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[TpoBeneHb! NpeaBapUTeIbHbIE CPABHUTEIbHBIE UCCIeN0BaHUS (DOTOJIOMUHECIIEHTHBIX CBOMCTB ABYMED-
HBIX HAaHOCTPYKTYp ZnO ¢ MopdoIorueit HAaHOCTEHOK, HAHOJIKNCTOB U HAHOIPEOEeHOK, M3rOTOBJICHHBIX M-
TOIOM ra30TPaHCIIOPTHOIO cUHTEe3a. Bece cTpyKTYyphl MPpOsIBIISLIM KpaeBoe YD -usilydeHue OIHOro Mopsiaka
WHTEHCUBHOCTU. B oTiiMune oT HaHOTrpeOeHOK, B CIIEKTPe KOTOPBIX HAOMIOAAIaCh CPABHUTEILHO MHTEH-
CUBHasl T10JI0ca 3€JICHOM JIIOMUHECLICHIIMY, HAHOCTEHKM M HAHOJIMCTHI XapaKTepPU30BaJIUCh BBICOKMM CO-
oTHoleHeM Y®- u BUIuMoii KOMIoHeHT. Takoe pasimuune MpearojoXUTeIbHO CBSI3aHO C pa3HULICH B
MexaHu3Max (OpMUPOBAHUST CTPYKTYP: HAHOCTEHKHU M HAHOJMCTHI (hOPMUPYIOTCS 1O MEXaHU3MY Tap—
KUIKOCTb—KPUCTAIUT, HAHOTPEOEHKMU — TT0 MEXaHU3MY TTap—KpUCTaJlI.
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BBEIAEHME

B nocnennee Bpems nBymepHBbIe (2D) HaHOCTPYK-
Typbl oKcuaa HuHKa (ZnO) MHTEHCUBHO UCCIICIYIOT-
CsI B CBSI3M C UX ITOTEHLUMAJIbLHBEIM IIPUMEHEHHEM B
KayeCcTBEe AaKTWUBHBIX B3JIEMEHTOB ceHcopoB [1-—3].
K Takomy KJaccy CTpPYKTyp OOBIYHO OTHOCSIT KpU-
cTajutbl ¢ MOp(OJIOTHEl HAHOCTEHOK, HAHOJIMCTOB,
HAHOJICHT, HAHOAUCKOB M T.I. OCHOBHOE MPEeUMYIIIE-
cTBO 2D-HaHOCTPYKTYp Heped MAacCUBHBIMH KpHU-
cTajutaMM, o0ecreunBaloIiee UM IToJIe3HbIe (QyHKIIN-
OHAaJIbHBIC Ka4eCTBa, — OOJIBIIIOEe COOTHOIIIEHUE TLIO-
IIAaAU TTOBEPXHOCTU KPUCTALJIOB K UX 00beMy. DTO
CBOIMCTBO MO3BOJISIET TAKUM CTPYKTypam 3 dheKTuB-
HO B3anMMOJEiiCTBOBaTh, HAIIPpMMEP, C Ta30M WIU
CBETOM.

B naHHoOi1 paboTe NMpuBeAeHBI pe3yabTaThl Tpe-
BapUTEJIbHOTO MCCIASOOBaHUS MOPQOIOTNYECCKUX
OCOOEHHOCTEN M JIIOMWHECIIEHTHBIX CBOMCTB 00pa3-
LI0B HEKOTOPBIX IBYMEPHBIX HAHOCTPYKTYp ZnO,
IIPOBEICHHOTO METOAAMHU 3JIEKTPOHHON MMKPOCKO-
nuu M (QOTOJIOMUHECLIEHTHOM CIEeKTPOCKOIIUMU.
B yacTHOCTH, uMCCliefOBaJIMCh CTPYKTYpPbl C MOD-
¢onorueit HAHOCTEHOK, HAHOJIKWCTOB M HAaHOTpe-
OCHOK M CpaBHUBAJIMCh MX (OTOJTIOMUHECIICHTHEIE
CBOMCTBA NPpU HU3KOMHTEHCUBHOM HENPEPHIBHOM
BO30YKICHUU.

MATEPHAJIBI U METOJbI

BripamuBanue o6pasuos ZnO npoBOIMIN METO-
JIOM Ta30TPaHCIIOPTHOIO CUHTE3a U3 MapoB LIMHKA U
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KMCJIopoza 110 cxeMe, onucaHHoii B [4]. B kauecTBe

MOUTOXKEK MCMOAb30Baau TaacTuHel R(1102) can-
¢dupa (151 pocTa HAHOCTEHOK M HaHOJUCTOB) U (110)
KpeMHUs (1S pocTa HaHOTrpeObeHoK). st cuHTe3a
MacCUBOB HAaHOCTEHOK MOMJIOXKY MpeaBapUTeIbHO
MOKpPBbIBAJIM CJOEM cepebpa TOJIIMHOU 8 HM, B
OCTJIbHBIX CIyYasiX UCIOJb30BaJIM YUCThIE TTOMJIOX-
K. CUHTE3 HAaHOCTEHOK OCYILECTBJISIIIA TIPU TEMITe-
patype 630 u 580°C B 30He UcnapeHUsI U 30HE POCTa
COOTBETCTBEHHO. JIpyrue napameTpbl CUHTE3a MpPU-
BefeHbI B [5]. Takue e mapaMeTpbl UCIIOJIb30BaIN
pU CUHTEe3e¢ HaHOrpebeHoK. IIpnu cuHTe3e HaHOIN -
CTOB TeMIIepaTypa B 30He ucnapeHus 6su1a 650°C,
a B 30He pocTta — 635°C. Bpems cuHTE3a COCTaBIISIIIO
30 MuH.

MuUKpOCKONMYECKHE UCCIEeNOBaHUSI TTPOBOIUIN
C MOMOIIBIO PACTPOBOTIO 3JIEKTPOHHOIO MUKPOCKOTA
(PODM) Jeol JSM-6000PLUS. doTomoMUHECIICH-
muio (®JI) CTpyKTyp MCCIEeIOBaIM IIPU KOMHATHOM
TeMmIieparype C TIOMOIIbIO CHeKTpohIyopuMeTpa
Cary Eclipse (Varian), 060py10BaHHOTIO KCEHOHOBOI1
JlamMnoii U ¢hOTO3NEKTPOHHBIM yMHOXUTeJeM. [lpu
3TOM 1Jig Bo30ykaeHuss PJI ncrnonab30Bain U3jiyde-
HHE ¢ IUTMHOM BOMHEI 315 HM. JIsT TOBBIIIIEHNS €ro
CHEKTPIbLHON YWCTOTHl OBbLIM TIOCIeI0BaTEIbHO
yCTaHOBJIeHbl onTudyeckue ¢GuiabTpel XK3C-3 u
YDC-2. Yron Mexny HalpaBjJeHUEM MaaeHUs BO3-
Oy>XJalero u3ydeHust Ha oopasel] 1 HoOpMajbio K
€ro MoBepXHOCTU cocTapisi 30°.
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Puc. 1. POM-u3ob6pakeHusT MACCUBOB HAaHOCTPYKTYp C
MopdoJIOTUE HAHOCTEHOK (a), HAHOJMUCTOB (0) 1 HAHO-
rpe6eHoK (B). CHUMOK (a) caenaH rmon yriaom 45° K mon-
JIOXXKe; CHUMKM (0) 1 (B) — IapajieJIbHO IJIOCKOCTU
MOJIOXKEK.

PE3VJIBTATBI 1 UX OBCYXIEHHUE

Ha puc. 1 npencraBiensl POM-u3zo6paxkeHus uc-
cliemyeMbIx HaHOCTPYKTYp ZnO. Hanoctenku (puc. 1a)
MPENCTaBISIIOT COO0M MAacCUBBI TOHKUX (TOMIIMHOMN
meHee 100 HM) BepTUKAJIbHO YITOPSIAOYEHHBIX TLIa-
CTUHYATBLIX KPUCTAJJIOB JAaOMPUHTOOOpa3HOM (hop-
Mbl. ComtacHo [5] Kpuctajiibl 061a1a10T KPUCTAJLIO-
rpacgpuueckoit opuenrauueii (110) ¢ 6a3ucHoOIT OChIO,
Jiexalie B TJI0CKOCTHM momioxku. CTpyKTypa Xa-

pakKTepusyeTcsi IPUCYTCTBHMEM KaHAJIOB W IIOp
MEXIy HAHOKPUCTA/UIAaMHU Pa3MepoM JI0 ~ 15 MKM.
JlaTepasibHBIl pa3zMep OTHEIbHON HAHOMIACTUHBI
B MJIOCKOCTH MOIJIOXKU MOXKET COCTaBISITh He-
CKOJIBKO AeCSITKOB MUKpoMeTpoB. CTpyKTypa Ha-
HonucTOB (puc. 10) mpencraBieHa IapalIcIbHBI-
MU MJIaCTUHYATBIMY KPUCTAJJIaMU CXOXeM ¢ HaHO-
CTEHKaMM TOJIIMHLIL. YYWUTHIBad HaHHBIE [6],
MOXHO TIpeArnojaraTh, 4TO MJACTUHBI (opMUpY-
IOTCS C NpeuMyllleCTBeHHOI opueHTanmei [110]
TaK, YTO BBITIOJHSIECTCS OPUCHTAIIMOHHOE COOTHO-

menue [0001],,0/[1101]4n¢up- CTPYKTYpPa HaHOTpE-
O6eHOK (puc. 1B) mpeacTaBiisieT co00ii HEYIOPSI0-
YeHHbII MAaCCUB HAHOKpUCTA/UIMYecKux 2D-o006pa3o-
BaHuii TomuuHoi MeHee 100 HM. Pasmepsl Takmx
00pa30BaHUii B UX TNIOCKOCTHU JTOXOIST A0 HECKOJb-
KUX MUKPOMETPOB.

Ha puc. 2 nokasannl cnekrpsl @JI obOpa3lioB B
nuaraszoHe 350—700 aM. Bece cnekTphl XxapakTepu3sy-
FOTCST IPUCYTCTBUEM MHTEHCUBHOI YdP-KOMITOHEH-
ThI, TIPEACTaBJIsIIONICHl cOOOIl KpaeBoe U3TyYeHUE
Zn0O. MakcuMyM KOMIIOHEHThI HAaXOIUTCS Ha IJIv-
Hax BoJH 382, 383 u 385 HM 111 HAHOJMCTOB, Ha-
HOCTEHOK U HAaHOTPeOEHOK COOTBETCTBEHHO. He-
CMOTPSI Ha CUJIBHO pas3jinyarolnyocss Mop(hoIoTruio
00pa3loB, MHTEHCUBHOCTbL ux Y®D-uziaydeHUs
pasiunyaeTcsa He CTOJIb 3HAYUTEJbHO, YTO TOBOPUT
O TIPEUMMYIIECTBEHHOM BJIUSHUW Pa3MEPHOCTU
KpHUCTaIOB, a He uX Mopdosornu. Tak, cpenu usy-
yaeMbIX CTPYKTYp HauOojbllieli MHTEHCUBHOCTBIO
XapakTepu3yeTcsl KpaeBasi JIOMUHECLIEHIIMSI HaHO-
CTEHOK W HAHOJIMCTOB, XOTSI OHa ITPEBOCXOIUT IO
WHTEHCUBHOCTU U3JIydeHUE HAHOTPEOEHOK BCEro B
~1.5 paza. BeposiTHO, B cillydyae HAaHOCTEHOK He0OJIb-
moe yBeaudeHre WHTeHCUBHOCTH DJI cToMT OXU-
JaThb MOJ MEHBIIMMU yriaMu BO30YXXIEeHUSI K MO-
BEPXHOCTH 00paslla BBHUIY CTPOTOM BEPTUKAJIBHOM
YITOPSIOYEHHOCTH HAHOKPUCTAJLIOB U TIPUCYTCTBHST
KaHaJIoB U MOp Mexny HUMU. Kpome Toro, MoxxHo
HaJesIThCs Ha yBEJMUYEHUE BbIX0Ja KPaeBOTro U3JTyde-
HMSI HaHOTpeOEHOK IpU MacCUBalUM 1e(PeKTOB, OT-
BETCTBEHHBIX 3a 3€JICHYIO JIOMUHECLIEHIIHUIO. DTO
TUIaHUPYETCs MPOBEPUTD B TaJIbHENIIIEM.

Boibllioe cooTHolIeHUE TUIOMIAANM TTOBEPXHO-
CTU K 00beMy 2D-HaHOCTPYKTYp MO3BOJSIET BO3-
OyXaaTh sIpKyo Y®-moMuHecueHuunwo. Tak, ecan
MMPOBOJUTL CPaBHEHUE M3ydyaeMbIX CTPYKTYp U
MUKpPOOOBeKTOB ZnO, HaIpUMep MUKPOILUIEHOK
[7] van mMaccuBOB MUKpoOKpucTtauioB [8, 9], To
V®-momMmuHecueHuust 2D-HaHOCTPYKTYp OKa3bl-
BaeTCsI MHOTOKPAaTHO CHJIbHEE.

B criekTpax DJI Bcex cTpyKTyp HAOMIO0aIM BUIM -
MO€ U3JTydeHUE — TaK Ha3bIBAeMYIO 3€JICHYIO JIIOMMU-
HecueHuuio (3JI) ZnO. Ee MakcuMyM Haxomuiics Ha
mmaHe BOAHBI ~510 M. Ilpmannoit 3J1 cunraiorcs
U3IydaTeabHBIE IIEPEXOIbl C yYacTHEM IIIyOOKMX
SHEePreTUYECKUX YPOBHEN COOCTBEHHBIX N1e(DEKTOB, B
YacTHOCTU BakaHcuit kuciaopoga [10, 11]. Bmecte ¢
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Puc. 2. Cnekrpnl @JI HaHOMCTOB (/), HAHOCTEHOK (2) 1 HAHOTrPeOGeHOK (3).

TeM BOIIPOC O JoKaIu3auuu 1eHTpoB 3JI (moBepx-
HOCTb I 00BbeM) TTOKa OCTaeTcsT CIOpHBIM. [1o-B1-
IUMOMY, OHa MOXET OBITb Pa3HOM B Pa3TUYHBIX
CTPYKTYpax.

B ornuume ot Y®-uvactu crieKTpa B BUAMMOM
Irara3oHe pa3ndus MexXny oOpaslamu OoJjiee Cy-
mecTBeHHbIe. B yacTHOCTH, B TO BpeMs Kak I10Jioca
3JI B crieKTpax HAHOJIMCTOB M HAHOCTEHOK ObIjIa To-
pasno cnabee B CpaBHEHMH C MX KPaeBbIM U3JIyYCHU -
eM, HaHOTrpeOeHKN JeMOHCTpUpyIoT spkyio 3JI. Co-
OTHOIIIEHNE UHTETPajbHbIX MHTEHCUBHOCTEI ITOJI0C
KpaeBoro usinydeHus: u 3J1 B ciygae HAHOIUCTOB U
HaHOCTEHOK COCTaBJISICT COOTBETCTBEHHO 2.8 1 2.5 pa-
3a, a B cJiyyae HaHorpeodeHok — 0.35 paza. CooTHO-
IIeHWST THTEHCUBHOCTE! 110 MAKCUMyMaM IOJIOC CO-
CTaBJISTIOT COOTBETCTBeHHO 21, 19 1 2 pa3za.

IMprunHoii Takoro pasmuyus Mexay criekrpamu @J1
HAHOCTEHOK M HAHOJIMCTOB U CIIEKTPOM HaHOTpeOe-
HOK MPEICTaBISIETCS pa3inuve B MeXaHu3Max ¢Gop-
MUPOBaHUS 3TUX CTPYKTYp. Tak, KpuCTaaabl HAHO-
CTEHOK 1 HAHOJIMCTOB, 001afaoliie BepTUKaJIbHbIM
YIOpsSIAOYEHUEM, PACTYT B COOTBETCTBUM C MEXaHU3-
moM nap—xunkoctb—Kkpucrtaai (IIXKK), B koropom
pOJIb XXKUIKOI (pa3wl urpaeT MeTayul. I1pu aTOM B City-
yae pocTa HAHOCTEHOK KaTaJIM3aTOPOM pPOCTa CIIy-
KUT TIOACIION cepebpa, KOTOPHI HAXOMUTCS B KU~
KOM/KBa3UXXUJIKOM COCTOSIHUM HEIOCPEICTBEHHO
mnepen HayaJloM CUHTE3a B pe3yJIbTaTe IporpeBa noj-
JJoxek. B ciayyae HaHOJIMUCTOB POCT IIPOXOIMUT CO-
IIAaCHO “caMoKaTaJIUuTUYeCKOi” Moaeau, Korga Karm-
JIM XUOKOIO ILIMHKA BBICTYIIAIOT OJHOBPEMEHHO U
MPEeKypCOpPOM, M KaTaln3aTOPOM POCTa KPUCTAJLIOB
ZnO. ®opMupoBaHUE MJIACTUHYATHIX HAHOKPUCTAJI-
JIOB BCeX TpeX MOPQOJIOrrUil MOXKET OBITh CXOXKHM:
cHavana (opMUPYIOTCSI HUTEBUIHBIE KPUCTAJLIbI,
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KOTOpPBIE 3aTE€M pa3pacTaloTcs UJIM CpacTaroTcs ¢ 00-
pazoBaHueM 2D-cTpykTypbl. OnHaKO, €Cliu B ciiydyae
HAHOCTEHOK M HAaHOJIMCTOB (popMHpOBaHUE 00pa3y-
IOIIMX KPUCTALIOB MTPOUCXOOUT MPU YYaCTUU XU~
Kol ¢asbl, To (hopMUpoBaHUE TpedbEeHYATHIX HAHO-
KPUCTAJIJIOB MPEAIojaraercs Mo MeXaHu3My nap—
kpuctasn (IIK), korna Bcst KpucTajuin3aus Ipouc-
XOIIUT HEINOCPEeACTBEHHO u3 TapoBoii ¢aswl. Ilpu
5TOM B MOCJENHEM Cilyyae 3apOXJIeHUE HaHOKpU-
CTaJIJIOB MIPOMCXOIUT Ha MPOTSKEHU M BCETO MPOIeC-
ca CUHTEe3a.

bnuzkoe paccTossHUE 10 UCTOYHMKA ITApOB LIMHKA
U BbICOKAsl TeEMIIepaTypa pocTa, UCIOJIb3yeMble MPU
pOCTe HAHOJIMCTOB, MMO3BOJIWJIM COXPAHUTh YCITOBUS
w1 TI2KK-pocta Ha NpoOTSKEHMM BCErO BpPEMEHU
CUHTE3a ¥ c(POPMHUPOBATH TAKUM 00pa3oM OpMEHTH -
pOBaHHBIE B TPOCTPAHCTBE TJIACTUHYAThIE KPUCTAI-
Jibl. Ha GoJiblieM paccTosiHMM OT MCTOYHMKA IIMHKA
(ripu Temneparype 580°C) u B OTCYTCTBUE MeTaJIU-
YeCcKOro KaTajim3aTopa Ha MOMIOXKe (POpMUpYyeTCs
0ojiee XaoTWYHasl CTPYKTypa IUIACTUHYATBIX KpU-
cTajioB [5] — ckopee Bcero B pe3yabTaTe pocTa Io
MmexaHusmy I1K. BeposiTHO, 3TO ke UMeeT MeCTO IpUu
¢opMupoBaHUM HaHOTpebeHOK. HemocTaTok Kucio-
poJa v LIMHKA B JaJIbHEM 4acT 30HbI POCTa U OTCYT-
CTBME NOTIOJITHUTEJIBHOTO KaTajiM3aTopa pocTa Ipu-
BOAST K (DOPMUPOBAHUIO MEHBIIETO YUCIa 3apPOabl-
e U ObICTPOMY 3apacTaHMUIO TBEPABIM OKCUAOM
MEPBUYHBIX Kareab Zn, 00pa30BaHHBIX Ha MOIJIOXKE.
JanbHelmii pocT B 3TOM cilydyae MPOUCXOAUT yXKe
u3 napoBoii ¢asbl (Mexanusm I1K) ¢ opmupoBaHu-
€M TTPOCTPAHCTBEHHO HEYMOPSIIOYEHHOW CTPYKTYPHI.

Kpucrtannsl, BeipaiieHHbIe 0 MexaHu3my TTKK,
MOJy4YaloTCs KPUCTAIIIMUYECKU Oojiee COBEPIIEHHbI-
MU B CPAaBHEHUU C KpUCTaJLIaMU, ChOPMUPOBAHHbI-
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mu o Mmexanu3Mmy 1K [12, 13]. MeHbIIIee coBepIeH-
CTBO IIOCJIETHUX MOXET OTPaKaThCsI HAa MX IIOMUHEC-
LIEHTHBIX CBOMCTBax, B 4YacCTHOCTHM, YBEJIMYMBas
Bkian 3J1 [12]. B To e BpeMs yropsitoueHHbIE HAHO-
CTPYKTYphbI ZnO, CHHTEe3MPOBAaHHbIE COIJIACHO MeXa-
Hu3My [I2KK maxke 6e3 MCIOJb30BaHMS ITOIOJIHMU-
TEJILHOTO KaTajim3aTopa, 4acTo IeMOHCTPUPYIOT JIO-
MUHECHEHIIUIO CO 3HAYMTEJbHBIM IpeodjamaHueM
Y®-xomrioneHTh! [12, 14, 15]. DTO KayecTBO BMECTE
C BbICOKOM MHTEHCUBHOCTbBIO JTIOMUHECLICHIIMU B 11e-
JIOM CO37aeT MEPCIIEKTUBLI UX MCIOJb30BaHUS OIS
pa3pabOTKM He TOJILKO CEHCOPOB, HO 1 YMP-u3iayda-
IOLIUX YCTPOMCTB.

SAKJIIOYEHHME

B pabote ucciaemoBaHbl (hOTONMIOMUHECIIEHTHBIS
CBOIICTBAa MaCCUBOB IByMEPHBIX HAHOCTPYKTYp ZnO
¢ Mopdopdoaorneii HAaHOCTEHOK, HAHOJMCTOB U
HaHorpe6eH01<, MU3TOTOBJICHHBIX METOAOM TIa30-
TPaHCIIOPTHOTO cHHTe3a. POTOMIOMUHECIICHLIUST BO3-
OyXnajach HM3KOUHTEHCUBHBIM Y®d-UCTOUHUKOM
HemnpepbiBHOro usnydeHus. IlokasaHo, uro Y®O-us-
JIydeHHe BCeX IIOJIyYeHHBIX CTPYKTYp MMeeT OINH
MOPSIA0OK MHTEHCUBHOCTHU, YTO TOBOPUT 00 ompese-
JISTIOIIEH PO pa3MEepPHOCTU HAHOKPUCTAJIIIOB, a HE
nx Mopdosioruu. O6HapyKeHO, YTO B CIIEKTPE U3ITY-
YeHUs1 HaHOTpeOeHOK IoJioca 1e(eKTHOM JIIOMUHEC-
LCHIIMM TOopa3l0 WHTEHCHUBHEE II0 CPaBHEHUIO CO
CIIEKTpaMM HAHOCTEHOK M HaHOJMCTOB. [lo-Bumum-
MOMY, IpUYMHA 3TOTO SIBJICHUS 3aK/II0YAeTCs B pa3-
JIMYHBIX ME€XaHu3Max pOCTa MCCAeI0BaHHBIX CTPYK-
Typ. B yacTHOCTU, HAHOCTEHKU 1 HAHOJUCTHI (hop-
MUPYIOTCS IO MEXaHU3MY Map—KUIKOCTb—KPUCTaLI,
a HaHOTpeOeHKM — I10 MeXaHU3MY Iap—KpUCTaJll.

Paborta BhIOIHEHA C UCITOJIb30BaHUEM 000pya0-
BaHusa lleHTpa KOJUIGKTMBHOTO  IOJb30BaHUSI
“CTpykTypHas auardHoctuka marepuaios” @HUILL
“Kpucrannorpadus u ¢poronuka” PAH npu mnox-
nepxxke MUHHUCTepPCTBA HAYKK M BbICIIETO 0Opa3oBa-
Huss P® B pamkax TocymapcTBeHHOro 3amgaHust
OHMUAILI “Kpucrannorpadust u ¢poronuka” PAH (B
JacTH METOmOB pocTa) u rpaHTa Ilpe3smpeHra Poc-

cutickoii ®eneparmu MK-3140.2022.1.2 (B yactu uc-
cJieOBaHMs CTPYKTYPHBIX U ONITUYECKUX CBOMCTB).
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