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BILJIMB PO3MIPY 3EPHA MIJTHOI NIJIKJIATKU HA KIHETHUKY
®OPMYBAHHSA TA MOP®OJIOTTIO IHTEPMETAJIITHUX ®A3 Y CUCTEMI
CU-SN

3’eonannn y cucmemi Cu—Sn € KIHOU0BUM eNleMeHmMOM V MeXHON02li 6Uc0mMOBIeHHs.
MIKpocxem cyuacHoi mikpoenekmponixu. Ha meosici konmaxkmy mioi ma onoea nio uac npoyecie
navku i nooanvwioi excnayamayii opmyromoca inmepmemaniyni ¢pasu CusSn i CusSns.
@Dopmyeanus cnoayku CusSns cmae nepuium emanom cmeopenHs Memanypeiino2o0 KOHmaxkmy
Midie MiOOw ma npunoem. 1l ymeopenns € mepmoounamiuno i Kinemuuno Ginbul CRpUsSMAUEUM
Ha nouyamkoeux cmaoiax peaxyitnoi ougysii. Ilpome enacnioox mpuseanoi mepmiuHoi
BUMPUMKU Y51 (Pa3a MPanc@opmyemubcs y 20IKONOOIOHI CMPYKMYPU, W0 CNPUYUHAE KPUXKICb
i 3HUdICYE Miynicms kKowmakmy. Ilooanvwuiti pozeumox inmepgheticy npuzeooums 00 nosA8U
Gazu CusSn, saxa xapaxmepuzyemvcs U0 CXUIbHICMIO 00 pyunysanus, Hidxc CusSns. V it
cmpykmypi popmyemucsi nopucmicms ma 3apoO0AHCYIOMbCA MIKPOMPIWUHY, WO 3DEeUmor
CNPUYUHSAE 0e2padayito ma pyuHy8aHHs NASHUX KOHMAKMie. Y 00CnioxiceHHi npoananizo8ano,
AK  BUXIOHA MIKPOCMPYKMYpA MIOHOI OCHOBU 6NIUBAE HA WBUOKICMb PO3POCMAHHS
inmepmemanioie CusSn ma CusSns nio yac eumpumru npu 250°C. [[na excnepumenmy Oynu
8U20MOBTIeH] NIOKIAOKU 3 MIOi i3 cepeOHimu po3mipamu 3eper 68,6 mxm ma 121,3 mxm, Ha aKi
Haunocuiu yucme pioke 01080. Ilicis ybo2o nposoounu izomepmiuni gionaiu mpueaiicmio 15,
30, 45 ma 60 x6, a moswuHy OUQy3itiHUX Wapie SUHAUATU MEMOOOM Memanocpa@iuHux
docniodcenb. 3a pe3yibmamamu aHanizy 6CMAHOBIEHO, WO NOYAMKOBUL PO3MID 3epeH Midi
Cymmego 6nausac Ha weuokicme pocmy iHmepmemanionux ¢az CusSn+CusSns: 3i
30IIbULEHHAM PO3MIPY 3ePHA CNOCMEPIcaEMbCsl 3HUNCEHHSL IHMEHCUBHOCII iX (popMysaHHsl.
Kpim mozo, nposedeno ananiz esontoyii mopghonoaii 3eper inmepmemanionux ¢as y vaci, wo
0036011UN0 BUABUMU 3AKOHOMIPHOCTI IX CMPYKMYPHUX NEPEmEOopeHb.
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KawuoBi ciaoBa: peakuiiiHa 1udysis, KIHETHKAa pOCTy, MDK3EpEeHHI Mexi,
peKpHUcTaIizalis, picT IHTEPMETAIITHOTO MPOIIAPKY, 130TepMIYHUIN Biamal.

1. Beryn

[TassHHS € OJJHUM 13 KIFOYOBHX TEXHOJIOT1YHUX IMPOIIECIB, MO MIUPOKO 3aCTOCOBYETHCS
U1l (GOpMYBaHHS €IIEKTPUYHUX 3’ €AHAHb Y MIKPOEICKTPOHIIi. 3’ € JHaHHS Ha OCHOBI CHCTEMH
Cu—Sn BifirparoTh KIIOYOBY pOJb y TEXHOJOTil BUTOTOBJICHHS MIKPOCXEM Cy4YacHOI
MIKPOGJIEKTPOHIKA. 3aBIsSKH BIJIHOCHO HHU3bKIH TeMIlepaTypi IUIaBJIEHHS OCHOBHUM
KOMIIOHEHTOM OUTBIIIOCTI MPHIIOIB BUCTYIIA€ OJIOBO, TOJI SIK Mi/b, SIKA XapaKTEPU3YETHCS
BHUCOKOIO  €JIEKTPOMNPOBIAHICTIO, BHUKOPUCTOBYETHCS SK Marepial JIpyKOBaHUX IUIaT,
eJICKTPOABUTYHIB 1 TpaHchopmaTopiB. Y pa3i HarpiBanas cuctemu Cu—Sn MK MiTHOIO
M1IKJIAIKOO Ta OJIOB’STHUM IPUITOEM BiIOYBA€ThCs peakifiiiHa audy3is, 10 CyIPOBOIKYEThCS
yTBOpeHHsAM iHTepMmeramignux (a3 CueSns ta CusSn [1-3]. Ilepmoro dopmyerbes dasza
CueSns, sika 3a0e3neuye MeTallypriiiHe 3’ €IHaHHS MIX MPUIIOEM 1 OCHOBO. OHAK y mpoiieci
MOIAJTBIIIOTO CTAPIHHS 11 MOPQOJIOTist 3MIHIOETHCS Ha TOJIKOIIOII0HY, 1110 CIPUYUHSIE SHIKESHHS
MexaHIYHO1 MIIHOCTI 3’e€qHaHHA. [licis IIbOTO PO3MOYMHAETHCS PICT OUIBII KPHUXKOi (asu
CusSn, sika CXWJIbHA JI0 YTBOPEHHS IMOpP 1 MIKPOTPIIIMH, MIO 3HAYHO MIiJBHIIYE PHU3UK
NepeI4acHOro pyiHHYBaHHS MMassHUX KOHTAKTIB.

VY npexacrasieHiid poOOTi JOCTIHKEHO BIUIMB MOYaTKOBOT MOP(OIIOTIT MiTHOT IiAKIIAAKH
Ha KIHETUKY pocTy iHTepMmeTaniyHux (a3 CuszSn ta CusSns mijg yac i30TepMivyHOTO BiAmany 3a
temneparypu 250°C. Jlns mocmipkeHHS OyJI0 BHUTOTOBICHO MIiTHI MIAKIAIKA 3 PI3HUM
cepenHiM po3MipoM 3epeH — 68,6 mkm Ta 121,3 mxM. Ha moBepXHIO MMiIKJIaJOK HAHOCHITU YUCTE
piAKe OJIOBO, MiCJsl YOrO MPOBOAMIIM 130TepMiuHI BiAmaiu TpuBamicTio Bix 15 mo 60 xB, 3
KpokoM nuckperu3zanii 15xB. ToBuuHy cpopMOBaHHMX IHTEpPMETATIIAHMX IIAPIB BU3HAYATIHU
METOJIOM MeTaiorpadigHoro aHamizy.

2. MeTOaIMKa eKCTIEPUMEHTATbHOTO T0CTiIKeHHs

2.1. Bueomognents nioxnaooxk mioi 3 pisHUMU po3mipamu 3epeH

Jnst mpoBeAieHHST €KCIIEPUMEHTY BHKOPHUCTOBYBajach uncta miab (99,9%), ToBumHa
IacTiHU ckiagana 3 MM. JlocmigHi 3pasku mimi (TMiAKIaIKU) BUTOTOBISUIUCH Y BHIJISAL
TUTACTHH, JTIHIHHUMH po3Mipamu 5 MM x 10 MM. YacTuHa miAKIaI0K MijaaBanachk aedopmarii
Ha CIeuiaJbHI yAapHIA YCTaHOBILI 3 METOI NOoJApiOHeHHS 3epeH Mial. Ilinkimagku 3
MOJIPIOHEHOI0 CTPYKTYPOIO 3€peH MOMIIIaNu B CHIITOBY mid Ha 10-15 xBuiuH, mo6 3HATH
MIKpOHANpyTu Micas ynapy. [HiIl BUroToBIEH1 MIAKIAIKY MIJaBAIN pEeKpUCTaTI3allliHOMY
Bigmany npu Temmeparypi 700 °C mpoTsrom 7 roauH 3 MeToI0 36ibIIeHHs 3epeH Mii. IIporec
TepMIYHOT 0OpOOKH B 000X BHMAAKaX BiOyBaBcs B aTMOc(epi aproHy.

Burorosneni migknaaky nutidpyBagy y BOJAHOMY CepelIOBUILI aOpa3uBHUM IanepoM i3
3epuaucticTio Bim 60 g0 3000 omuHue (po3Mip 3epHA OCTAaHHBOI CTaHOBUB 7—10 MKM
BignoBigHo 10 I'OCT 3647). Hagani 3pa3ku mojipyBaiu 3 BUKOPUCTAHHSIM aJIMa3HOI MMacTH 3
po3mipom 3eprHa 0,5 mxm (dpakmii 0/0,5 mxm). OuniiieHHsS TIACTHHOK Bij aJMa3HOI MacTH
BiZIOyBaJIOCh PETEJIbHUM IPOMHUBAHHAM iX MiJ HNPOTOYHOI BOJOK Ta MPOMMBAHHAM iX
cnupToM. {7151 BUSBJICHHS] MIKPOCTPYKTYPH Miji (IUB. puc. 1.) BUKOPUCTOBYBAJIUCS TPABHUKHU
3 HacTynmHUM moyaTkoBuM ckiagoM: 10 mu H202 (3%) ta 10 Mt NH3 (10%).
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Puc. 1. IToBepxHs Mifi 3 mopibiieHO0 CTpYKTYpoto. Hac TpaBienHs nqanoro 3paska 120 c.
30inbmenHs 488x.
Fig. 1. Surface of copper with a refined structure. Etching time: 120 s. Magnification: 488x.

2.2. Bumiprosanus cepedHb020 po3mipy 3epen Ha NOGepXHi 3pa3Kie

BumiproBaHHs cepeIHBOIO PO3MIPY 3€peH MPOBOAMIOCH 3 JOMOMOTOI0 TpadiuHOro
penakropa GIMP.

3euaiinmii v £) v

100,0 =

Q

JICHOT TIOBEPXHI MiJli 3 BUAUICHIMHU 3€pHAMH B IPOTpami
GIMP.
Fig 2. Microsection of the treated copper surface with grains outlined using GIMP
software.

3a ponomoror (yHKUIT «BinbHMI BuOip» Ha 3HIMKY MIKPOCTPYKTYpH 0OBOAMIACH
00J1acTh 3 YITKO BUPA3HUMH 3epHAMHU (TUB. puc. 2). [aii 3a gomomoror MeHio «licTorpamar
BHUBOJMIJIOCH BIKOHIIE 3 IJIOMICI0 BUAUICHOT O0JIACTi, BHUPaXEHOI B IMIKCENAX (B HAIIOMY
Bumnaaky S=78603). Ha kosxHOMY JA0CTIDKyBaHOMY (POTO 3aXOAMThCS Iikaia mpriany [IMT —
3 (nuB. puc 3.), BiicTaHb MIXK JIBOMa CYCITHIMH MOIJIKAMH AKOi CKJIaJa€ ISl JTaHOTO BUMIA/IKY
L=90 MM (3aJ1e:KUTh Bij 30UIBIICHHS] MIKPOCKOITY TIPH SIKOMY OyJ10 oTpruMaHe GoTo).
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Puc. 3. Biz[éTaHb MiX cycigHiMu noguikamu npuiany [IMT-3 (y mikcemnsx).
Fig. 3. Distance between adjacent scale divisions of the PMT-3 device (in pixels).

3a nonomororo iHcTpyMeHTy «IIpsMOkyTHa 06JacTb» 3HAXOAMIIM KIJIBbKICTh MiKCeNei,
sika npunaaae Ha 1 moginky mkamu npuiany [IMT — 3 (nuB. puc. 3). B nanomy Bunanky K=55
nikceneil. Po3mip 3epHa o6paxoByBaBcs 3a popmyIior:

SL?
NK?7z'

ne N=21 — KinbKicTh 3epeH y BUALIEHIH o0acTi.

3a pesynbTaTaMu IPOBEACHUX PO3pPaxXyHKIB BCTaHOBJIEHO, IO CEpeAHId po3Mip
NopiOHEHNX 3€PeH CTAaHOBHUTH 68,6 MKM, TOI SIK CEpelHii po3Mip pEKPUCTATII30BAaHUX 3€PEH
nopiBHIOE 121,3 MKM.

2.3. Buecomoenenns 00cnioxncysano2o 3paska

{06 oTpuMaTH OJIOB’sIHI IJIACTMHHU 3 TOBIIMHOIO 0jioBa (.25 MM, OJIOB’SIHY 3arOTOBKY
CTHCKYBAJIH TiJJPaBIiYHUM MPECOM MIX JBOMa MIJHUMH IUIACTUHAMH, IS TOTO 1100 Mija Jac
CTHCHEHHS B Hel HE MOTpaNMiIM YaCTHMHKH IHIIOTO Marepiany (HampuKkiIaa crami 3 SKOi
3pobneHuil mpec).

3’emHaHHA OJIOB’SHOI Ta Ha MIJHOI IJIACTHH BigOyBasioch B KUIUIsiuoMy (urroci. Ha
IUIUTKY, sIKa JPKEPEIOM Halpyru HarpiBaack Ao 228-232 °C, craBuiu GpaphopoBuii pezepByap
3 (pmrocom. TemmepaTypa B CHCTEMI BUMIPIOBAIIACH 1 PETYJIIOBAIACH 32 JIOTIOMOTO0 TepMOTIapy
1 enexkTpoHHOro Tecrepa. Ilpu BkazaHili TemmepaTypi (uitoc 3HaXOAMBCA B PIIKOMY CTaHI.
Criouatky y ¢uIroc 3aHyproBaiach MijHa IJIACTHHA, Yac TpaBJeHHs y (iroci 2 XxBuwiuHU. [ToTiM
Ha MiJIHY IJIaCTHHY, KA 3HAXOJMJIaCh B TIOCY/IMHI KJIaJl BUTOTOBJIEHY IJIACTHHY OJIOBa, 11100
YTBOPHUTH KOHTAKT. [liciisi TOTO, SIK OJIOBO TUIABHIIOCH 1 YTBOPIOBAIO KPAIIMHY HA MOBEPXHI
MiZIHOT IJIACTUHM, IUIACTMHA BUTATYBajlaChb 3 pE3epByapy 3a JOINOMOIOI IIHIETY 1
0XO0JO/KyBanach. Ilicis OXOMOMKEHHS 3pa3Ku MPOMUBAIHUCA Bil (UIIOCY CIHUPTOM. 3a
METOJIMKOIO, OMHUCAHOI0 BUIIE, TOJIipyBajach TOPIIEBa CTOPOHA 3pa3Ka 1 Hajaaml BiIOyBalIoOCh
TpPaBJICHHS TOPIIEBOI MOBEPXHI 3pa3Ka.

Jnist MiKpOTpaBieHHs 1UTia BUKOPUCTAHO TPaBHUK 3 TakuM ckiiagom: 5 mia HC1 +95 mn
H20. TpapnenHs BiOyBaJIOCh NUISXOM OINMYCKaHHS TUIACTHHKH B TPAaBHUK Ha 2 XBHJIMHH.
Jlanuii TpaBHUK TNpU3HAUYEHUH [UIs TpaBJIeHHS MOBEpPXHI 3epeH ojosa. lle 3ymoBuIO
MOTEMHIHHS O0JI0Ba, 3aBISKHM YOMYy CTPYKTypa Mifi, OJloBa Ta OKpemHux (a3 crama diTKO
BUAMMOIO.

83



ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcutery. Bumyck Nel. 2025

3. PesyabTaTu AociaiixkeHb Ta iX aHAJiI3

3pa3ku 3 pI3HOK 3EPHUCTICTIO IMIJIKJIAIKK Midi OJHOYACHO BiJANATIOBAIN IPHU
temneparypi 250°C. Bignan BigOyBaBcs B CHIIITOBIM medi B atMocdepi aprony. [HTepBain
Bignany ckianas: 15 xB, 30 xB, 45 xB Ta 1 roguna. [Ticist KOKHOTO 4acOBOT0 1IHTEPBAITY 3pa3Ku
OXOJIO/DKYBAJIU Y BOJII, IXHIO TOPIIEBY MOBEPXHIO TOTYBAJIH 3TiHO 3 METOAMKOIO, OTMCAHOIO B
po3aini 2.3, Ta pobunu Gporodikcalio MIKPOCTPYKTypU. BUBUEHHS MIKpOCTPYKTYPH CUCTEMU
Cu—Sn 3piiicHOBaNoCs 3a IOMOMOTo Metanorpadiunoro mikpockomna [IMT-3. ToBmuHa
a3y BUMiproBajacs y [eHTpalbHii YaCTHHI KOXKHOTO 3pa3Ka JeKijbKa pa3iB y pi3HUX MICLSX.
3HIMKH 3pa3Ka 3 3epHUCTICTIO MiAKIAIKU 68,6 MKM MpeICTaBICHHI HAa PUCYHKY 4.

JocmimpkyBanace KiHETHKa POCTY 3arajibHOi TOBIIMHM TpornapkiB a3 CuszSn i CusSns
JUI 3pa3KiB 3 MiJIKJIaJKaMU Pi3HOI 3epHUCTOCTI Ta CEpeAHIM po3MipoM 3epeH 68,6 MKM Ta
121,3 mxmM. B Hammomy BHIIaAKy cepe/Hs TOBIIMHA (pa30BOro MpomapKy Moxe OyTH 004ncIIeHa
3a 300pakeHHAM Mikponutipa audy3iiHOI 30HM SK BIAHOMIGHHS ii IMJIOHI A0 UIMPUHH.
OOpaxyHok Tmwionli ¢a3 HpOBOAMBCS 3a METOAMKOIO, MPEACTAaBICHOI B po3autl 2.2 3a
noromororo rpadiunoro pegakropa GIMP. Cumin 3a3HaunTH, IO i Yac pO3paxyHKy IUIOIII
da3 s 3paskiB i3 uyacoM Bianany 45 Tta 60 XBWIMH HE BpaxOBYBalM YaCTHHKH, ILO
CriocTepiraroThbes Ha MikpodoTorpadisx sk OKpeMi, i30760BaHi B 00’ emi "octpiBii'". Peakiiiina
mudysist 3a temneparypu 250°C BinOyBaeTbcsd Ha MeXi po3auly pifkoi Ta TBepaoi ¢a3
(Liquid/Solid). ¥ nepecndueHoMy MiIII0 piKOMY OJIOBI IMOOJIM3Y TBEPOi MOBEPXHI Iij 4Yac
OXOJIOJDKEHHSI YTBOPIOIOThCS 1307b0BaH1 BuALIEHHA (a3 CusSn+CusSns. Kpim Ttoro, sk
cBiguath MikpodoTorpadii, micas 45 Ta 60 XBWIMH 130T€PMIYHOrO BiAMATy YacTHHA
c(hOpMOBaAHOTO IIAPY BiIOKPEMIIIOETHCA BiJl OCHOBHOTO MacuBy. Taki pparmentu He Opanucs
JI0 yBard NpH BHU3HAYEHHI CyMapHOi Iuiomli ¢a3oBux mpomapkiB. OTpuMaHi pe3yiabTaTu
3aJIeKHOCTI TOBUIMHU a3y Bij 4acy BiAlnany HaBeJeHo y Tabmuui 1.

Onoso nicaa
TpaB/IeHHA

OnoBo nicas
TpPaBNEeHHA

84



Cepist «Di3uko-mareMaTn4Hi Haykm», 2025

Puc. 4. Mikponuti¢ 3 300paxkennsM a3 CuzSn+CusSnsnpu i30TepmMivHOMY Bimai
250°C i3 wacom Bignainy: a) 15x8, 6) 30xB, B) 45xB, 1) 60 XB. (3pa3Ku 3 3EPHUCTICTTIO
migkmagku d=68,6 Mxm)
Fig. 4. Microsection showing CuzSn+ CueSns phases during isothermal annealing at
250°C
with varying annealing times: a) 15 min, 6) 30 min, B) 45 min, r) 60 min
(substrate grain size d=68,6 um).

Tabmuus 1. 3anexHicTs TOBUIMHM a3y BiJ Yacy Biamamry
Table 1. Dependence of phase thickness on annealing time

J1J1s1 3pa3KiB Ha MiAKIIAKaX J1J1st 3pa3KiB Ha MiAKIIaIKax
3 PO3MIpOM 3€peH 3 PO3MIpOM 3€peH
Yac 121,3 mxm 68,6 MKM
BiJIIIaTy
(xB) CepenHiii po3mip 3epeH (MKM)
15 3,45 4,2
30 5,035 6,449
45 6,351 8,25
60 7,234 9,22

OTpuMaHi pe3ynbTaTh MOKa3y0Th, 110 Yepe3 60 XBUIIMH BiANaly TOBIIMHA (a3H y 3pa3Ky
3 MIJTHOIO MAKIaAKOK 68,6 MKM OibIlia, HDK Y 3pa3Ky 3 MIJHOIO MiAKiIaakow 121,3 Mxwm.
Judysis B ganii cuctemi BiiOyBaeThCs SIK yepe3 00’eM, Tak 1 1Mo Mexi 3epeH. IIBuakicTsh
nudy3ii B3JOBXK MEX 3€pEH € 3HAYHO BUIIIOO TTOPIBHIHO 3 MU(Dy3iero uepe3 00’ €M KPUCTATIYHOT
IpaTKy, MO0 3YMOBJICHO BUIIOK PYXJIMBICTIO aTOMiB y JMedeKTHUX 30HaX [4, 5]: xoedimieHT
3epHOrpaHUYHOI AU Yy3ii Mial Ha 4-6 MOPSAAKIB MEpeBHINYE KoeiieHT 00’ eMHOT qudy3ii

[lepeBaxanHs 3epHOrpaHuyHOi UQy3ii Hag 00 €MHOIO TpU 3aJaHiil Temmeparypi
(250°C) mosiCHIOETBCA THM, IIO MEXI 3€peH € 00JIACTAMH 3 TIABUIIECHOK KOHIICHTPAIIIEI0
CTPYKTYpHUX JedeKTiB Ta BUIbHOTO 00’emy. lle 3HMXKye eHepriro akTuBarii Iudy3iiHUX
CTpUOKIB aTOMiB. 3TiAHO 3 EMIIPUYHUM TIPaBUJIOM, MPU TEMIIEpaTypax HHUXKYE Bif
temneparypu miaaBieHHs (1<0,5 T,;), OCHOBHMII BHECOK Y MacOIEPEHECEHHs 3a0€3MeuyIoTh
caMe KaHaJiu pUCKOpeHoi aAudy3ii — Mexi 3epeH Ta nuciokartii. s mini temmneparypa 250°C
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€ BigHOCHO HU3bKOIO (T ~0,38 T,,), 1m0 3yMOBIIIOE «3aMOpPOKYBaHHSI» 00’eMHOI audy3ii Ta
AKTHUBI3ALII0 36pPHOTPAHUYHHX TTOTOKIB.

B migkiazaii 3 MEHIIIMM po3MipoM 3epHa Miil MeX 3epeH Oyjie Oublie, oTxe nudy3iiHui
npoIriec BiI0yBaeThCs MBU/IILIE.

Bianoigno nanum tabmuii 1, moOyaoBaHo rpadiky 3aaeXHOCTEH po3MipiB TOBIIHMH (a3
BiJ] yacy Bignaiy JJis 3pa3KiB 3 pi3sHUMH MiJKJIaakaMu (po3Mipamu 3epeH 68,6 mxm ta 121,3
MkM) (muB. Puc. 5a). Kondirypariis oTpuMaHuX KpUBUX I 000X 3pa3KiB alPOKCUMYETHCS
napaboniyHo KpuBow. Lle moBomuTh TO# (akT, mo picT a3 ONUCY€ETHCS PIBHSHHIM TUITY

X[ \/E . OTpumaHuii pe3yabTar € TpUBiaTbHUM. B HayKoBHX poOOTax 3a JaHOK TEMATHUKOIO
[6, 7] mpencraBieHi aHANOTIYHI 3aKOHOMIpHOCTI aisi jgaHoi cuctemu. Ha pucyHky 56
300pakeHo Tpadik 3aJIeKHOCTI POCTY MUPUHU (a3 BiJ KBaAPATHOTO KOPEHS Yacy Biamany.

10 — 10 —

thickness = 1.32 - sqrt(t) - 0.83

thickness, um

thickness, pm

B thickness = 0.99 * sqrt(t) - 0,36
2 [168.6 pm 24

| @®121.3 um _ [168,6 pm

t, min sqrt (t)
a 0
Puc. 5. 3anexnicts ToBmmHU Gaz CuzSn+CusSns amst 3pa3kiB, BATOTOBICHUX HA
MigKIaaKax 3 po3mipamu 3epeH 121,3 MM Ta 68,6 MKM: a) Bif 4acy Biamany, 0) Bil
KBaJIpaTHOT'O KOPEHsI yacy Biamaiy.
Fig. 5. Thickness dependence of CuzSn+CuesSns phases for samples prepared on
substrates with grain sizes of 121,3 um and 68,6 um as a function of: a) annealing time, 6)
square root of annealing time.

Koediient K y pisrsani npamoi AX= k\/t_ BU3HAYa€e KyTOBUH Koe(illieHT, 10
XapakTepusye Haxui mnpsMoi 10 oci abcuuc x. B Hamomy BHMMajky BiH € KOHCTAHTOIO
HMIBUAKOCTI pocTy Ga3u. [iist 3pa3Ky 3 MiIKIAJKO 3epHHUCTICTIO 68,6 MKM KOHCTaHTa K piBHA
1,32, 3 3epuaucrictio 121,3 MM koHctanTa K =0,9. 3a OTpUMaHUMK JaHUMH MOXHA 3pOOUTH
BHCHOBOK, 1110 a3y y 3pa3kax Ha Migkiaai 68,6 MKM pOCTyTh MIBUIIE HIK (a3u y 3pa3Kkax
Ha migkmaani posmipom 121,3 mxm. OneprkaHi 3Ha4eHHsI KOHCTAHTH POCTY B MeXaxX HaIloro
JOCITIIXKEHHST KOPETIOIOTH 13 pe3yIbTaTaMH, HaBEJICHUMH B ITpalli aBTopiB [8].

4. locaigkeHHs 3MiHM MopgoJI0rii 3epHa

®a3u CusSn i CusSns yTBOPIOIOTHCS BHACTIIOK B3aeMHOI au(y3ii KOMIIOHEHTIB Ta
XapaKTepU3YIOThCS HassBHICTIO 3€PHUCTOI CTPYKTYPH, 10 GOPMYETHCS ITiJ] 4ac TBepA0opazHUX
peaxkiiii (Solid-Solid interaction) 3a nanoi temneparypu Biamany (250°C). Ha mikpomutidax
Taki (a3u JEeMOHCTPYIOTh XapakTepHy OJIOKOBY MOpPQOJOrifo, L0 € pe3yJbTaToM
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MOJIICIPUYHOTO XapaKTepy BHPOIILYBAaHHS 3€PEH Ta JIOKATHHHUX BIIMIHHOCTEH Y MIBHIKOCTSIX
nudys3ii.

\» -ulh»-\uL-L—\-sls #“r‘.lln

Puc 6. ITpomapok ¢a3 CuzSn+CusSns po3ourtuii 3a monomororo goaatky Fiji Ha 6moku
JUTSE 3pa3Ky Ha MiHIHM mianoxii aiamerpom 121,3 MKM.
Fig. 6. The CusSn+CuesSns phase layer partitioned into blocks using the Fiji software for
a sample on a copper substrate with a grain size of 121,3 um.

Ha nonepeunomy 1utigi koxkHa (paza mocrae y BUTIIA1 CyKyTHOCTI OJIOKiB HEMPaBUIBHOT
reoMeTpuyuHOi popmu (quB. puc. 6). s anamizy Mmopdosorii 0yiio BUKopucTano nonatok Fiji
(ImageJ), mo 103BOJIsIE BUKOHYBATH MO a3u Ha okpeMi Mopdosioriuni obnacti (010ku) Ha
OCHOBI KOHTpAcTy TpaBJIEHHS Ta Mex 3epeH. [lependadaeTnes, 0 MOYaTKOBA IIMPHHA 0J10Ka
HA paHHIX CTAAifAX BiANajdy Kopeio€ 3 IMHMPHHOI0 3epHA MiIHOI MiAKJIAAKHU, sKa Oepe
y4acTh Yy Hpolecax pekpucTaiizaiii ta a1udys3iiHoro 3amimenHs. Takuil miaxig IpyHTY€eTbCs
Ha J100pe BiIOMiM 3aJIeXKHOCTI MK PO3MIPOM 3€peH y MeTajeBii MiJKIaaii Ta XapakTepoM
pocty inTepMmeTaneBux ¢a3 y cucremi Cu—Sn [10, 11, 12].

Jnst MinHOT migKIaaky 3 cepeaHiMm po3mipom 3eper d = 121,3 MkM OyJio mpoBeneHO
KUTbKICHUM MopdomeTpuuHuil aHaniz Gopmu O6okiB y mapi ¢azu. OCHOBHUM HapaMeTpoM

w
PO3TIIAHYTO BIJHOHICHHA IHUPHUHU 1O BUCOTU Onoka — <_> . BuznauenHs 11p0r0 IapamMeTpa

h
Jla€ MOJXKJIMBICTH OL[IHUTH aHI30TPOIIII0 POCTy (pa3u B TOPU3OHTAIBHOMY Ta BEPTUKAIBHOMY

w
HallpsgMKax. 3HaucHHS <_> BHU3HAYAJIN AK IJIOIMWUHHO-3BAXKCHE YCEPCAHCHHS 3a CI)OpMy.]'IOIOZ

h
w .ZN;‘ V\? A
<F>: :NlhA—,

ne Wi, hi, Ai — mpuna, Bucora Ta miorma i-ro 610ky, N — 3aranbHa KiTbKiCTh OJIOKIB.

Bukopucranss miomii 010Ka sIK BaroBoro koedilli€HTa Ja€ 3MOTY 3MEHIUTH BHECOK
Manux OJOKIB Yy TIJCYMKOBE CepelHE 3HAUEHHS Ta YHUKHYTH JIOMIHYBaHHS
npiOHOMacmITaOHUX OO0’€KTIB, MO 3a0e3neduye penpe3eHTaTHuBHICTH BHOIpkH. [Iporemypa
MOp(hOMETPUYHOT0 aHallizy Oysia aBTOMaTH30BaHa 3a JOIOMOTroro po3pobiieHoro Python-kony,
IO JajJo 3MOry OOpoOWTH BENMKHM HaOlp JaHUX 1 MIHIMI3YBaTH CyO €KTUBHHMM BIUIMB
oneparopa (IuB. puc. 7).
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Puc. 7. 3anexHICTh BIAHOIIEHHS F a3 CuzSn+CueSns Bix vacy Biamamy st
3pa3KiB Ha MIAHIN MiIOKII 3 HiameTpom 3epeH 121,3 Mkwm.

w
Fig. 7. The <F> aspect ratio of CusSn+CueSns phases as a function of annealing time

for samples on a copper substrate with a grain size of 121,3 um.

OTpuMaHi eKcriepuMEHTaIbHI JaHi Oyl alpOKCUMOBAHI MOJIIHOMOM JIPYTOTO CTYTICHS,
KU HaliKpalle OnucaB eKCIIepUMEHTaIbH1 TOUKH:

<%> (t) =0.001826t° —0.2270t +8.4020

ne t —yac Bignamy.
Busnauenmii koedinient nerepminanii R2 = 0,998 cBimuuTh Ipo BUCOKY SKICTH
anmpoKcHUMallii Ta BiAMOBIIHICTh OJIHOMA €KCIIEPUMEHTAILHUM JaHHUM.

. . w
Amnaii3 otpuMaHux rpadikiB (AMB. pHc. 7) MOKa3ye, 110 BeTUYMHA <—> MOHOTOHHO

h

3MEHIIYEThCsl 31 30UIbLICHHAM dacy TepMooOpoOku. Ile Bka3dye Ha mnepeBaxaHHs
BEPTUKAJIBHOTO POCTY IHTEPMETAIEBHX IIapiB HaJl TOPU3OHTAIBHOIO CKIIQJIOBOIO B 3a3HAYCHI
4acoBi IHTEPBAJIH.

ITpu Temnepartypi 130TepmiunHoro Bignainy 7=250°C mudysiero B 00’eMi 3epeH MOXKHa
3HEXTYBaTH, BOHAa WHJe JHIIEe MO PIAKMX KaHajlaX 1 MDK3EPEHHUX MeXax. 3MEHIICHHS

W
CITIBB1IHOILICHHS <—> MOSICHIOETHCS TUM, 110 MIBUAKICTD JIATEPATHHOTO (TIOTIEPEYHOTO0) POCTY

h

3epeH BHACTIZOK iXHBOI KOAJIECIEHII € HIKYOK 3a IIBHUIKICTH POCTY CEPEIHBOT BHUCOTH
dazoBoro npomapky. [loaioHI edexTr HeoTHOPa30BO OMUCAHI y JTEpaTypi, e BKa3aHO, 0
dbopmyBaHHS OJIOKOBOT CTPYKTYPH 1HTEpMETAIEBUX (Da3 BU3HAYAETHCS KOHKYPEHTHHM POCTOM
KOJIOHONOJIOHUX 3€peH, OpieHTaliel0 Nu(y31HUX MOTOKIB Ta YAaCOBOI CTAOUIBHICTIO MEX
3epeH [9, 13].

TakuM YWHOM, OTpHMaHi pe3yJdbTaTH MAOTh MIJCTaBU CTBEPKYBATH, IO 3MiHA
Mopdostorii 6yokiB y ¢azax CusSn i CueSns mij gac i30TEpMIYHOTO BiANaTy MOXe OyTH
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w
KUIBKICHO OIlMCaHa 4Y€pe3 IapaMeTp <F> 1 Ma€ BUIJIAA IIOJJIHOMA JOPYTOro IIOpAAKY,

MPUHAWMHI JUIS PO3TJISTHYTOTO HAMH BHUIIAJIKY .

5. BucHoBKH

ExcniepeMeHTanbHO AOCHIPKEHO peakuiiiHy audy3iro mpu 130TEpMIYHOMY Biamaii
(7=250°C) B cuctemi Cu—Sn i3 migxmagKaMu Mii pizHoi 3epHucTocTi (68,6 MkM Ta 121,3 MKM).

1. BcraHoBIieHO, 1110 TOYaTKOBUE pO3Mip 3epeH MiIKIaKA MiJli BIUIMBAE HA MIBUJIKICTh
yTBOpeHHs iHTepMeTaneBux ¢a3 CusSn+CueSns. 3 rpadiky Ha PHUCYHKY S5a BHJIHO, IO
30UTBIIICHHST 3epeH Mili croBUIbHIOE picT ¢da3 CuzSn i CueSns. YacoBa 3aJIeKHICTh POCTY
TOBIIMHU (a3u Ha 000X migkiagkax miai cuctemu CU-SN mpu maHiil TemrepaTypi Biamaty

(7=250°C) mae mapaGouiuny 3anexuicts AX = k\/t_ (muB. puc. 56). KoedirieHT mBHIKOCTI
pocty (a3 K, sk BuaHO 3 rpadiky Ta 00paxyHKIB IS 3pa3Ky Ha MiIKIa/ILi 3 po3MipaMu 3epeH
68,6 MKM OuTbIIMA HIXK A 3pa3Ky Ha MiAKIaai 3 po3Mmipom 3epeH 121,3 mxMm. Lle Takox
MIATBEPDKY€E BIUIMB JliaMETPy 3€peH MiAKIAIKA MiJii Ha MBHIAKICTH TBepAoda3zHOi peakiii
(Solid-Solid interaction) Ta Ha mBuAKicTH pocty a3 CuzSn+CusSns.

2. Iloxazano, mo 3MiHa Mopdoorii 6mokiB y dazax CuzSn 1 CueSns, mpuHaliMH1 151

w
PO3ITIAHYTOI'O BHUIIAAKY, MOKC 6YTI/I KUIBKICHO OIlKMCaHa IMapaMeTpoOM <_>, 1 Ma€ BHUIJIA

h

MOJIIHOMA JIPYTOTO TMOPSIKY.
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EFFECT OF COPPER SUBSTRATE GRAIN SIZE ON THE FORMATION
KINETICS AND MORPHOLOGY OF INTERMETALLIC PHASES IN THE CU-SN
SYSTEM

DOI: 10.31651/2076-5851-2025-80-92 PACS 66.30.Ny, 68.35.Fx, 81.40.Ef, 85.40.Ls

Joints in the Cu-Sn system are a key element in the fabrication technology of modern
microelectronic integrated circuits. At the Cu/Sn interface, during soldering and subsequent
service, the intermetallic phases CusSn and CusSns are formed. The formation of the CusSns
compound represents the first stage in establishing a metallurgical bond between copper and
the solder. Its formation is thermodynamically and kinetically more favorable at the initial
stages of reactive diffusion. However, as a result of prolonged thermal exposure, this phase
transforms into needle-like structures, which induce brittleness and reduce the mechanical
strength of the joint. Further evolution of the interface leads to the formation of the CusSn
phase, which exhibits a higher tendency toward fracture than CusSns. Porosity develops within
its structure and microcracks nucleate, ultimately causing degradation and failure of soldered
joints.
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The present study analyzes how the initial microstructure of the copper substrate affects
the growth rate of CusSn and CusSns intermetallics during aging at 250°C. For the experiment,
copper substrates with average grain sizes of 68.6 um and 121.3 um were fabricated, and pure
liquid tin was deposited onto their surfaces. Isothermal annealing was then carried out for 15,
30, 45, and 60 minutes. The thickness of the diffusion layers was determined by metallographic
analysis. The results show that the initial copper grain size significantly influences the growth
rate of the CusSn + CusSns intermetallic phases: an increase in grain size leads to a decrease
in the intensity of their formation. In addition, the time-dependent evolution of the grain
morphology of the intermetallic phases was analyzed, allowing the identification of regularities
in their structural transformations.

Soldering is one of the key technological processes widely used to form electrical
interconnections in microelectronics. Joints based on the Cu-Sn system play a crucial role in
the fabrication of modern microelectronic devices. Due to its relatively low melting
temperature, tin serves as the main component of most solders, while copper, characterized by
high electrical conductivity, is used as a material for printed circuit boards, electric motors,
and transformers.

When the Cu—Sn system is heated, reactive diffusion occurs between the copper substrate
and the tin solder, accompanied by the formation of the CusSns and CusSn intermetallic phases
[1-3]. The CusSns phase forms first and provides the metallurgical bonding between the solder
and the substrate. However, during subsequent aging its morphology changes to a needle-like
form, which reduces the mechanical strength of the joint. Thereafter, the growth of the more
brittle CusSn phase begins. This phase is prone to the formation of pores and microcracks,
significantly increasing the risk of premature failure of soldered contacts.

In the present work, the influence of the initial morphology of the copper substrate on the
growth kinetics of the CusSn and CusSns intermetallic phases during isothermal annealing at
250°C was investigated. Copper substrates with different average grain sizes — 68.6 um and
121.3 um — were prepared. Pure liquid tin was deposited onto the substrate surfaces, followed
by isothermal annealing for durations ranging from 15 to 60 minutes, with a 15-minute time
step. The thickness of the formed intermetallic layers was determined by metallographic
analysis.

As a result of the experimental investigation of reactive diffusion during isothermal
annealing (T = 250°C) in the Cu—Sn system with copper substrates of different grain sizes (68.6
um and 121.3 um): 1t was established that the initial grain size of the copper substrate affects
the formation rate of the CusSn + CusSns intermetallic phases. As shown in the graph in Figure
5a, an increase in copper grain size slows down the growth of the CusSn and CusSns phases.
The time dependence of the phase thickness growth on both copper substrates in the Cu-Sn
system at the given annealing temperature (T = 250°C) follows a parabolic relationship (see
Fig. 5b). The growth rate constant k, as determined from the graph and calculations, is higher
for the sample with a grain size of 68.6 um than for the sample with a grain size of 121.3 um.
This further confirms the influence of copper grain diameter on the rate of the solid—solid
reaction and on the growth kinetics of the CusSn + CusSns phases.

It is shown that the change in block morphology in the CusSn and CusSns phases, at least
for the case considered, can be quantitatively described by a parameter that follows a second-
order polynomial dependence.

Keywords: reactive diffusion, growth Kkinetics, grain boundaries, recrystallization,
intermetallic layer growth, isothermal annealing.
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