) Vol. 5 No 4 2023

Georgian Scientists
L Hemana ’
- C NLENIN

00
00

JoOmgzgo d93bog®mgdo

; GEORGIAN
SCIENTISTS

Vol.5 Issue 4, 2023
https://doi.org/10.52340/gs.2023.05.04.15
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3393d 99¢o© 8600369wm35605 03MMmgergdGHMmagdobolzm®o Lobdgdgdol @H9dbmermyogdols
©50935390580.  J0vbgozo  9doly  E®IOLLMZOL  vMLYIMBIL Yoo  0bFMOTs3E0s
65b9356350BHMMEo  oboergdol  0bgbGHoMmgdol  3Mmi3gLbgddo  dBsMdOL  [o®Bmddbs-
393639 9d0Ls s MP3930L YBMOTS300L d9dsboBTgdoL Fglsbgd.

65dG™ddo (omdmpgbowos 30396LOL 0bgbGHMOBY dm©9gdwo FodlodowMmo IGHI0MMZ0L
ROOOM  ©0335HMmbdo  Lofigobo s 12 g3  gbghool  gwgdBHOmbgdom  slboggdmwo
dmbm3MobGoww®mo n-Si (100), p-Si (111) o p-Si+25@3.%Ge (111) 60313gdol ©M9350MdOL
dmol, d03zMmBoLLEoLs @S dBIM-HoMdmJdbols Fsbslosmgdgdols  33erg3ol F99a900.
30Bmd39%0  LEOMWPIOdMES  3039OLOL  dgoomeoo  Shimadzu  DUH-211S  Lob@gdol
2 GH53030MEJLGHIODY Msbols 39d39MoE MOl 30MMdYdT0.

653969005, H®A Lsfyol damdsmgmdsdo (111) mMogb@sgool p-Si gvdgdegdo bslosm©gd0sb
090569800 o0 MY39MOOL FMEMEOmMs s F03MMLOLITOm. Fo0swgbgMygE03mwo
999GH™Mbgd0m ©slboggds 0f)393L Lodogg 60dmdol 3gdsbo3Mo FobslosMGdGOOL 535 gdss,
53 9B 5M0OL 259MLobYo p-E030L dmbm3MoLEIwH Lo ooddo.

06096GH0Mg00L 56509300l ©O0sMbIEgOOL gol3M03 3930 3I O ¥BIMGIOL LogaMdol
3obLOBOZMOL  LyxMdzgwDHy  JgnLYOIEos BodMdol BgsdoMBg BdbsMGOOL  Fomdmddbol
3003H03Mwo  dsd30L  0b6GHIPLOZMIOL  BoJBHMMO  (dsbGHo  ME3g30L  3MgB0E0gbEGHO 9B
0boOIJEIYMBS) > 3930V JBIIGNIOO 9bgMHRO.

03bEGH0 M®3930L5030 90O FJOIAMBS SHsL0SMYOL P-Si -0l BdxdMY9dL (111) LodGMEHY99dDY.
99JGHOMbgd0m ILLO3ds 99X MdJLIOL p-Si -0l dWIBGHO G®M3930L FobolinsmgdEgdls. p-
Si+25@3.%Ge  996500bmdoL (111) MmG0gbEosEool §w9dgdiggdol dBsMmTgEgaMds bolinscgds
<3600369wm  BOOo®  gwgdBHOMmbgdom  ILbOgxd  BEYMTsEgMdsdo.  0bgbEHoMmgdol
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36m 399030 p-Si+253).%Ge 99bsbmdolL d9Joboze ™30L9d9dL, Boc FmMolL dersbEo dbbgmgzol
9oboboomgdgdl  gobloBmzMogl  MmMo  MOHPDOIODLISOMOL3OOM  BoJBHMOO: MDY,
53930060930 OEO SGHMIMNMO M5EO0MLOL gHdsbomdol 5EHMTGOMID s obdEHI0390s,
5393006930 0bgbEGHoMgdom LEH0IMNWOMHPPIMWOo BsHBMOmO 25MHIJIBOL 3OMmEgldo dg@o
50 9bMd00m F5oo LodBHI0E0L B-35¢0l BmEon03s300L SiGe- I GsBol Fo®dmdabslmsb.
153396dm LoGygzgdo: IMbm3MOLEIWMGO Si, SiGe 99bsbMdO, 0bEYbEGHOMYds, desbEo JbbgzMg3s,
9036mboboeng, 69350™d0L Mo, 9e9dE®mbgdom aliboggds.
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15099 M, OO 06E M MEMO BJgdqdoLy S J03MHM-s Bobm gangd@Mmdgdsbozm@o MEMS o
NEMS Ubob@gdgool 9gboddbgars. bobgzs®masd@otvamo bganbsfigmgdol m3EHodobogools s
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3M6@&99dGH0m 0bo3oMgdMwo MH3930L 3MM39L9d0L d0BgHBYdIOL Y.

gbmdowos [1,2], ™3  25bLsBO3OM  J0OMdGOIo 06 bEH0MIO0m  BMOI0MYIYWO
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0DoM900Ls O 500 2563EHMGd900L LoMIOL 3OM3MEM30E0 MP3930L BLodBE Y 360T369gEM356
393965l 9bgbl Fsbogrgdol dgdebozm® LodEH3oEg Y.
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C §o63mo0g9gbl dBoeol LogMdgl, P s@3060Hm3sL 0bqb@Hm®m®g, beem E/H sGols dmpuyerols
39983560905 30360mBOLsWglmb.

dBoMol  359mIM9390900  3O0GH0IME0  dogws by M3930L  969M05  2obolaH®3zMgds
RMOIMoo [4]:
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3098303096@¢0 Kic sbsbagl Lobaerols M©3930L LOdWSBEJL 56¢9 dBBIMTGYMdL. dolo LoEoY
59M 3000909905 Bs®Bgbo 96509FOL 0MHY3e0g sOBGOVIEO dod3900L AobHowgdsDY.

dg4oxqg dsboengdol, 39MHdmE Bobgz9M593Md0L, 0bbEGH0MYdOL 3MMm(39LgdoL Fobsliosmgdgwro
99996037960 dsd3900L 06EHIBLOZMOOLS S LOZOEMW 2sbsfogdsbg 360369 M36 gogargbsls
3bgbL 5EH™MIMITMOOLO 35390000l MP3930L, LEHWYIEHMOEO IRIIGIOOL Ho®dmJdbols o
9dMH5md0L, 53M9gm3g LAMMIEGHMIOM-GBsBMMO F9MsJIBol 3OMEgLgdo 2oMgdg dgdsbozmMo,
09O3MWo @S BOOS30wo  Hgdmgdggdol  306MHMdYddo.  gaoMgdYIemo  FsLaerols
LAHOMIBHMOT0 393JOMYI6MM© b0 IBMOTS300L 5609900 s 3MbEIBEGHMEOOL
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230500963900 0@ OHMEL SLEOMEGdGb dBsMGOOL HoMTmJdbobs s ogM3gEgdol, sligzg dsbol
3905@B0l 3MMm39LYd30 dM(3EXMB0EB BYI30MHOL F0T>MCGOO.

Bsd0mddo  (omImaqboos oo gbg®ygdHozmwo gwgddHOmmbgdom  sLlbogzgdo
9mbm3MH0LEGHIWMOHO Lo oEo)dobs s SiGe d9bsbmdol MGABEOOZ 3;MmEP0Mgdwo §3w9dgdMg ool

0DoMmIggamdol dglfogerol 9993900. MmM039 15331930 60dMdol 3PMO JgdEHOMHobswmds
5-10030.53-05 9gb50530LO, IHOL ToEHoMmgdgdol 3Mb3EIBEGHMsE0s 10M1-10% L33 MHoaoLss s ob
5GH™MAMIIMOOLO 3530060l doegdbg  MAbodzbgerm  493agbsl  sbgbl.  dBMmIGLIYMOIBY
d9Lsdergdgos  3603369wm3560  203w9bs  BmobobmU QOEO  5GHMINOO M50 MLOL
3963560900 900058 253 %-0g. SLgo 30MHMdYdTo LoroEowdol 3MoLEHIWYG dglg®do
3MOIOMEIOS Fowseo 06E9bLogMdOL, MMHMOYOHNHBIPPIOIMWO IBMOTI3Z00L 39¢GO0
LAHOMIGHMOSdo  Ho6dmogdbgds Lbbgoolbgs BmIob derm3zgdom Tgygbowo  WxGgm3s60
OLEM330900  LEAHO®WIGHMOS.  dM3Gd0  BILOIMYd0SD  FgMTsbomdols  2oblibgogzgdmemo
3M6396GHM300m5 5 OLEPM 3530900l Joworo 033300300 dM3GdOL 2odyma3 LsbE3™MgdbY.
SiGe 9965006md0L LGOI BHMOST0 JE9gdEGHOMDIO0 M5EOsEOSL T95J3L bbgoolbgs dgzMomdol
3063950  MOPOSE0ME0  ©IRIJHI00. oLobo  mmMsbol  3H9a39MeGHMOOL  3060H™dYdd0
06@9bbomGo  dmddggdgb  gMM0TGMOJLMID @S  FoEG®OEsdo  ILLO3)dITEY  SOBYIVYP
©989JHJOMB. o  MOHD0gOHNJIGOIOL  OLEM3ISEONO  LEAMYIBHMLMIE  Fgmdwos
9600369¢mgbs  dg33ocml  d9dsbozmEo  m30Lgdgd0 s  0bbGHOMgdoL  3GMEgldo
©9IBMOHT5300L 496300050900l 306HMBYOO.
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Bob.1 Lafyobo 6odMdgdol dBsH)IaMdOL ITMI0WIIMgds 0bEIbEHMODY JmEadrIE
95Jb0d>E MO IBHZOMOMI>DY.
1. p-Si, (111) 2.n-Si, (100) 3. P-Si+253%Ge, (111)

Bob.1-Bg fo@mdmepgboos Bszgwrgzo Si s SiGe 608mIgdol 0bgb@HomMgdol 3Mmglgddo
03bBHo MHM3930L 3m9n03096GHO0L (3300 gdgd0 0bIBbGHMOBY dmgdMwo  Fogdlodsw o

Georgian Scientists/do®mnggwo dgisbog@gdo @.5 N 4, 2023 172



©53300m30L 100-1250 36 ©0535BMbTo. Bob.1-sb BsbL, B3 dobodscrm® ©oEG30MHM390Dg
99JGH™Mbgdom ©sbboggds offgg3l n-Si—ob dbsMmIGEIYMOOL JomdXMdJLYOL. 0bEIBbEHMODY
9mgdMwo  oduodoMmo  IGHZ0OM30L  oBMs 0f)393L  Lsfyobo s gEgdGOM™bgdom
©sLb0gxdo n-Si—ol dHMTGYYMOOL F9d30609dsL. FoLE IEHZ0MM390Dg 06 gbEMdOL
36MHm3990d0 300bgds bbzoolbgs MMm0gbEsEool dBsMGdOl Fo0dmddbs o go3MmEIwYds
6094930l B9s306HDY ©s FMEWWMdSFo. BoLswgbgtag@olmwo guwgdd®mmbgdol sbboggdoom
RMOHIOMGIMNWO  M5O0530)0 ©IRIJBHI00 IMbsFowgmdgb OoLEM3530900L dErm3oMmgdsdo,
oL 499m  FMboErmEbgwos  3ersliGoldOmdol  gowol  dgdioMgds  0bgbdoMgdom
06093060900 IRMO 5300l 3OHMEJLYdJ0.

060096@M™MHBg 9mgdmen domser oduodowe ©sGH30MH™M390bg Lofyolbo s gugd@®™bgdoom
©sbboggdeo n-Si-ob 60dMdol LEHOWJGHIOOL GM3935 369dGH03MWI© JOMNBIOG J0MMd7dT0
d000bsMgMmdL.  39MHdm©  9OHPOOMMWI©  06FHIBLoMMI©  808E0bIMJMBL  MoosGO,
390005699M0 @5  Lbgoolibgs 035 qdol  dmEmEemdomo  dHBsMgdol  BmOmIoMmGdS
395390005 969MH29BH03NWO© bgwlioy®gwro 3MOLEIMYMIB0Io J0dsOHMMEgdgdom. 9
39M90mgds 4055303909  sLEbMWos  ¥BIMTIJOIMIOL ObEMmgdom  gembsoMo
396mbbmdogMgdom 99930690500  0bIbGHMODY  ImgdMo  Fooero  FoduodogrEo
©53H3060m3980L 0535HMbT0. 50b0IbM 30MHM3IOTo 0DMHYdS dHIMTJIOIAMIOL ZoBLEBOZMOL
3OMI0Gds, M3 9393009005 069bEH0MdOL 96509FadDY BoJLoMgdMwo dBIMGOOL
6533509306 39303900l §Ox030  39B6MbBMT0gMgOoLIYSD  doobMom.  Lbgoalibgs
M609b@300l Fowseo 063 blogmdols dsd39d0l YMHM0gMmJdggds gobsdoMmdgdL dbsMgdol
65335009300 2936390 9d0L 25obGJOL HHR030 396MEBDMT0HMH9d0.

Si+25@%Ge d9bsbmdol byzgwro 603l dBIMmIYIRMdS B9 IMYO0? LGSR F3060©YdS
0609bGH0M100L  odoew  F5JL0ToEO  IBZ0MM390DY, OMmEILs3  Bo®Bgbo 965D FgdOL
3Mmbggdmeb dgobodbgds dbmermE iOB030 Moo OHO dBIMYd0. Tooew  Foglodsy®
©3H3060m390Dg M50 MOHO  dHBsMYOoL Log®dg 0BMEYOS, DBmyxgH T9gobodbgds Tosmo
2393039 gd0l  doMO0MOEO  J0TIMMNYGOOEB  AoIbMS,  saMgmzg dBoGOL  55335¢93%Y
063930l 5 Logggby®adol [omdmgdbs. oo OGHZ0MHM39dBg  96539Fgdol bmbsdo
0bMYds 930609 DBmIol 653LbgM93900L MHOMIbMdy. Fo®owo 9bgeyool  gwgdE®M™bgdoom
©sbb0ggde  daMIsMgmdsdo  BoJLOMGIMOs  AMGNZg  JEBLGOIMMO s MHM3930L
Q©IBRMOH 530900l dHBMgdOL 6533509308 GO MHY0gRBO.

Si—bs o SiGe 9965006MBOL BBIMTIOIAMIIMS IBEMYO00 JOMNDBI0MO 356MEDMI0gMHgdOL
(33093900  SBobogah o098y s Fobsgobo dsd3900L  A93egbsl  Fomor  IGHZ0MHM39dbY
06096@H0M9000 06030090 ME MM IBMOTSF0ME 3MM39L9dT0.

15330030 Si s Si+253%Ge 60dwYdqd0lL oMo IEBHZ0MM390Dg 060IbEHOMGdIOL 6509 FdDY
53006930 BBIMJOOL DBoYDooLYOMHO BMOTS Fob30MMBYOMs FoLowo 0bEgblogmdols
3olG03MOmo s dYyoxyg ®®3930L  IBRMOT530000  3OOLEIMOL  IMEMEIMdsdo.  dsd39d0L
bogMEMEo  gobsfowgdol 139301036  F98mbz9390d0  dBsMO 2930 E3gMYdoL  3OMEgLdo
d9L5d 9B 23I0bIOML FoJLOTSEMMO A5F0T30L d503900L LOJBGEHY0WID S J93M I IL
03930L50030 B0 [obss0dgamdol LodGMEHYgHY. 36MmdOWOs [7], HMA 3B TglsdwgdgEos

Georgian Scientists/do®mnggwo dgisbog@gdo @.5 N 4, 2023 173



2393039l 3900 3MOLEHIWMAMIR0MYWO  0bEYJugd0sE LodOEHYGDY. 99539 bSIGMIOL
33GMOMS InLsHBMYPdom 09 3039MLOL 0bIBEMMOL EOsAMbsEro FodsOmeo 0gbgds (001) 56

(110) ™mG0gb@sgoom, d580b dBsG0 dglodergdgeos 25303l (110) LodMGHYg by s
Do0mgdbsls a/3 <111> oligrm3s30wMo 3s6ry)H9d0.

993960096 GMeds  2obmdzgdds  9B396gL  ~  10MA?  Farmablol  FomowgbyMgBHoz o
999GH™MbgdoL aliboggdwo n-Si s Si+253%Ge d96sbmdol MY35MdOL FMmEEIOLS
9036mboboeol bl o Jo@gds 30390LOL 06IbEHMOBY mEYdYo JodBodowMO IBHZOMMZ0L
100-1250 96 ©©0535Bmbdo. Lyfigobo s ge9gd@M™Mbgd0m ILLO3xdYIO Sit+2s3%Ge J9bobmdols
06096GH0M100L MY35MBOL FMEEPOLs s F03MMLOLIOL FgEIMIOOMO TGEHOIP 5ToVGdS
396306HMd900s 06g6EHOMGOOL 3Mrm39bd0 2sDBOHPOEO MoMmEIbmdom dg@sw®o Si-1I GoBol
13MOHI0MYd0m 06gbEGHMEMOL (39OMLs s o@GMmOE0L 4939mey BoDBPZIMDBY. domswo dgdsbozm®o
30L90900L IgEHowymo Si-II gsBol 453cgbs J9bobmdOL LEHMYIEHEOMErsE—-ayMmAbmdOIMY
530D03990-0935603796  »30U909dbg 9600369crm3zbs F30MmEIds 0bIbEHMODBY Fm©Idro
35050 IGHZ06MM30L  30MOMJdTdo, OMmEILlsg  J0dobsMgMmdl  BodMJol  ImEEMdSTo
06@9bLomE0o 3EsliB03MEMO s 84oxyg HM3930L 3OHMEILYdO.
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Bob.2 Bo@oegbgMa9E 03290 9e9d@GOM™bgdom alboggdeo 6oddgdol dHsMggeMdOL
©59M 3000939 9ds 06gbEHMOBY IMgdEn Fodbodoerm® OGHZ0MOMNZODY.
1. p-Si, (111) 2.n-Si, (100) 3. P-Si+253%Ge, (111)

Ge-0m 9009090 Si—0l 69350Md0L IMPWOo s dMIOMBOLOWY N-Si—msb JgsMgdom
95050 BOEOWIYJO0! boLOIMYD0D, M3 2ob30MMIGOME0s 0bEIbEHOMGdOL 3MMm39LgdT0
Hom0mgabo gsBsms 6569380 omaero LodE3oEob P-39¢ols Imoxgo3szool SiGe-II gsBol dsliols
DMHEom. n-Si-msb Igomgdom SiGe dgbosbmddo dzoMmEads dHBMdOL  FoMdmgdbolodo
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390093Mds. B9 IPMIsMgMdIT0 T gbgMygEH03o JgdBHHMMbgdom alboggds Lo
DOHOOL dEBEH0 M®M3930L 39B0(3096EOLS WS MP3930L 9BgJEHMMO 9Byl I60T369MdIIL.
P-Si-ob (111) bLod®EYyggdHg FoLsE0s MY3500Md0L BMmEMEPOLs S JozMMBOLswol LoOYYdo
0609bBHMObg Imgdmwo ©sBH3060m30L 100-1250 36 ©0535BMbTo. omowgbgdyg@ozmwo
999G Mbgd0m lb0ggds Jqlsdhbgzem 9350 qdl 39J5603M0 M30L9dgdOL JobolinsmgdEgdLs.
0BMmYds 939 0DMIOOL  FoMIMJdbolodo dggamds. TgbodergdgEos  gE9d@OHM™bgdom
©sbboggool  3MmEgLdo  MBEOS30MWo  IRIJHJO0  dMbsfowgmdgb  0bgbEHmO-bodmdols
39990 x30 BsDBPZOHOL HBMbsTo Y3500 03930l MYEodLo305d0 EOLEPMIZSEOMEO 3eIlEH03YOO
©9x8MOHI>300L  dgdsboBdom. sbgm  30MmMdgdT0  9byMYgBHOZMWI©  Fodbgwgdmos  dgoxnq
adlbbgM930L IBMOT>305 s FgAO 95xMR05 MBS sOLIOR ML 4oBLEBOZOMWO FH030L dBsMYGOOL
BobobgoLs s 93039 gdolsmzoL bodmdol Bgs3om®Bg s IMEWEMdSTdo.
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Effect of highenergetic electrons irradiation on the fracture toughness characteristics of

Si and Si+2at.%Ge wafers
Giorgi Darsavelidze, Kakhaber Shamatava, Avtandil Sichinava, Ia Kurashvili, Marina Kadaria
Tlia Vekua Sukhumi Institute of Physics and Technology,
2Sokhumi State University

Abstract

Crack resistance of silicon based materials wafers have a vital meaning in development of
microelectromechanical systems technology. Nevertheless, there is currently little information about
the mechanisms of crack formation, propagation and rupture deformation in the processes of
indentation of semiconductor materials.

Present paper deals with the investigation of elastic modulus, microhardness and crack-formation
characteristics of the monocrystalline n-5i (100), p-Si (111) and p-Si+2at.%Ge wafers in the initial and
12 MeV energy electrons irradiated states, over a wide range of maximum applied load on the Vickers
indenter. Measurements were performed by the Vickers method on Shimadzu DUH-211S system
ultramicrotester at room temperature.

It is shown that in the initial state (111) orientation p-Si substrates are characterized by relatively high
elastic modulus and microhardness. [rradiation with high-energy electrons leads to an farther increase
in the mechanical characteristics of all three samples, which is more expressed in p-type
monocrystalline silicon.

Based on the evaluation of the length of the cracks propagated along the diagonals of the residual
impressions, the critical stress intensity factor for the cracks formation on the sample surface and the
effective rupture energy are estimated.
p-Si substrates on the (111) planes are characterized by high resistance to fracture toughness. Electron
irradiation improves the fracture toughness characteristics of p-Si wafers. Crack resistance of the p-
Si+2at.%Ge wafers is characterized by a slight increase in the electron-irradiated state. In indentation
processes, the mechanical properties of the p-Si+2at%Ge wafers, including the fracture toughness
characteristics, are determined by two opposing factors: softening associated with germanium atoms
with large atomic radius and hardening associated with the formation of more high-strength beta-tin-
modification SiGe-II phase during the indentation-stimulated phase transformation process.
Keywords: Monocrystalline Si, SiGe alloys, indentation, microhardness, elastic limit, electron

irradiation
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