AHOTALIA

Kyxypyoszsax M. C. ®oToeleKTpryHi SBHIA B KPEMHIEBUX TIAHAPHUX N*-p-
p* - cTpykTypax Ta (i3HKO-TeXHIUHI acleKTH BUTOTOBJCHHS (OTOMIONIB Ha iX
ocHoBI. — KBamiikariiiiHa HayKoBa Ipalis Ha IpaBax pyKOIHCY.

Hucepraiisi Ha 3100yTTS HAyKOBOTO CTyMeHs mIoKTopa (imocodii 3a
cnemianpHicTiIO 104 — ®i3uka Ta acTtpoHoMis. — UepHiBelbKUl HalllOHAIBHUN
yHiBepcuteT iMeH1 FOpist @enpkoBuua MOH Ykpainu, Yepnisii, 2025.

Hucepramiitna po0OoTa MPUCBSIYECHA JOCIIIKEHHIO (OTOCIECKTPUIHUX
BJIACTUBOCTEH KpPEMHIEBMX IUIaHapHUX N*-p-p* -  CTpyKTyp, a TaKOX
BJIOCKOHAJICHHIO T4 BUTOTOBJICHHIO Ha X OCHOBI BUCOKOUYTJIUBUX (POTONpUIMAYiB
(®IT) - p-i-n  doromionis (PJI) g AETEKTyBaHHSA EICKTPOMArHITHOTO
BUIPOMIHIOBaHHS BUAMMOI Ta OkHBO1 [H obacTi criexTpy.

Juceprariisi ckiaiaeTbes 13 BCTYyIy, TPbOX PO3/LIIB, BUCHOBKIB, MEPETIKY
BUKOPHUCTAHUX JDKEPET Ta YOTUPHOX JIOATKIB.

Y Berynmi oOTpyHTOBAHO AakKTyaldbHICTH pPOOOTH; CHOPMYIHOBAHO METY,
OCHOBHI 3aBJaHHs, 00’ €KT Ta MPEeAMET JOCIIKEHHS; BKa3aHO HayKOBY HOBHU3HY 1
MPaKTUYHY MIHHICTh OTPUMaHUX PE3yJbTATIB; HaBEJAEHO 1H(POpPMAIID PO
0COOMCTHI BHECOK 3/100yBaya, anpodario podoTH, i CTpyKTypy Ta 0OCHT.

VY nepmiomy po3aisi guceprariiii onrcaHo npuHiUn poodotu ®J[ Ha OCHOBI
BHCOKOOMHHUX KPEMHIEBUX N*-P-P* CTPYKTYp, MPEACTABICHO JITEPaTypHUI OIS/,
KWW CBITYUTH MPO 3HAYHY 3al[IKaBJICHICTh HAYKOBIIB 3 YChOI'O CBITY B PO3pOOII
HAJIWHUX HATIBIPOBITHUKOBHUX (POTOJAETEKTOPIB 3 MAKCUMAIILHOIO Uy TJIMBICTIO TIPU
MIHIMQJIBHUX TEMHOBHUX CTpyMax. Takok HaBeJIEHO aHalli3 MepeOBUX BUPOOHUIITB
®IT Ta ix p-i-n ®/I, mpeacTaBieHUX HA PUHKY.

Amnani3z BIacTHMBOCTEH N*-p-p*-cTpyKkTyp MOKaszas, IO JJIs 3a0e3MeUeHHS
BUCOKMX TIOPOTOBHUX  XapaKTEPUCTHK Ta HU3BKUX TEMHOBHX CTPyMiB
nocimimxyBanux @Il morpibHO 3abe3nedyBaTH CTPYKTYpHY JOCKOHAIICTh
BHCOKOOMHOI 00JacTi. BcTaHOBJIEHO, II0 KOHCTPYKINEH THUIOBHX P-i-n DJ]
3a0e3Meuy€eThCs MOTIMHAHHS MaKCUMAaJIbHOI KIJIBKOCTI BUIIPOMIHIOBAHHS B i-

obnacTi, 1e 3abe3mnedye BUCOKI 3HAYEHHS (HOTOUYTIIMBOCTI. 3HAYHA MIBUIKOMIISA



Takux OJI 3yMOBIIEHa MOXJIMBICTIO BUKOPUCTAHHS BEJIMKUX 3BOPOTHUX 3MIILEHb.
BiamoBigHo, B P-i-N - CTPYKTYpi pyX HOCIIB 3apsay BiAOYyBa€ThCS IUIAXOM JIpeidy
gyepe3 i-00J1acTh B CHJIBHOMY €JIEKTPUYHOMY TOJIi, Ha BiAMIHY BiA nudy3ii HOCIIB
3apsay B 3BUYANHINA P-N-CTPYKTYPI, A€ MOAIIMBICTh MPUKIAaHHS BUCOKUX HAIIPYT
BiJICYTHS (BHACIIOK HU3BKHUX HAIIPYT TPOOOI0).

[TpoBigaumu BupooHuKamu DI € Excelitas Technologies Corp. (TaiiBans),
First Sensor AG (Himeuunna), Hummamatsu (Snonis) ta iH. Kpami 3pazku
KpeMmHieBUX P-i-n ®JI, npusHayeHi s JIETEKTYBaHHS omxkuaporo Y-
BUNPOMIHIOBaHHS, BOJIOAIIOTh MAaKCUMyMOM CHEKTPAJIbHOI XapaKTEPUCTHKHU
om3pko A=1000 HM Ta MOHOXPOMATHYHOIO CTPYMOBOIO UYTJIMBICTIO OJM3BKO
Sp=0.6-0.7 A/BT.

Y apyromy po3aiji aucepTaiii JOCTIIKEHO BIUIMB €JeKTPO]I3MUHUX
XapaKTEPUCTHK KPEeMHiI0 Ha KiHIeBi mapamerpu D/], a TakoX BIUIHMB JeTyBaHHs N*-
Ta p*-mapiB ¢pocdopom Ta GOpoM BIAMOBITHO HA POTOCTCKTPUYHI Mapamerpu N*-
p-p*- crpykTyp. OmnmcaHO TEXHOJOTII0 BUTOTOBIICHHS IUIaHapHUX P-i-n O],
BcraHoBiieHO, 10 TEMHOBHM CTpYM 1 4yTiauBICTh DJI, BUTOTOBIEHHX HA OCHOBI
KPEMHIIO 3 BUIITUM TUTOMHM OIOPOM 0a30BOTO MaTepially CATar0Th HACUYECHHS MPHU
HWK4Y1i HAanpy31 3BOpOTHOTO 3MilieHHs, a /] Ha OCHOBI KPEMHIIO 3 OIBIINM YacOM
XKUTTSI HEOCHOBHHMX HOCIIB 3apsiy MarOTh MEHII 3HAYEHHS TEMHOBOTO CTPyMY.
Opnnak, ®/] Ha OCHOBI KpEMHIIO 13 BUIIMM MUTOMHUM OMOPOM OLIBII CXUJIBHI JI0
YTBOPEHHSI TOBEPXHEBUX IMPOBITHUX IHBEPCIMHUX KaHAIIIB HAa MexXi po3ainy Si-SiOy,
10 TIPOBOKYE 3HIDKEHHS MOPY 130JIA11T UyTIMBUX €JIEMEHTIB OaraToeIeMEHTHUX
/1.

Jiist 3a0e3nedeHHs] MaKCUMaIbHOTO 3HaUY€HHs Koe(illieHTa 30upaHHs HOCIiB
3apsAay Ta TOTJMHAHHS  BUMPOMIHIOBaHHS B i-oOmacti @] moTpibHO
BUKOPHCTOBYBATH ONTHUMAJIbHY KOHIICHTPAIIIIO JOMIIIOK B N*- Ta p*-o0macTsx.
BcraHoBieHO, 1110 TpU 3HIKEHHI KOHIIEHTpalii pocdopy Ta 6opy B N*- Ta p*-mapax
BIJIMOBITHO, KOE(MIINIEHT X MPOIYCKAHHS 3HUXKYETbCS, aje Il 3a0e3reyeHHs
HAJIC)KHOI MipU T€TTEPyBaHHS JETOBAaHUMH IIApaMU, ONITUMAJIbHIUMH 3HAUYECHHSIMU

MOBEPXHEBUX omopiB micias audysii hochopy ta 60py € Rs=2,7-3 Om/O, Ta Rs=18



OmM/o BianoBigHo. OtpumanHo D] i3 TtemHoBumu ctpymamu |,=28-36 HA Ta
IMITYJIbCHOIO UyTJIMBICTIO S;,,,=0,46-0,48 A/BT.

Y TpeTbOMYy PO3AiJi HaBEIECHO JESIKl MEePCIEKTUBHI CTPYKTYPH KPEMHIEBUX
p-i-n ®J1. 3anmponoHOBaHO KPEMHIEBHI BiApi3arouuii abcopOIiitHuii GiabTp, KU
JI03BOJISI€ BUKJIIOYUTU BIUIMB KOPOTKOXBUJIHOBOTO (DOHOBOTO BHUIPOMIHIOBAHHSA 3
noBkuHOIO XBWIl A<850 HM Ha kopucHuii curHan DJ[. [ocmimkeHo omrtwyHi
BJIACTUBOCTI (PiILTPIB Ta BCTAHOBJIEHO, 110 MPH 301JbIIIEHH] TOBIIUHM (DUIBTpa Kpai
HOro TMpOIMyCKaHHSA 3MIIIYETbCSI B CTOPOHY OLUIBIIMX JOBXKHH XBHIIb, alie
3MEHIITYEThCS HOTo KoedIiEHT MPOnmycKaHHs. |15 HiBeIIOBaHHS BTPAT MOTY>KHOCTI
BUNIPOMIHIOBaHHSI BHACIIJIOK BHUKOPUCTAHHA aOCOpPOIIAHOrO CBITIOPUIHTPA
3alpPONOHOBAHO BUKOPUCTOBYBATH 1X B KOMOIHAIIlT 13 ONTUYHUM KOHUEHTPATOPOM.

Burortosneno Tta gocnimxeHo @/ 13 30UTbIIEeHUM KOE(IIIEHTOM 30MpaHHS
HOCIiB 3apsimy. 3OUIbIIEHHS BKAa3aHOTO MapaMeTpy JOCATAETHCS —MIITXOM
3MCHIIICHHSI TOBITUHU KprucTaimy D]l B IPOSKITiAX YyTIMBHUX CICMEHTIB Ha TUIOBY
CTOPOHY MIAKJIAIKA. 3MEHIICHHS TOBIMHU KpucTtainy 3 500 mxm 1o 300 MM
n03BoJIsI€ 30UTbIINTH Uy TIUBICTh D] Ha 25 %.

3amponoHOBaHO BapiaHT KpeMHieBOro P-i-N D] 3 Me3a-CTPYKTYpOIO, B IKOMY
YYTJMBI €IE€MEHTH (POPMYIOTHCS LUISIXOM TPABJICHHS Me3a-podiito, a yTBOPEHI
KaHaBKU € 3a30paMu MK akTuBHUMH enemeHTamu @II. Takuii npuHIMn
BurotoBiieHHs @DJ] 103BOJsiE BUKIIOUATH 3 TEXHOJOTIYHOTO MAapIIPyTy
BHCOKOTEMIIEpATypHY ONEpaIil0 TEPMIYHOTO OKHUCJICHHS. 3MEHIIEHHS KUIBKOCTI
TEpMOOOPOOOK J03BOJISIE YHUKHYTH 3HAYHOI Jerpajaiii eneKTpodi3uIHUX
XapaKTEePUCTHK HAIMIBOPOBIIHUKA Ta OTPUMATH 3pa3Kd 13 TMOKpAIEHUMHU
napaMeTpamu.

3anpornoHOBaHO METO]I MIABUIICHHS OMOPY 130JIA1ii YyTIMBUX E€JIEMEHTIB 1
OXOPOHHOTO KUIBISI KPEMHIEBUX YOTHPUKBaApPaHTHUX D] MIIIXOM pO3pUBY
MIOBEPXHEBUX 1HBEPCIHHMX MPOBITHUX KaHATIIB Ha Mexi po3ainy Si-SiO,. Metox
IPYHTYETHCSI Ha TPABJICHHI TOHKOT OKCHUTHOT TJTIBKM B TIPOMDKKAX MK aKTUBHUMU
eJIEeMEHTaMH, 1110 J03BOJISI€ BUATUTH 1HBEPCIHHI 11apy. 3a BiZICYyTHOCTI 301IbIIICHHS

OTIOPY 1307111 TICHS [IMX MAHIMYJIAIIH, TPOTMIOHYETHCS (POPMyBaTH Me3a-mpodiihb



[UIIXOM TPAaBJICHHS KPEMHII0 B MPOMDKKaX MDK YYTJIMBUMM €JIE€MEHTaMU Ha
rbuny 10 10 MmkMm. MeTonl 103BoJis€ 3HAYHO 3HU3UTU TeMHOBI cTpymu D]l Ta
301IBIIATH OIIp 130JIAL11 AaKTUBHUX €JIEMEHTIB. MeTO/1 TaK0X 3MEHIIy€e KOe(DillieHT
GOTO3B'A3KY UYYTJIMBUX €JIEMEHTIB. TakoXX JOCHIKEHO BIUIMB HAasBHOCTI
IHBEpCIMHUX MIapiB Ha BOJbT-(apaJHi Ta BOJBT-aMIIEPHI XapaKTEPUCTHUKU
CTPYKTYP.

B Homarky 1 jociipkeHO reHe3uc KpucTtaiorpadiuHux aedekTiB Ha
NOBEpXHi Ta B 00’ emi pP-i-n @I, ix BrumB Ha mapamerpu OI1 ta MeToIM 3MEHIIICHHS
iX TYCTUHHU.

HageneHno nesiki HOBI acmekTu Je(eKTOYyTBOPEHb HA MOBEPXHI KPEMHIEBUX
CTPYKTYp TMiJ Yac PI3HUX TEXHOJOTIYHUX omepauiil. TakoX BCTaHOBIEHO, IO
neeKTH CTPYKTypH dYacTO PO3MIIIYIOThCA Ha TIUIACTUHAX HEPIBHOMIPHO 1
CIPUYUHSAIOTh HEPIBHOMIPHICTh napameTpiB Yy TIINBUX €JIEMEHTIB
oararoenemeHTHHUX DJI. [IpuunHaMu HEPIBHOMIPHOTO PO3MOJALTY AUCIOKALIM 1O
noBepxHi D/ € HepiBHOMIPHUI PO3MOIIT TOYKOBUX JE(EKTIB, IO YTBOPUIUCS B
pe3ynbTaTi OKUCHEHHS, HAsSIBHICTh MIKPOAE(EKTIB, yTBOPEHHX 111 YaC MEXAHIYHOTO
a00 XIMIKO-AMHAMIYHOTO TMOJIPYBaHHS, a TAaKOXX HEOJHOPIAHICTH TOYKOBHX YH
JTiHIMHUX JTedekTiB (pocToBUX) B 00'eMl 37uTKa 4M TuiacTuHU. JIiHINMHI nedexTu
4YacTO MEPETUHAIOTh BCIO IJIACTUHY, YTBOPIOIOUM LIEHTPU pEeKOMOIHAIlll B 00J1acTI
npocTopoBoro 3apsay (OI13) dJI.

BusiBieHo auHaMiKy JUCIOKamii 1o ToBepxHi cTpykryp Si-SiO; 3
IHBEpCIMHUMH IIapaMH B HampsiMKy nepudepii Kpucrana Mmij Yac BiJmaiy, 110
CIPHSUIO 3HAYHOMY 3HI)KCHHIO TYCTUHU CTPYKTYPHUX Je(DEeKTiB Ha MOBEpXHI
YyTIUBUX eJeMeHTiB. OnucaHe sSBUIE MOXKHA BUKOPHCTOBYBATH IIJISi OTPUMAaHHS
BHUCOKOJICTOBAaHMX 0e3/e()eKTHUX KPEMHIEBUX CTPYKTyp. 3amporOHOBAaHUM
METOJIOM BIAETHCS 3HU3UTH TYCTHHY IUCIIOKaIlil Ha TOBEPXHI Uy TIIMBUX €IEMEHTIB
Ha 2—3 TOPSIKHU.

3anpornoHOBaHO METOJ] 3HW)KCHHS TYCTUHU TIOBEPXHEBHUX CTPYKTYpPHHUX
ne(eKTiB IMUIIXOM MPOBEJEHHS Orepaltii XIMiKo-auHaMigHoro nojipyBanss (XJIIT)

B 30HAaX YYTJIWBUX EJIEMEHTIB TICIS TEPMIYHOTO OKHCIECHHsS. MeToj J03BOJIsE



JKBIYyBaTH CTPYKTYpPHI JePEKTH YTBOPEHI MiJ Yac OKUCHEHHS, SIKI € IeHTpaMu
reHeparii auciokamivi mig dac audysiiaux omepariid. X/I1 3 BUKOpHUCTaHHIM
MacKyBaHHS 32 JomoMoro Si0; hopMye CTPYKTYpOBaHY IMMOBEPXHIO, SIKa TETTEPYE
reHepaiiino-pekomOinariiai nentpu (I'PL]) B 00’emi kpucTtany Ta 3MEHIIy€
KoedilieHT BinOMBaHHS BUMpoMiHioBaHHs Bix mosepxHi ®J]. Lleir meton Takox
no3Bossie orpumatd DJ[ 13 HU3BKMMH 3HAYCHHSAMH TEMHOBHX CTPYMIB Ta
M1JIBUIIICHOIO (DOTOUYTIUBICTIO.

IIpakTHYHe 3HAYEHHSI OTPUMAHUX Pe3yJIbTATIB.

Pesynbratu nociiikeHb, IPOBEICHUX Y paMKax II€l JucepTaiiitHoi podoTu
MalOTh BEJIMKE MIPAKTUYHE 3HAUCHHS JIJIsl BATOTOBJICHHSI HAJIMHUX BUCOKOUYYTIMBUX
@Il Ha OCHOBI BHCOKOOMHHUX KpeMHi€BHX N*-p-p*-cTtpykTyp. Pesympratn
JUCepTallii 3aCTOCOBaHI Ta BIPOBAHkKeHI B LleHTpallbHOMY KOHCTPYKTOPCHKOMY
otopo «Putm» nipu BurotossieHHi Takux OJ1: ®J1-14M, ©J1-15M, ®/I-15M-01, O/
29, ®J1-255, D/I-31CD.

1. BnpoBamkeHo TexHosoriuHi pexxumu audysii dochopy ta Oopy 3
IUIAaHAPHUX TBEPAOTUIBHUX JDKEPEN, SKi JO3BOJAIOTH oTpumyBatu DJ] 3
MOKpAIlEHUMH TapaMeTpamMu:  3Ha4eHHs TemMHoBoro ctpymy 7,<30 HA Ta
IMITYJIBCHOI 9y TJIIMBOCTI S;,,,,~0,48-0,5 A/BT nipu U,,=-120 B. (IlateHT Ha KOpHUCHY
mozenb Ne 149890) [150].

2. JlocmipKkeHo BIUIMB TOBIIMHHU aAre31HHOIO MiMIapy XpoOMy 3 THIIOBOI
CTOPOHM MIJKJIAJKK Ha KOe(IlEHT 30MpaHHs HOCIIB 3apany Ta yytiauBicTb DJI.
BcranoBneno 1o toBmuHa anaresiiHoro mapy 10-12 HM 3a0e3neuye MiHIMalbHE
nornuHaHHsg BumnpomiHioBanHs (7=4% mnpu A=1,05 wmxMm) Ta 3abe3nedye
MIHIMQJIbHUMA CHaj YyTAUMBOCTI O€3 BTpaT aAre3iHUX BJIACTHMBOCTEHM 30J0Ta.
3MEHIICHHS TOBIIMHY IIapy XpOMY TPHU3BOAUTH J0 3HUKEHHS HOTO KoedillieHTa
TIPOITYCKaHHS.

3. 3anponoHOBaHO METO/T 3HMKCHHS T'yCTHHH TTIOBEPXHEBHUX CTPYKTYPHHUX
nedekTiB nuisixoM npoBeaeHHs oneparlii X/I1 B 30HaX 9y TIMBUX €IEMEHTIB MICIIS
TEPMIYHOTO OKHUCJIEHHS. MeToa MA03BOJIA€ JIKBIIYBAaTU CTPYKTYpHI JAePeKTu

YTBOPEHI MM/ 4aCc OKWUCHEHHS, fKI € IEHTpaMH TeHeparlii AMCIIOKAIN Mmia 4ac



nudy3iiHuX onepanii. [Ipu BUKOpUCTaHHI METOY BIA€ThCA 3HU3UTH MTOBEPXHEBY
rycTUHY AucIoKamii 3 Ny, ~4-6-10% cm? 10 Ny, =0,5-2:10% cm™2. TIposenenns XI1
3 BUKOPHUCTAaHHSIM MacKyBaHHs 3a gonomororo SiO; ¢opMye CTPyKTypOBaHY
noBepxHto, sika rerrepye ['PLl B 06’emi kpucranmy @] Tta 3MeHIIye Koe]illieHT
BiOMBaHHs BUMpoMiHIOBaHHS Bl moBepxHi ®J]. Omucane no3Bosie orpumaTt OIT
13 TOKpareHUMU (HOTOCTCKTPUIHIMH BJIIACTHBOCTSIMH BHACHIIOK 3MEHIIICHHS
IYCTUHU CTPYKTYpPHMX Je(eKTiB Ta BBEJCHHS JOJIATKOBOIO MEXaHI3My
TeTTepyBaHHS CTPYKTYPOBAHOIO TIOBEPXHEIO.

4, 3anponoHOBaHO Ta BIOPOBAPKEHO BHUKOPUCTAHHA KPEMHIEBUX
a0CcopOIITHMX BiApI3at0YuX CBITIIOMUIBTPIB, SKI JO3BOJSIOTH BUKIIOYUTH BIUIMB
(OHOBOT0 KOPOTKOXBHUIILOBOTO BUIIPOMIHIOBAHHS 13 A<850 HM Ha KOPUCHUI CUTHAJ
®J[. Po3po0ieHO KOHCTPYKIIIIO CBITIOQIIBTpa, SKUM 3a0e3nedye KOeQilieHT
MPOMYCKAaHHS BUIIPOMIHIOBaHHS poOouoi noBxkuHU xBuill 7>70% (IlateHT Ha
xopucHy Mojenb Ne 151697) [106].

S. 3anponoHOBaHO Ta BHWIOTOBJICHO KpeMmHieBuH p-i-n ®J[ 3 me3a-
CTPYKTYPOIO, KM J03BOJISIE HIBETIOBATH 3MCHIICHHS 9acy JKUTTS HEOCHOBHHX
HOCIIB 3apsily Ta MUTOMOTO OMOpPYy 0a30BOro Marepiaiy 3a PaXyHOK BUKIIOUYCHHS
BHCOKOTEMIIEpAaTypHOI omepalii mnacuBallii. 3HIKEHHS KIIbKOCTI TEPMIUHHUX
omepartiid 1o3Bossie oTpuMmatu D] i3 migBuIeHO0 YyTaUBICTIO (S;,,=0,53 A/BT).
Burorosnenns ®/] 3a Me3a-TEXHOJIOTIEI0 TAKOXK 3HUXKYE iX BAPTICTh MOPIBHSIHO 13
BUpPOOAMH, BUTOTOBJICHUMH 3a KJIACUYHOIO IJIaHApHOIO TexHojorie (IlateHT Ha
KopucHy mozenb Ne 151696) [131].

6. Po3pobneno psim MeToiB 30UTBIIEHHS OMOPY 130JIAM1l YyTIMBHX
eneMmeHTiB OararoenemeHTHUX @], ski 0a3yroThCs Ha PO3pUBI 1HBEPCIMHUX
NPOBIAHKUX KaHAIIB HA MeXi po3aiay Si-SiO; MIIsIX0M TpaBJIeHHS TOHKOT OKCHIHOT
IUTIBKM YW TOBEPXHEBOTO IIapy KPEeMHII0, a0 yTBOpPEHHs oOyiacTelt 0OMEXeHHs
KaHAJTIB BUTOKY 130THUITHHX 13 MeTepiajoM HiaKiaaku (p*-Tumy) B 3a30pax Mix
YYTIMBUMH €JIEMEHTAMU. 3amlpOIlOHOBaHI METOMU JO3BOJISIIOTH BUTOTOBIISTH

kBagpanTHi DJ] i3 MikkBagpanTHEUM omopoM >20 MOwm (IlateHT Ha KOpHCHY

mojenb Ne 149108) [153].



7. 3anmpornoHOBaHO  HEPYWHIBHMM  METOJ  BU3HAYEHHS  KIHIIEBOTO
IIUTOMOTI'0 OIIOPYy 0a30BOro Marepiany N*-p-p*- CIPyKTYp, AKHH 100pe KOPEIIoE i3
METO/IOM BU3HAYCHHS Ha OCHOBI edekTy Xoima. Meroa 0a3yeThCsi HA BU3HAUCHHI
HaIpPYTH 3BOPOTHOTO 3MIlEHHs, npu skii mupuna OI13 HaOyBae MakCUMaJIbLHOTO
3HAYCHHH.

Karo4oBi cioBa: HamiBIpOBIIHWUKH, KpEeMHiH, neTekTop (OTOHIB, P-i-n
dbotomion, GiIbTP, TEMHOBUM CTPYM, TOHKA IUTIBKA, OKCHJ KPEMHIiIO, ONTHYHI
BJIACTHBOCTI,  00JacThb MPOCTOPOBOTO 3apsay, CTPYMOBa MOHOXpOMaTHYHA
YyTJIMBICTh, BOJBT-aMIIEPHA XapaKTEPHUCTHKA, BOJbT-(papajHa XapaKTEpHUCTHKA,
eJIeKTPO(i13UYH1 BIACTUBOCTI, CTPYKTYPHI Je(DEeKTH.

ABSTRACT

M. S. Kukurudziak. Photoelectric phenomena in silicon planar n*-p-p*-
structures and physical and technical aspects of manufacturing photodiodes based
on them.

Thesis on search for the Doctor of Philosophy degree in specialty 104 —
Physics and Astronomy. — Yuriy Fedkovych Chernivtsi National University,
Ministry of Education and Science of Ukraine, Chernivtsi, 2025.

The dissertation is devoted to the study of the photoelectric properties of
silicon planar n*-p-p*-structures, as well as the improvement and manufacture of
highly sensitive photodetectors - p-i-n photodiodes (PD) for detecting
electromagnetic radiation in the visible and near-infrared spectral regions.

The thesis consists of an introduction, four chapters, conclusions, a list of
references and three appendices.

The introduction substantiates the relevance of the work; formulates the
purpose, main tasks, object and subject of the study; indicates the scientific novelty
and practical value of the results; provides information on the personal contribution
of the applicant, the testing of the work, its structure and scope.

The first chapter of the dissertation describes the principle of operation of
PDs based on high-resistance silicon n*-p-p*-structures, presents a literature review

that shows the significant interest of scientists from around the world in developing



reliable semiconductor detectors of photons in the visible and near-infrared regions
of the spectrum with maximum sensitivity at minimum dark currents. A list of
advanced photodetectors and their p-i-n PDs on the market is also provided.

The analysis of the properties of n*-p-p*-structures has shown that to ensure
high threshold characteristics and low dark currents of the manufactured
photodetectors, it is necessary to ensure the structural perfection of the high-
resistances i-region. It has been established that the design of typical p-i-n PDs
ensures the absorption of the maximum amount of radiation in the i-region, which
provides high photosensitivity values. Significant performance of such PDs is due
to the fact that the process of diffusion of charge carriers in a conventional PD
structure is replaced in the p-i-n structure by the drift of carriers through the i-region
in a strong electric field.

The leading manufacturers of photodetectors are Excelitas Technologies
Corp. (Taiwan), First Sensor AG (Germany), Hummamatsu (Japan), etc. The best
samples of silicon p-i-n PDs designed for near-infrared radiation detection have a
maximum spectral response of about A=1000 nm and a monochromatic current
sensitivity of about S;;~0.6-0.7 A/W.

In the second chapter of the dissertation, the influence of the electrophysical
characteristics of silicon on the final parameters of PDs, as well as the effect of
doping the n™- and p*- layers with phosphorus and boron, respectively, on the
parameters of n*-p-p*-structures, is investigated. The fabrication technology of
planar p-i-n PDs is described. It was found that the dark current and sensitivity of
the PDs made on the basis of silicon with a higher resistivity of the base material
reach saturation at a lower reverse bias voltage, and the PDs based on silicon with a
longer lifetime of minor charge carriers have lower values of the dark current.
However, the silicon-based PD with a higher resistivity is more prone to the
formation of surface conductive inversion channels at the Si-SiO; interface, which
provokes a decrease in the pore insulation of the sensitive elements of multielement
PDs.

To ensure the maximum value of the charge carrier collection coefficient and



radiation absorption in the i-region of the PD, it is necessary to use the optimal
concentration of impurities in the n*- and p*-regions. It has been found that with a
decrease in the concentration of phosphorus and boron in the n*- and p*-layers,
respectively, their transmittance decreases, but to ensure the proper degree of doping
by the doped layers, the optimal values of surface resistances after the diffusion of
phosphorus and boron are Rs=2.7-3 /0 and Rs =18-20 Q/o, respectively. The PDs
with dark currents 15,=28-36 nA and pulse sensitivity Spus.=0.46-0.48 A/W were
obtained.

In the third chapter, we present some promising structures of silicon p-i-n
PDs. A silicon cut-off adsorption light filter is proposed, which eliminates the
influence of short-wave background radiation with a wavelength of A<850 nm on
the useful signal of the PD. The optical properties of filters were studied and it was
established that as the thickness of the filter increases, its transmission edge shifts
toward longer wavelengths, but its transmittance decreases. To level the radiation
power losses due to the use of an adsorption light filter, it is proposed to use them in
combination with an optical concentrator.

PDs with an increased charge carrier collection coefficient have been
fabricated and studied. The increase of this parameter is achieved by reducing the
thickness of the PD crystal in the projections of the responsive elements on the back
side of the substrate. Reducing the crystal thickness from 500 pwm to 300 um allows
increasing the sensitivity of the PD by 25 %.

A crystal of a silicon p-i-n PD with a mesa-structure is proposed, in which the
responsive elements are formed by etching a mesa-profile, and the resulting grooves
are the gaps between the active elements of the photodetector. This principle of PD
manufacturing allows to exclude the high-temperature thermal oxidation operation
from the technological route. Reducing the number of heat treatments avoids
significant degradation of the electrophysical characteristics of semiconductor and
produces samples with improved parameters.

A method of increasing the insulation resistance of responsive elements and

the guard ring of silicon four-quadrant PDs by breaking the surface inversion



conductive channels at the Si-SiO; interface is proposed. The method is based on the
etching of the thin oxide film in the gaps between the active elements, which allows
to remove the inversion layers. In the absence of an increase in insulation resistance
after these manipulations, it is proposed to form a mesa-profile by etching silicon in
the gaps between the responsive elements to a depth of 10 microns. The method can
significantly reduce the dark currents of PDs and increase the insulation resistance
of active elements. The method also reduces the photocoupling coefficient of the
responsive elements. The influence of inversion layers on the volt-farad and volt-
ampere characteristics of structures was also investigated.

In Appendix 1 the genesis of crystallographic and non-crystallographic
defects on the surface and in the volume of p-i-n PDs is investigated.

Some new aspects of defect formation on the surface of silicon structures have
been established. It has been established that structural defects are often unevenly
distributed on the plates and cause unevenness in the parameters of sensitive
elements of multi-element PD. The reasons for the uneven distribution of
dislocations on the PD surface are the uneven distribution of point defects formed
as a result of oxidation, the presence of microdefects formed during mechanical or
chemical-dynamic polishing, as well as the heterogeneity of point or linear defects
(growth defects) in the volume of the ingot (respectively, in the volume of the plate).
Linear defects often cross the entire plate, forming recombination centers in the
space charge region of the PD.

The dynamics of dislocations on the surface of Si-SiO; structures with
inversion layers in the direction of the crystal periphery during isothermal annealing
was revealed, which contributed to a significant reduction in the density of structural
defects on the surface of responsive elements. The described phenomenon can be
used to obtain high-alloyed defect-free silicon structures. The proposed method
makes it possible to reduce the density of dislocations on the surface of responsive
elements by 2-3 orders of magnitude. The calculations suggest that during
isothermal annealing, dislocations also move from the substrate volume to the

surface.



A method of reducing the density of surface chip defects by performing a
chemical-dynamic polishing operation in the zones of responsive elements after
thermal oxidation is proposed. The method allows eliminating structural defects
formed during oxidation, which are the centers of dislocation generation during
diffusion operations. Chemical-dynamic polishing using SiO, masking forms a
structured surface that getter generation and recombination centers in the crystal
volume and reduces the coefficient of reflection of radiation from the PD surface.
This method also makes it possible to produce PDs with low dark currents and
increased sensitivity.

Practical significance of the results.

The results of the research carried out within the framework of this thesis are
of great practical importance for the manufacture of reliable high-sensitivity PDs
based on high-resistance silicon n*-p-p*-structures. The results of the dissertation
were implemented in the Rhythm Optoelectronics Sareholding Companyin the
manufacture of PDs PD-14M, PD-15M, PD-15M-01, PD 29, PD-255.

1. Technological modes of phosphorus and boron diffusion from planar
solid-state sources were introduced, which allow to obtain PDs with improved
parameters: dark current 15<30 nA and pulse sensitivity Spus~0.48-0.5 A/W at
Upias=-120 V. (Patent for utility model No. 149890) [150].

2.  The effect of the thickness of the adhesive chromium sublayer on the
back side of the substrate on the charge carrier collection coefficient and PD
sensitivity was investigated. It was found that the thickness of the adhesive layer of
10-12 nm provides minimal radiation absorption (T =4% at A = 1,05 um) and ensures
minimal sensitivity decline without loss of gold adhesive properties. Reducing the
thickness of the chromium layer leads to a decrease in its transmittance.

3. A method for reducing the surface density of structural defects has been
proposed by performing chemical-dynamic polishing in the sensitive element areas
after thermal oxidation. This method eliminates structural defects formed during
oxidation, which serve as dislocation generation centers during diffusion processes.

Using this method, the surface dislocation density can be reduced from Ngis = 4-6-10°



cm? to Ngis = 0.5-2-10? cm 2. Chemical-dynamic polishing with SiO, masking
creates a structured surface that gettered recombination centers within the PD crystal
and reduces the surface reflectance of incident radiation. This approach results in
photodetectors with improved photoelectric properties due to reduced structural
defect density and the introduction of an additional gettering mechanism via the
structured surface.

4.  The implementation of silicon adhesive-cutoff optical filters is
proposed and applied. These filters eliminate the influence of background short-
wavelength radiation with A < 850 nm on the useful signal of the PD. A filter design
has been developed that ensures a transmission coefficient of T > 70% at the working
wavelength (Patent for utility model No. 151697) [106].

5. A silicon p-i-n PD with a mesa structure has been proposed and
fabricated. This design minimize the degradation of minority carrier lifetime and the
resistivity of the base material by excluding the high-temperature passivation
process. Reducing the number of thermal operations allows for the production of
PDs with increased sensitivity (Simp. = 0.53 A/W). Fabrication of PD using mesa
technology also reduces production costs compared to devices manufactured using
classical planar technology (Patent for utility model No. 151696) [131].

6. A series of methods has been developed to increase the insulation
resistance of sensitive elements in multi-element PDs. These methods are based on
interrupting the inversion conduction channels at the Si-SiO, interface by etching
the thin oxide film or the silicon surface layer, or by creating channel-blocking
regions of the same conductivity type as the substrate material (p*-type) in the gaps
between sensitive elements. It is proposed to perform boron diffusion to form p*-
layers between the active elements simultaneously with the formation of the ohmic
contact layer on the back side of the substrate, thereby avoiding additional thermal
operations in the technological process and reducing degradation of the silicon's
electrophysical properties during heat treatment. These methods allow the
fabrication of quadrant PDs with inter-quadrant resistance of >20 MQ (Patent for
utility model No. 149108) [153].



7. A non-destructive method has been proposed for determining the final
resistivity of the base material in n*-p-p*-structures, which correlates well with the
Hall effect-based method. The method is based on determining the reverse bias
voltage at which the space charge region width reaches its maximum value.

Keywords: semiconductors, silicon, photon detector, p-i-n photodiode, filter,
dark current, thin film, silicon oxide, optical properties, space-charge region, current
monochromatic sensitivity, current-voltage characteristic, capacitance-voltage

characteristic, electro-physical properties, structural defects.
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