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Yemanoeneno, umo cmenens cosepuieHcmea nogepxHocmu credyem paccMampugams KaxK CyuecmeeHnylo 4acms ooueli 3a0a4u
NpU2omosBAeHUs YUCMOL NOBEPXHOCMU neped npoueccom opmuposanus Hanokiacmepos SiGe u nooagreHus ux mpancoopmayuu
0m HaHopazmepoe k mukpopazmepam. [loxazano, umo oasa camoopeanusayuu HaHoxksacmepos SiGe 6bic00HO Manoe cmeueHue no-
BEPXHOCMHBIX AMOMOB CAONCHBIX CIPYKIMYP HA YUCMOU NosepxHocmu ¢ obpazoeanuem cesseu muna Ge— Ge uau Si—Si.
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BBenenne

MN3yyeHre MOBEPXHOCTHBIX SIBICHUI UTpaeT Bax-
HYIO POJIb B MCCJIEAOBAaHUM IIPOLIECCOB 3apOXKICHMUSI,
pocTa M camMoopraHu3aluM HaHokjgacTepoB [1—15].
3HaueHMeE MPOLIECCOB, MPOUCXOASIINX HA MOBEPXHOC-
TH MCXOTHOM MOMJIOXKM, BO3PAaCTAET C YMEHBIIIEHEM
ux pazMepoB. Crneuuduyeckue CBONCTBA MPUITOBEPX-
HOCTHOI 00JIaCTM MOTYT OaXke OMNpEeAessiTbh XapaKTe-
PUCTUKM U3AEIUI Ha OCHOBE HAaHOKJIaCTepoB. B Mo-
HOKpPHCTaJIIax CYyIIEeCTBYeT pa3Inyue B CBOICTBAX aTo-
MOB Ha MOBEPXHOCTU U B 00beMe. BHYTpeHHI0I0 YyacTh
MOHOKPUCTAJIJIa MOXHO OINUCaTh KaK peryJsipHOe MOB-
TOPEHME BJIEMEHTApHOM STYEMKK, KOTOpast 0OOBIYHO CO-
JIep>KUT HEOOIbIIOEe YMCIIO aTOMOB. JIJ1s1 aToMa Ha To-
BEPXHOCTHM YMCJIO OMXKAWMIIMX COCEOeil MEHbIIE KO-
OPAVHALIMOHHOTO YMC/ia BCIEACTBUE PE3KOro oOpbiBa
KpucTajinyeckoil pemerku. [ToBepXHOCTHBIE aTOMBI
HMMEIOT HEHACHILLIEHHBIE CBS3U U TTO3TOMY MOTYT UMETh
OYEeHb BBICOKYIO XMMHUYECKYI0 aKTUBHOCTb. B pe3yiib-
TaTe€ MOBEPXHOCTh KPHUCTaJla OOBIYHO MOKpPHITA OJ-
HUM WJIM HECKOJbKUMM CJIOSIMU COEIUHEHMIt, oOpa-
30BaBIIMMUCS BCJACACTBUE PEAKIMM MEXIY ITOBEpX-
HOCTHBIMM aTOMaMHM M OKpyxXalollei cpemoii. Yacro
CUMTAETCS, YTO IOJIOXKEHME aTOMOB Ha IIOBEPXHOCTH
OTJIMYaeTCs OT UX MOJOXEHUM B HOPMaJIbHOU KpHUC-
TAJUIMYECKON pellleTKe JaHHOro KpucTauia. Takum
o0pa3oM, CBOMCTBa 00JacCTX TBEPAOro Teja, HEIoC-
PEICTBEHHO IIpUJjeraioiueil K MOBEPXHOCTH, MOLYT
OTJIMYAThCS OT CBOMCTB BHYTPEHHEI YyacTu oOpasla.
B neiicTBUTENBLHOCTU MOBEPXHOCTHBIE aTOMbI MOHO-
KpUCTaJlJla HaXOAATCS COBCEM B APYIOM OKPY>XEHMU,
YyeM aTOMbl B 00beMe U, ClIe0BaTeIbHO, UMEIOT JIpy-
Iyl0 aKTMBHOCTb W 3aHUMMAIOT APYTUE TIOJOXEHMUS.
CTpyKTypa MOBEpPXHOCTU MOXET TakxKe M3MEHUThCS B
pe3yJbTaTe XeMOCOpOLIMU UYyKepOoaHbIX aToMOB. Hau-
JIYUILIUM TIyTeM JJis MoJlydeHUus uHpopMaLuu o QyH-

JlaMEHTaJIbHbIX CBOMCTBAX MOBEPXHOCTU SIBJISIETCS UC-
cliefoBaHNE YUCTBIX ToBepxHocTeil [1—5, 7]. Ilpm
5TOM BaXXHO HE TOJIbKO MTPUTOTOBUTH YUCTYIO TTOBEPX-
HOCTb, HO U TIOJJIEP>XXUBATh €€ B TAKOM COCTOSIHUU B
MPOLIECCEe CaMOOPTaHU3AIIMNA HAHOKJIACTEPOB.

Ha npakTuke MOXHO JUIIb B TOW WIKM UHOK Mepe
MPUOIM3UTHCA K UIEATIBHO YUCTOM MOBEPXHOCTU. Huc-
TOW MOBEPXHOCThIO CUMTAETCS MOBEPXHOCTh MaTepua-
Jla, XUMUYECKUI COCTAaB KOTOPOM OMHOPOAEH CO BTO-
PbIM BHYTPEHHUM CJIOEM aTOMOB U KOTOpasi TTIOKphITa
He 0oJiee OIHOI COTOM IO MOHOCJOS UyXXepPOIHBIX
atoMoB. BOT moueMy Tak BaxKHbI UCCIIETOBAHUS BJIU-
sIHUSI 00pabOTKM MOBEPXHOCTH MCXOAHBIX MOIJIOXKEK
Ha mpoilecc oOpa3oBaHUs M TpaHCHOpMaIMI0O HaHO-
kiactepoB SiGe.

Ileav Hacmoaweil pabomsr — UccneqOBaHWE BUS-
HUS YMCTOTbI MOBEPXHOCTH MOJJIOXKEK Ha Mpoliecc 00-
pa3oBaHUs U TpaHC(HOPMALIMIO HAHOKIACTEPOB KpeM-
HU—TIepMaHUM.

Metoauka u IKCICPUMCHTAJIbHAA 4aCTh

PasMep HaHOK/IacTepOB OIpeAesisuIM KaK C HC-
MOJIb30BAaHNEM PACTPOBOTO JIEKTPOHHOTO MUKPOCKO-
ma S-4800 (Hitachi, AnoHust), Tak U C TIOMOIIBIO CKa-
HUPYIOLLIETO 30HI0BOro Mukpockorna "Ntegra Prima"
B peXMMe aTOMHOM CUJIOBOH MMKPOCKOIMU. AHAIU3
HaHOKJIacTepoB KpeMHuii—repMmanuii (SiGe) mpoBo-
JUIIN Ha TOBEPXHOCTHU IIACTHH T1of yriiom 30° 6e3 ne-
KOPHMPOBAHMS 1 3aIbIJICHUST METAJIJIOM.

H3MmeHeHne CTPYKTYpBI TOBEPXHOCTH MCXOMHBIX
MNOIJIOXEK, repMaHus U HaHOKJacTepoB SiGe aHanu-
3UpOBAIM HAa OCHOBAaHWUU HAHHBIX CITEKTPOCKOITHHU
koMOuHanmoHHoro paccesiHust ceera (KPC). Cnekr-
pel KPC Ha onmtmueckmx (OHOHAX TMOJYyYallX TIPU
00JIy4eHUU CTPYKTYp Ar ja3epoMm C JUIMHOI BOJIHBI
A = 514,5 HM ¥ PErucTPUPOBAIM C MOMOILbIO CIEKT-
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Puc. 1. Tonorpadus NoBepxXHOCTH MOJIOKEK MOCJe PA3JUYHBIX BHIOB TEPMOOOPADOTKH: ¢ — KPEMHUEBBIX MTOMJIOXKEK B Cpe/ie XJIOPUCTOTO
BOZIOPOJA; b —IOMOJHUTENLHO OTOXXKEHHBIX B cpelie Ar; ¢ — B cpesie H,; d — ¢ mocienyionium oTXKUIoM B cpelie a30Ta U BOJOPOJa; e —
TO/IJIOXKEK C YABTPATOHKUM (4 HM) CJIOEM NUOKCHUAA KPeMHUs; f — ¢ yIbTPAaTOHKUM (4 HM) clloeM HUTpUIa KpeMHUS; g, A — TIONJIOXKEK C
YABTPATOHKUMM (4 HM) CJIOSIMU OKCHIA AMCIIPO3USI U UTTPUSI B cpesie Bogopoaa. TepMoobpaboTKy npoBoauau rnpu temmnepatype 900...1000 °C
Fig. 1. Topography of the substrate surfaces after various kinds of heat treatment: a — silicon substrates in the environment of hydrogen chloride;
b — additionally annealed in Ar environment; ¢ — in H,environment; d — with the subsequent annealing in the environment of nitrogen and hydrogen;
e — substrates with an ultrathin (4 nm) layer of silicon dioxide; f — with ultrathin (4 nm) layer of silicon nitride; g, h — substrates with the ultrathin
(4 nm) layers of dysprosium and yttrium oxides in the environment of hydrogen. Heat treatment was done at 900...1000 °C

pometpa JIPC-52 ipu KOMHATHOM TeMmItepatype. Mc-
CJIeIOBAHO BJIMSIHME THUIa OOpabOTKM MOBEPXHOCTHU
HUCXOMHBIX MOMJIOXEK HA MOBEPXHOCTHYIO MJIOTHOCTD
U pa3Mepbl HaHoKJIacTepoB SiGe, cchopMUPOBAHHBIX
npu Temmneparype 540...560 °C. MccrnemoBaHbl Takue
00pabOTKM YNUCTO KPEMHHUEBBIX IIOUIOKEK B Cpee
XJIOpucTOoro Bomopoma (puc. 1, @), ¢ mocnemyouum
OTXXUTOM UX B cpelie aproHa (b), a Takxe B cpele BO-
JIopoJia ¢ MOCAeAyIOIIM OTKUTOM (€) U B cpelie a3oTa
U Bomopoaa c mocieayolmuM oTxkuroM (d). OTxur
ocyiectsasau npu temneparype 900...1000 °C. Kpo-
M€ TOTO, WCCIECIOBAIM MOIJOXKHU C YJIbTPATOHKUM
(4 HM) clloeM AMOKCHMIIAa KPEMHUS C OTKUIOM B Cpejie
Bojopoja (e), C yIbTPaTOHKUM (4 HM) CJIoeM HUTpUaa
KPEMHUSI C OTXKUTOM B cpejie Bogopoaa (f) v moajiox-
KU C YJIbTPATOHKUMU (4 HM) CIOSIMU OKCHUIA TUCIIPO-
3us (g) u urrpus (h).

Pe3yabTaThl H HX 00CYXKIEHHE

Ha puc. 1 npencraBiaeHsl Tonorpadguu moBepxHOC-
TH UCXOAHBIX MOMIOXKEK, MPOIIEAIINX PA3TUIHbIE TH-
nel 00pabdotku. Kak okazanoch, TOJIbKO 00paboTKa
HUCXOJHBIX MOMJIOXEK ¢ 2D-HaHOCIOSIMU OKCHUIOB U
HUTPUIA KPEeMHHUS B Cpejie BOAOPOIA MO3BOJISIET IO-
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JIy4UTh MPAKTUYECKU YUCTYIO Oe3pebedHyIo moBepx-
HocTb. CTeneHb YBEJUUYEHUST YMCTOThl MTOBEPXHOCTH,
HabmoaaBlasicst mpu o0padboTke 2D-HaHOCI0eB (4 HM)
U3 JUOKCHAA KPEMHHUs Ha HCXOTHOW KPEMHUEBOM
MOUTOXKE, TTO-BUAMMOMY, OOYCJIOBJIEHa BOCCTAHOBU-
TEJTBbHBIMM PEAKIIUIMU MEXIY TUOKCUIOM KPEeMHUS 1
BOIOPOAOM. B pesynbraTe TaKuxX peakinii TpONCXOIUT
yIajeHne OKCUaa KpeMHUS W BCKPBITHE YMCTOM TTOBEp-
XHOCTHM UCXOJHOW KpeMHHUeBoil nomyioxku. Ha yncroit
TMOBEPXHOCTH MOHOKPHCTAJIJIa KPEMHUST UMEETCS pPe3-
KUl OOpBIB KPUCTALTUYECKON pelleTku. Benencteue
3TOro BHEIIHSIS 000JI04Ka MOBEPXHOCTU aTOMOB KpEM-
Hug (Si) 3aMoJiHEeHa He MOJHOCTbIO U UMEIOTCS, Clie-
JIOBaTeJIbHO, HEHAachllleHHbIe cBiI3u. [Ipenmosaraer-
cs, 4TO TOCenoBaTeabHas aacopOLMs OXHOIO WU
JIBYX MOHOCJIOEB T€pMaHUs IPUBOAUT K 0Opa30BaHUIO
HaHokiacTepoB SiGe (puc. 2—S5). [1pu 3TOM BHavae
HabmomaeTcss ObICTpoe (pOopMUpPOBAaHUE IIEPBOIO MO-
Hocsos SiGe, a 3aTeM OoJiee MeaIeHHOEe (hopMUpPOBa-
HHe BTOPOTro U TpeThero MoHocyoB SiGe.

Yucno aroMoB repMaHus (MOHOTEPMaH), ancop-
OGMpPOBaHHBIX HA TTOBEPXHOCTH, MOXHO MPEICTaBUTH B
Bune N =a + blgt, tne t — BpeMs B MUHYTax, a u b —
napameTpbl, 3aBUCSIIME OT TeMIEpaTyphbl; a 3aBUCUT
TaKXe OT JaBleHus MoHocwiaHa (SiH,) u mMoHorep-
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Puc. 2. 3apoxnenne HaHoKaacTepoB SiGe Ha YHCTON MOBEPXHOCTH
KpeMHHS nocJjie 00padoTKH B XJIOPHCTOM BOOpoae (a) U HA IHOKCH e
kpemuus (b) mociie TepMOOOPaAOOTKH B cpelie BOAOPOAA C a30TOM
Fig. 2. Origin of SiGe nanoclusters on a pure surface of silicon after
processing in hydrogen chloride (a) and on silicon dioxide (b) after a heat
treatment in the environment of hydrogen with nitrogen

Puc. 3. ®opmupoBanne HaHOKIAcTEPOB SiGe HA OTOXIKEHHBIX B ap-
roHe (a) u B Bogopone (b) UCXOOHBIX MOMJIOKKAX KpeMHHS

Fig. 3. Formation of SiGe nanoclusters on the silicon substrates annealed
in argon (a) and in hydrogen (b)

maHa (GeHy), KoTopble ncnonb3ylorcss npu Gopmu-
poBaHMU HaHoKJacTtepoB SiGe.

3HaueHUs TapaMeTPOB @ W b 3aBUCIT OT YHUCTOTHI
MOBEPXHOCTH, YPOBHS JIETMPOBAHUS M KpUCTaJLJIorpa-
(hrueckoit opreHTaIMM UCXOAHOM MOJIOXKKM, a TAKXKe

OT THUIIAa HaHOpa3MepHOTo 2D-IMOKPHITUS MCXOTHOM
MOJUIOXKKHU C TUIAaHAPHOW CTOPOHBI. ISl repMaHusl U
KpeMHUS TIPY UCITOJIB30BAaHUU B KAa4eCTBE WX MCTOU-
Hukos GeH, u SiH, B LPCVD-npoiecce B cpenHeM
a=38,5x 10" aTOM/CMz, b=12 x 10 aTOM/CM2
nocjie MATUMUHYTHOTO B3aUMOMAEMCTBUSI C ITOBEpX-
HOCTbIO HUCXOAHON MOMIOXKU. CTeneHb MOKPHITUS
MOBEPXHOCTU HaHokiacTtepaMu SiGe yBeIMUYMBAETCS
Ha CBEXENPUIOTOBJIEHHOW ITOBEPXHOCTH HCXOJHOM
MOMJIOXKKH B PSAY: UMCTasI MOIJIOXKA ¢ 00pabOTKOI B
XJIOPUCTOM BOJOPOJE U C MOCAEAYIOIIUM OTXKUIOM B
yucToM Bogopone (puc. 2, 3); momioxka ¢ 2D-HaHO-
CJI0EM OKCHIIOB AUCIIPO3US U UTTPUSI — TIOCJIe TEPMO-
00paboTkm B cpene Bomopoaa (puc. 4) u MOmIOXKa C
2D-HaHOCIOSIMU OKCHAA M HUTpUOA KPEMHUS, TPO-
LIeale TepMooOpaboTKy B cpele Bogopoaa (puc. 5).
Takoe yBenmueHUEe CBSI3aHO C BBICOKOW TUIOTHOCTBHIO
00OpBaHHBIX CBSI3€l HA CBEXENMPUTOTOBJIECHHON TMO-
BEPXHOCTH MCXOMHO# MOMI0XKU. CIencTBUEM 3TOTO
SBJISIETCS YBEJIMUYEHUE Yucia CBsI3el, CBSI3aHHbBIX rep-
MaHWeM U KpeMHHeM, IIPH CaMOOpTraHM3allni HaHO-
xiactepoB SiGe [12, 15, 16]. B ciyyae GeH, o6pa3sy-
FOTCS YeThIpe CBsI3M Si—H 1 4eThIpe TTOBEpXHOCTHBIX
aroMa Si CBSI3BIBAIOTCS ¢ OMHUM aTtomMoM Ge, TIpH aj-
copbuumn mosekyiasl SiH, obpasyrorcs yeTelpe CBA3U
Ge—H u 4detbipe noBepXHOCTHbIX aToMa (Ge CBsI3bIBa-
10TCs ¢ onHUM atomoM Si [9]. B utore Takoro B3anumo-
JNeCTBUSI 00pa3ytoTcsl HaHOKIacTephl cocTaBa SiGe.
Takum obpa3zom, P MOHOCTOMHOM 3aIlOJHEHUN
YUCTON MOBEPXHOCTU KPEMHUEBOM MOMIOXKK MOHO-
cunanoM (SiHy) m monorepmanom (GeHy) momnHoe
YUCIO CBSI3e OMMHAKOBO IJIsSI BCEX ra3oB M IPOCTO
pPaBHO YHUCJy MOBEPXHOCTHBIX aTOMOB KpeMHus (Si).
ITockonbKy MmoHas AecopOLys BOgopoaa IpOUCXOIUT
Nnpu Temreparype, 0JU3KOI K TeMIlepaType pas3jioxe-
Hua SiH,, 04eBMAHO, YTO BOZOPOI CBA3AaH C MOBEPX-
HOCTBIO KPEMHHMS TaK Xe, KaK B coeluHeHnH SiHy.
3anoyiHeHNE TTOBEPXHOCTH MOXHO PaCCUMTATh, €CIU
M3BECTHO YKCIO aTOMOB KpeMHmst Ha 1 oM. Jlist
miockoctu (111) oHo paBHO 7,84 * 1014, JUISL TII0C-

Puc. 4. Tonorpadus HanokaacrepoB SiGe Ha quokcuae nucnpo3sus (a, b) u Ha Auokcuae uTTpus (¢, d) 6e3 TepMooOPADOTKH MCXOXHOM MOIIOKKH
(a, ¢) u c TepMo00OpadOTKOIL B cpene Boaopona (b, d)
Fig. 4. Topography of SiGe nanoclusters on dysprosium dioxide (a, b) and on yttrium dioxide (c, d) without a heat treatment of the substrate (a, c)
and with a heat treatment in the environment of hydrogen (b, d)
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Puc. 5. @®opMupoBanue HaHOKJIACTEPOB SiGe HA OTOXIKEHHBIX B BOJAOPOJE MOBEPXHOCTAX
OKCHIA KpeMHHUs (@) M HUTpUIA KpeMHus (b) HA MCXOAHBIX MOJIOKKAX KPeMHHS

Fig. 5. Formation of SiGe nanoclusters on the silicon oxide surfaces annealed in hydrogen (a)
and of silicon nitride (b) on the silicon substrates

koctu (110) — 9,58 - 1014, ast iockoctu (100) —
6,78 - 1014, ITosToMy mis1 BBIUMCICHMST 3aIIOJHEHMS
NPYHUMAIM YMCIO aTOMOB KpeMHust Ha | cM2, pas-
HbiM 8+ 1014, Pacxoxnenue Benmunn a u b MPU Pa3HBIX
MeToJax 00pabOTKU MOBEPXHOCTU UCXOJHBIX MOATOXKEK
MOXKET OBITh CBSI3aHO C M3MEHEHUEM YHMCJia KPUCTa-
JIOB C JTaHHOM OpHEeHTallMel MOBEPXHOCTU WM Yucia
HEHACBILIEHHBIX CBsI3ei. B aTOM cilyyae KoanecueH-
LIUS1 HE TUMUTHUPYET CKOPOCTD poliecca, MOCKOJIbKY 1
repMaHuii, U KPEeMHUIl MOCTaBILdIOTCI U3 Ta30BOM
®dasbl. SiH,4 pasnaraerca Ha Si u H, npu temneparype
450 °C, a GeHy — na Ge n H, npu 350 °C. Orcrona
1151 oOpazoBaHus coenmueHust SiGe ecTeCTBEHHO TpH-
Bectu cMmech SiH,—GeH, B KOHTakT ¢ Harperoii mo-
BEPXHOCTBIO MCXOJHOW KPEMHUEBOW MOMJIOXKHU IO
TemiepaTypbl 2450 °C, 4To0bl chOopMUPOBATH HAHO-
knactephl SiGe.

Ha puc. 1—5 npeacragneHa 3BOJIIOLIUS U3BMEHEHUS
penbeda MOBEPXHOCTU MCXOAHBIX MOMIOXKEK, a TaKXkKe
HaHoMAacIlTaba M TUIOTHOCTH HAHOKJIACTEPOB IIOCIE

COOTBETCTBYIOLIEH 00pabOTKU C U3-
MEHEHUEM ee YCIoBuid. BuaHo, uto
HWCXOIHAS TMTOBEPXHOCTH ITOUIOKKHU B
OOJIBLIMHCTBE CBOEM MOKPbITA Mac-
CMBaMM HaHOpPa3MEpPHBIX, TJIABHBIM
00pa3oM KOHYyCcOOOpa3HbIX, 00pa3o-
BaHuii (puc. 3—5). Cnenyer oTme-
TUTh, YTO yBEJIMYEHHE KaK TeMIIe-
paTyphl, TaK U BpeMEHU TEILJIOBOTO
BO3MEMCTBUSI Ha CHCTEMY CBEXe-
MPUTOTOBJIEHHbIX HAHOKJIACTEPOB,
MIPUBOINT K UX O0BETMHEHUIO B 60-
Jiee KpymHble KaK I0 BBICOTE, TaK U
10 JIaTepalbHBIM pa3MepaM (0
MUKpPOpa3MEpHOTro Maciiraba) ar-
nomepatsl (puc. 6) [16, 17].

3arojHeHusI, JOCTUTaeMble Ha
CTaIMU 3apOXKIEHUST HAHOKJIACTEPOB
SiGe ¢ wucnonbzoBanueMm SiH, u
GeH, B KauecTBe MCTOYHUKOB Si U
Ge Ha yucThiX moBepxHOCTIX Si u Ge, xapaKTepu3sy-
1otcq cootHowtenueM 1/2 SiH, u 1/2 GeH, Ha onun
noBepxHOCTHBIM atoM Si wiu Ge. OTcloma cienyer,
YTO Ha YMCTHIX MTOBepXHOCTIX Si 1 Ge monKHa Ipo-
HWCXOAUTH aicOpOLIMS C AUCCOolMalieil 1 00pa3oBaHu-
eM cBa3eil Ge—H, Si—H u Si—Ge, coOOTBETCTBEHHO.
Bonopon nmosHOCTbIO 1ecopOUpyeTcsl C MOBEPXHOCTHU
Si u Ge npu Temneparype 300 °C, xkoTopass mpakTu-
YeCcKHM OJHA U Ta e ISl BceX alcopOMpPOBAaHHBIX THI-
puIoB. DTa Temrieparypa wist KpemHuus paBHa 500 °C,
OHa OnM3Ka K TemIiepaTypaMm pasnoxeHus SiHy, u
GeHy [9]. CyumiectByer yeTkasg KOppeasALUs MEXILY
napuuanbHbiM gasnenueM SiH, u GeHy u mosepxHoc-
THOI1 TIJIOTHOCTBIO HaHOKJacTepoB SiGe [9, 10, 16].

I'a3bl, KoTOpEIE amcOpOUPYIOTCSI Ha YUCTOM II0-
BEPXHOCTU MUCXOJHOM MOMJIOXKM B 3HAYUTETbHbBIX KO-
JIMYECTBAX, OKA3bIBAIOT TaKKe CUJIBHOE BIMSHUE M Ha
MOBEPXHOCTHYIO TUIOTHOCTh HAHOKJIACTEPOB.

Bo Bcex ciyvasax xemocopouusa SiH, u GeHy npu-
BOIOWT BHauaje K YBEJIMUYEHUIO TIJIOTHOCTH HAHOKJIAC-

Puc. 6. Tpanchopmauus Hanoknactepos SiGe Ha MOBEPXHOCTH IJIEHKH THOKCHIA KPeMHHS HA MCXOXHOI KPEMHHEBOI MOIJI0KKE: ¢ — UCXOIHbIE
KJIACTEPHI MOCJIE CaMOOpraHU3alvK; b — rocjie 00paboTKU B BOIOPOA0A30THOM cMecu Tipu TeMrieparype 560 °C; ¢ — nipu temmeparype 740 °C;
d — nipu Temneparype 900 °C. JnuTtenbHOCTH mpolecca TepMoodbpadotku — 30 MuH

Fig. 6. Transformation of SiGe nanoclusters on the film surface of silicon dioxide on the silicon substrate: a — initial clusters after self-organization;
b — after processing in the hydrogen-nitrogen mix at 560 °C; ¢ — at 740 °C and d — at 900 °C. Duration of the heat treatment — 30 min

152 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017




Puc. 7. Indpakuun MeaeHHbIX 31€KTPOHOB CTPYKTYPbI 8 Ha miiockoctu (111) Ge (a, ) u cTpykTypsl 7 Ha miockocTy (111) yncroii noBepxnocTn
Si (b, d)
Fig. 7. Diffractions of the slow electrons of structure § on plane (111) Ge (a, c¢) and structure 7 on plane (111) of pure surface Si (b, d)

TepOB, a 3aTeM K ee crany. [Ipy npuroToBaeHUN Yuc-
ThIX TTOBEPXHOCTEU MCXOAHBIX TMOJIOXEK Ha MOBEPX-
HOCTM KpUCTajula MOTYT CHadaja oOpa3oBBIBATHCS
aTOMBbI CO CBOOOIHBIMHU CBSI3SIMU, UMEIOLIME aKIEeI-
TOpHblE CcBoiicTBa. Takasi cUTyalUsi HEPreTUYeCKHu
OYeHb HeBbIrogHA. boJjiee BHITOAHBIM SIBJSIETCST CO3/a-
HUE B pe3yjbTaTe Majoro CMellleHUsI MOBEPXHOCTHBIX
aTOMOB CJIOXKHBIX CTPYKTYpP Ha YMCTON MOBEPXHOCTH C
obpaszoBaHueMm cBsazeit Tuna Ge—Ge mim Si—Si. DK-
CIIEPUMEHTHI MO UG paKINU MEIJIEHHBIX 3JeKTPOHOB
JNECTBUTENIbHO MOKa3aJM CYIIECTBOBAHUE CTPYKTY-
pbl 8 Ha mockoctu (111) Ge (mosepxHoctb Ge (111) —
8% 8) u crpykrypsl 7 Ha muiockoctu (111) uymncroit mo-
BepxHOCTU Si (moBepxHOCTH Si (111) — 7% 7), koTopas
JIJIST KpEMHMSI cuuTaeTcs: ctadbuibHoi (puc. 7). Obpa-
30BaHME 3TUX CTPYKTYP Ha YMCTHIX TTOBEPXHOCTSIX MO-
KET OochabJsIiTh MX aKUEeNTOpHble cBoicTBa. Tem He
MeHee, TTOCKOJIbKY CUTYallusl Ha TIOBEPXHOCTHU SIBJISIET-
CSl DHEPreTUYECKU HEBBITOJHOU, aTOMbl Ha YUCTOM
MOBEPXHOCTU 00J1aJal0T BHICOKOU aKTMBHOCTBHIO. Xe-
Mocopbuus Manblx koaudects SiH, u GeHy BoIpbiBa-
€T HEKOTOpbIE aTOMbI U3 MOBEPXHOCTHOM CTPYKTYPHI.
DTH aTOMBbI OKa3bIBAIOTCS B SHEPTreTUUECKU MEHEE BbI-
TOJHBIX COCTOSIHUSIX, XapaKTepu3yeMbIX 0oJiee CUJIb-
HBIMU aJCOPOILIMOHHBIMU CBOMCTBAMU. DTO MPUBOIUT
K 3axBary Oosjbliero yuciaa atomoB Si u Ge. Ilpu an-
cop6buuu ooibuioro Konmuyecrsa SiH, u GeH, yMeHb-
IIAETCS YMCIO CBOOOMAHBIX MOBEPXHOCTHBIX aTOMOB U
YMEHbIIIaeTCsl TOBEPXHOCTHAS MJIOTHOCTh HaHOKJIAC-
tepoB SiGe npu yBeInyeHUN UX pa3MepoB. Takum o0-
pa3oM, CTEMEHb COBEPIIECHCTBA MMOBEPXHOCTU CJIEAYET
paccMaTpuBaTh KaK CYIIECTBEHHYIO YacTh OOIIEi 3a-
Jlayy TIPUTOTOBJICHUST YMCTON TTOBEPXHOCTH TIepe IIPo-
1eccoM (GhopMUpOBaHUs HaHoKJacTepoB SiGe u 1mo-
JaBJIEHUS UX TTepexoia OT HAHOPa3MepoB K MUKPOpa3-
MmepaM. MneanbHOo ObUIO OBI ITOJIYYMTh aTOMApHO TJIaI-
KYI0 TTOBEPXHOCTb, MapajlieJIbHYI0 3aJaHHON CUCTEME
KpucTajutorpagpyeckKux TpaHel W He comepKallyio
nedeKkThl peleTkyu uin 3arpsssHeHus. IIpakTuyecku
K€ CYLIECTBEHHO 3HaTh HOMYCTMMbIe OTKJIOHEHMS OT
UJeaTbHOrOo Cilyyasi B JaHHOM MpOoliecce U ONpPeaeanuTh

BO3MOXXHOCTb peajiu3aluu TpedyemMbIx yciaoBuit. Uro-
OBl IOJIYYUTh TPEOYIOIIYIOCS CTEeIIEHb COBEPIICHCTBA
MOBEPXHOCTU B MACCUBHBIX MOHOKPUCTALIMYECKUX
MOUTOKKAX WIIM TUIEHKAaX, Hamo IMPUMEHSTh CITeI-
aJbHblE METOJbl 0OPAa0OTKM UX MOBEPXHOCTU. TepMmo-
00paboTKa U CKOPOCTh OXJIAXKIEHUS MOJJIOXEK C Ha-
Hokjactepamu SiGe Takke BIMSIIOT Ha UX CTPYKTYpY,
pasmepnl U gaxe cocTaB. OTOXKEHHbIE 00Opa3lbl Ha-
HOKJIaCTepOB MpeTepIeBaloT TpaHchopMaluio, B pe-
3yJIbTaTe KOTOPOU MPOUCXOAUT MePexXo] OT HaHOMAC-
mwraba K MUKpoMaciuTady (cMm. puc. 6).

ITo manneiM ACM ObUIO ompedciacHO 3HayeHUe
CpeoHEN KBaApaTUYHOM LIIEPOXOBATOCTU IMIOBEPXHOCTU
(R,,;5), KoTOpO€ He mpeBbilnaeT 4 HM. OTMEUEHO BO3-
pacraHue 3HaueHus R, ot 0,5 10 4 HM C yBeJIMYEHHU-
€M M TeMmIlepaTypbl, U BpeMEHU TEILIOBOTO BO3IEiC-
TBU [16]. YBeandyeHne rmiomany y4acTKOB CILUTOLIHOM
MOBEPXHOCTU U R, . C TIOBBILIEHUEM TEMIIEPATYPLI U
BpeMeHU TerioBoro Bo3aeictsus B LPCVD-npoliec-
ce SIBISIETCS XapaKTepHbIM IPM CaMOOpraHU3aluu
HaHokJacTepoB SiGe npu ocaxkJAeHUU YIbTPAaTOHKMUX
TJIEHOK MOJIMHAHOKPUCTAITMYECKOTO KPEMHMUS, JIETU-
POBAaHHOTO T€pPMaHUEM.

DT0 00YC/IOBJIIEHO TE€M, YTO IpHU TEIJI0BON obOpa-
0OTKE aTOMbI, OTKJIOHEHHbIE OT UACATBHOIO MOJIOXE-
HUsS B KPUCTAJUIMYECKOM pelIeTKe, CO31a0T JOMOJIHM -
TeJIbHbIE CUJIOBbIE MOJISl, YTO BeAET K U3MEHEHUIO yII-
pPYIUMX CBOWCTB BCero HaHOKpucTauia. IloBepxHOCTh
HaHOKpUCTaLJIa caMa siBisieTcs nedexkTom. Penakca-
LIS TIPUTTIOBEPXHOCTHBIX aTOMOB M3MEHSET KEeCTKOCTD
KPUCTAJUIUTA B 9TON 00JaCTH, MO3TOMY CKUMAEMOCTh
HAHOKPUCTAJJIOB 3aBMCUT OT COCTOSIHUS UX TMOBEPX-
HOCTU U pa3MepOB HAHOKPUCTAILIA B IIEJIOM.

Junana3oH TeMmIiepaTyp Ipolecca TepMooOpaboTKU
CBEpXy OrpaHMYMBAETCS MPOLECCOM MPeodpa3oBaHUs
HAHOKJIACTEPOB B YILTPATOHKHE TUICHKU B pe3yJIbTaTe
X PEKPUCTAIM3ALIMU, 2 CHU3Y — OYEHb MaJioil CKO-
POCTBIO MX MOABUXKHOCTU, YTO OOECIEYMBAET HAHO-
pa3mMepHble MacilITadbl Kiactepos [4, 16, 17].

Ananni Oxe-crieKTpoB HaHokJacTepoB SiGe Ha
KpeMHUeBo# nomioxke ¢ SiO, u SisN, mokasai, 4to
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B IPOIIECCEe MX OKUCIEHUS CO3MAeTCs PE3KUil TTepexo
Mexay ciaosiMu SiGe U MOJJI0XKOM, IMTOYTH TaKOH Xe,
Kak Mexny SiO, u KpeMHUeBO# oanoxKoii. ITo kpaii-
Helt Mepe no Temmepatypbl 950 °C sSBHOro B3auMO-
IEHCTBUS TepMaHUS C APYTUMU AUDIIEKTPUICCKUMU
CIIOAMU, TaKUMU, Harpumep, Kak SiO,, SisNy, u ero
nuddysus He odHapyxeHbI [17].

dyHmaMeHTaIbHBIE NCCIETOBAHUS CKOPOCTH pOCTa
HAHOKJIACTEPOB B 3aBHCUMOCTH OT TEMIIEpaTyphl U
BpEMEHU TEpMOOOPAOOTKM MOKa3zajau, YTO MOJBUXK-
HOCTh HAaHOKJIACTEPOB M MX OOBEAMHEHWE B arjioMe-
paThl SIBJISTIOTCSI MHOTOCTAAUMHBIMU, 3aBUCSILIMMU OT
YCJIOBUM TepMOOOpabOTKM.

Kputnueckoii TemriepaTypoli TepMooOpPabOTKU
HMCXOMHBIX HAHOKJIACTEPOB CJIEAYET CUUTATh TeMIlepa-
Typy =900 °C, mOCKOJbKY TMpU 3TOil TeMmIiepaType Ha-
YUHAETCS NX TpaHC(opMaIs B MUKpOpa3MepHEBIE ar-
JJoMepaThl (CM. puc. 6).

OTOT (hakT yKa3blBaeT Ha yBeJIWUYeHUE BKIala Koa-
JIECTEHIINH KJIACTEPOB B MIX CIIMSIHUE B 00JIce KPyITHBIE
oOpa3zoBaHus. [ToaToOMy KpUTHYECKOM TeMmIiepaTypoit
CcaMOOpPTaHM3allM TUIOTHOTO MacCHBa HAHOKJIACTEPOB
cieayeT cumrtath Temnepatypy 540 °C.

3akmouenue

YucToTra MOBEPXHOCTH UCXOMHOM MOMJTIOXKKM SIBJISI-
eTcsl OCHOBoMoJaraloluM (hakTopoM IpU camMoopra-
Hu3auy HaHokyactepoB SiGe. IToBbllIeHHE TemIlepa-
TYpbl U yBeJIWUYEHUE JUIUTEILHOCTU TEPMOOOPAOOTKU B
ra3oBOM Cpeae UCXOMHBIX MOBEPXHOCTE KPEMHUEBBIX
MOJAJIOXKEK CMOCOOCTBYEeT (POPMUPOBAHUIO HAHOPA3-
MepHbIX KiacTepoB SiGe u yBeInyeHNI0 UX MIOTHOC-
4. g caMoopranusanuu HaHokjaacTepoB SiGe Bbl-
FOIHO MaJjioe CMellleHUMe TMOBEPXHOCTHBIX aTOMOB
CJIOXKHBIX CTPYKTYp Ha YMCTON MOBEPXHOCTU C obpa-
3oBaHueM cBszeit Tuna Ge—Ge unu Si—Si.

Takum o06pa3om, cTeleHb COBEPIIEHCTBA MTOBEPX-
HOCTH CJIeAyeT pacCMaTpMBaTh KaK CYIIECTBEHHYIO
yacTb OOUIEl 3a7auyy MPUTOTOBJIEHUSI YUCTOM TMOBeEp-
XHOCTH TIepeq ImpolieccoM (GopMUpOBaHUS HAHOKIIAC-
TepoB SiGe u nojaBlieHUsI UX TpaHCHOpMaLMU OT Ha-
HOpPa3MePOB K MUKpOpasMepam.
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Introduction

Studying of the surface phenomena plays an important
role in research of the origin, growth and self-organization of
the nanoclusters [1—15]. Their importance increases with re-
duction of their dimensions. The specific properties of the
near-surface areas can determine the characteristics of the
products based on nanoclusters. In the monocrystals there are
distinctions in properties of the atoms on the surface and in
the volume. The internal part of a monocrystal can be de-
scribed as a regular repetition of an elementary cell, which
contains a small number of atoms. For an atom on the surface
the number of the nearest neighbors is less than the coordi-
nation number, because of a sharp breakage of the crystal lat-
tice. The surface atoms have nonsaturated bonds and their
chemical activity can be very high. The surface of a crystal is
usually covered by one or several layers of the compounds,
formed as a result of a reaction between the surface atoms and
the environment. Often it is considered, that the position of
the atoms on the surface differs from their positions in a nor-
mal crystal lattice of a crystal. The properties of the area of
a solid body directly adjoining to the surface can differ from
the properties of the internal part of a sample. Actually, the
surface atoms of a monocrystal are in an absolutely different
environment, than the atoms in the volume, and, hence, they
have different activity and occupy different positions. The
surface structure can change as a result of a chemical adsorp-
tion of the alien atoms. The best information concerning the
fundamental properties of a surface can be obtained from the
research of the pure surfaces [1—5, 7]. It is important to pre-
pare a pure surface and maintain it during the self-organiza-
tion of the nanoclusters.

In practice it is only possible to approach an ideally pure
surface. A surface can be considered pure, the chemical com-
position of the material surface of which is homogeneous with
the second inside layer of atoms and which is covered by not
more than one 100-th share of a monolayer of the alien at-

oms. That is why the researches of the influence of processing
of the surface of the initial substrates on formation and trans-
formation of SiGe nanoclusters are so important.

The aim of the present work is research of the influence of
cleanliness of the surface of the substrates on the formation
and transformation of the silicon-germanium nanoclusters.

Methods and experimental part

The sizes of the nanoclusters were determined with the use
of S-4800 raster electronic microscope (Hitachi, Japan) and
also by means of Ntegra Prima scanning probe microscope in
the mode of the atomic power microscopy. An analysis of
SiGe nanoclusters was done on the surface of the plates at the
angle of 30° without decoration and dustiness by a metal.

Changes of the structure of the surface of the initial sub-
strates, germanium and SiGe nanoclusters were analyzed on
the basis of the data of the spectroscopy of a combinational
light scattering (CLS). CLS spectra were obtained on optical
phonons during irradiation of the structures by Ar laser with
the wavelength of L = 514.5 nm and recorded by means of
DFS-52 spectrometer at the room temperature. The influence
of the processing of the initial substartes on the surface density
and dimensions of SiGe nanoclusters formed at 540...560 °C
was researched. Such processings were studied, which
cleaned the surface of the purely silicon substrates in the en-
vironment of hydrogen chloride (fig. 1) with the subsequent
annealing of them in the environment of argon (b), and also
in the environment of hydrogen with the subsequent anneal-
ing (¢), and in the environment of nitrogen and hydrogen with
the subsequent annealing (d). Annealing was carried out at
900...1000 °C. Besides, the substrates were investigated with
an ultrathin (4 nm) layer of silicon dioxide and annealing in
the environment of hydrogen (e), with an ultrathin (4 nm)
layer of silicon nitride and annealing in the environment of
hydrogen (f), and the substrates with an ultrathin (4 nm) lay-
ers of the oxides of dysprosium (g) and yttrium (4).
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Results and their discussion

Fig. 1 presents the topographies of the surfaces of the in-
itial substrates, subjected to various processings. As it turns
out, only the processing of the substrates with 2D-nanolayers
of the silicon oxide and silicon nitride in the environment of
hydrogen allows us to obtain a practically clean, no-relief sur-
face. The degree of improvement of the surface cleanliness,
observed during processing of 2D-nanolayers (4 nm) from sil-
icon dioxide on the initial silicon substrate, apparently, is ex-
plained by the reducing reactions between SiO, and H,. As a
result, the silicon oxide is removed and a pure surface of a sil-
icon substrate is open. On the pure surface of the silicon
monocrystal there is a sharp breakage of a crystal lattice. As
a result the external cover of the surface of the silicon atoms
(Si) is not filled completely and there are nonsaturated bonds.
It is assumed, that a consecutive adsorption of one or two
monolayers of germanium leads to formation of SiGe nano-
clusters (fig. 2—5). At that, at first, a rapid formation of the
first monolayer of SiGe is observed, and then a slower for-
mation of the second and of the third monolayers of SiGe.

The number of atoms of germanium (monogermane),
adsorbed on the surface, is possible to present in the form of
N = a + blgt, where ¢t — time in minutes, a and b — the pa-
rameters depending on temperature; a depends also on the
pressure of monosilane (SiH,) and monogermane (GeHy),
which are used for formation of SiGe nanoclusters.

Values of a and b depend on the cleanliness of the sur-
face, level of doping and the crystallographic substrate ori-
entation, and also on the type the nanosized 2D-covering of
the initial substrate from the planar side. For Ge u Si during
their use as sources of GeH, and SiH, in LPCVD on average
a = 8.5x10M" atom/cmz, b= 12x10" atom/cmz, after a
five-minute interaction with the surface of the initial sub-
strate. The degree of covering of the surface by SiGe nano-
clusters increases on a freshly-prepared surface of the sub-
strate in the row — a pure substrate with processing in hy-
drogen chloride and the subsequent annealing in pure hydro-
gen (fig. 2, 3), a substrate with 2D nanolayer of dysprosium
and yttrium oxides after a heat treatment in the environment
of hydrogen (fig. 4) and a substrate with 2D nanolayers of sil-
icon oxide and silicon nitride, after a heat treatment in hy-
drogen (fig. 5). Such an increase is connected with a high
density of the torn off bonds on the freshly-prepared surface
of the initial substrate. A consequence is an increase of the
number of the bonds connected with germanium and silicon
during the self-organization of SiGe nanoclusters [12, 15, 16].
In case of GeH, four Si—H bonds are formed and four surface
atoms of Si are connected with one atom of Ge, during ad-
sorption of SiH, molecule four Ge—H bonds are formed and
four surface atoms of Ge are connected with one atom of Si
[9]. As a result, nanoclusters of SiGe composition are formed.

Thus, in case of a monolayer filling of a pure surface of a
silicon substrate with monosilane (SiH,) and monogermane
(GeHy) the full number of bonds is equal for all the gases and
is simply equal to the number of the surface atoms of silicon
(Si). Since a full desorption of hydrogen occurs at the tem-
perature close to the decomposition of SiHy, it is obvious, that
hydrogen is connected with the silicon surface in the same
way as in SiH,. The surface filling can be calculated, if the
number of the silicon atoms per 1 cm?is known. For the plane
(111) it is equal to 7.84 x 10", for (110) — 9.58 x 10'4, for
(100) — 6.78 x 10", Therefore for calculation of the filling
we assumed the number of atoms of silicon per 1 cm? equal
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to 8 x 10! The divergence of the values of @ and b at dif-
ferent methods of processing of the substrate surfaces can be
connected with a change of the number of crystals with the
given surface orientation a or with the number of the non-
saturated bonds. In this case the coalescence does not limit
the speed, because germanium and silicon are delivered from
the gas phase. SiH, decays into Si and H, at 450 °C and
GeH, — into Ge and H, at 350 °C. Hence, for formation of
SiGe it is natural to bring SiH,—GeH, mix in contact with the
surface of the initial silicon substrate heated up to the temper-
ature of >450 °C in order to generate SiGe nanoclusters.

Fig. 1—5 present the evolution of the change of the sur-
face relief of the substrates, and also of the nanoscale and the
density of the nanoclusters after processing with a change of
its conditions. It is visible, that the substrate surface is mostly
covered with the arrays of the nanosized, mainly cone-
shaped, formations (fig. 3—5). It is necessary to point out,
that an increase of the temperature and the period of the ther-
mal influence on the system of the freshly-prepared nano-
clusters leads to their integration in the agglomerates, larger
by the height and lateral sizes (up to microdimensional scale)
(fig. 6) [16, 17].

Fillings at the stage of the origin of SiGe nanoclusters with
the use of SiH, and GeHy as the sources of Si and Ge on the
pure surfaces of Si and Ge are characterized by correlation of
1/2 SiH4 and 1/2 GeH, per one surface atom of Si or Ge.
From here it follows, that on the pure surfaces of Si and Ge
there should be an adsorption with a dissociation and forma-
tion of Ge—H, Si—H and Si—Ge bonds. Hydrogen is com-
pletely desorbed from the surface of Si and Ge at 300 °C,
which is practically the same for all the adsorbed hydrides.
For silicon this temperature is equal to 500 °C, and it is close
to decomposition of SiH, and GeHy [9]. There is a correla-
tion between the partial pressure of SiH, and GeH, and the
surface density of SiGe nanoclusters [9, 10, 16].

The gases, which are adsorbed on a pure surface of the in-
itial substrate in significant amounts, also produce a strong
impact on the surface density of the nanoclusters.

In all the cases, at the beginning, the chemical adsorption
of SiH, and GeH, leads to an increase of the density of the
nanoclusters, and then to its decline. During preparation of
the pure substrate surfaces, at first, atoms can be formed on
the crystal surface with the free bonds and the acceptor prop-
erties. This is energetically very unfavorable. As a result of
small displacement of the surface atoms, more favorable is
creation of the complex structures on a pure surface with for-
mation of Ge—Ge or Si—Si bonds. Experiments concerning
diffraction of the slow electrons demonstrated existence of
structure — 8 on the plane (111) Ge (surface Ge (111) — 8x38)
and of structure — 7 on the plane (111) of pure surface Si
(surface Si (111) — 7% 7), which for silicon is considered sta-
ble (fig. 7). Formation of these structures on the pure surfaces
can weaken their acceptor properties. Nevertheless, since the
situation on the surface is energetically unfavorable, the at-
oms on a pure surface possess high activity. Chemical adsorp-
tion of small quantities of SiH, and GeH, pulls some atoms
out from the surface structure. Those atoms appear in the en-
ergetically less favorable states characterized by stronger ad-
sorptive properties. This leads to a capture of a bigger number
of atoms of Si and Ge. Adsorption of a considerable quantity
of SiH, and GeH, reduces the number of the free surface at-
oms and the surface density of SiGe nanoclusters with an in-
crease of their sizes. Thus, a degree of perfection of a surface




should be considered as an essential part of the general task
of preparation of a pure surface before formation of SiGe na-
noclusters and suppression of their transition from nanosizes
to microsizes. It would be ideal to receive an atomic smooth
surface, parallel to the set system of the crystallographic facets
and not containing defects of the lattice or pollution. But
practically it is important to know the maximal deviations
from an ideal case and to define a possibility of realization of
the demanded conditions. In order to receive the required de-
gree of perfection of a surface in the massive monocrystal sub-
strates or films it is necessary to apply special methods for the
surface processing. The heat treatment and the speed of cool-
ing of the substrates with SiGe nanoclusters also influence
their structure, their sizes and even composition. The an-
nealed samples of the nanoclusters undergo a transformation,
the result of which is a transition from a nanoscale to a mi-
croscale (fig. 6).

According to ACM data, the value of the mean-square
surface roughness (R,,,,) was determined, which did not ex-
ceed 4 nm. Growth of R, from 0.5 up to 4 nm was observed
with an increase of both temperature and time of the thermal
influence [16]. The increase of the area of the sites of a con-
tinuous surface and R,,,, with a rise in temperature and time
of the thermal influence in LPCVD is typical for the self-or-
ganizing SiGe nanoclusters during deposition of the ultrathin
films of the polynanocrystalline silicon alloyed by germanium.

This is due to the fact that at the thermal processing the
atoms, deviated from the ideal positions in a crystal lattice,
create additional force fields, and this results in a change of
the elastic properties of the nanocrystals. Its surface itself is a
defect. The relaxation of the near-surface atoms changes the
rigidity of the crystalline particles in this area, and, therefore,
the compressibility of the nanocrystals depends on the state of
their surface and its size as a whole.

From above the range of the temperatures of the heat
treatment is limited by transformation of the nanoclusters into
the ultrathin films as a result of their recrystallization, and
from below — by a very small speed of their mobility, which
ensures the nanosize scales of the clusters [4, 16, 17].

An analysis of the Auger-spectra of the SiGe nanoclusters
on a silicon substrate with SiO, and Si;N, demonstrated, that
during their oxidation a sharp transition was created between
the SiGe layers and the substrate, almost the same, as the one
between SiO, and the silicon substrate. At least up to 950 °C
no obvious interaction of germanium with the other dielectric
layers, such, for example, as SiO,, Si;N, and its diffusion, was
detected [17].

The fundamental research of the growth rate of the nan-
oclusters depending on the temperature and time of the heat
treatment demonstrated, that their mobility and integration in
agglomerates were the multistage processes, depending on the
conditions of heat treatment.

The critical temperature of the heat treatment of the initial
nanoclusters should be considered the temperature of >900 °C,
because at this temperature their transformation into micro-
dimensional agglomerates begins (see fig. 6).

This fact points to the increase of the contribution of the
clusters’ coalescence to their merge into larger formations.
Therefore, the critical temperature of the self-organization of
a dense array of nanoclusters should be considered 540 °C.

Conclusion

Cleanliness of the surface of the initial substrate is the ba-
sic factor for the self-organization of SiGe nanoclusters. A rise
in temperature and an increase of duration of the heat treat-
ment in the gas environment of the initial surfaces of the sil-
icon substrates promotes formation of the nanosized SiGe
clusters and increase their density. For the self-organization
of the SiGe nanoclusters a small displacement of the surface
atoms of the complex structures on the pure surface is favo-
rable with formation of bonds of Ge—Ge or Si—Si type.

Thus, the degree of perfection of a surface should be con-
sidered as an essential part of the general task of preparation
of a pure surface before the process of formation of SiGe na-
noclusters and suppression of their transformation from na-
nosizes to microsizes.
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Yupexaenue benaopycckoro rocynapcTBeHHOro yHUBepcuTeTa "HaydHo-KcclienoBaTeIbCKUii MHCTUTYT
dusnko-xuMmmnueckux npodiaem” (HUM OXIT BI'Y), Munck, benapych

K TEXHOAOTUU U3TOTOBAEHUSA HOMC-YCTPOMCTB

Ilocmynuna 6 pedarxyuio 29.09.2016

Paccmampueaemcs 603moxcHocms npedenvrozo ymenvuieHus pasmepos MOMC, HOMC u dpyeux munuamiopHbix npubopos 6
MEXHOA0UU UX U320MOBACHUS MEM0Jamu MACKUPOBAHHO20 PACMEOPeHUsl Kpucmania. /s 3moeo Heobxooumo ucnons3o8anue cne-
UYUAAbHBIX pacmeopumeneli, NO3G0AAUUX NoAyHams uzdeaus ¢ "udeasvrvimu" nogepxnocmamu. Ilpedracaemes nymos co30anus
MAaKux, NOKa Heu3eecmHubIX, pacmeopumenetl, OCHOBAHHbIU HA AMOMHOM MOOCAUPOBAHUU NPOUECCa PACMEOPEHUs.

Karoueewie caosa: munuamropuzayus, HOMC-mexnonoeus, amomapras mouHocmy, MACKUPOBAHHOE PACMEOpeHUe KPUCman-

Ad, amomHoe ManﬂUPOGLZHMe

MuHuaTIOpU3aLus pa3InyHbIX TPUOOPOB SIBJISICT-
Csl OMTHVM M3 BaXXHBIX HATIPABICHUI Pa3BUTHS TEXHU-
ku. B pabote paccmaTprBaeTcsi BO3MOXKHOCTb KOMITbIO-
TepPHOTO MOJEJMPOBAHUS TIPU COBEPIIEHCTBOBAHUU
npoliecca MacKMpOBaHHOI'O PacTBOPEHMSI KpHucTasia
(MPK) — onHoro 13 3(p(peKTUBHBIX TEXHOJIOTUYECKUX
MPUEMOB, IIMPOKO HCIOJb3YEMBIX B IPOM3BOICTBE
MUWHUATIOPHBIX TpUOOpoB. Takue uzneans: U3roTaBiu-
BaIOT I'PYMIIOBBIM METOJOM B HECKOJIBKO 3TAIlOB ITyTEM
pPacTBOPEHMST COBEPIIEHHOIO KpUcTayla B OKHax Ma-
COK, HAHOCHUMBIX Ha moBepxHOCThb. Heobxoaumas To-
MOJIOTHUSI MAaCOK Ha KaxIoM 3Tane (GopMUpyeTcs Me-
TOZaMU MUKpPO/HaHoimuTorpaduu. JJaHHYI0 TeXHOJIO-
TUI0 MOXHO HMCIIOJIb30BaTh, HAIpUMEp, IIPU U3TOTOB-
JIeHUM cyoxHbIX 3D-koHcTpykimii MOMC/HOBMC-
MprOOPOB THUIA TUPOCKOIIOB 1 aKCEJIEPOMETPOB Ha OC-
HOBE MOHOKPHUCTAITIMUECKOTO KpeMHUs. [1peaeapHbie
TEXHUYECKHUE IMapaMeTphl TAKUX IIPUOOPOB 3aBUCHT OT
mouHocmu u3eomoeaeHuss PopMbl AeTaeit, OT KauecTna
HMX OBEPXHOCTEH.

IIpu coBepllieHCTBOBAHUM TEXHOJIOTMI Ha MYyTH K
€CTeCTBEHHOMY Mpeaey MUHUATIOpU3ALMY U3NETUN —
amomHbIM pazmepam demainell, TpeOyeTCsl COOTBETCTBY-
[olee yaydqilieHre TOYHOCTU M3TOTOBICHUS. DTO BO3-
MOHO, HalpuMep, NMpU Pa3BUTUM TOIXOAOB, OCHO-
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BaHHBIX Ha MTOATOMHOI COOpKe KOHCTPYKLMIA 30HI0-
BeIMU MeTogaMmu [1, 2]. OgHako Takue TEeXHOJIOIUU
CJIOXHBI B pealu3alMd W MaJONPOU3BOAUTENbHBI.
MPK-MeTonuku xapakTepusyloTcsi HauboJjiee BbICO-
KO TTPOU3BOIUTEILHOCTBIO CPEAN U3BECTHBIX TEXHO-
JIOTUii. Amomapuas moyHocms HOPMUPOBAHUST KOHCT-
PYKLMH € MX MCITOJIb30BaHMEM TaKKe BO3MOXHa, HO B
HacTosillee BpeMsl TPYAHOIOCTHXXKMMA BCJEACTBUE He-
JOCTAaTOYHOM M3YYEHHOCTH MeXaHM3Ma BO3HMKHOBE-
HUSI M Pa3BUTHUS Ae(HEKTOB MOBEPXHOCTU KpHUCTasia
MIPA pacTBOPEHUM B pa3IMIHBIX cpemax. CoBpeMeH-
Hble pacrnpocTpaHeHHble MPK-TexHomorum ocHoBa-
Hbl Ha TUIAa3MEHHOM U XXUJIKOCTHOM pacTBopeHuu. Of-
HaKO MOBEPXHOCTU MMKpoAeTalel, (OpMUPYIOIIUECS
JaHHBIMUA METOJAaMU, HEJOCTaTOYHO IJIaHAPHbI, UMe-
10T CJIOXHBII TPYAHO KOHTPOJIUPYEMBIA pesibed c ae-
TajgssMu pasMmepom 1o 10 HM u 6onee. Pasmep nedek-
TOB TTOBEPXHOCTH BO3pacTaeT MPH YBEIUUEHUU TITyOu-
HBI TpaBJieHUs1 Kpuctauia [3—S8].

B mepcreKTUBHBIX MUKPO/HAHOTEXHOJOTHUSIX XXe-
JlaTeIbHO (hOPMUPOBAHUE AMOMHO-2AA0KUX NOBEPXHOC-
meii ¢ oIIpeAeICHHON KpUcTaaorpapuyeckoi opueH-
tauuein. OnHoil n3 3P@PEeKTUBHBIX COCTABISIOIINX B
Jiesie M3YYeHUs Y COBEPIIIEHCTBOBAHUS IIpollecca pac-
TBOPEHMSI KpHUCTasla SIBJISIETCS €ro MOJEeJMpPOBAHUE




