AHOTANIA
®omopenko A.B.. Bnockonanenuit repManieBuid p-i-n ¢orompuiiMay Ha

nopxuHy XBuii 1,54 mxMm. — KBamidikariiiina HaykoBa Tparisi Ha paBax PYKOITHCY.

Jluceprariis Ha 3700yTTS HAyKOBOTO CTYIeHs JoKTopa dimocodii 3a
cnemianpHicTiO 105 «[Ipuknagna ¢izuka Ta HaHOMaTepianu». — [HCTUTYT Qizuku
HaniBnpoBigHuKIB iM. B.€. Jlamkaprosa HAH Ykpainu, Kuis, 2021.

HucepTallis mpucBsiueHa po3poOIli BAOCKOHAJIEHOTO TepPMaHIEBOTO Pp-i-n
¢doTtomnpuiiMaya JiJ1sl CydacHHX JIa3epHUX JJaJTeKOMIPiB Ta CEHCOPHO-BUMIPIOBAIBHUX
NpWwIaaiB Ha JOBKUHY XBUJi 1,54 MKM, 110 Oiibl Oe3MedyHo AJisi OKa JIFOJUHU B
nopiBHsHHI 3 1,06 MKM, sika BHKOPUCTOBYETHCS B CYy4YacHUX JaJeKOMIpax.
Po3pobnena  KOHCTpyKLisi ~Ta  TEXHOJIOTiSE  BUIOTOBJIGHHS  HaJiHWHOTO,
IIBUKOAIFOYOTO 1 BUCOKOUYTIHBOTO Ge p-i-n PoTomdioNy, sika 3axXullieHa TaTeHTOM
VYKkpaiHn Ha BHHAaxXiJ] Ta EKCINEPUMEHTAIHHO TIOKa3aHO TMEePCIEKTUBU WOT0
3aCTOCYBaHHSI.

AKTyanbHOIO TPOOJIEMOIO ICHYIOUMX TepMaHi€BUX p-1-n-QOTOMIOAIB SKY
MOTPiIOHO BUPIIINTH € HU3bKA HANIHHICTh Ta X BHCOKa Aerpafaiis 3 yacom. Llg
npoOJieMa MoB’si3aHa 3 BUKOPUCTOBYBAHHAM B SKOCTI NMacuBYOUMX mapiB - S10,,
S13N4, ZrO,, abo ¢iaHiTy, MNOCTiliHa pelliTka Ta Koe(IilieHT TEepMidyHOI0
pPO3LIMPEHHS] SKWUX, 3HAa4yHO BiApi3HseTbess Big (Ge, B pe3ylbTaTi 4Oro
YTBOPIOEThCS BENWKA KUIBKICTh AUCTOKamid Ta nedexTiB. B poboti Oyna
3ampoIoOHOBaHa i/1es MiABUIIeHHs HaaiitHocTi Ge p-i-n (oToaiony, 3a paxyHOK
3aCTOCYBaHHSI B SIKOCTI MAacCWBYIOUOT'O TMOKPHUTTS celeHiny umHky (ZnSe). llei
MaTepian Ma€e Koe(illieHT TEpMIY4HOrO PO3INMPEHHs, KU cTaHOBUTH 6,1x107° K,
MaKCHMAaJIbHO HabJIMKEHOTO 10 BiAMOBIIHOrO MOKa3HUKA I repMairo - 7,1x10°
K-!. 3MeHLIEHHS IOBEPXHEBMX CTPYMiB JOCATACTHCS 33 PAXyHOK BEJIUKOL
3abopoHeHoi 30HU 2,7 eB ZnSe, B nopiBHsiHHI 3 BiacHuM Ge 0.67 eB. ZnSe mae
BUCOKY Tpo3opicTh B [Y-aiana3zoHi BUIPOMiHIOBaHHS, TOMY MO0 MOYKHA HAHOCUTH
SK Ha (poHTAIbHY TOBEpXHIO (oTomnpuiiMaya, Tak i Ha OIYHY IOBEpPXHIO IJis
3aXUCTy p-n mepexomy. B poOoTi excriepuMeHTanbHO JOBENEeHO, 10 TachBaIlis
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noBepxHi Ge p-i-n ¢otomiona ZnSe no3BoNMIA JOCATTH TONIMIIEHHS HOro

XapaKTePUCTUK 1 HATIHHOCTI.

B poznini 1 mpoananizoBaHo my6uikallii, 3 SKMX BCTaHOJIBEHHO 1110, Ge p-i1-n
dotoniony HaNOUIBII LIMPOKO 3aCTOCOBYIOTHCS Ta aKTUBHO PO3BUBAIOTHCA B
BOJIOKOHHO-ONTUYHUX JIHISX 3B’S3KY, Ja3epHUX JaliekoMipax Ta HayKOBO-
BUMIPIOBaIbHUX TMpHIagaX, SKi MpaIfoloTh B OMWKHIN 1HGpavepBoHOI obmacTi
criekTpy. BusnaveHo, 1mo TeHAeHIis] pO3BUTKY (OTOMIOAIB IMITYIbCHHUX JIa3epHUX
JIAJIeKOMIpiB BiICHKOBOTO TMPU3HAYECHHS KOMIUIEKCHO IIOB’s3aHa 31 CTBOPEHHSM
HOBUX JDKEpeJl IMITyJIbCHOT'O JIa3epHOr0 BUIIPOMIHIOBAHHS Ha JIOBXKUHY Oe3MedHOl
st oka xBWii 1,54 MKM 3 JIOJHUM «HaKadyBaHHSIMY», IO CYTTEBO IIi/IBUIIYE
TOYHICTh Ta JAJBHICTh BUMIPIOBAaHb, HATMIHHICTh MPHIIAAY, 3MEHIIY€E Ta0apuUTH Ta
eneprocnoxkuBanHs. lns Ge p-i-n QoronmiofiB BU3HAYEHI HACTYIHI HAMpSIMKH
BJIOCKOHAJICHHS: 3MEHIIEHHS BJIACHUX UIYMIB Ta TOBEPXHEBUX PEECTPYIOUUX
CTPYMIB 32 paxyHOK 3aCTOCYBaHHS HOBOI'O MACUBYIOUOI'O MOKPUTTS, MiABUIICHHS
HAJIMHOCTI Ta YYTIMBOCTI 3a pPaxyHOK IIOIIYKY 3aCTOCYBaHHS CIeIialbHOTO
BY3bKOCMYTOBOTO (PIIBTPY Ta MPOCBITIIOIOYMUX MOKPUTTIB AJsl JAeTajeil BChbOro
ONITHYHOTO TPAKTY POTONPHIMAIBHIX MTPUCTPOIB.

OxkpiM TOTO, JiITEpaTypHHIA TOIIYK TOKAa3aB, [0 OJHUM 13 TIEPCIIEKTUBHUX
HaIpsAMKIB € 3acTocyBaHHs Ge p-1-n GoTomioniB AJisi HAYKOBUX JOCTiKEHb, a caMe
B MpUJIaJaXx Ha OCHOBI SIBUIIA MOBEPXHEBOrO TJIA3MOHHOI'O PE30HAHCY B OJMKHIH
iH(padepBOHil 005aCTI CIEKTPY, MOXJIHUBOCTI POOOTH B SKIM HEJOCTATHHO
JOCJIIPKeHO B icHyroumx myouikamisx. Lli poboru momiabHO mpoBecTd Ha 6asi
[acturyty ¢i3uku HamiBmpoBinHukiB iMm B.€. JlamkaproBa HAH VYkpainu 3

3acTOCYyBaHHSM BIOCKoHajeHoro Ge p-i-n goromioxny.

B po3mini 2 HaBe#neHO MOENIOBAHHS CIEKTPAIBHUX TapaMeTpiB
mBuakoairouoro Ge p-i-n GoToniony, omrcaHO PO3poOKy Kopiycy (oTomiony 3
BXIJJHUM KpEeMHi€BHM BiKHOM. BuximHumu napamerpamu rabaputHux po3Mmipi Ge
p-i-n ¢oronioxy Oymm obpani 3HavenHs (¥=0,6 cm; 1=2cM) BiONOBIAHMMHU HO
¢doronpuiiMaya NaJeKOMIpHUX CHCTEM, IO CEepiliHO BUITyCKAIHUCh HA Amax—= 1,00
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MKM JAepXKaBHUM MignpueMcTBoM Ykpoboponnpomy HBK «®otonpunany. Takuit
MiAXil JT03BOJMB BHUKOPHUCTATH KOHCTPYKTOPCHKY JIOKyMEHTallil0  OJIOKY
dboTonpuitMaya Ta TEXHOJOTIUHY IMATOTOBKY BUPOOHMIITBA IHOTO IiANMPUEMCTRA.
Bxinne BikHO pospoGnenoro Ge p-i-n ¢oronpuiimaua, miomero 0,5 cm?, 6yno
BUTOTOBJIEHO 3 MOHOKPHUCTALY KPEMHIIO N- TUITY JieroBaHoro ¢hochopoM, MUTOMUM
omip 15 Om/cm. Ha LIKb «Apcenan» Oyno HaHECEHO OJHOLIAPOBE MPOCBITIIIOIYE
mokputTss HfO, 3 000X CTOpiH KpeMmHI€EBOTO BiKHA, IO Jall0 3MOTY JOCSTTH

KoeQiLi€HTY MPOMyCKaHHS Ha Amax= 1,54 MKM piBHY 96%.

Jlns onTuMizarii Ta mepeBipku 00paHoi TexHomorii BurotosieHus Ge p-i-n
dotomioniB Oyn0 MPOBEACHO MOMAEITIOBAHHS CHEKTPaIbHOI (DOTOUYTIMBOCTI
Ge p-i-n doromioniB. PesynapTaTM MomenroBaHHS ~OynHM  TiATBEPIKEHHI
BUMIPIOBaHHSMU  E€KCIIEPUMEHTaJbHUX 3pa3kiB BAocKoHaneHux Ge p-i-n

dboTomioniB 3 nmoxuokoro BuMiproBanus £0,01 A/Br.

B po3nmini 3 HaBemeHa TEXHOJOTIS BUTOTOBIICHHS BIOCKOHanIeHoro Ge p-i-n
¢doronpuiiMaya Ta pe3yibTaTH BUMIPIOBaHHs Horo xapaxkTepucTuk. PozpobieHo
TEXHOJIOTIYHI PEXUMU BUTOTOBIICHHS IBUAKONIroUMX Ge p-i-n  TepexoiB
OJTHOYACHOI TU(Y3I€I0 aKIeNTOPHUX AOMIIIOK Zn Ta In mBoTemmepaTypHUM
crocoboMm y mniakiaaaku n-Ge 3 nuroMum onopom 15 OM-cM. 3anporoHoBaHO HOBUH
croci0 macuBallii Ta 3aXUCTY ME3aCTPYKTYPH MEePEeXO0/1iB MONIKPUCTATIYHUM IIaPOM

ZnSe, sxuii MaB Taki MepeBaru:

. napaMmeTp Hey3rOJKeHOCTI KpPUCTaIYHUX TIPaTOK KOHTAKTYIOUUX

MarepiaiiB He niepeBuiye 0,2%;

. MUTOMUNA OMip MOJIKPUCTATIYHOTO IIapy, BUPOIIEHOTO 31 CrelialbHO

HeJIEroBaHoro matepiany, 6inbiuui Hix 10'° Om-cm npu T = 300 K;

. koedirieHT JiHIHOTO TepMiuHOro posmmpenHs npu T = 300 K
OMM3bKi 32 3HAYEHHAM i cTaHOBIATE ~7- 1078 rpax! nns ZnSe ta ~6-107° rpax! mns

Ge, 1o CIIpusa€ 3MCHIICHHIO MeXaHIIHUX HaIIpy’KEHb CUCTEMU «I'IaCI/IBYIO‘II/Iﬁ map



ZnSe — akTuBHA 00JIACTh P-N TIEPEXOy» Y MOPIBHIHHI 3 MHUPOKO 3aCTOCOBYBAHUM

Si13N4 1 1ae MOXIUBICTE (hOPMYBATH JlieTISKTPHUUHI IIapy TOBIIMHOIO >1 MKM.

3acTocyBaHHS B SKOCTI MACUBYIOYOro Imapy ZnSe T03BOIWIO IOCSTTH
3MEHIIIeHHs PiBHS MEXaHIYHHUX HaIpy)XeHb MOBEPXHEBOI'O IIapy Ta IOB’S3aHHI 3
UM KOHIIEHTpAllif0 AMCIOKalil Ta Ne(eKTiB, fKI € MPUYUHOIO MOBEPXHEBUX
cTpyMiB B doToiofi. PoTo10a1 3 TAKUM IIAPOM TTOKa3aIu BIICYTHICTh JAerpaaamii
iX poboUYMX mapameTpiB MPOTIAroM 3X pokiB ( 3 MoMeHTY BurotroBiieHHs 2018 p. 1o

2021 p.).

ExcnepyMeHTaabHO IOCIHIHKEHO TPaHCIOPT HOCIIB 3apsily NpU NpsSMHX Ta
3BOPOTHUX 3MIIIEHHSAX p-1-n TepexojiiB B iHTepBajii Temreparyp 227-316 K.
ITokazaHo, o Ha npsaMux BAX nepexoaiB ajst BCiX IOCHIIKYBaHUX TeMIEpaTyp
MPUCYTHsSI BUCOKOOMHA i-007acTh. BeTanosneHo, mo BAX mepexo/iB BU3HAYarOTh
Iudy3iiHUA Ta reHepaiftHo-peKoMOiHAIIIHHIHI CTpyM, TIpUYOMY BKIaI AUQY31HHOT

KOMITOHEHTH € OCHOBHUM, ITI0 CBITYUTH MIPO BUCOKY SKICTh p-i-N TIEPEXOy.

Po3po6ieno MeTos BUMipIOBaHHS €NEKTPHUYHOTO OTIOPY TOHKUX MACUBYIOUHMX
IUTIBOK 3 BUKOPHUCTAaHHSM €JaCTMYHUX KOHTAKTIB, SKHM Mae Taki mepeBarn B

MOPIBHSIHHI 3 YOTUPbOX30HAOBUM METOJIOM:

- BeJTMKa IUIOIIa KOHTAKTHOI 30HM 1, SIK HACIIOK, - Maja MUIBHICTh CTPYMY i

BIJICYTHICTb HarpiBy 3a paxyHOK BUJIIeHHS Teruia J[xoyns;

- MaJiuil TUCK Ha MOBEPXHIO HAMiBIPOBITHUKA, IO 3a0e3Medye MiHiMizalis

MOIIKO)KEeHb MTOBEPXHi;

- BUKOPHUCTAHHA KOHTAaKTIiB 3 MaKCHMaJIbHOIO IIOLICHO K1 MMEPEKPUBAIOTH

BE€CH 3Ppa30K JO3BOJIA€ YHUKHYTH BIIJIMBY TCOMETPUIHUX TTOXHMOOK.

ITpoBeaeHO MOCTiIKEHHS BIACTUBOCTEH MACUBYIOYOIO MIAPY HA MOJEITbHUX
3paskax miomero 1 cm? i ToBmmHOK WIiBok ZnSe i Se 0,5-1,8 MKM, Ha migKnagKax
Ge 1 KOHTPOJNBHHMX 3pa3Kax IUTIBOK Ti€l X TOBIIMHMA Ha CKJi. PeHTreHiBChKi

JOCIIIKEeHHS TTOKa3aly HasgBHICTh TekcTypoBaHux ¢a3 GeSe i GeSe; B 3pa3kax, 5K



3 wiiBKamMu ZnSe Tak i 3 mwiiBkamu Se. Enextpuunuii omip 3pa3kiB ZnSe Ha Ge
i IKITa1101, B TIOPIBHSHHI 3 OMOpoM 3pa3kiB Se Ha Ge miaknaari 6inmeire Ha 30%. 3
OTJISITY Ha IIi pe3yJbTaTH IO eJIEKTPOOIOpY, B CYKYITHOCTI 3 THM, IO 3a PaxyHOK
MaJioi PI3HUII TOCTIHHUX PEIITKU Ta KOeQilllEHTIB TEPMIYHOTO PO3IIUPEHHS
wiiBku ZnSe 3 Ge Ta Kpaioro KoediuieHTy npornyckants 0,64 B nmopiBHsIHHI 3 Se
0,48 (Ha ckii OmHAKOBOI TOBIIMHMW) macubaillis mapoMm ZnSe Ge doromionis €

OIITUMAJIBHOIO.

B poszmini 4 TmokazaHO TEpPCHEKTUBM 1 HANPSIMKH 3aCTOCYBaHHS
BrockoHasieHoro Ge p-i-n dotomiony. Pesyneratn mocmimkeHHs podotu Ge p-i-n
¢doTomiony B cKiali MakeTy iMIyJIbCHOTO Ja3epHOro AaJeKOMipy MOKa3alld, IIO0
Takuii (DOTOMION Mae JOCTATHIO IIBHIKOMIIO JUIsl HAIIMHOTO peecTpyBaHHS
KOPOTKUX iMmyJbciB mopsaky 20 Hc (4ac penakcamii T ckmas 5,8 10°% ¢). B
pe3ynbTaTi  eKcnepuMeHTy  OyJo  BCTAHOBJEHO  MOPOTOBY  UYTJIMBICTH
doronpuiimaua B E¢1.4=253 nJIX, a cymapHUii KOe]iLI€HT MPOIMYCKAHHS B LIbOMY
BUNaAKy cTaHoBUB K ¢14= 0,000437, 1mo Ha mopsiaiok OuIblle HIK KOEQILIEHT
MPOMYyCKaHHS TIpM BUMIpIOBaHHI BifctaHi 5 kM k .= 0,0038. IlpoBeneni
JOCIIKEHHS JT03BOJISIIOTh 3pOOUTH BUCHOBOK, 110 PO3POOJICHUM MIBUIKOAIIOYUI
Ge p-i-n poromion Moxke OYTH YCIIIITHO BUKOPUCTAHUH B IKOCTi (hoTompuiiMada Jjst

IMITyJIBCHOT'O JIa3epHOTO JaJIeKOMipy BiiCBKOBOTO MpU3HAYECHHS.

Jlnsi HayKoBOro MpWiIanoOyAyBaHHS OOHHMM i3 TEPCIEKTUBHUX HAIMPSIMKIB
3acTocyBaHHsI po3podiieHoro Ge p-i-n (oTomiogy OyI0 BHKOPUCTAHHS WOTO IS
CTBOPEHHSI BHMMIpIOBAJIbHOTO CEHCOpPY ©0a3ylouoroch Ha SBUIIl MOBEPXHEBOTO
IUIa3MOHHOTO pe30HaHCy B iH(pauepBOHiM oOxacTi crekTpy. B mopiBHsHHI 3
cepiitHo BurotoBieHUM Ge p-n GoToaio10M NPy mepexo/ii BiJ JoBXuHU xBuii 1310

HM 10 1550 HM BiH Mae Taki repeBaru:

e MHaMIYHUU Jiana3oH 3poctae Ha 15% Oinbire;
e BIATYK ceHcopy 3poctae Ha 80% OinbIre;
® HasSBHICTh KpPEMHI€BOTO (QiIbTpa YHEMOXIHBIIOE TOTPAIUISHHS B

iHpOopMaIiHHUI KaHATl 3aBaIOBOTO CUTHAITY.



Tepmocrabimizamis po3pobnenoro Ge p-i-n  Qoromiony 3a paxyHOK
aFOMiHI€EBOTO pajaiaTopa 3 eneMmeHTOM [lenbThe Ta onmTuMmizallis pexxumMy poOOTH

Ja3epa, 103BOJIKJIa MiHIMI3yBaTH TeMIIepaTypHUH Apeid.

ExcriepuMeHTanbHi AOCHTIHKEHHS TaKMM YHWHOM JIOBENIM TEPCIEeKTUBHICTh
3acTocyBaHHsI po3poOsieHoro Ge p-i-n Qoromiony B CKiIaai BUMIPIOBAIBHOTO
npuiany 0a3ylo4doroch Ha SIBHUINI MMOBEPXHEBOTO IJIA3MOHHOTO PE30OHAHCY B

iH(pauepBOHI 001aCTI CIIEKTPY.
HaykoBa HOBH3HA OJlep:KAHUX Pe3yJIbTATIB MOJISATA€ B HACTYIIHOMY:

1.  Bmepme 3amponoHOBaHO HOBHWM crmoci0 macuBamii Ta 3axucty Ge
ME3aCTPYKTYpH TEpexo/iB TOJIKPUCTAIIYHUM ImapoM ZnSe, SKH Mae Taki

nmepeBaru:

- napaMeTp HEY3rO/KCHOCTI KPHUCTANIYHUX TIPaTOK KOHTAKTYIOUUX
MarepiaiiB He nepeBuiye 0,2%;

- MUTOMME OIip MOJIKPUCTATIYHOrO APy, BUPOILIEHOrO 31 ClelialbHO
HEeJIEroBaHoro mMarepiany, 6inpmuii Hix 10'° Om-cm mpu T = 300 K;

- koedirieHTH JiHIHOTO TepMiuHOro posmmpeHHs npu T = 300 K
ONM3bKI 3a 3HA4eHHAM 1 cTaHoBuATh ~7-10° rpax! ngns ZnSe Tta ~6
107 rpag™ nna Ge, mwo cnpusie 3MEHINEHHIO MEXaHIYHMX HANpyXKeHb CHCTEMH
«MacHBYIOYHH 1ap ZnSe — aKTUBHA 00JIaCTh p-N MePeXoay» Yy MOPiBHAHHI 3 IIAPOKO
3acTocoByBaHUM SisN4 1 Ja€ MOXIMBICTE (OpPMYBaTH HieNeKTpUYHI IIapu

TOBIIIUHOIO >1 MKM.

Ili mepeBaru HO3BOJISIOTH 3MEHIIMTH pPiBeHb MeEXaHIYHUX HaIpPyKeHb
MOBEPXHEBOI'0 1Iapy Ta IMOB’s3aHHI 3 MM KOHIIEHTpallisl TUCIOKaIlil Ta 1e]eKTiB,
SKi € OCHOBHOIO NMPUYWHOIO TIOBEPXHEBHUX CTPyMiB B (DOTOMIOMI, 1m0 3ade3medye
BIJICYTHICTB Aerpajauii mpoTsaroM 3X pokiB 3 MOMEHTY BurotosieHHs 2018 p. mo

2021.

2. [IpoBeneHO MoOJeIIOBaHHS Ta TEOPETUYHI PO3PaXyHKH €HepreTUdHOl

ctpykrypu Ge p-i-n ¢doTomiomy Ta HOro CHeKTpaabHOI YyTIWBOCTI PesympraTn
7



MOJeIOBaHHsl Oyiu MiATBEpI)KeHHI BUMIPIOBAaHHSMU Ha EKCIEPUMEHTaJIbHUX
3pa3kax 3 moxuOkoro BuMiproBaHHs +0,01 A/Bt. JlocnmimkeHHS TIiITBEpIUIN
MOKJIMBICTh 3aCTOCYBaHHS TEOPETHYHOI MOJeNi JUisi JOCSITHeHHS HeoOXiIHOl
30HHOI CTPYKTYpH (HOTOAIONY Ta ONTUMI3ALIT HOrO KOHCTPYKIIIT.

3. Bnepmie BcraHoBneHo BIuiMB (GazoBoro ckiany ZnSe/Ge Ha
elleKTpoomnip nacupyrouoro wmapy ZnSe. /i uporo O0yno po3pobieHO METOAUKY
BUMIPIOBaHHS  €NeKTPUYHOTO OMNOPY BHCOKOOMHMX TOHKMX IUTIBOK 3
BUKOPHUCTAHHSAM €IacTUYHUX KOHTAKTIB, fIKa Ma€ Taki IepeBard B MOPIBHSHHI 3
YOTHUPHOX30HI0BUM METOAOM: MM THCK Ha MOBEPXHIO HAMIBIPOBITHUKA, BETUKA
IUIOIIa KOHTAKTHOI 30HM 1 SK HACliJOK NpHU BHUMIPIOBaHHIX BHCOKOOMHHX

MOBEPXHEBUX IIapiB 3a0e3Meuy€eThCs MaJia TYCTUHA CTPYMY Ta BIJICYTHICTh HAarpiBy.
IIpakTH4He 3HAYEHHSI OJeP:KAHUX Pe3yJIbTATIB MOJSATAE Yy HACTYITHOMY:

1. Brnepiie po3pobieHo BaockoHalleHWH BUCOKOHadiHWK Ge p-i-n
dotomion, sKuit BOJIOI€ MapaMeTpamMu HeOOX1THUMHU 7151 GOTONPUMadiB B CKIIa i
IMITyJILCHOTO JIa3€pPHOro JaneKomipa Ta Mae dac penakcanii 5,8 10® ¢ i moporosy
qyTiuBicTh E¢=253 ©/[x. HaykoBo-TexHIYHe pillIeHHS 3axMIIEHO HaTeHTOM
Vkpainu Ha BuHaxin: «['epmanieBuii ¢oTonepeTBopoBady Ta crocid6 Horo
BurotosieHHs» // No 120653 —2020 — bron. Nel Terbopkin B.B., Cykau A.B.,
Bopomenko A.T., Jlyuumwmn [I., Benrep €.®., Macnos B.II., Kauyp H.B.,
®enopenko A.B.

2. ExcriepuMeHTa IbHO JOBEIEHO MEePCIeKTUBHICT BIOCKOHaIeHOTo Ge
p-i-n ¢oTodiony y CKIaAl iIMIyJIbCHOrO JlazepHoro najgekomipa. Takuit dotomion
Ma€ JOCTaTHIO IIBUIKOMIIO JUIsl HAMIMHOTO PEECTPYBAHHS KOPOTKUX IMITYJIBCIB
(mopsinky 20 HC). B pesynbTari ekcnepumeHTY Oyno BCTAaHOBIEHO IOPOTOBY
qyTIUBICTh GoTonpuiiMada B E¢14=253 n/lx. CymapHUil Koe]ilieHT NpoITycKaHHS
CBITIIOMUIBTPIB, SAKiI nocnadmoBayn iMmynbe Nazepy (Epx = 578 Mx][)k) cTaHOBUB
kpi4= 0,000437, mo Ha mnopsaoK Ouibllle, HIK TEOPETUYHO pPO3paXxOBaHUMN

Koe(illieHT mpomycKkaHHsS Ipu BuMiptoBaHi BiactaHi 5 KM (K= 0,0038) Ta



BIJINTOBIJIa€ TEXHIYHAM BHUMOTaM 10 (QOTOAIONY B CKJIAJI IMITYJIBCHOTO JIa3ePHOTO

TajgeKoMipy.

3. [Toka3zaHO TMEepCIEKTUBHICTh 3acTOCyBaHHS po3pobsieHoro Ge p-i-n
doromiony y CKIIaai MakeTy MpuiIaly Ha OCHOBI SIBUINA TOBEPXHEBOT'O TNIA3MOHHOTO
pe30HaHCy, IO Tpalfoe B OJKHHOMY I1H(PpPauepBOHOMY [iama3oHi CIEKTPY.
PesynpTatyt  mOCHiIKeHHS ~ MIATBEPAWINA  MEPCIEKTHBHICTh  3aCTOCYBaHHS
po3pobneroro Ge p-i-n (GoTomioay y CKiIai BUMIpPIOBAIBHOTO TIPWIaay Ha OCHOBI
SBUIIIA TIOBEPXHEBOTO TUIA3MOHHOTO PE30HAHCY 3 UYTIWBICTIO, HAMpPHUKIAL, IO

po34KHiB rroK03u 72 MB-mr,

Pesynbratu mociimkeHb, TPOBENEHUX B POOOTi, € MEePCHeKTUBHUMU IS
3aCTOCYBaHHS Y MMPOMUCIOBOCTI Ta B HAYKOBIH AisUTBHOCTI. PO3IIIsSTHYTO IpakTUYHE
3aCTOCYBaHHS PO3POOJIEHOrO BAOCKOHAJEHOro MmBHAKoAitouoro Ge p-i-n
dbotomiony. Pe3ynbraTu JOCHiIKeHb MIATBEPKEHI BIAMOBITHUMH aKTaMHU
BripoBaKeHHsT [HctutyT moHokpuctaniB HAH VYkpainu ta I[HcTHTYT i3uKu

HamiBIpoBinHUKIB iM. B.€. JlamkapsoBa HAH Vkpainu.

Kuro4oBgi ciioBa: noBxuHa XBUIIi, iIHPpadepBoHa 00iacTh, hotonpuiimay, Ge
p-i-n ¢oromion, mnacuByruuil wap ZnSe, IMOYJIbCHUN Ja3epHU JaneKoMmip,

BHUMipIOBaJIBLHUH MPHUIa] Ha OCHOBI SBHIIA TIOBEPXHEBOTO TNIA3MOHHOT'O PE30HAHCY.



SUMMARY
Fodorenko AV. Advanced germanium p-i-n photodetector for a wavelength

of 1.54 um. - Qualifying scientific work on the rights of the manuscript.

The dissertation on competition of a scientific degree of the doctor of
philosophy on a specialty 105 "Applied physics and nanomaterials". - Institute of
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The dissertation is devoted to the development of an advanced germanium p-
i-n photodetector for modern laser rangefinders and sensor-measuring devices at a
wavelength of 1.54 um, which is safer for the human eye compared to 1.06 um used
in modern rangefinders. The design and technology of manufacturing a reliable,
high-speed and highly sensitive Ge p-i-n photodiode, which is protected by a patent
for the invention of Ukraine, has been developed and the prospects of its application

have been experimentally shown.

The current problem of existing germanium p-i-n photodiodes that needs to
be solved is low reliability and their high degradation over time. This problem is
associated with the use as passive layers - SiO,, Si3N4, ZrO,, or cubic zirconia, the
constant lattice and the coefficient of thermal expansion of which differs
significantly from Ge, resulting in a large number of dislocations and defects. The
idea of increasing the reliability of Ge p-i-n photodiode was proposed due to the use
of zinc selenide (ZnSe) as a passivating coating. This material has a coefficient of
thermal expansion, which is 6.1x10° K-!, as close as possible to the corresponding
figure for germanium - 7.1x10° K-!. The reduction of surface currents is achieved
due to the large band gap of 2.7 eV ZnSe, compared with its own Ge 0.67 eV. ZnSe
has a high transparency in the IR range of radiation, so it can be applied to both the
front surface of the photodetector and the side surface to protect the p-n junction.
The paper experimentally proves that the passivation of the Ge p-i-n photodiode with

ZnSe allowed to achieve an improvement in its characteristics and reliability.
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Section 1 analyzes the publications, of which Ge p-i-n photodiodes are most
widely used and actively developed in fiber-optic communication lines, laser
rangefinders and as optical sensors in devices operating in the near-infrared region
of the spectrum. It is determined that the trend of development of photodiodes of
pulsed laser rangefinders for military purposes is complexly associated with the
creation of new sources of pulsed laser radiation at an eye-safe wavelength of 1.54
um with diode "pumping", which significantly increases the accuracy and range of
measurements, reduces the reliability of the device. dimensions and energy
consumption. The following areas of improvement have been identified for Ge p-i-
n photodiodes: reduction of intrinsic noise and surface recording currents due to the
use of a new passivation coating, increase of reliability and sensitivity by finding a
special narrowband filter and illuminating coatings for parts of the entire optical path

of photodetectors.

In addition, the literature search showed that one of the promising areas is the
use of Ge p-i-n photodiodes for research, namely in devices based on the
phenomenon of surface plasmon resonance in the near infrared region of the
spectrum, the possibility of which is insufficiently studied in existing publications.
These works should be carried out on the basis of the Institute of Semiconductor
Physics named after V.Ye. Lashkaryova NAS of Ukraine using an improved Ge p-
i-n photodiode.

Section 2 presents modeling of structural and spectral parameters of a high-
speed Ge p-i-n photodiode, describes the development of a photodiode housing with
an input silicon window. The initial parameters of the overall dimensions of the Ge
p-i-n photodiode were selected values (@ = 0.6 cm; 1 = 2 cm) for the photodetector
of rangefinder systems, which were serially produced at Ay.x = 1.06 um by the state
enterprise Ukroboronprom NVK "Fotoprilad". This approach allowed to use the
design documentation of the photodetector unit and technological preparation of the
production of this enterprise. The entrance window of the developed Ge p-i-n

photodetector, with an area of 0.5 cm2, was made of n-type single crystal of
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phosphorus doped with silicon, resistivity 15 Ohm / cm. A single-layer translucent
HfO, coating was applied to the Arsenal Design Bureau on both sides of the silicon
window, which made it possible to achieve a transmittance of Amax = 1.54 um equal

to 96%.

To optimize and verify the chosen technology of manufacturing Ge p-i-n
photodiodes, the simulation of the spectral photosensitivity of Ge p-i-n photodiodes
was performed. The simulation results were confirmed by measurements of
experimental samples of improved Ge p-i-n photodiodes with a measurement error

of £ 0.01 A/W.

Section 3 presents the technology of manufacturing an advanced Ge p-i-n
photodetector and the results of measuring its characteristics. Technological modes
of manufacturing high-speed Ge p-i-n transitions by simultaneous diffusion of
acceptor impurities Zn and In by two-temperature method into n-Ge substrates with
a resistivity of 15 Ohm - cm have been developed. A new method of passivation and
protection of the mesostructure of transitions by the polycrystalline ZnSe layer is
proposed, which had the following advantages:

» the parameter of inconsistency of the crystal lattice of contacting materials

does not exceed 0.2%:;

* the resistivity of the polycrystalline layer grown from a specially undoped

material is greater than 10'° Ohm - cm at T =300 K;

» coefficients of linear thermal expansion at T = 300 K are close in value and
are ~7 - 10° deg ~! for ZnSe and ~ 6 - 107° deg ~! for Ge, which helps to reduce the
mechanical stresses of the system «passive layer ZnSe - active region of the pn
junction "in comparison with the widely used Si3N4 and makes it possible to form

dielectric layers with a thickness of> 1 um.

Reducing the level of mechanical stresses of the surface layer and the
associated concentration of dislocations and defects that cause surface currents in

the photodiode, and photodiodes with such a layer showed no degradation of their
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operating parameters for 3 years (from the date of manufacture in 2018 to the

present).

The transport of charge carriers at direct and inverse displacements of p-i-n
junctions in the temperature range 227-316 K was experimentally investigated. It is
established that the I — V characteristics of the transitions determine the diffusion
and generation-recombination current, and the contribution of the diffusion

component is the main one, which indicates the high quality of the p-i-n junction.

A method for measuring the electrical resistance of thin passivating films
using elastic contacts has been developed, which has the following advantages over

the four-probe method:

- large area of the contact zone and, as a consequence, - low current density

and lack of heating due to the release of Joule heat;

- low pressure on the surface of the semiconductor, which minimizes surface

damage;

- the use of contacts with a maximum area overlapping the entire sample

avoids the influence of geometric errors.

The properties of the passivating layer were studied on model samples with
an area of 1 cm? and a film thickness of ZnSe and Se of 0.5-1.8 um, on Ge substrates
and control samples of films of the same thickness on glass. X-ray studies showed
the presence of textured phases of GeSe and GeSe2 in samples with both ZnSe films
and Se films. The electrical resistance of ZnSe samples on Ge substrate, compared
with the resistance of Se samples on Ge substrate more than 30%. Given these results
on the electrical resistance, combined with the fact that due to the small difference
between the constant lattice and the coefficients of thermal expansion of the ZnSe
film with Ge and the better transmittance of 0.64 compared to Se 0.48 (on glass of

the same thickness) passivation layer ZnSe Ge photodiodes are optimal.
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Section 4 shows the prospects and directions of application of the improved
Ge p-i-n photodiode. The results of the study of the Ge p-i1-n photodiode in the model
of the pulsed laser rangefinder showed that such a photodiode has sufficient speed
for reliable recording of short pulses of the order of 20 ns (relaxation time t was 5.8
10 s). As a result of the experiment, the threshold sensitivity of the photodetector
was set to Ef.4= 253 nJ, and the total transmittance in this case was k .4 = 0.000437,
which is an order of magnitude greater than the transmittance of the atmosphere at a
distance of 5 km katm = 0, 0038. The research allows us to conclude that the
developed high-speed Ge p-i-n photodiode can be successfully used as a

photodetector for a pulsed laser rangefinder for military purposes.

For scientific instrumentation, one of the promising areas of application of the
developed Ge p-i-n photodiode was its use to create a measuring sensor based on the
phenomenon of surface plasmon resonance in the infrared region of the spectrum.
In comparison with the mass-produced Ge p-n photodiode in the transition from a

wavelength of 1310 nm to 1550 nm, it has the following advantages:
» dynamic range increases by 15% more;
* sensor response increases by 80% more;

» the presence of a silicon filter makes it impossible for the interference signal

to enter the information channel.

Thermal stabilization of the developed Ge p-i-n photodiode due to an
aluminum radiator with a Peltier element and optimization of the laser operation

mode allowed to minimize the temperature drift.

Experimental studies have thus proved the prospects of using the developed
Ge p-i-n photodiode as part of a sensor based on the phenomenon of surface plasmon

resonance in the infrared region of the spectrum.

The scientific novelty of the obtained results is as follows:
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1. New method of passivation and protection of Ge mesostructure by a

polycrystalline ZnSe layer is proposed, which has the following advantages:

- the mismatch parameter of the crystal lattice of the contacting materials does

not exceed 0.2%;

- the resistivity of the polycrystalline layer grown from a specially undoped
material is greater than 10'° Ohm*cm at T = 300 K;

- the coefficients of linear thermal expansion at T = 300 K are close in value
and are ~ 7 10° deg ~! for ZnSe and ~ 6 107° deg ~! for Ge, which helps to reduce
the mechanical stresses of the system “the passive layer ZnSe - active region of the
p-n junction” in comparison with the widely used Si3N4 and makes it possible to

form dielectric layers> 1 um thick.

These advantages reduce the level of mechanical stresses of the surface layer
and the associated concentration of dislocations and defects that are the main cause
of surface currents in the photodiode, which ensures no degradation for 3 years from

the date of production in 2018 to 2021.

2. Simulation and theoretical calculations of the energy structure of the Ge p-
i-n photodiode and its spectral sensitivity were performed. The simulation results
were confirmed by measurements on experimental samples with a measurement
error of + 0.01 A / W. Studies have confirmed the possibility of using a theoretical
model to achieve the required band structure of the photodiode and optimize its

design.

3. The influence of the ZnSe / Ge phase composition on the electrical
resistance of the ZnSe passivation layer was established for the first time. To do this,
a method of measuring the electrical resistance of high-impedance thin films using
elastic contacts was developed, which has the following advantages over the four-
probe method: low pressure on the semiconductor surface, large contact area and as

a result when measuring high-impedance surface layers heating.
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The practical significance of the obtained results is as follows:

1. For the first time, an improved highly reliable Ge p-i-n photodiode has been
developed, which has the parameters required for photodetectors as part of a pulsed
laser rangefinder and has a relaxation time of 5.8 10 s and a threshold sensitivity
Er = 253 nJ. The scientific and technical solution is protected by the patent of
Ukraine for the invention: "Germanium photodetector and method of its
manufacture" // Ne 120653 —2020 - Bull. Nel Tetyorkin VV, Sukach AV,
Voroshchenko AT, Lutsyshyn IG, Wenger EF, Maslov VP, Kachur NV, Fedorenko
AV

2. The prospects of the improved Ge p-i-n photodiode as a part of a pulsed
laser rangefinder are experimentally proved. This photodiode has sufficient speed
for reliable recording of short pulses (about 20 ns). As a result of the experiment, the
threshold sensitivity of the photodetector was set to Eg4 = 253 nJ. The total
transmittance of the filters that attenuated the laser pulse (Eou = 578 pJ) was ke =
0.000437, which is an order of magnitude higher than the theoretically calculated
transmittance at a measured distance of 5 km (k,m = 0.0038) and meets the technical

requirements to the photodiode as part of a pulsed laser rangefinder.

3. The prospects of application of the developed Ge p-i-n photodiode as a part
of the model of the device on the basis of the phenomenon of surface plasmon
resonance working in the near infrared range of a spectrum are shown. The results
of the study confirmed the prospects of using the developed Ge p-i-n photodiode as
part of a measuring device based on the phenomenon of surface plasmon resonance

with sensitivity, for example, to glucose solutions of 72 mV - mg™..

The results of research conducted in the work are promising for use in industry
and research. The practical application of the developed improved high-speed Ge p-
i-n photodiode is considered. The research results are confirmed by the relevant acts

of implementation of the Institute of Single Crystals of the National Academy of
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Sciences of Ukraine and the Institute of Semiconductor Physics. V.Ye. Lashkareva

National Academy of Sciences of Ukraine.

Keywords: wavelength, infrared region, photodetector, Ge p-i-n photodiode,
passive layer ZnSe, pulsed laser rangefinder, sensor based on the phenomenon of

surface plasmon resonance.
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