEHHOTO MOHOKPUCTATTIECKOTO KpeM-
Husg Mapku 100 KB®D-4400 (111). Cautku KpeMHUS €
yaeabHbIM cornpoTtuBieHrneM 1000 OM * cM OBIIIA BbI-

pallleHbl 0eCTUTeIbHOM 30HHOM MeperjlaBKOM CIUTKA,
nonayyeHHoro mno meroay Yoxpanbckoro. CoriacHo
TEXHUYECKMM YCJIOBUSIM Ha TUIACTUHBI JTaHHON Map-
KHPOBKHU TIJIOTHOCTh Ne(EKTOB YITAKOBKM COCTaBJISIET
He Goee 5 - 102 CM_Z, a TUIOTHOCTB JWCJIOKAIINi — Me-
Hee 1+10% cm 2.

M3BectHO, 4TO KO3(OdUIIMEHT IIpeodpa3oBaHUs
B-M3MydeHUs] B DJEKTPUIECKUI TOK YBETUYMBACTCS
MpPU CHUXKEHUU OOpaTHBIX TEMHOBBIX TOKOB. B TexHO-
JIOTUIO TIOJyYeHUsl p-i-n-IUOJIOB ObLIM BBEIEHBI JBE
TEXHOJOTUYECKHUE orepaliui, a UMEHHO: BHYTpeHHee
reTTepupoBaHUE U CO3JaHUe OXpaHHOTO Kojbla. I'eT-
TepUpoOBaHUE ObUIO pealu30BaHO MyTeM (OopMUpOBa-
HUsI Ha OOpaTHON CTOPOHE KPEMHUEBOIl IJIACTUHbI
CUJIBHOJIETUPOBAHHOM 00J1aCTH 3JIEKTPOHHOI MPOBO-
JUMOCTH. DTa 00JacTh 3aKphIBalach CIOSIMU TOJIHU-
KPEMHUSI M HUTpUIA KPEMHUs. 3aTeM OCYLIECTBIISIICS
reTTepUPYIOLIMHU OTXKUT Mpu Temnepatype oT 700 mo
1000 °C. Bb160p BBICOKOKAYECTBEHHOIO KPEMHUS KaK
HMCXOMHOTO MaTepuaia U BBeIeHNE YKa3aHHBIX OoIepa-
LMI TO3BOJIUINM CHU3UTH OOpaTHBIE TOKU B TEMHOTE
npu 295 K u HanpsixkeHun odpatHoro cMelieHus 40 B
npaktuuecku B 10 paz — mo 0,1...0,2 HA.

KOHCTPYKTMBHO B-UCTOYHUK MPEACTABISET COOOM
METaJUIMYECKYIO TIOJJIOXKKY B BHIE IPSIMOYTOJILHOMN
TUIACTUHBI ((PONBIM) U3 METALINUECKOro HUKEJsI, Ha
OIIHY CTOPOHY KOTOPOI METOIOM 3JIEKTPOXUMUYECKO-
o0 OcCaxXIeHUs HaHeceH pamnoHykinn Ni-63. Hons
n3oromna Ni-63 B akTUBHOM cjioe cocTanisiia 18 %, oc-
TaJbHOE TIPUXOMWJIOCHh Ha HEePagMOAKTUBHBIC aTOMBI
HUKeJS. AKTUBHAS YaCTh TepMETU3MPOBAIach TOHKIUM
3alIMTHBIM CJIOeM HHKess1. PasaMepbl ICTOUHMKA CO-
OTBETCTBOBaJIM paboyeill IMOBEPXHOCTU p-i-n-AUOA.
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Puc. 1. 3aBucumMocTh HANPSZKEHNSI XO0JOCTOTO X0/ OT MOBEPXHOCT-
HO¥ AKTHBHOCTH MCTOYHMKA M3JIy4eHusA: / — SKCIIEPUMEHT; 2 — pac-
yeTHast KpUBast

Fig. 1. Dependence of the open-circuit voltage on the surface activity of the
radiation source: 1 — experiment; 2 — calculated curve

ITpu HamOXeHWM UCTOYHMKA HA AUOM OH MPUMBIKAI K
MOBEPXHOCTU JOCTATOYHO IUIOTHO, MPaKTUUYECKU HE
MPOITyCKasl pacCesTHHBINM CBeT. MexXIy MOBEPXHOCTHIO
JMofia U UCTOYHUKOM CYLIECTBOBAI HEOOJIbIIION BO3-
IYLIHBIA 3a30p, KOTOPBIMA HE UTPajl CYLIECTBEHHOM pO-
. ITpu nuamepeHusix ObUT MCIT0JIb30BaH HAOOp UCTOU-
HUKOB U3JTYYEHMST PA3IMIHON aKTUBHOCTH.
DKcnepuMeHTANIbHBIE Pe3yabTaThl Mpeodpa3oBaHus
SHEPrHH M3JIydeHus1 B JJIEKTPUYECKYI0 3Hepruio. st
BCEX JMONIOB OBIIM M3MEPEHBI BOJIBT-aMIIEpHBIC Xa-
PaKTEPUCTUKU TPU MPSIMOM U OOPAaTHOM CMEIIEHUM
MO CTaHAApPTHON MeToauKe B TeMHOTe. [lajee aTtu pe-
3yJIbTaThl MCHOJb30BATUCH ISl OINpeneSeHUs] BpeMeH
>KM3HU 3JEKTPOHOB UM ABIPOK. 3aTeM Ha JAMOJ HakJja-
NBIBAJICh UCTOYHUKU M3JIYYEHUS Pa3IMIHONW aKTUB-
HOCTH, ¥ U3MEpPEHNE BOJBT-aMITEPHBIX XapaKTePUCTUK
MOBTOPSLIOCh. Ilpy 3TOM OBLIM OIIpenesieHbl HaIlpsi-
XkeHue xonocroro xona (Uy,) 1 TOK KOPOTKOTO 3aMbl-
KaHMWs. HarmpsbkeHne XOJIOCTOro Xoma TIpU MaKCH-
MaJIbHBIX aKTUBHOCTSAIX A M30TOMNOB focturano 120 mB
(puc. 1), a TOK KOPOTKOTO 3aMBIKaHUSI MEHsICS OT 69
no 76 HA. B paborax [7—9] ¢ ucrtounukom Ni-63 u
npeoOpa3oBaTe/ieM Ha OCHOBE KPEMHUEBBIX JUOI0B
JIOCTUTHYTBl TOKM KOPOTKOrO 3aMbIKaHUS OT 2,8 1O
50 HA nipu KI1J] mMenee 1 %. DTO CylleCTBEHHO HIXKE
pe3yabTaToB NaHHO#W paboThl. PaccunTtaeM Koaddu-
LIMEHT TOJIE3HOIO JAEMCTBUS UCCIEeIyeMbIX IMOIO0B:

n = P/(E, Ay, (1

rome P — MOWIHOCTb, BbiAcasieMass MpU OOJyYEeHUU
JMOJa, HAa CONPOTUBICHUM Harpysku; E,, — cpennsas
SHEPIUs U3JIy4yaeMoro B-a1eKTpoHa; A, — IMOBEPXHO-
CTHasl aKTMBHOCTh MCTOYHWKA U3JTyYEHUSI.

PacueTn! garoT Ko3pOUIIMEHT NOAE3HOTO ASUCTBUS
HCCIENyEMBIX TUOIOB OT 2,8 10 5,8 %. DTu 3HaueHus
MPEBOCXOISAT PE3YNbTAaThl, MOJIYYeHHbLIE IPYTUMU UC-
clieoBaTeIIMU.
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Boiunciienne HaNpszKeHHs X0JI0CTOr0 X01a,
BO3HHMKAIOIIEr0 B MOJIYNPOBOAHHKOBOM
npeodpa3oBareJe MpH 00TyIeHAH

€ro 3JIeKTPOHAMH BBLICOKMX IHEPrHii

ITpu reHepaliuy 3J€KTPOHOB U ABIPOK B i-00JaCTH
5JIEKTPOHAMU BBICOKMX SHEPTUN BO3ZHUKAET rPaIUEHT
KOHILIEHTpallM1 HOCUTEJIeH 3apsiaa, KOTOPbIiA BbI3bIBa-
eT U y3MOHHBIE TOKU MO HaIlpaBICHUIO K ITOBEPX-
HocTu. [1pu nuddy3un 2eKTPOHBI U ABIPKU PEKOM-
OMHMPYIOT MOCPEICTBOM LIEHTPOB O€3bI3Iy4YaTelIbHOMI
pekoMOuHauuM B o0beMe Mmarepuana. s mosayye-
HUS TEOPETUUYECKOW BEJUUYMHBI HaMpPsDKEHUST XOJIo-
CTOro xoJa OyzneM peliaTb ypaBHEHUE HENTPEPBIBHOCTH
MPpU CAECIYIOLINX TOMYLIEHUSIX:

e BCJIEACTBUE BBICOKOTO YPOBHS JIETUPOBAHUS p- U
n-o0JyiacTei 1o CpaBHEHMUIO C i-0a301i yepes p-i-me-
pexoJi TeYEeT YMCTO JAbIPOYHbBIN TOK, a uepe3 n-i-Te-
peXoJ — YUCTO JIEKTPOHHBIN TOK. DTO momylie-
HUe o3HauaeT ciaenymwoliee. [1ockonbKy U30BITOU-
Hble HEOCHOBHBIE HOCUTEJIM 3apsijia MpPaKTUYECKU
He MPOHUKAIOT B p- U n-00JacTH, TO PEKOMOMHA-
LIMEN 2JIEKTPOHHO-ABIPOYHBIX TTAp B 3TUX 00JIACTIX
MOXHO TpeHeOpeyb;

e B [-00JaCTW peaJM3yeTCs BBICOKUIA YPOBEHb WH-
KeKUMY HOCUTENIEN 3apsna, T. €. n > n;, p > h,
ITageHue HampskeHUsT HA COMPOTUBICHUSIX p- U
n-o0yacTeil U3-3a CUJIBHOIO JIETMPOBaHUS IIpeHe0-
pexumo mano. IlomHoe maneHue HanpsKEHUs Ha
p-i-n-11ofie CKJIaabIBaeTCd W3 MaJeHUN Harpske-
HUS Ha p-i-TIepexone, n-i-Iepexole U Ha i-00JIacTu;

e TIPM BBICOKOM YPOBHE WHXEKLUU BpPeMsl >XM3HU
HOCHUTEJIEH 3apsana B i-00JIaCTU T = T, U HE 3aBUCUT
OT KOHIICHTpallMU HOCUTeNe 3apsiaa (t,, — Bpems
JKU3HU TP BBICOKOM YPOBHE BO30YKAECHMS MOJIY-
MPOBOAHKKA). DTO MOMYIlIeHUEe CIPaBEVIMBO MPU
PEKOMOMHALIMYU HOCUTENEN 3apsiia Yepe3 peKoMOu-
HAllMOHHBIE LIEHTPHI;

e B [-00JIaCTU BBITIOJHSIETCS YCJIOBUE KBa3MHEUT-
panbHOCTU n(X) = p(x).

ITpy Takux JOMyILIEHUSX YPaBHEHUS ISl TJIOTHO-
CTell TOKa 3JIEKTPOHOB J,, 11 IbIPOK J, /, 1 YPaBHCHUS He-
MPEPBIBHOCTU i-00J1aCTU MOXKHO 3amnucaTh B CJEIylO-
1IeM BUJE:

J, = ew,pF — erfoc; J, = eu,pF + eDnd—fC; 2)
daJ —-n;
~12 PR Gy =o;
e dx T
dJ - n;
T _ P74 G =, 3)
e dx T

e e — 3apsi/l SJEKTPOHA; |, — MOABMXKHOCTb 3JIEK-
TPOHOB; {1, — TOABIXHOCTb ABIPOK; p — KOHLIEHTpPa-
LMST OBIpOK; F — HaIpsKeHHOCTb 3JIEKTPUYECKOTO
MoJisi B i-00JacTu; Dp — Koa(pdunmeHT auddysuu
AbIpOK; D, — KoopduumeHT 1uddy3un 3J1eKTPOHOB;
n; — KOHIIEHTpalUs COOCTBEHHBIX HOCUTENIEN KpeM-




G(x), sm’s!

Puc. 2. Pacnpenesienue 3JeKTPOHOB BBHICOKHX JHEPruii B 00JacTH
NPOCTPAHCTBEHHOIO 3apsAaa p-i-n-AuoaoB. Touku — pacyert 1o dhop-
Mysie (4); CTUTOILIHASI JIMHUST — anMPOKCUMALIMS pacyeTa TpeMs IKC-
MOHEHUMAJIbHBIMU C1araéMbIMU

Fig. 2. Distribution of high-energy electrons in the space-charge region
of p-i-n-diodes. Points — calculation by the formula (4); line —
approximation of calculation by three exponential terms

Hust; G(x) — GyHKILUS pacnpeneeHus TeHepUpOBaH-
HBIX 2JIEKTPOHOB U ABIPOK IO i-00JIACTH.

DJIEKTPOHbI BBICOKMX DHEPruii, BbUIETEB U3 CJIOS
MU30TOIa, TPOHUKAIOT B MOJYIPOBOAHUK U TEHEPUPY-
10T B HEM BTOPMYHBIE 3JIEKTPOHBI, KOTOPbIE 00yCiIaB-
JuBaloT ToK. Kpome Toro, HeoOXoaAUMO y4dyecTb, YTO
KaXJbIi B-3JIEKTPOH C 3Hepruei F npu B3auMoAeucT-
BUU C BELLECTBOM TOJYIPOBOJHMKA CO3/1a€T HE O/IHY,
a cpa3y HECKOJIbKO 3JIEKTPOHHO-ABIPOYHBIX map. [1o-
3TOMY B (popMyJTy TSl TeHEpPALIMA HEOOXONMMO BBECTHU
OTHOWIEHWE PHEPTrUM B-3JEKTPOHA K SHEPTUU obpa-
30BaHUS BJIEKTPOHHO-ABIPOYHON Mapbl B JaHHOM Be-
mectse. B ¢BA3M cO cKazaHHBIM ISl pacIpeaeeHUs
(GYHKIUMY TeHepaLyu 110 00J1aCTU IIPOCTPAHCTBEHHOTO
3apsila HE0oOXOIMMO MCIOIb30BaTh MapaMeTphbl MoJy-
MPOBOIHUKOBOTO cjiost. CKOPOCTh reHepaluu BTOpHY -
HBIX 3JIEKTPOHOB Ha MIyOMHE X OMpPEAEssieTcs 2JeK-
TPOHAMU BCEX SHEPTUI, KOTOPbIE€ BbLJIETAIOT U3 UCTOYU -
HUKa, TO3TOMY:

Emax

_ E X

G =4, [ W(E h(m) dE. 4)
3nech A — MOBEPXHOCTHAsA aKTUBHOCTb M3JIydaTesis
[A]l; E.x — MaKuCMaJbHash SHEPTUSl MCIYyCKAEMBIX
B-251eKTpOoHOB; W,(E) — BEPOATHOCTb UCITyCKaHUS
Npyu pacnajne dJeKTpoHa ¢ sHeprueil E [A], E; =
= 2,596Eg + 0,714 = 3,62 3B — sHeprus obpa3oBa-
HUS BJIEKTPOHHO-BIPOYHON Mapbl B KPEMHUU:

h(E) = 0,60 + 6,212 — 12042 + 5,2383,

R(E)’

TIIe X — CpemHss yOrMHa TPOHUKHOBEHMST DJIEKTPOHA
B BellecTBO; R(E) — MakcuMalibHasi AJiMHA Ipobera
110 TPAaeKTOPUM 3JIEKTPOHA C SHeprueil £ B MaTepuaie
CO CpEAHUM aTOMHBIM HOMEPOM Z, CPEIHNUM aTOMHbBIM
BeCcOM A U IUJIOTHOCTBIO p.

B dopmyny (5), kotopas omnpenensier R(FE), moxa-
CTaBJISIETCS TIJIOTHOCTb KpeMHusl. BoipaxeHue (4)
OTIpeNeNIsIET YUCIIO 3JIEKTPOHOB, KOTOPBIE TEHEPHUPY-
I0TCSI B OIHY CEKYH]Iy Ha IIyouHe X. 3aBUCUMOCTb G(x)
B ODIIIEM CIIy4ae MOXET ObITh OIKMCAaHA SMIIMPUIECKOI
dyHKIIMEH BUIA

n
G(x) = g ,ZlAieXp(—kix),
=

rae g — KO3(pGUUUEHT reHepauuu 3J1eKTPOHHO-IbI-
POYHBIX 1ap B-3JIEKTPOHAMMU; A; U k; — KOHCTaHTBHI arl-
MMPOKCUMAIINA CKOPOCTHU TEeHEpalldM, OIPEeeTIeMOM
(opmynoii (4).

Jlyuiiee mpubIMXKEeHUE K UCXOAHBIM TOUKaM obec-
MeYnBaeT cCyMMa TpeX 3KCIOHEHT. [losTtomy B majib-
HelilreM B KauecTBe G(x) OyneT MCIOIb30BaThCS CyM-
Ma TpeX 3KCIIOHEHT (puc. 2):

G(x) = g1(A;exp(—kx) + Aexp(—kyx) +
+ A36Xp(_k3X))

ITapaMeTpsbl ammpoKcUMalMy NPUBEACHBI B Ta0. 1.
Kak BuaHo, B 060MX BapMaHTax KOHCTaHTHI Ay, k{, k»,
ky > 0,aA4,, A3 <0.

s pacyera HampsDKeHUsT XOJIOCTOIO Xojia Heo0Xo-
JIUMO DELIUTh ypaBHeHUs HemnpepbiBHocTU (3). Ilpu
copMyJIMPOBAHHBIX BbIILIE MOMYILIEHUSIX B clydyae
G(x) = 0 pemuenue ypaBHeHui (3) mpuBeaeHo B paboTe
[10]. Mcronb3yst aHAIOTUYHBIHM TTOAXOMA, MOXXHO OKOH-
yaTeabHO cpopMyaIMpoBaTh 3afauy ISl Halllero Ciay4dasi:

2
d(p-n) p-n, n
(p—m) P n’+ﬂ Y. Aexp(-kx) = 0;
2 2 D i i
dx L, ai=1
n=p;
dp| . ©
dx Y20 2er
dp - _J
dx| _ 2eD,’
2kT)
rne D, = R aMOUMOJSIPHBIA KO3 uLm-
e(,+u,)

eHT nuddy3un. 3nech e — 3JIeMeHTapHbBIN 3apsin; kK —

. _kT 2 _
nocrostHHast bosbliMaHa; Dp(n) = Hp(n)s L,=Dyg—

ambunoJssipHas auddys3nonHas pauHa; W — toiiu-
Ha i-o0JacTu.
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Pewrennem ypaBHeHUs (6) ABISIETCS 3aBUCUMOCTD

ch[ij ch[W—xj
JL L, N L,

= .+ a
P = n, 7, 5,
2esh(—]
La
+ 4 |_Bch| £ | +ach W-x|l 4+
L L
W a a
sh| —
z
2 n
N gL, 5 Aiexp(;k;-x)’ 7
Dy i=1 -2k
IJe BBeIEHB 0003HAYCHUS
> n kiA;
a gl a z
Dy i=y - 2%
(3)
—k;A;exp(-k;
B = ng Z (- W)
ai=1 1- Laki
M3 (8) caenyer, uto
W
ch| —
JL, | | (Laj
p(0) = n; + —c | — + +
W D, D,
2esh(—j
La
L
+ @ {_Bmch[%‘_’ﬂ + & )
B
sh| —
La
W
ch| —
JL, (LJ 1
p(W) =n; + + = | +
W D, Dp
2esh(—j
L(l
Tabnuua 1

Koa¢ddunmenTs annmpokcuManiun CKOPOCTH reHepaiuu 3JeKTPOHOB
B KPEMHHH OT MCTOYHMKA Ha ocHoBe Ni-63
Table 1

Coefficients of approximation of the velocity of electrons generation
in the silicon from the source based on Ni-63

[TapameTp
anmnpoKCUMaluu
Approximation option

Cnaraemoe 1 | Cnaraemoe 2 | Cnaraemoe 3
Term 1 Term 2 Term 3

AMIUIMTYIA TeHepanvu A,

CM 3'C 1

Generateng amplitude A,
em™3 571

1,19-10%2 | —1,19- 1022 | —4,55- 107

KoaddummenT moro- 0,323 0,323 2,727
LIEHUS, Y

Absorption coefficient,
em™!
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+ _a {—Bch[lj+a} + 3,
L
W a
sh| —
]
1€ BBCACHBI O603HaquI/Iﬂ
2
5 - sl & A
Dy i=vy_ 2%
2 a’l (]0)
~ gL, Aexp(-k;W)
B = ) > 55—
ai=1 1- L k;

YcranoBum cBs3b Mmexay p(0), p(W) u Hanpsixe-
HUSIMU Ha p-i- U n-i-niepexogax. Mcrosb3ysi COOTHO-
meHus bonbliMaHa, MOXKXHO 3aIucath:

p(0) =n exp(k[;)
U, (11)
o) = mexo( 22,

rae U — nageHve HanpsokeHus Ha p-i-niepexone; U, —
MajeHue HarpskeHus Ha n-i-niepexope. M3 (11) Ha-

XOIUM:
_ kT ln( )

v, len( (W))

(12)

[TomHOe TameHWe HaMNpsDKEHUS Ha  p-i-n-TUOIE
CKJIAAbIBACTCS M3 MAACHUI HAIIPSDKEHUS Ha p-i-mepe-
xozne (U)), Ha n-i-nepexone (U,) u Ha i-obnactu (U)):

U=U,+ U, + U, (13)
Hanpsxenue U; HaxonuTcs CieaylolmmuM o0pa3oM:
w
U = [ Fx)dx. (14)
0

BennurHy HanpsKEHHOCTH SJIEKTPUYECKOIO ITOJISt
F(x) BbIpasuM M3 ypaBHeHUI (2) 1J1s1 TOKA ABIPOK U
3JIEKTPOHOB, TOJIy4yaeM

w

D,-D,

U= I[ / d”}dx (15)
e(p,+1,)p (up+un)pdx

HMuTterpan ot BToporo ciaaraemMoro B (15) J1erko BbI-
YUCISIETCSI:

/4

(u,, + Hn)P dx

P p _D D,-D,,
= — n P dp= 1 (P(O) ) (16)
p(0) (“p"' w,)p Uyt Hy p(W)




151 BBIYMCIIEHUSI MHTErpajia OT IIEPBOro cjiaraeMo-
ro B (15) moacrasnsieM 3aBUCUMOCTb p(x) us (7), mo-
JIy4aem:

v Jdx 4
U, = [ —J4x - J, + u))d 4
il £ e(l—lp + Hn)p (.[ [( /e(“p l"tn)) X]/ nl

. ch(Lla) ch( ”2; X)

e XD D,

¢ L [—Bch(l) +ach(W‘xﬂ +

sh() Ly Lq

giLi " A;exp(—k;x)
D Z:l ——5 | (17)
a! 1-Lk;
B oG1ieM ciyyae BBIYMCIUTD aHATUTUYECKA UHTE-
rpan B (17) He ynaercs. HampsikeHre X0J0CTOro xona

Uply=o- (18)

Bce Bxopsiiue B BoipaxkeHue (18) ciaraembie MOX-
HO HaiiTi u3 dopmyn (12), (16), (17), (9) ipu yciaoBun
J=0:

_+_
Q

_+_

_l’_

U= Ulj=o+ Uoly=o + Uply=o +

Ul = len 1

La ~1.
== ;ini+Sh(W)[—B+cxch(LLVn+a ;

_— a

1 =0; 19)

S

up+un n+ @9[ Bch(m+a}

Cymmupys Bce HarpsixkeHus B (19), okoHYaTeIbHO
MOJIy4aeM:

n;

. = kT

Xx—7ln (m[pmch(mJ x

+@[_Bch@ ra]+p| |+
el

In . (20)

+ Sh(—LV_D[—ﬁch(LﬂQ + a} +B

, Dy-D,
Wyt Hy

IMoacraBum B (20) yrcioBBIE 3HAYEHUSI U PACCUM-
TaeM BeqnurHy U,,. YucioBble 3HaUEHUS DIEKTpUYE-
CKMX BEJIMYMH, KOTOpbIE€ UCMOJIb30BAIUCH ITPU pacye-
Te, TpUBENEHBI B Ta0J. 2.

MakcumanabHOe 3HaYeHUe HaMpPsSKeHUST XOJIOCTOro
X072, KOTOPOE COOTBETCTBYET BBIXOMY 3JEKTPOHOB U3

Ta6auua 2

3HayeHHs1 BeJMYHH, KOTOPbIe HCIOJIb30BANNCh NPH PacyeTe HaNpsuKeHus xosocroro xona (U,,)

Table 2

The values of the variable are used in calculation of the open circuit voltage (U,,)

O6ume mapameTpsl Common parameters

Temmepatypa, K -3
Temperature, K nj, cm

IupuHa i o61acTH, MKM
Width of the i-region, um

300 1,02+ 100

100

XapaKTepUCTUKU PEKOMOUHAIIMK
Features of recombination

MoxsikHOCT, cM2/B * ¢ | Koadduuuent nuddysun, cm?/c | Bpemst xusHu, ¢ HNuddysuonHas mnHa, cM
Mobility, cm?/V s Diffusion coefficient, cm?/s Life time, s Diffusion length, cm
17151 2IEKTPOHOB 1500 37,8 5,1-1077 44-1074
For electrons
JI71s1 IbIPOK 500 1,7 1070 47-1074
For holes

PacueTHbIe TapaMeTphl
Calculated options

Bpemst xku3nm, ¢
Lifetime, s

KoadpdunmeHT aMOUmonsipHoit )1M(1)¢)y31/11/1 cM /c
Ambipolar diffusion coefficient, cm /s

AmoOumonsipHast mudby3UOHHAs IIMHA, MKM
Ambipolar diffusion length, m

2,24-107° 19,4

66
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CJI0ST ONTUMAJBHOM TOMIIMHBI 1 mn3otorna Ni-63,
nojyuyuioce paBHbiM U, = 0,26 B. PeanbHble mo-
BEpXHOCTHBIE aKTUBHOCTH MeHbIIe. PacueTHBle 3Ha-
YEHUSI Ul HUKEJS ¢ Pa3IMYHbIMUA 3HAYEHUSIMU aKTVB-
HOCTU MpuBeaeHbl Ha puc. 1 (kpupas 2). DKcnepu-
MEHTaJIbHbIC 3HAUeHUsI HAa BCEM ITPOMEXYTKE U3MEHE-
HUS aKTUBHOCTH COCTaBISIOT 50 % OT TeopeTHUeCcKO
BEJMYUHBI. DTO pa3Indue 1aeT BO3MOXHOCTD OLICHUTD
N, — AOJIIO 3JIEKTPOHOB U ABIPOK, KOTOPbIE MONALAI0T
B 00JIaCTh IMPOCTPAHCTBEHHOTO 3apsaa W CIOCOOHBI
BHECTHU BKJIaJ B dJieKTpuueckKuit Tok. Ilo-Bunumomy,
ITOJIOBMHA f-3JIEKTPOHOB OTPAXKaeTCsI OT TMTOBEPXHOCTH
MOJIYTIPOBOAHMKA M HE MOXET yJyacTBOBATh B reHepa-
MU TOKA.

Paboma evinoanena npu nodoepicke Munobprayku
PD ¢ pamkax [ocydapcmeennoii nodoepicku HaAy4HviX
uccnedogaHuil.

CnMCcoK auTepaTypbl

1. Polymers, phosphors, and voltaics for radioisotope mi-
crobatteries / Ed. by Kenneth E. London, New York, Wash-
ington: CRC PRESS, Boca Rato, D. C. 2002. 472 p.

2. PesneB A. A., IlycroBano A. A., Makcumos E. M.,
ITepenepuii H. H., Ilerpenko H. C. IlepcriektuBbl co3na-

HUSI MMHUATIOPHOTO MCTOYHWKA TOKAa Ha GeTa-BOJbTamde-
cKOoM 3(deKTe ¢ MCIOIb30BaHUEM B KauyecTBe aKTMBHOTO
3JIeMeHTa M30ToNa HUKenbh-63 // HaHo-, MuKpocrucTeMHast
texauka. 2009. Ne 3. C. 14—16.

3. Chandrashekhar M. V. S. Demonstration of a 4H SiC
betavoltaic cell. // Applied Physics Letters. 2006. N. 88.
P. 033506.

4. Eiting C. J., Krishnamoorthy V., Romero E., Jones S.
Betavoltaic Power Cells. // Proceeding of the 42 Power
Source Conference, 2006. P. 601.

5. Andreev V, M., Kavetsky A. G. Tritium-Powered Beta-
cells Based on Al,Ga, _ ,As. // Conference Record of the
Twenty-Eighth IEEE Photovoltaic Specialists Conference.
2000. 1253.

6. Rybicki G. C. Silicon Carbide Radioisotope Batteries. //
NASA Rev. 11, 200 (2001).

7. Guo H., Lal A. Nanopower Betavoltaic Microbatteries //
IEEE Transducer. 2003. 36. P. 131.

8. Sun W., Kherani N. P. A Three-Dimensional Porous
Silicon p-n Diode for Betavoltaics and Photovoltaics // Ad-
vanced Materials 17 (10), 1230 (2005).

9. Chu J., Piao X. Research of radioisotope microbattery
based on beta-radio-voltaic effect // J. Micro/Nanolitho-
graph MEMS — MOEMS. 8 (2), 021180 (2009).

10. Taman B. 1. ®usuka moaympoBOIHUKOBBIX TPUOOPOB.
Tomck: Uzn-so HTJI, 2000. 426 c.

S. V. Bulyarsky, D. Sc., Professor, Head of Laboratory, bulyar2934@mail.ru,
A. V. Lakalin, Ph. D., Associate Professor, Senior Researcher,

Institute of Nanotechnologies for Microelectronics, RAS, Moscow

I. E. Abanin, Deputy Director, V. V. Amelichev, Ph. D., Leading Designer,

NPK Technological Center, Moscow,

V. V. Svetukhin, D. Sc., Professor, Head of Laboratory,

Ulyanovsk State University, Ulyanovsk

Open Circuit Voltage of the Beta-cells Based on Silicon p-i-n Diodes

The article presents the results of the experimental studies and calculations of the open circuit voltage of the beta-cells based
on Ni-63 and silicon p-i-n diodes. An expression was obtained for the open circuit voltage converter with account of distribution
of the high-energy electrons in the area of a space-charge p-i-n diode. The authors demonstrated the ways of optimizing the inverter’s
parameters due to improvement of the manufacturing technology of the diodes, optimizing the thickness of the active emitter layer
and i-area of the semiconductor converter. The open circuit voltage calculated theoretically is different from the experimental data
by the value of the coefficient of collection of the high energy electrons by an emission receiver. The achieved values of the conversion

efficiency — 5,8 % surpass the known data.

Keywords: beta-cells, open circuit voltage, conversion efficiency

Introduction

Beta-voltaic effect is studied since the early sixties.
The power sources based on Ni-63 isotope with a life-
time of more than 30 years can be created [1—3]. The
batteries with direct energy conversion have more high
efficiency. In this case, B-electrons generate electron-
hole pairs in the semiconductor, which are separated by
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the electric field of the p-n-junction or a metal-semi-
conductor [4—6].

The paper describes the theoretical and experimen-
tal study of one of the most important beta-battery pa-
rameters — open circuit voltage. This voltage directly
determines the efficiency of energy converting of radi-
oactive decay into electricity. The study was made,




which showed the parameters affecting on the effective-
ness, and the ways to increase the overall efficiency of
energy converters of radioactive B-decay into electrical
energy.

Experimental results obtained using p-source based
on Ni-63 and silicon p-i-n-diodes

The samples for investigation. P-i-n-diodes with the
working area of 1 cm? were used as a transducer. High
quality single crystal silicon substrates 100 KEF-4400
(111) were used as a material for producing of crystals
of p-i-n-diodes. The silicon ingots with a resistivity of
1000 ohm * cm were grown by the floating zone melting
of the ingot, produced by the Czochralski method. Ac-
cording to the specifications for such plates, the stack-
ing fault density is not more than 5 102 cm™2 and a
dislocation density is less than 1 - 102 cm™2.

The conversion factor of B-radiation into an electric
current increases with a decrease in the reverse dark
currents. Two operations are introduced in the tech-
nology of p-i-n-diodes, namely: internal gettering and
creation of the security ring. The gettering is realized by
formation of the heavily doped region of electron con-
ductivity on the back side of the silicon wafer. This area
was covered with polysilicon layers and silicon nitride.
Then the getter annealing was made at 700...1000 °C.
Selection of a high quality silicon as raw material and
the introduction of operations allowed to reduce reverse
currents in the dark at 295 K and reverse bias 40 V in
10 times to 0,1...0,2 nA.

Structurally, the B-source is a metal substrate in the
form of a rectangular plate (foil) of metallic nickel with
Ni-63 radionuclide applied on one side of which by
electrochemical deposition. The proportion of the iso-
tope in the active layer was 18 %, the remainder ac-
counts for not radioactive nickel atoms. The active part
is sealed with a thin protective layer of nickel. The di-
mensions of the source matched to the working surface
of p-i-n-diode. The source and the diode were joined
tightly, almost without missing a diffused light. The air
gap existed between the surface of the diode and the
source, which was not played a significant role. A set of
light sources with different activities was used in the
measurements.

The experimental results of radiation energy conver-
sion into electrical energy. The current-voltage charac-
teristics (CVC) for both forward and reverse bias by a
standard technique in the dark were measured for the
diodes. The results were used to determine the lifetimes
of electrons and holes. Then the sources of radiation of
different activities were applied on a diode, and the
measurement of CVC was repeated. The open-circuit

voltages (U,,) and short-circuit current were defined.
The open-circuit voltage at the maximum activities of
isotopes A, reached 120 mV (fig. 1), and the short-cir-
cuit current was changed from 69 to 76 nA. The short
circuit currents from 2,8 to 50 nA at an efficiency of less
than 1 % were obtained in [7—9] with Ni-63 source and
the converter on the basis of silicon diodes. This is sub-
stantially lower than a performance. Let us calculate the
efficiency, of the tested diodes.

n= P/(EavAs)’ (1)

where P — power released by irradiation of the diode,
on the load resistance; F,, — average energy of the
emitted B-electron; A; — surface activity of the radia-
tion source.

The calculations give the efficiency of the diode
from 2,8 to 5,8 %. These values superior the results ob-
tained by other researchers.

The calculation of idling voltage induced
in the semiconductor converter at its irradiation
with high energy electrons

The carrier concentration gradient occurs at gener-
ation of electrons and holes in the i-region by the high
energy electrons, which causes the current diffusion to-
wards the surface. At diffusion, the electrons and holes
recombine by non-radiative recombination centers in
the bulk material. To obtain the theoretical value of the
open circuit voltage we will solve the continuity equa-
tion under the assumptions:

e Dbecause of the high doping level of the p- and n-re-
gions, as compared to the i-base, the hole current
flows through p-i-passage, and purely electronic
current — through p-i-junction. This assumption
means that because the excess minor carriers do not
penetrate the p- and n-regions, the recombination of
electron-hole pairs can be neglected;

¢ high level of carrier injection is realized in the i-re-
gion, n > n;, p > n;. The voltage drop across the
resistances of the p- and n-regions due to heavy
doping is negligible. Full voltage drop across the
p-i-n-diode is composed of the voltage drops across
p-i-transition, n-i-transition and in i-region;

o at high injection level, the lifetime of charge carriers
in the i-region © = 1, and does not depend on the
charge carrier concentration (t,, — the lifetime at
high excitation level of the semiconductor). This as-
sumption is valid for recombination of the charge
carriers through the recombination centers;

e in the i-region, the condition n(x) = p(x) of quasi-
neutrality is true.
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Under these assumptions, the equations for the cur-
rent densities of electrons J, and holes J, and the con-
tinuity equation of i-region can be written as:

) _ dp.
e J, = en,pF + eD”Ec’ )

e dx T

dJ —n;
l___"—l_)___’il+G(x):0’ (3)
e dx T

where e — electron charge; n,, — mobility of the elec-
trons; p, — mobility of holes; p — concentration of
holes; F — electric field strength in i-region; Dp — elec-
tron diffusion coefficient; D, — electron diffusion co-
efficient; n; — concentration of intrinsic silicon carrier;
G(x) — distribution function of the generated electrons
and holes by i-region.

High-energy electrons, flying out of the isotope lay-
er penetrate the semiconductor and generate secondary
electrons, which cause the current. In addition, please
note that each p-electron with energy (E) in interaction
with the semiconductor material creates not one but
multiple electron-hole pairs. Therefore, it is necessary
to introduce the ratio p-electron energy to the energy
of formation of electron-hole pairs in the material into
a generation formula. The semiconductor layer param-
eters should be used for distribution of the generation
function along space-charge region. The generation
rate of secondary electrons at a depth x is determined
by the electrons of all energies that are emitted from the
source, So:

max E X
=4 W.(E)= h| === | dE. 4
G =4, [ W(B) W i) )

where A; — surface activity of the irradiator [A]; £, —
maximal energy of the emitted B-electrons; W.(E) —
probability of emission of electron decay with energy F
[Al, E; = 2,596Eg+ 0,714 = 3,62 eV = 0,00362 keV —
energy of formation of electron-hole pairs in silicon:

h(g) = 0,60 + 6,218 — 12042 + 5,2383,
_ X _ 0,0398 1,75

t= pipy REB)=2TE BN 5)
where x — average depth of electron penetration into
the substance; R(F) — maximum length of the path of
the electron with energy E along the trajectory in the
material having an average atomic number Z, average

atomic weight 4 and density p.
The density of silicon substituted into formula (5),
which determines R(FE). The expression (4) defines the
number of electrons generated per second at a depth x.
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Dependency G(x) can generally be described by the
empirical function

n
G(x) = g ,ZlAiexp(—k,-x),
I=

where g; — generation rate of electron-hole pairs by
B-electrons; 4; and k; — approximation constants of the
generation rate determined by the formula (4).

The best approximation to the reference points pro-
vide the sum of three exponentials. Therefore, in the fu-
ture, the sum of three exponential functions (fig. 2)

G(x) = g|(4,exp(—kx) + Arexp(—kyx) +
+ Azexp(—k3x))

will be used as G(x). The approximation parameters are
given in Table 1. In both cases, the constants Ay, ky, &,
ky > 0, and A4,, A3 <0.

To calculate the open-circuit voltage it is necessary
to solve the continuity equation (3). Under the above
assumptions, the solution of equations (3) is given in
[10]. Using a similar approach, it is possible to formu-
late the problem in our case:

2
d(p-n; -n; n
p-n) P i 8 Y. Aexp(—kx) = 0;
2 2 D < i i
dx L, ai=1
n=p;
" ;| (6)
dx =0 2er
dp - _J
dx — 2eD,
2kT)
where D, = i Ll B ambipolar diffusion coeffi-
e(ky+u,)
cient. Here e — elementary charge; k — Boltzmann
constant; Dy, = k?T Hp(n)> Li = D,t — ambipolar

diffusion length; W — thickness of the i-region.
A solution of equation (6) is a relationship

ch[—)-c—] ch( W- x]
JL L, N L,

2
4 glil i A;exp(—k;x)

, (7
Dy i=t 1o 12




where we use the notations

gl n kA,
o = ;
Da i=1]_ L2k2
(3)
—k;A;exp(-k;
. ng Z p(- W>.
ai=1 1- Laki
From (8) it follows that
/4
ch| —
JL 1 (Laj
p0) = n; + ? - +
W D, D,
2esh( j
La
S {—B+ach[1ﬁ—Vﬂ + )
B
sh| —
La
ch(z—V)
pOW) = n + ———4 e
W D, D,
2esh(——]
La
+ a {—Bch E—V]+a}+[§,
W a
sh| —
z
where the notation
2
& - glLa i Ai ’
Dy =1y 12k
, (10)
~ gL, I Aexp(-k;W)
b= 2 2,2
ali=1"1-Lk;

Establish the relation between p(0), p(W) and the
voltages at p-i- and n-i-junctions. Using the Boltz-
mann relation, we can write

p(0) = n; exp(;;)
(11)
o) = mexo(52).

where U; — voltage drop across a p-i-junction; U, —
voltage drop across a n-i-junction. From (11) we find:

U, = ]—C-e—Tln(l—’-%?));

(12)
U, = ’%Tln(l%)).

Full voltage drop across the p-i-n-diode is com-
posed of the voltage drops across p-i-junction (U),
n-i-junction (U,) and i-region (U)):

U=U, + U+ U, (13)

The voltage U; is as follows:

%

U = | Fx)dx. (14)

=]

The electric field intensity F(x) we express the equa-
tion (2) for the current of holes and electrons:

/4
M=I( L . @jx (15)
e(p, + WP (u,+1ypdx

The integral of the second term in (15) can be easily
calculated:

U _ " D,-D, dp
W p _p D

- _D
= _ n_Tp gp= 1P| P(O) 16

To calculate the integral of the first term in (15) we
substitute the dependence p(x) of (7), we get:

Jdx

U, = [ —Jax__ _
A e(p,+1,)p

o

/4
=£KWM@+MWM4W+

JL, [Ch(% ) N Ch(%;x)J N

a

D, D,

+ La [—Bch(%)+ach(WL_XH +
Sh[l/_VJ a a
L
g,L A;exp(—k;x)
- |

+

a7)

In general, we can’t analytically calculate the inte-
gral in (17).
Open circuit voltage:

U = Ullj=o + Uily=o + U,

ly=0 1 Uply=o- (18)
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All terms of the expression (18) can be found from
formulas (12), (16), (17), (9), at J = 0:

U, = /—CgIn ’%l ni+Sh(L£V)[—ﬁ+ach(—LVLa/ﬂ+& ;
La

U,= k—eTln ”lz ni+sh(L£V) [—Bch(g) +a}+[~3 ;
La

Uy = 0; (19)

_D,-D
b= HZ+“:IH n;+ Lq [BCh(LV)'*O‘J*‘B
l sh(—— L,

Summing up the voltages in (19) we finally obtain:

= kT Ly s L, —[3+occh(—u—/) +a| X
e n? l sh(j’j—:)[ L, J
L ~
X ni+Sh(L£:)[—Bch(LLIQ +a}+[3 +
n1+ShL£V)|:_B+ach(ZVI—:):|+&
+ DDy, La . (20)
Hpy+ 1y, L,

n;+

Sh(zn—:) [—Bch(]{i:) + a} +B

Substituting the numerical values in (20) and calcu-
late the value U,,. Numerical values of electrical quan-
tities, which were used in the calculation, are shown in
Table 2.

The maximum value of the open circuit voltage,
which corresponds to a yield of electrons from the layer

of optimum thickness for Ni-63 isotope was found to be
U, = 0,26 V. Real surface activities are less. The cal-
culated values for nickel with different activities are
shown in fig. 1 (curve 2). The experimental values on
the entire interval of variation of activity is 50 % of the
theoretical value. This difference makes it possible to
evaluate n.-proportion of electrons and holes, which
fall in the space charge region and are able to contribute
to the electric current. Apparently, the half of the
B-electrons reflects from the semiconductor surface and

cannot participate in the current generation.

The work was supported by the Ministry ofEducation
and Science of the Russian Federation in the framework
of the State support of scientific research.
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