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HEPIAHYH

H mapodoa Awrpin e€etdler Bépato alomotiog kol To MAEKTPIKE XOPOUKTNPIGTIKA
O&ewinv Xnaviov I'udv kot avtiotoy®v oTolPdv SMAEKTPIKAOV, OVETTUYUEVOV TOVE® CE
vrootpopote 'eppaviovn. To T'epudvio, oe avtikatdotaon tov I[lupitiov mpoceépet
peyoAvtepn gvkvnoio niextpoviov (2x) kot ortmv (4x) ota avtictoyyo kavdAia Ttpaviictop
tomov MOSFET. MeAlovtikd, n teyvoroyio MOS, pe xavair I'eppaviov avapéveror vo
epappoodel oe mhateoppeg [upitiov, Adym g Pertiopévng Taydntoag popémv. Ta kpioya
xopokplotikd emidoong tov (MOS) mukvetdv kot tpaviictop kabopilovtar amd
dtemagn Tov VAIKOV high-k kot tov l'eppaviov. H gtoyn modmrta tov £vdoyevoi o&ediov
(GeOy) mapeunddce T YPNON TOV VAIKOV OUTOV GE TOPUy®yn HeydAng wiipoxkoc. To
Oé&etdn EZmaviov T'amdv (REOs) omwg 1o CeO,, LayO;, Dy 03, GdyO; pmopodv va
evarotefodv queco og vrootpodpato ['eppoaviov. AAANAETIO0pYV €viova e TO VTOGTPOLL,
napdyovtag avbopunta (Katd v evamdeon) éva SEMPOVEINKO GTPOUN TO OTOT0 TEPIEXEL
ofewouévo Teppdvio pe PBeitiopéva mAekTpikd yopaktnpotikd. To  yopokTnploTikd
aéomotiog avtov tov MOS oe vrdotpopo [eppaviov €govv dwaitepn onuocio kot
amoTEAOLV TO KOP1o BENa TG Tapovoag dSoTptPng .

H nayidevon @optiov amotekel peilova mapdyovio ava@opikd pe TNV aSlOTIoTIO OTIG
nePLocOTEPEG 00TABEEG TV drataEewv vVAIK®OV high-k. Kotd v vyniol mediov €yyvon
onNpoyyas mMAEKTpoviov oto OTpOUN ToL o&ewiov, OMpovpyohvial  GTO  GUGTNUO
OMAEKTPIKOV/MOY®OYOD UKPOGKOTIKA EAATTMOMUOTO OTTMC OL PUOIKEG TAYI0EG NAEKTPOVI®V, M
nayidevon @optiov Kot ot katactdoels oemaenc. Ot Quokég moyideg MAEKTpOViOV TOL
dNuovpyovvTOL KOTd TNV KOTamdvnon vynAold tediov HmopovV va TPOKAAEGOLY TV £YYVON
NAEKTPOVIOV G€ YOUNAES TAGELS, TPOKOADVTAG peda Olappon|g stress-induced leakage current
(SILC). H av&npévn onpacio tov pevpatog dwappong stress-induced leakage current (SILC)
ota younAng wyvog ULSI kot 6Tig pun TtnTikég epapuoyEg LVUNG £xel ovoyvoploBet €00 kot

kapd. To SILC meprypdoeton amd o dwdikacio onpayyag vrofonbovuevng and moyideg



(TAT) péoo tov mayidov ofewdiov mov mapdyovior omd v katomdvnorn. H mepopatikn
HETPMNOT TNG EVEPYEIONKNG KATAVOUNG TV TOYIO®MV amoTEAEL KOPLO UEANUA TPOKELUEVOD VL
katavondel mocotikd 1 Swdwacion SILC. Ilapd to yeyovog 6t to transient SILC pedua
TAPEXEL YPNOLES TANPOPOPIES YO TNV KOTOVOUY TV Toyidmv o&ewdiov, amovotdlel o
TPOGEKTIKN avlAlvon ¢ petafatiknig dwdkasiog, AapPavovtag vroyn Kot @oivopeva
onpayyos NAEKTpovimv Kot ondv. AALO éva oNUavTIKO GTOLKElO OmMOTEAOVV Ol AoTAOEEG AOY®
MG CLYKEVTIPMOONG POpTimV otn dlemapr] Twv dvo dmiektpwmv. [Ipdyupatt, to gate stack
bilayer mpokaAel mayidevon @optiowv, eV OPIGUEVEC POPEG EMOEIKVIEL Kol OMAEKTPIKN
YOAAPOOT] KO TO GLVOVAGHEVO aVTO Povopevo ovopdleton Maxwell-Wagner - Instabilities.

>10 ke@AAo 3 gpeuvnOnkay ol emmTM®oEL TG TTaryidevong eopéwv, Tov SILC kat twv
cuvoplak®v moyidwv oto CeO,, epapudlovrag m pnébodo “stress and sense”. [Tapatmproope
0Tl 10 YopoakTPoTikd moayidevong o@optiov kot to SILC epgaviCouv ovumepipopd
eCaptopevn and 1o dSvvopkd. AsgiEope emiong Ott M mayidevon @optiov amoteAel TOV
VIEPLOYVOVTO UNYAVIGUO KATO TV KOTATOVNON YOUNA0D Tediov evd 6e vynAdtepa media To
SILC emkpatel EVOvTL TOV YOPAKINPIOTIKOV THG Taryidevons eoptiov. H mayidevon optimv
kot to SILC pall umopotdv va e€nynbovv amd to poviédAo tov Nigam, 10 omoio apyiKd
avontoyOnke yw to Si/Si0,. Emiong avamticcovpe éva poviédo yuo va e€nynbovv ta
YOPOKTNPIOTIKG TOYIOELONG POPEMV GE OLPOPETIKNG £VTaong Tedia KaTtamdvnons. XTo
KEQAAOLO 4 TEPTYPAPOVTOL O1 UNYOVIGHOL HETOPOPAS pevpatog oto CeO, katl mapovstaleTot
TG 6T YopUNAd media emkpatel  exkmouny Schottky evd ota vynAdtepa 1 petddoon Poole-
Frenkel.

Yto kepdiowo 5-6, o Stress-induced leakage current (SILC), n maryidevon popéwv Ko
N dmAektpikn yoAdpwon eéetalovian og [ToAeg otoifag HfO,/Dy,0,. Ze yoaunid medio, 10
eowvopevo SILC eivar apeintéo oAb oe peyorvtepa medio akoAovbel Eva vopo dvvaung.
2yxetiko gupnua omotehel ko n actdBeie Maxwell-Wagner. To gate stack eméoeie apyikd
OMAEKTPIKN YOAAPOOT KOl OKOAOVONGCE TayidELON POPEMV KOTAANYOVTOS GE OUAEKTPIKNY

katappevon. [pdyupatt, n I[TOAN otoifoag eitvon n artia ¢ maryidevong poptimy.
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ABSTRACT

Germanium as a replacement for Silicon in metal-oxide-semiconductor (MOS) devices,
offers a higher electron (2x) and hole (4x) mobility than silicon. A Ge channel MOS
technology has been expected to be implemented into future high-speed Si platform, because
of the enhanced carrier transport. The critical performance characteristics of (MOS)
capacitors and transistors are determined by the interface between the high-x materials and
Ge. The poor quality of the native oxide (GeO,) however hampered the use of this material in
large scale production. One potential solution is the use of Rare-earth oxides (REOs) such as
Ce0,, La;03, Dy,03, Gd,03, which can be directly deposited on Germanium substrates. They
form strongly interacting interfaces, producing spontaneously (during deposition) an
interfacial layer which contains oxidized Ge with improved electrical characteristics. The
reliability characteristics of these MOS devices on Germanium substrates are of important
concerns and the main subject of the present work.

Charge trapping is a major reliability concern in most of the high-k material devices.
During high field injection of electrons into the oxide layer, microscopic defects like neutral
electron traps, and interface states are generated in the dielectric/semiconductor system. The
neutral electron traps generated during high field stress can act as a stepping stone for the
injected electron at a low voltage, giving rise to a stress-induced leakage current (SILC). The
increased importance of the stress-induced leakage current (SILC) in ULSI low-power and
non-volatile memory applications has long been recognized. SILC has been described by a
process of trap-assisted tunneling through stress generated oxide traps in Si/SiO, MOS
devices. The experimental measurement of the trap energy distribution represents therefore a
primary concern in order to quantitatively understand the SILC process. Although the

transient SILC current has been shown to provide useful information about the oxide trap
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distribution, a careful analysis of the transient processes, is still lacking. Another important
issue is current instabilities due to charge accumulation at the interface of any two dielectrics,
that is, gate stack bilayer itself causes charge trapping, sometimes also demonstrate dielectric
relaxation, and these combined effects are termed Maxwell-Wagner - Instabilities.

The present work comprises of six (6) chapters, chapter # 1 dealing with the theoretical
background and chapter # 2 with the Experimental part. In chapter # 3 the effects of charge
trapping, SILC, and border traps in CeO, films grown on Ge substrates are investigated,
where the subsequent analysis proves that charge trapping characteristics and SILC show
voltage dependence behaviour. It is also shown that at low stress field charge trapping is the
dominant mechanism while at higher stress field SILC prevails over charge trapping
characteristics. Both mechanisms can be explained by a model, which was originally
developed for the Si/SiO; system. We also develop a model to explain the charge trapping
characteristics at different stress fields. In chapter # 4 the current conduction mechanisms in
CeO; thin films are reported which are governed by Schottky emission at low fields that turn
to Poole-Frenkel conduction at higher fields.

In chapter # 5-6 the Stress-induced leakage current (SILC), Charge trapping and
Dielectric relaxation effects in HfO,/Dy,0, gate stacks are discussed. At low field the SILC
effect is negligible while at higher fields it follows a power law. A pertinent finding from this
system is that it shows Maxwell-Wagner instability. The MOS devices show initially
dielectric relaxation effects followed by charge trapping that finally reaches dielectric

breakdown. As a matter of fact, the gate stack itself is the cause of charge trapping.

12



Table of Contents

Acknowledgements
ITEPIAHYH
Abstracts

Table of Contents

Chapter 1-Introduction

L T-INEEOAUCTION ..ttt et st b et ettt st e bt e b ennes 17
1.2-High mobility Germanium: possibly a future material for Microelectronics ................... 21
1.3-High 1 @ate dICIECLIICS ..eotiiiuiiiiieiiiieiieeie ettt ettt et et eb e et eeareensee e 23
L3 TAr0AUCTION .ttt ettt ettt et e e et e bt e e ab e e bt e eabeenbeeeaee 23
1.3.2-Limitation OF S1O7 .eueeruiiiiiieiieieeteeee ettt ettt s st 24
1.3.3-Alternative High-1< di€lECIIICS ...uvviiiriiiiiieiciie ettt veeesaee e 24
1.4-Using REOs as dielectrics (interfacial passivation [ayer) ..........cccooceeveiveniencieenieeiienieene 29
1.5-Metal-Oxide-Semiconductor (MOS) ......cooiiieiiiieiiieeieeeeee e 33
L5 T-I0MTOAUCTION ..ttt ettt et sttt et sbe et et 33
1.5.2-MOS SEIUCTUTES .....eiiiiiiiiiiieiiee ettt ettt ettt e et e e et e et e e sateeeebteeebeeesneeeas 34
1.5.3-Band diagram of an ideal MOS StrucCture ..........ccceeevieerieeiiienieeieeeie e 35
1.5.4-Qualitative DESCIIPLION ....vveeeviieiiieeiiieeeieeestee et e eveeeeaeeetaeeeaaeeeaeeessaeessseeesaseeensseens 36
L.5.5- FIAtDANA ..ot sttt 37
1.5.6- ACCUMUIATION ..eouiiiiiiiiiiieiie ettt ettt ettt et et e b 37
L.5.7-DIEPIETION ..eeieitieiiiieiie ettt ettt ettt ettt e e bt et e et e e st e enbeeeseeenbeeeaaeenbeennne 38
L5 8-IMVETSION ..ttt ettt ettt et e at e e ab e bt e et e e sat e et e e sateebeesateenbeenaee 39
1.5.9-Surface Space-Charge REeZION .........ccccueeiiiiiiieiiieiiieiccie ettt 39
1.6-Capacitance-Voltage (C-7) characteriStiC .........cccevvuieriiriiierieeiienieeieeneeeiee e evee e eene 41
1.6.1-High—low Capacitance-Voltage (C-V) characteristic Curves..........occecueeeeruersuereenueennens 44
1.6.2-Frequency dispersion of C-V characteriStiCs ..........cccuevvvreruierieenieeieenieeieeseeeveeeeeenne 45
1.6.2.1-Frequency dispersion at accumulation ............ccoecueerieeriiiniienieeie e 45
1.6.2.2-Frequency diSpersion at iNVETSION ..........cccueecveeruieeiieeruieerseenseeesseesseeeseenseesnseesseeesseenens 46
1.7-Interface state charaCteriZation ............ccccccueeeiiiieeiieeciie ettt e et e e ere e e earee e 47
L7 1-INTOAUCTION <.ttt ettt et b et e s ae et e st e seeeneenees 47
1.7.2-Extraction of interface trap state density (Dit) ....ccevvveereeriiiiniiiieeieeceeeeee e, 48
L. 7.2 1-TREOTY eveeiieiiieeiie ettt ettt ettt ettt et e et eeae e e abe e baeesbeenseeesbaessaaesseeseeensaesseenseanseas 48
1.7.3-Types Of INtErface tarPs ....ccceeviieriieiiieiieeie ettt ettt et 54
1.7.4- D;, extraction techniques and conduction method ............cccooevieviiniiieniencieenie e, 56
1.8- Border Traps (Np) CharaCteriStiCs ......ccueruieriieeiieiiieeieerite ettt ettt 57
1.9-Current conduction mechanisms in REOs dielectrics .........ccoocevvirienieieniienennenieenee. 60
1.10-Relability ISSUES ....c.veeiuiiiiieiiieiieeie ettt ettt ettt et ettt neas 61
L. 1O T-INErOAUCLION .ottt ettt et e bt et e e st et e sntesaeenaeenees 61
1.10.2-Reliability 0f MOS ..ottt 62
1.11-Oxide defects ChArZES ......ccceeecvieiiiieiieiieeii ettt ettt e te e e e e e eebeeseaeesseees 62
1.11.1-Classification of Oxide defects Charges..........coceveeviriiriiniriinieeeccecceseee 62
1.11.2-Types of defects in MOS dEVICES ....c.eevvieriieeiieriieeieeiieereesite e esiee e seeeereeseeeessee e 63
1.12-Defects generation under electrical StreSS .........cevveriieiiieriiiiiieiieee e 64
1.13-Dielectric BreakdowWn ..........coocioiiiiiiiiiiiii e 67
113, 1-INtrOAUCTION ..eeiviiiieiiie ettt ettt et e et e et e e e taeessaeesasaeesssaeessseeesssaeessseeanns 67
1.13.2-Types of BreakdOWn .....cc.eiiiiiiiiiiiieieeie ettt et seae b e 68



1.13.3-Percolation statistical breakdown MOAEL .........cooveeemmeeeeee et 71

1.14-0X1de DeGradation .........ccccccuieriieeiiieiiienieeiieeteeseeeteeieeeereeseesaeesseessseenseessseeseesssesnseens 73
0 0 U5 o T L 1o 1o ) s APPSR 73
1.14.2-Oxide charge trapping CharacteriStiCs .........ccvevvueeriierieriiienieeiieneeesiee e esreeeaeeneeeeenees 73
1.14.2.1-Negative charge trapping —detrapping characteristics ...........cocceevveriieneenieceneennnen. 74
1.14.2.2-Positive charge trapping characteriStiCs ..........cccierierrirerieeriienieesiieeeeesieeeneenseeennees 79
1.14.3-Stress-induced leakage current (SILC) and neutral traps ........c.ccoceveeveerieneenenecnens 81
1. 15.1-Maxwell-Wagner INStability ........ccccccceeviiiiiieiiieiieie e 85
1.15.2-Dielectric relaXation ..........cccciieeiiiiiiiieeciieectee e eeeeeeae e st eesaee e s e e e beeesareeeenseeenens 86
L IO-RETEIEIICES ..ottt ettt sttt ettt be et sbe b e 90
Chapter 2-Experimental Details and Characterization Methodologies ....................... 101
2.1 TNEFOAUCTION ettt ettt et e b e et sbt e st e s bt e et e bt e eabeenaeeenne 101
2.2- Various deposition tEChNIQUES .........cceeeiieriiiiiiieiieeiteie ettt 101
2.2.1- Chemical vapor deposition (CVD)......ccuieiiiiiiiiieiiiecieecee e 101
2.2.2-Atomic layer deposition (ALD) ......cccueecuiiriiiiiieiieeieeee ettt 102
2.2.3.-Physical vapor deposition (PVD).......ccccoiiiiiiiiiiieiieeeeeeeee e 103
2.2.4-Molecular Beam Epitaxy (MBE) .......cccciiiiiiiiiiieciieie et 103
2.2.4.1-Advantages of MBE deposition teChnique ............cccccveeriieeriiieeniie e 104
2.2.5 -Block diagram of thin film deposition techniques ...........cccccevciiriieriiienienieeiieee, 106
2.3-CMOS PIOCESSINE .eeecvvieeiurieeiiiieeiieeeiteeestreeesseeessseeassseeassseeassseeessseesssseesssesssssesssssesssssessns 107
2.3.1- INEOAUCLION ...oviiiieiieiteteet ettt et b et st b e e sbeenaes 107
2.3.2- Germanium (Ge) Substrates Cleaning and Growth ..........c.cccccveeeviieiciieenciee e 107
2.3.3- Outlines of Sample formation and annealing ............ccccecevvereriinienenienieneeeeee 108
2.3.4 —Growth of ate dICIECIIICS ....eeiuviieiiiieeiiieciie ettt et e saee e e e eeseeens 109
2.3.5-Metallization (Pt gate eleCtrode) ........ccceriieiieriiieiienie et 110
2.3.6-Forming Gas Annealing (FGA) .....cooooiiiiiiieeeeeeeee et 112
2.3.7 -Back ORmiC CONTACT ....eeviriiiriiiiiiiiiiieieeieet ettt st 113
2.4 -Experimental Techniques and Characterizations ............cceceeeevveeeiieenireeenieeeiee e 113
2.4.1-Analytical CharaCteriZations ...........ccceecuieruieriiienieeieeniee et eseeeteesieeeaeeseeeebeeaeesaseees 113
2.4.2-X-ray Diffraction (XRD) ....c.ceeiiiiiiiiiiiie ettt 113
2.4.3- X-ray Reflectivity (XRR)...cccoooiiiiiiiieieeitee ettt et 114
2.4.4 -Transmission Electron Microscopy (TEM) ......coooiviiiiiiiiiiiieeecee e 115
2.5 MOS Electrical Characterization and Experimental Setup ..........cccccvevvieeviienieenivennnnne. 116
2.5 1-INETOAUCTION ...eiiiiiiiiiiie ettt ettt et st e st e bt e sbeeeaeeenaee e 116
2.5.2 -Capacitance-Voltage (C-7) MEASUICMENLS .........cceeerurerieeriieeieerieenieerieeeieeieesveenens 116
2.5.3 - Density of Interface States (Dir) ..cccveeevieeiieeeiiieeciieeriee et ettt eree e svee e sveeesereeens 121
2.5.4 - Current-Voltage (I-7) MEASUTCMENL ......cc.eeeruieriieriieeiieriieeieeneeeieesaeereeseaeeseeeeeeenne 121
2.5.5- Current-time (/-f) transient MEASUICIMENT .........eeeeveeeriureerrreenieeesaeeesereeesreeessreesnsneens 122
2.5.6-Stress and Sense” Characterization Technique ...........cccooceeiieiieniiieiienieceeeeee 122
2.6 -Reliability MEaSUIEMENLTS ........cccviieiuieeiiieeiiieesieeeteeeieeeeieeesraeesseeessseeessseessnseesnnseenns 125
2.6.1-INOAUCTION ....tiuiiiiiieiieittetee ettt sttt et b ettt st e b et e b naes 125
2.6.2 -Details of the stress Methods .........cocooiiiiiiiiiii e 126
2.6.3-Constant Voltage Stress (CVS) ittt et 126
2.6.4-CVS measurement MEthod .........ccooiiiiiiiiiiiie e 127
2.6.5 -SILC measurement under CV'S .......coioiiiiiiiiiiieeee e 130
2.6.6 - Ramp Voltage stress (RVS) it 131
2.7 “RETETEICES ...uveuieiieniieiieeit ettt et sttt ettt ettt e b et eaeenaes 135

14



Chapter 3 - Anomalous Charge Trapping Dynamics, and correlation of charge buildup
and SILC in Cerium Oxide grown on Germanium substrate

T B o] 5 17 13 o)+ EE P SU SRS 139
3.2-EXPEITMENTAL ....oiiiiiiieiiii ettt ettt e et e e et e e e e e entaeeenaneeenaee s 139
A. Anomalous Charge trapping dynamics in CeO2 ......cccerviirirriiriinieiienienenieneeeeeeneene 141
3.3-Results and DISCUSSION ....cccueiiiiiiiiiiiieiieiie ettt ettt s 141
3.3.1-C-V and I-V MEASUTCIMENLS ......ccueeeeiuereeiieeeiieeerieeeteeesseeessseeessseeessseessseessseesseeesseens 141
3.3.2-Constant Voltage Stress (CVS) Measurements ..........ccccueeerveeerveeeieeeniieeenieeeesneeennneens 144
B. Correlation of Charge Build-up and SILC in CeO; films ......ccoceevieiiinieniniiniceeienene 151
3.4-Results and diSCUSSION ....c..eiuiiriiiiiiiiiniieieeierte ettt ettt 151
3.4.1-Change of “Border Traps” With Stress ........ccccecviiriiieriiieriie e 152
3.4.2-CVS At NOAETALE E o x wvvveeeeeeeeeeeeeeieeeeeeeeee et eeeeeeeeeeeeaesesesesnensnnennnennnes 156
3.4.3-CVS At LOW Ex weetieniieiieeiiee ettt ettt et 161
3.4.4-The build-up charges and SILC coefficients ..........ccccoeceeviiieiieiiiieniienieeiece e 162
3.4.5- Capture cross section of traps iNvestigated ..........cccvveeeveeeeiiieeriiieeciee e 164
3.5-SUMIMATIES ...euviiieiieiieeitenie ettt ettt ettt ettt b e et eat e s bt et e eatesb e e bt satesbeenbeesnenaeenee 165
S0 RETETEICES ....eeeieiiieie ettt ettt et sab e e bt e st s b e saee e e e eeee 167

Chapter 4-Current Transport Mechanism in High-k Cerium Oxide Gate Dielectrics
Grown on Germanium (Ge)

T B \Y) 1415 17215 1o ) « RO 171
4.2- INTOAUCTION ...ttt et e et e e e ettt e e e ta e e e e eeaaeeeeeetaeeeeeetaeeeeenaareeeeennees 171
TG T 2hq 013 81011111 121 E SRS 172
4.4-Results and DISCUSSION .........eeeeeivreeeiiiieieeeeiteeeeeecteeeeeeeiteeeeeeereeeeeeeaeeeeeeitaeeeeeesreeeeennees 173
R 7o) 413 1D 13 (o) o TSRS 180
BLO-RETICICIICES ...eeeieueeieeeeeeee et e et e et e e e ettt e e e eetae e e e eetaeeeeeeaareeeeennees 181

Chapter 5-Study of Stress Induced Leakage Current (SILC) in HfO2/Dy,0; high-k gate
stacks on Germanium (100)

S.T-IMOtIVALION ....vvviiiiecieiee ettt e et e e e et e e e et e e e eeeataeeeeeaseeeeeeatseeeeeeaseeeeeesneeeeanes 183
IO 115 o 16 11 e (o) o KON OO 183
R T 254 013111153 171 O USSP PRRPRRR 186
5.4-Results and diSCUSSION .........coovvvuuriiiiiiieiiiiiiieeeee e e eeeeree e e e e e eessaaareeeeeeeeesesaarareeeeeeeeans 186
5.5-CONCIUSIONS ...vvvieeeiriieeeettee ettt e ettt eeee e e eetae e e e eeae e e e eeaaeeeeeetaeeeeeeeareeeeeeaseeeeeeareeeeaanes 196
I I A S5 (4 011 OO PR 197

Chapter 6-Investigation of voltage dependent relaxation, charge trapping and stress
induced leakage current (SILC) effects in HfO,/Dy,0; gate stacks grown on Ge (100)
substrates

O.1-IMOLIVALION ......uvvvieeeeiieee e ettt e e eeete e e et eeeetae e e e eeaaeeeeeeeaaeeeeeesaeeeeeeaseseeeeesaseeeeenseeeeenaneeeeas 203
(oI U1 (0 Y6 L0 To7 5 (o) o AR OO 204
6.3-EXPEIIMENLAL .....iiiiiiiiiiiiieie ettt ettt e e s taeebeesaaeesbeeenaeesaesnsaens 205
6.4-ReSUltS and DISCUSSION ....eeeiieiiiiiiiiiieiiieeeeiieiiieeeeeeeeeeeeirereeeeeeeeeesaaareeeeeeeeseesnsrareeeseeennns 206
6.5-CONCIUSIONS .....ovviiieiiiieeeeeieee et eeee e e et e e e et e e e e et e e e eeaaeeeeeetaeeeeeetaeeeeeeaaeeeeeenaneeeeas 213
(N A 153 () 1 Lo SO R 214
Chapter 7-ConcClUSIONS ...........coooiiiiiiiiiiiie et e e e e e e e e s nereeeeenaeeeeas 215
Chapter 8-Future WOrKS ............ccooiiiiiiiii et 217
CUrriCulim VIEAE ............oovviiiiiiiiiiieiiiiiee et eeaeeeaeaaaeseaesesasesssnsessssrennnes 219






Chapter-1
Introduction

1.1 Introduction

It is well known that compared to Silicon (Si) the use of Germanium (Ge) would bring
significant enhancements to low field carrier mobilities for both electrons and holes. Gains up
to 2x for electrons and 4x for holes have been reported for bulk germanium [1-4]. Ge is also
more compatible than Si with most of the high-x materials that have been proposed for gate
insulators. This is because, as opposed to the case of silicon, there is no stable phase of
germanium oxide that would form incidentally an additional penalizing layer during the
deposition of high-k oxides. One drawback of germanium is related to its smaller optical
bandgap (E; ~ 0.67¢V), which raises concerns about junction leakage. For this reason in
particular, it is expected that if germanium comes into mainstream CMOS, it will be in the
form of GeOl films. This will provide all the benefits of silicon in terms of mechanical
properties, weight, cleanliness, and flatness. Beyond CMOS channel mobility improvement
that could allow extending Moore’s law, Ge is also an enabling solution for combining
different functions on the same substrate. Ge can be used directly as an active material for
near-infrared photo-detectors.

The scaling of MOSFETs has been following the famous Moore’s law, which is often stated
as the doubling of transistor performance and quadrupling of the number of devices on a chip
every three years [5]. This law is shown in Figure 1.1, where the number of MOS transistors
integrated in the different generations of Intel’s microprocessors is presented as a function of

the production year [6].
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Figure 1.1: [llustration of Moore’s law: number of transistors integrated in the different

generations of Intel’s microprocessors vs. the production year. After Ref.[6].

Next-generation Intel® Itanium® processors (codenamed Tukwila) take the next big leap in
processor-based server technology. As the world's first 2-billion transistor microprocessor
since January 2008, Tukwila is designed to provide highly scalable and reliable performance

for mission-critical enterprise server solutions [7].
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Figure 1.2: Comparison between Si and Ge band-diagrams. The valence band edges differ by
0.51 eV. The dashed line shows the mid bandgap level of Si.

As a group IV semiconductor, germanium (Ge) is expected to display many of the same
properties as silicon (Si). Yet, despite its better bulk electrical performances (higher hole and
low-field mobilities, and narrower bandgap) [8], Ge has not been used much in the past
because its oxide is much less stable than SiO,. As a result, the electrical properties of the
Ge/GeOy interface are much worse than for Si/SiO,, where x is used to emphasize that GeO,
is not necessarily the dominant oxide form for germanium. The nature of germanium oxide is
such that wet chemical procedures for cleaning Ge (so critical for device fabrication) have
been very challenging to establish. Yet, with renewed interest for high mobility substrates as
Si is reaching some of its fundamental limits, the need to understand and control the

passivation of Ge surfaces is even greater.
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The success of Si CMOS technology for decades is partly due to the existence of stable oxide
and high-quality SiO,/Si interface, which is in direct contact with CMOS channel region and
permits low defect charge density (~10'® cm ™) and interface state density (~10'° cm eV ™),
providing high performances of CMOSFET and reliability characteristics. In addition, the
recent technological progress in high-x gate dielectric has increased the possibility of high-
x/Ge system to be implemented for future gate stack. However, past decade studies on high-
xk/Ge system indicate that tremendous efforts should be paid on the high-x interface
engineering in order to achieve successful scaling of Equivalent Oxide Thickness (EOT) with
low-leakage current, good sub-threshold characteristics, high carrier mobility, and acceptable

reliability.

Continued scaling of device dimensions has led to greater emphasis on such issues, and
indeed fundamental limits imposed by gate leakage and intrinsic reliability are expected to
prevent reduction of the thickness of the high-x gate dielectric in MOS. As a matter of fact,
reliability issues, like, charge trapping, stress-induced leakage current (SILC), oxide
degradation, dielectric relaxation (DR), as well as, Maxwell-Wagner instability because of
bilayer high-x gate stacks itself, are important reliability concerns. Charge trapping causes the
threshold voltage to shift with stressing time and is therefore an important transistor reliability
issue. SILC is now the limiting factor for down scaling the tunnel oxide thickness in floating-
gate based non-volatile memories. A potentially serious device integration problem exists
with metal-oxide high-k dielectrics such as HiO; and ZrO,. Due to DR, the problem is that an
applied voltage causes these materials to develop a residual polarization that can remain long

after the voltage is removed [9].
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1.2 High mobility Germanium: possibly a future material for

Microelectronics

In 1947, the first transistors were fabricated in Bell Labs using bulk germanium as the
semiconducting material. For this work its inventors, John Bardeen and Walter Brattain
shared the 1956 Nobel Prize in Physics, along with William Shockley. However, by the 1960s
its use was largely supplanted with Si due largely to Si’s high quality thermal oxide. About a
dozen years later, the integrated circuit was independently invented by Jack Kilby, who used
Ge substrates, and by Robert Noyce, who used silicon, and for which Kilby received the 2000
Nobel Prize in Physics (Noyce had passed on in 1990). Today, with the 45 nm technology
node in production, high-x dielectrics are beginning to replace SiO; in the gate, and as such,
one of the key reasons for using Si is no longer as relevant. This, combined with performance
concerns for Si based devices for and beyond the 22 nm node has made Ge a worthy area for
research for high performance devices [10].

In the years since the turn of the millennium, there has been significant progress towards the
replacement of the SiO, gate dielectric with high dielectric constant (high-x) materials like
HfO, and HfSiO(N). With feasible replacements for SiO,, the key drawback of Ge, namely
the lack of a high quality native oxide, becomes much less significant. This progress in high k
R&D, plus the better electron (3900 vs 1400 cm?/Vs) and hole (1900 vs 500 cm?/Vs)

mobilities for Ge over Si has led to a resurgence of interest in Ge [10].
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Fig. 1.3: (a) Simulated cell for oxidation of Ge to GeO, (Ge 4+ oxidation state), with a GeOx
transition region comprised of Ge in the 1+, 2+ and 3+ oxidation states. (b) Projected
Density of States (DOS) for the Ge substrate, GeO, transition region, and GeQ, layer,
showing that neither GeO, nor GeO, states fall within the Ge bandgap. After Ref. [11]

Germanium devices obviously require a substrate for fabrication. The development of

effective germanium passivations and gate dielectrics poses a major challenge for germanium
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MOS. Density functional theory simulations of a germanium sub-oxide transition region
between a Ge substrate and a GeO, layer show no states in the Ge bandgap for either the
GeOx transition region or the GeO; layer, as indicated in Fig. 1.3 (a) and (b). These simulated
results suggest that there may be no inherent reason for poor electrical behavior for
germanium oxide; rather the poor behavior typically seen could be due to extrinsic effects.
For Ge, 2+ and 4+ are the only common oxidation states and GeO and GeO, are the only

observed bulk oxides [12].

1.3 High k gate dielectrics

1.3.1 Introduction

The dielectric constant (x) is a measure of a material’s ability to resist the formation of an
electrical field within it. Low dielectric constant materials, such as air, show almost no change
in orientation of molecules when a voltage is applied. Materials with high dielectric constants
polarize their structures to counteract fields they experience. One can model the bonds in
these structures as dipoles. As the strength of these dipoles increases, a stronger alignment of
the dipoles will be resulted, which often leads to an increased x value. These aligned dipoles

also produce an image charge effect at the dielectric/doped silicon layer interface.
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1.3.2 Limitation of SiO,

The main problem arising from the scaling of the SiO, layer thickness concerns the leakage
current flowing through the metal-oxide-semiconductor structure. As a matter of fact, in
ultrathin SiO, gate layers (thickness typically below 3nm) the charge carriers can flow
through the gate dielectrics by a quantum mechanical tunneling mechanisms [13-14].
Another issue related to the thickness scaling concern reliability aspects. During the operation
of the MOSFETs in integrated circuit, charge carriers flow through the devices, resulting in
the generation of defects in the SiO, gate layer and Si/SiO, interface [15-16]

When a critical density of defects is reached, breakdown (or quasi-breakdown) of the gate
layer occurs, resulting in the failure of the devices [17-18]. It was shown by Degraeve et al.
[19] that the time-to-breakdown distributions of the ultrathin SiO, layers could be quite well
produced by a percolation approach, assuming that breakdown occurred via the formation of a
percolation path between defects generated during the electrical stress.

The SiO, thickness limit at technological specifications (ITRS) is found to be about 2.2nm at
room temperature, and 2.8nm at 150°C. Reliability requirements thus appear even more
severe than the leakage current requirements with respect to the scaling of the SiO, layer

thickness [20].

1.3.3 Alternative High-k dielectrics

From an electrical point of view, the metal oxide semiconductor structure behaves like a
parallel plate capacitor: when a gate voltage V, is applied to the gate, charges on the metal are
compensated by opposite charges in the semiconductor, these latter charges forming the
channel connecting the source and the drain of the transistor. The capacitance C,, of this

parallel plate capacitor is given by

24



(1.1)

with x being the dielectric constant (also referred to as permittivity) of the oxide, &, being

the permittivity of free space (8.85x10™* F/cm), 4 being the capacitor area, and #,y being the
thickness of the oxide.

From equation (1.1) it appears that decreasing #,, allows us to increase the capacitance
of the structure to have low equivalent oxide thickness (EOT), and hence increase in the
number of charges in the channel for a fixed value of V,. However, as pointed out above, the
Si0; layer thickness approaches its limits. An alternative way of increasing the capacitance is
to use an insulator with a higher relative dielectric constant than SiO, (it should be noticed
that the relative dielectric constant is also represented by the letter x. and one speaks about
high-x materials). One could then use a thicker gate layer and, hopefully, reduce the leakage
current flowing through the structure and also improve the reliability of the gate dielectric.
The equivalent oxide thickness (EOT) of a material is defined as the thickness of the SiO;
layer that would be required to achieve the same capacitance density as the high-k material in

consideration. According to equation (1.1), is thus given by

EOT _ thigh—l(

Sr,SiOZ gr,high—/r

&, sio,

gr,high—l(

EOT =

thigh—/r (1 2)

where thigh and &, nign-« are the thickness and relative dielectric constant of the high-k material,
respectively. As an example, using ZrO, as gate dielectric (x = 20) would allow us to use a 5.1
nm thick layer in order to achieve a capacitance equivalent to a 1 nm thick SiO, layer; the

equivalent oxide thickness of this ZrO, layer is thus 1 nm.
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Actually, when a high-x metal oxide like ZrO, or HfO, is deposited on a Ge substrate, an
ultrathin low-« interfacial layer, either GeOy or GeM,Oy, (where M is Zr or Hf) forms at the

Germanium interface, as illustrated in Fig. 1.4. This interfacial layer may

N Gate metal

high-k dielectric layer

g lOW-K interfacial layer

Ge substrate

Fig. 1.4: Schematic illustration of MOS structure with a high-x gate stack, formed by a low —
K interfacial layer and a high-k dielectric layer. After Ref. [21]

grow either during the deposition of the high-«k dielectric or during post-deposition anneal
processes. It should be noticed that another low-x layer can also form at the high-x
dielectric/metal gate interface.

The capacitance of the gate stack, C,,, then results from the combination in series of the

low-x (I- k) and high-x (4- k) dielectric layer capacitances, i.e.

= + (1.3)

tot

The equivalent oxide thickness then reads

E. o E o
_ Ur.Sio, r,8i0,
EOT =0y, 4 =22y,

r,l-x r.h-x
EOT = EOT,,, . + EOT,,, .
EOT =t,, + EOT,, .. (1.4)
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the presence of the low-« interfacial layer increases the equivalent oxide thickness of the gate
stacks (Fig.1.5), and should be as thin as possible to achieve the equivalent oxide thickness

(EOT) required by the ITRS.

o 4 8 12 16
GeO, thickness (nm)

Fig. 1.5: EOT as a function of t,. for samples with 2nmZrO,/GeO./n-Ge structures. The k-
value of GeQ; is found around ~ 4.9 and x-value for ZrO; (tetragonal phase) around 44. After

Ref. [22].

A lot of effort focused on the investigation of high-x gate dielectrics, for the potential
replacements of SiO, in advanced CMOS technologies. A list of materials studied in the

literature is given in Table 1.1 together with their relative dielectric constants.
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Table 1.1: Examples of high-x materials studied in the literature for the potential replacement

of SiO; as advanced gate dielectrics. After Ref. [20].

Material | Dielectric Energy gap | Material Dielectric Energy
constant e, | Eg(eV) constante, | gap
Eq(eV)
A|203 9-11 8.7 Dy203 11-14 -
Ta205 25-26 4.4 Nb205 11-14 -
TiO; 50-80 3.05 Gd,03 9-14 5.9°
CeO; 21-50 3.3° SrTiO4 50 5.2
SrTiO; | 200 3.2 ZrO; 14-25,44° 5.8
Y.03 12-18 6.0 SisNy4 7.4 5.1
HfO, 15-25 5.6 Laz0; 21-30 5.7
“After Ref. [22]
> After Ref. [23]

Since Si0, approached its physical limit, alternative dielectrics have been introduced, which
meet stringent requirements including thermal stability, large band gap, and compatibility to
conventional CMOS process. Moderate dielectric constant (x) materials (15~30) were
preferred due to fringing field induced barrier lowering. It was reported that a universal
relation between x value and breakdown properties. In general, as x increases, barrier height
and breakdown strength decreases (Fig.1.6). A material structure plays an important role of
breakdown of the high-x dielectrics. In addition, different charge fluence by different barrier

height changes breakdown properties as well.
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Fig. 1.6: A universal relation between band offset and breakdown strength.

1.4 Using REOs as dielectrics (interfacial passivation layer)

High mobility Germanium metal oxide field effect transistors with high-x gates are considered
to be good candidates for high performance applications. To develop a viable Ge MOS
technology, the main challenge is to have better Ge surface passivation methodology and
identify appropriate high-k gate dielectrics to combine oxide scaling below 1 nm with good
electrical quality of the interfaces as well as reliability aspects.

High-« dielectrics, for example, HfO2 deposited directly on Ge gives sharp interfaces (1.7 (b))
[21] however the electrical behavior is very poor. One of the solutions could be the use of the
dielectric together with an interfacial layer (IL) to form gate stack. The gate stack must
combine good potential for scaling with good device performance characteristics which is
perhaps the most challenging issue in Ge technology. Different efforts have been
demonstrated as a passivation interfacial layer, such as, GeON [24], GeO, [25] to form gate
stacks on Ge surface. It has also been demonstrated on the basis of MOS capacitors that HfO,,
ZrO, with these IL are thermally stable [26-27] and have good potential for scaling giving
equivalent oxide thickness (EOT) well below 1 nm [28-29] and J,; below 1 Alem’ the latter

being several orders of magnitude lower than that of HfO,/Si and Si0O,/Si systems.
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An alternative approach to the passivation problem could be the use of rare earth oxides [30]
A number of these oxides such as La;Os, CeO,, Gd,03, Dy,03 can be deposited directly on Ge
with improved electrical characteristics, i.e., these oxides are friendly with Ge producing well
behaving device characteristics, especially in metal-insulator- semiconductor (MIS)
capacitors, and giving good passivation characteristics. A possible reason for this behavior is
that rare earth oxides react strongly with the substrate resulting in catalytic oxidation of Ge
and in the spontaneous formation of stable interfacial layers.

In the case of CeO,, a significant reduction of Dj in the 10"eV'cm™

range is
observed. This is a substantial improvement with respect to MBD-prepared HfO,/GeON
gates. On the other hand, CeO, suffers from leakage since it has a low band gap of about 3.3
eV [23]. In addition, an interfacial layer (IL) is spontaneously formed [Fig. 1.7(a)] increasing
with film thickness and deposition temperature [21] which makes gate scaling difficult.
Despite of that, MIS capacitors suffer from high leakage [31] due to the low energy gap of
CeO, raising concerns about its scalability to low equivalent oxide thickness (EOT) values.
Gd,0; has attracted interest mainly because it can be grown in crystalline form on Ge with
abrupt interfaces [32]. However, there is not enough evidence at the moment about its
dielectric quality and its suitability as a gate dielectric for Ge devices. For the case of La,Os3,
Ge diffuses in the oxide film most probably resulting in intermixing of La—O [Fig. 1.7(c)]
with the substrate [33]. At the same time, D>O3; shows good passivation properties when
deposited on Ge substrates [34-35]. Using CeO,, La;Os, or Dy,0s as ultrathin passivating
layer and combining it with HfO, cap, leakage is improved resulting in long channel
functional p- and n-FETs, reduce the interface defect-assisted generation of minority carriers,
and also improve electrical characteristics [33-36].

It has been drawn more attention, in particular, on the properties of artificially and

spontaneously formed interfacial layers [21]. Two types of interfaces had been examined.
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The first is a non-reacting one made by direct deposition of HfO, on Ge by MBD. The main
characteristics are atomically sharp interface with no sign of oxidized Ge as inferred from
XPS and negligible Ge diffusion in the HfO, when the deposition temperature is kept
sufficiently low. However, samples with abrupt interfaces give poor electrical (C—V and I-V)
characteristics. The C—V characteristics can be partly recovered by artificial formation of a
thin GeON passivating layer [2-3], despite the fact that this layer is unstable in contact with
overlaying HfO,, and after dissociating (at least in part) allows Ge to diffuse in the HfO,.
Although GeON interfacial layers are beneficial [24], C—V and G-V characteristics remain far
from ideal exhibiting large hysteresis, strong frequency dispersion, particularly in inversion,
and high density of interface states D;. The second type of interfaces examined is a strongly
reacting interface between the rare earth CeO, and Ge, producing spontaneously (during
deposition) an interfacial layer which contains oxidized Ge [4]. In contrast to GeON/HfO,, the
interfacial layer in the CeO,/Ge system is stable showing limited Ge diffusion in HfO, when
the deposition temperature is kept sufficiently low [21]. CeO,/Ge metal insulator
semiconductor capacitors show improved C—V characteristics compared to GeON/ HfO, with
very small frequency dispersion, much reduced hysteresis and D, around 1x10" eV cm™>

[4]. Several other rare earth oxides (La,0s, Dy,Os3 and Gd,03) can be deposited directly on Ge

without an artificially made interfacial layer and this also shows improved electrical behavior.
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Ceria

Ge-O-Ce-IL

Fig. 1.7 : Cross-sectional TEM micrograph showing (a) ceria(CeQ,) dielectric (b) HfO,, and
(¢c) La;O;s deposited directly on a clean Ge surface at a temperature Td=225°C (a)-(b) and
(c) at room temperature. The brighter contrast shows the interfacial layer (see (a)) which is
formed spontaneously during the deposition of ceria, while for HfO2 is non-reacting interface
(see (b)), while in (c) spontaneous formation of germanate (La-O-Ge). (a) & (b) After Ref.
[33], (c) After Ref. [37].

Suffering from high leakage current or low effective dielectric constant, these oxides
cannot stand alone as gate dielectrics; however they could play the role of an efficient
passivating layer in more complex gate stacks for future Ge devices. As a final concluding
remark, we note that avoiding oxidation of Ge does not guarantee better passivated interfaces
with improved electrical behavior. This is proven by the fact that interfaces free of oxidized
Ge (such as those formed by direct deposition of HfO,/Ge) show poor electrical behavior. In
addition, the CeO,/Ge system with a thick interface containing oxidized Ge shows
significantly improved characteristics. Instead of trying to avoid Ge oxidation altogether, we
should rather avoid germanium oxides in the wrong oxidation states. On the other hand,
germanium oxide in the right oxidation state (either 2+ or 3+ according to XPS results [21]
may provide a desirable passivating layer. This could be formed by identifying the right
material to oxidize Ge perhaps through a catalytic reaction as in the case of ceria. This could

lead to a new approach.
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1.5 Metal-Oxide-Semiconductor (MOS)

1.5.1 Introduction

As the semiconductor industry strives for smaller and faster devices, many issues need to be
addressed in order to reach targeted objectives. One major issue is the scaling of device
dimensions. As lengths and widths reduce, film heights (thickness) must also reduce. One of
these areas is the gate dielectric in a Metal-Oxide-Semiconductor (MOS) structure. The gate
dielectric thickness is the smallest fabricated dimension in MOS transistors today. Electrical
characterization of the MOS test structures is crucial in the development of future MOS
devices and circuitry. The Metal-Oxide-Semiconductor (MOS) structure plays a significant
role in MOS Field Effect Transistors (MOS FETs) which are prevalent in the integrated
circuit technology of today. The MOS capacitor is the metal-insulator-semiconductor
structure that creates the conductive channel in a MOSFET. With the use of semiconductor
processing equipment, these structures can be fabricated together to form a parallel plate
capacitor as shown in Fig. 1.8 where the metal gate and the semiconductor substrate form the
metal plates and the insulator forms the dielectric between the two plates. These structures are
used extensively in research as a process control that addresses the need for characterization

of ultra-thin oxides and alternative gate dielectrics.
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1.5.2 MOS structures

To do this research, a fundamental understanding of MOS materials is vital. One useful tool is
the semiconductor band structure of these materials. Figurel.8 shows the ideal case of the
MOS structure. In the ideal case, several assumptions have been made [38]: (i) there are no
charges present in the dielectric film; (ii) the dielectric is a perfect insulator where no current
can pass through under different biasing conditions; (ii1) the semiconductor thickness must be
large enough to contain a field free region in the bulk of the substrate despite the applied gate
potential; (iv) the semiconductor is a uniformly doped substrate; and (v) the backside

semiconductor-metal contact must be ohmic.

Semiconductor

Fig. 1.8: A MOS capacitor where the wine color shaded portion represents the metal
electrode, the “navy blue” portion represents the insulating dielectric, and the light gray

shaded portion represents the Germanium substrate. This forms a parallel plate capacitor.
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1.5.3 Band diagram of an ideal MOS Structure

Now that the assumptions have been given, static biasing issues can be addressed for metal
serving as the gate electrode of the MOS capacitor. The four static biasing conditions that will
be addressed are: accumulation, flatband, depletion (in the substrate), and inversion (in the

substrate).
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Fig. 1.9: The energy band diagrams of an ideal (no oxide charges, perfect insulator, and
uniformly doped substrate, V=0) MOS device with a (a) p-type semiconductor and (b) n-type

semiconductor.
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Fig. 1.10: Energy-band diagrams for ideal MOS capacitors under different bias, for the
conditions of: (a) accumulation, (b) depletion, and (c) inversion. Top/bottom figures are for

p-type /n-type semiconductor substrates.

1.5.4 Qualitative Description

In the scenario presented, the substrate is at ground and the bias is applied to the metal
gate. In this situation, the semiconductor Fermi level, Eg; is at ground potential, and the metal
gate Fermi level, Er,, can be considered as a "handle" that moves up for negative applied bias
and down for a positive applied bias. Another important parameter to discuss is the metal-

semiconductor work function,®, . The work function of any materials is in units of electron
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volts (eV) and is defined as the distance from the Fermi level to the vacuum level for a given
material (Fig. 1.9). The metal-semiconductor work function is the difference of the metal
work function (®,,) from that of the semiconductor (®s). Thus,

®ms :q)m _q)S (1'5)

1.5.5 Flatband
The flatband voltage is the voltage required to make the bands horizontal (i.e., with no band

bending) as shown in Fig. 1.9 (a) and (b). Using the assumption that no charges are present in

the oxide, the flatband voltage can be positive or negative depending on the value of @y,

relative to @, as demonstrated in Fig. 1.11(c).

1.5.6 Accumulation

For both p/n-type MOS structures, accumulation occurs when a negative/positive bias is
applied to the gate. The negative charges on the gate attract holes to the high-«/substrate (e.g.
Dy,0s/p-Ge or CeO,/n-Ge) interface to form an accumulation layer (see Fig. 1.11(b)).

The band structure also undergoes a change from the previous static bias condition to the
Figure 1.10(a) for both p/n-type substrates. When the negative/positive bias is applied to the
gate, the Fermi level moves up/down relative to the grounded Fermi level in the substrate

creating the band bending shown.
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Fig. 1.11 (a)-(e): The metal-oxide semiconductor capacitor (MOSCAP) in (a) standby [no
bias], (b) accumulation [Vy<Vpg], (c) flatband [V,=Vps], (d) depletion [V,>Vrg], and (e)

inversion [Vy>>Vrp].

1.5.7 Depletion

As the bias increases from a negative/positive accumulation bias, holes/electron begin to leave
the high-x/substrate (e.g. Dy>03/Ge or CeO,/Ge) interface until the flatband condition is
reached. Continuing to increase the bias begins to deplete holes/electrons at the interface as
well as a certain distance into the p/n-type substrate forming a depletion region shown in Fig.

1.11(d).
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The band structure also undergoes a change from a previous static bias condition to Figure
1.10(b) for both p/n-type substrates. When the increasing bias is applied to the gate the Fermi
level moves downward/upward relative to the grounded Fermi level in the substrate creating

the band bending shown.

1.5.8 Inversion

As the bias continues to increase from a depletion bias, assuming sufficient inversion charge
is established (which could take some time), a maximum depletion width is established, and
then, electrons/holes begin to move towards the high-x/substrates (e.g. Dy,Os/p-Ge or
CeO,/n-Ge) interface to form an inversion layer as shown in Fig. 1.11(e).

The band structure also undergoes a change as shown Figure 1.10(c) for p/n-type substrates.
When the increasing bias is applied to the gate, the Fermi level continues to move
downward/upward relative to the grounded Fermi level in the substrate creating the band

bending shown.

1.5.9 Surface Space-Charge Region

In this section we derive the relations between the surface potential, space charge, and electric

field. These relations are then used to derive the capacitance-voltage characteristics of the

ideal MOS structure in the following section.
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Fig. 1.12: Energy-band diagram at the surface of a p-type semiconductor. The potential
energy q ¥, is measured with respect to the intrinsic Fermi level E; in the bulk, while Wp is the
depletion width. The surface potential Vs is positive as shown. Accumulation occurs when

¥s<0. Depletion occurs when Vg, > ¥s> 0. Inversion occurs when Vs> Vg,

Figure 1.12 shows a more detailed band diagram at the surface of a p-type semiconductor.
The potential ¥,(x) is defined as the potential Ej(x)/q with respect to the bulk of the
semiconductor,

[Ei(x)_Ei(oo)]

v, ()= (1.6)

At the semiconductor surface, ¥,(x)="%s, and ¥s is called the surface potential. The electron

and hole concentrations as a function of ¥y are given by the following relations:
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n,()=n, exp[%} = n,, exp(By,) (1.7)

p,(0)=p, exp( A ] = p,, exp(-By ) (1.8)

kT

where ¥, is positive when the band is bent downward (as shown in Fig. 1.12), n,, and p,, are
the equilibrium densities of electrons and holes, respectively, in the bulk of the

semiconductor, and f=¢/kT.

From previous discussions and with the help of the above equations (1.5, 1.6, 1.7, and 1.8),
the following regions of surface potential can be distinguished:
Ps<0  Accumulation of holes (band bending upward)
Ys=0 Flat-band condition.
V> Ps>0 Depletion of holes (band bending downward)
Y= ¥, Fermi-level at midgap, Er=E;(0), n,(0)=p,(0)=n;
2¥s,> Vs> Vg, Weak inversion [electron enhancement, Na>n,(0)>p,(0)]

s> 2¥p, Strong inversion [electron enhancement, 7,(0)> Na]

1.6 Capacitance-Voltage (C-V) characteristic

The Capacitance-Voltage behavior of a MOS device can be described using the equivalent
circuit shown in Fig. 1.13 [39] where Cox is the oxide capacitance, Cs the substrate
capacitance, Cj; the interface state capacitance, Rg the series resistance and 1/Rp the parallel

conductance.

41



|
|
O
Q
>
A
4

Fig. 1.13: Equivalent circuit of an MOS structure including the oxide capacitance (Coy), the
substrate capacitance (Cs), interface state capacitance (C;), series resistance (Rs) and

parallel conductance (1/Rp).

The capacitance of a MOS capacitor is defined as

C= 99,
dv.

g

(1.9)

Based on charge neutrality O, =—(Qs +0Q,) where(g, the substrate charge, andQ,, the

trapped interface charge. This assumes no charge trapping in the dielectric. The gate voltage
1s partially dropped across the dielectric and partially across the semiconductor substrate. This
gives

V, =V +Vox + s, (1.10)
where V,, is the flatband voltage, V,, the voltage drop across the oxide and ¢ the Ge

surface potential allowing Eq. 1.1 to be written as

o 49, +do,

= , (1.11)
dVox +dds

42



Depending on the Ge surface potential either majority, minority or depletion charge is
contributing to the substrate charge. The total gate capacitance can now be written as

1
C=— 1 (1.12)

+
COX CS + Cit

The low — frequency substrate capacitance is given by

nEGE, [eUF (1 —e s )+ e v (eUS —~ 1)]

CS”,:US (1.13)
" 2L F(USsUF)
where the dimensionless surface electric field F(Us, Uy ) is defined by
FU,U,)= \/eUF (e +Ug -1 +e (e —Uy -1) (1.14)

Uy and U, are normalized potentials, defined as U = q¢,/kT, and U, =q¢, /[kT . The

Fermi potential is calculated by, ¢, =(kT/q)In(N,/n,), where N, is the acceptor

concentration and », the intrinsic carrier concentration in the Ge substrate. The symbol U s

stands for the sign of the surface potential and is given by

o, = Ysl

1.15
s=0, (1.15)

where U, =1 for Ug >0and U, =—1 for U < 0. The extrinsic Debye length L, is

e&kT
L, = /L 1.16
Di 2q2ni ( )

The high-frequency C-V curve results when the minority carriers in the inversion charge are
unable to follow the ac voltage. The majority carriers at the semiconductor edge are able to
follow to the ac signal thereby exposing more or less ionized dopants atoms. The high —

frequency semiconductor capacitance in inversion is [40]

A EgE [eUF (1 —e™® )+ e U (eUs - 1)]/(1 +0)

Cy,, =U
i ’ 2L, F(US’UF) (17
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with ¢ given by

(e —us-1)/F(U,U,)
J-Us eUF(l—e_UXeU—U—l)dU’ (1.18)
0 AF U, U, T

o=

1.6.1 High-low Capacitance-Voltage (C-V) characteristic curves

With a sufficiently negative and positive voltage, an accumulation and inversion layer is
obtained in the MOS structure. Figure 1.12 shows the characteristic low-frequency and high-
frequency trends of the capacitance as a function of applied gate voltage. At high frequencies,
the minority carrier is unable to respond, and the majority carriers are able to respond in

negative gate bias, or accumulation.

A ) T — | e low frequency (< 10 KHy)
(1) i (i1) ; (iii) == high frequency (>100 KHz)
LI i i R (i) accumulation
! ;‘.:’ (ii) depletion
B i ¥ (iii) inversion
Q 1 L]
= L]
[av]
o :
< 1
“ i :
0 : i
Vip Vi
(-) >(+)
Gate voltage

Fig. 1.14: The three operating regions of the device shown for a capacitance-voltage (CV)
measurement of an MOS device at a low measurement frequency (<10 kHz, black-dashed

line) and a high measurement frequency (> 100 kHz, red line).
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1.6.2 Frequency dispersion of C-V characteristics

1.6.2.1 Frequency dispersion at accumulation

There are several mechanisms which may cause the dispersion of the capacitance with
frequency observed (Fig. 1.15) at accumulation: (i) series resistances [41], (i1) parasitic effects
in cluding back contact imperfection [42-43],(iii) a x-value dependence on frequency of the
interfacial dielectric layer [44]. To obtain the intrinsic properties and permittivity of the REOs

dielectric from the C-J measurements, the

250

Au/La,-Zr, -0, ¢

200 -

150 - —o— 100Hz
a - 1kHz
—t—10kHz

- 100kHz

Fig. 1.15: C-V results at different frequencies from the annealed sample Au/La-Zr; -O;.s/p-
Si for x=0.09. Significant frequency dispersion at accumulation was observed. After Ref. [45]
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above mentioned effects must be eliminated. To reduce the effects of series resistance, back
contacts (e.g. In-Ga alloy) can be deposited over a large area of the substrate wafer, which
suppresses the effect of series resistances and back contact imperfections [42]. Cables and

connections must be kept short to further minimize parasitic effects [43] as well.

1.6.2.2 Frequency dispersion at inversion

Germanium MOSFETs with high-« dielectric gates could be good alternatives for future high
performance logic devices due to the (low field) high carrier mobility [46]. The low frequency
behaviour of the high frequency capacitance-voltage (C-V) curves (see Fig. 1.16), or more

specifically, the observation of a high ac inversion

I d 1 r l

LJ l L)
Inversion Accumulation

-
&
1

044°

Capacitance C/A(uF/em?)
o
o

. . \
=
!

o
o

2 4 0 1 2
Gate volatge \f (V)

Fig. 1.16: Room temperature C-V characteristics of an n type Pt/HfO,/n-Ge MOS measured
at different frequencies from 20 Hz to 1 MHz. Large frequency dispersion is observed at
inversion (negative Vg). The transition frequency fn, 6 kHz defined as the frequency at which
the inversion capacitance is midway between low and high values, marks the transition from

a low to high frequency behavior. After Ref. [48]
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capacitance [47] (close to the oxide capacitance value Coy) at high frequencies (in kHz range)
which is not expected based on the experience we have with device quality Si. This
behaviour is usually attributed to contamination [47, 49] due to poor quality of bulk Ge
starting material or due to insufficient surface passivation which creates high density of
interface traps or mid-gap bulk semiconductor traps through metal diffusion from the high-x
over layer. These traps are considered to mediate the creation of electron-hole pairs in the
depletion to provide the necessary seed of minority carriers which are necessary to built the
inversion layer and give the high value of capacitance. The density of minority carriers in Ge
though is expected to be higher compared to Si due to the lower energy gap (or higher
intrinsic carrier concentration #;). This could induce low frequency behaviour in Ge at high
frequencies. As a matter of fact, Nicollian and Brews [41], had already predicted long before
about this behaviour. f,, defined [41] as the frequency at which the capacitance in inversion is
midway between high Ci,y (20 Hz) and low Cyr values, marking the transition from low
frequency to high frequency behavior.

Due to the short minority carriers’ response time in Ge, an inversion layer is formed fast in
response to an external ac signal at the gate, so that a high capacitance, equal to Coy is formed

even at high frequencies i.e., (1 kHz).

1.7 Interface state characterization

1.7.1 Introduction

Next to the leakage current, the single most important metric for determining the usefulness of
new gate dielectrics is the interface trap state density (D). The presence of interface states in
a MOS device leads to several undesirable behaviors. First, the presence of any charge,

whether it be at the interface or in the oxide itself leads to a shift in the capacitance voltage
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(C-V) characteristics of the device. In a MOSFET, this directly translates to a change in
threshold voltage. Second, since interface traps fill and empty with some characteristic time
constant, there will be dispersion in the capacitance of the device as a function of frequency.
Third, a large amount of trapped charge at the interface will degrade the channel mobility of a
MOSFET via coulomb scattering of carriers. Finally, the sub-threshold current swing in a
MOSFET is adversely affected by interface trap states. As a matter of fact, interface states are
strongly correlated to the quality of the high-x single dielectrics and/or gate stacks with
semiconductor interlayer, and have been used as one of the primary parameters to characterize

and monitor gate dielectric reliability.

1.7.2 Extraction of interface trap density (D;)

1.7.2.1 Theory

The first method for determining interface state density is the high-frequency capacitance
method, also known as the Terman method, and in this method, the only measurement
necessary is the high frequency (typically on the order of 1 MHz) capacitance versus voltage
(C-V) curve. Even though interface traps cannot fill and empty on the time scales used to
measure the capacitance, they can respond to the quasi-static bias sweep used to produce the
C-V curve. Figure 1.17 illustrates that as the Fermi level crosses through the interface state
distribution at a semiconductor surface; a sheet charge at the surface is created that is directly
proportional to either the number of empty interface states for donor-like traps or filled states
for acceptor-like traps. Since this sheet charge will depend on the position of the Fermi level
at the interface, it will depend on the surface potential ¥s, and thus the applied gate voltage.
This voltage-dependent charge layer can have a pronounced effect on the C-J characteristics

even though the traps at the surface are not filling and emptying in phase with the ac signal.
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What the trap states will do is to change the gate voltage for which a given ¥s is obtained.
Donor-like states are defined as positively charged when empty and acceptor-like states are

defined as negatively charged when filled.

Figure 1.17: Schematic of an insulator-semiconductor interface with interface states.

At an insulator-semiconductor interface with dielectric constants, €, and &g, and with a sheet

charge 00 present at the interface, one of Maxwell’s equations,

VeD=p (1.19)
leads to the boundary condition

2 El _(C"SE;_ :_Qsheet (120)

ox ox
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where the L superscript implies the component of the electric field perpendicular to the
interface. If Ws is the potential at the semiconductor surface then boundary condition (1.20)
becomes

C,(V, —¥y)~e,Ef =0 (1.21)

sheet

where C, =g, /t, 1is the oxide capacitance, V, is the applied gate bias, Qg is any sheet

charge located at the insulator-semiconductor interface, and Qs is the depletion/inversion
charge in the semiconductor (Fig.1.18). Now we apply Gauss’ law to an area just below the

interface, from the semiconductor surface to beyond the depletion layer. The electric field

entering the Gaussian box at the top is just £; . Since the other side of the box is outside of the

depletion region, the field leaving the box on the bottom is just zero. Because of symmetry in
the direction parallel to the interface, there are no field lines leaving the sides of the box.

Thus, Gauss’ law gives

_0,(®y)

&y

E} (1.22)

where the ®s is included in order to emphasize the point that the semiconductor space charge

is a function of the band bending. Now plugging (1.20) back into Eq. (1.19) we have,
Cox (Vg - \PS) = _Qsheet - QS (q)S) (1 23)

In the case of a sheet charge generated by interface states, Qe 1S also a function of Wy as
shown in Fig. 1.18. If Qgpee 1s replaced by Qi(Ws), Ve can be solved for, then differentiated

with respect to Ws to obtain

v, 1 (dQn +dQS] (1.24)
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Fig. 1.18: Schematic of the important charges, fields and potentials at the insulator (oxide)

semiconductor interface.

The derivatives of the interface state charge and the semiconductor charge can be rewritten as

capacitances, C;; and C;, giving

C =C (dVg 1J C.(F,) (1.25)
it ox d\Ps S N .
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Fig. 1.19: Example of a measured curve of Vg vs. ¥s. The derivative of this curve is used to
compute the interface state density in the Terman method. This curve is also used to relate the
position of the Fermi level within the germanium bandgap to the applied gate bias in both the

Terman method and the conductance method.

For an interface state density that is slowly varying throughout the energy gap relative to kT

the interface state density can be approximated simply as D, =qC, [41]. The important
parameter to determine for this calculation is dV, /d'¥, which is an indication of how the

band bending changes with applied gate voltage. The Terman method calculates this
parameter as a function of ¥s by comparing an ideal theoretical C-V curve as a function of ¥s
with the measured C-V curve. For each value of capacitance at a given ¥s in the theoretical
curve, there is the corresponding value of capacitance at a given V, in the measured curve.

Thus it is possible to construct a curve of V, vs. ¥s such as the one shown in Fig. 1.19.
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In addition, conductance method [50] is widely being used for extracting density of interface
states for high mobility Ge based MOS devices. Conductance can be written simply as a

function of G,,, C,,, and C,,, and:

2
w'C,.G
G, (w)= == , 1.26
G- (1:20
where C,, can be measured directly in strong accumulation i.e.
Cox = Cma [1 + (Gma /a)Cma )]’ (1 27)

is oxide capacitance and C,,, and G,,, are capacitance and conductance in accumulation, while

R, =G,, / [G., +(wC, )*], o the angular frequency, C,, and G,, are measured capacitance

and conductance respectively. A plot of G/w will be peaked as shown in Fig. 1.20. This peak
can be thought of as occurring at a frequency for which the trap states are in “resonance” with
the applied ac signal. At this frequency the highest possible numbers of traps are contributing
to the conductance as described above. Thus the peak value of G/w, which we will denote as
(G/w)p, should be roughly proportional to the interface trap density. However, statistical
variations in the nature of the charge distribution under the gate cause fluctuations in the
band-bending at the semiconductor surface. This can smear out the peaks and reduce their
magnitude. The standard deviation of these fluctuations, o, is related to the width of peak in
the G/w vs. @ curve and can be calculated from the data [41]. D;;is calculated approximately

from the magnitude of the peak of G/w curves at a given bias:

5(G
D, ~ 2_5(_j (1.28)
g\o),

G, .
where [—’j is the peak value from a (&] vs. frequency (o = 27f") plot.
@

@),

53



Capacitance (pF)
Conductance (uS)

=TT
10* 10° 10° 10’
Frequency (rad/s)

Fig. 1.20: The plot shows an example spectrum of the two measured quantities, G,, and C,
along with the calculated spectrum of G/w from Eq. (1.26).

1.7.3 Types of Interface tarps

To determine the effect of interface traps on flatband, the type of interface trap has to be
identified. There are two types of interface traps sitting in the bandgap; the charge state can be
positive, negative or neutral, depending on their types or whether they are filled or empty.
Detailed information is given in Table 1.2. Interface trap characteristics of thermal oxides are
donor type in the upper half of the bandgap [41], no experiments on the donor or acceptor
nature of interface traps in the lower half of the bandgap have been reported. If both donor
and acceptor interface traps are present, a measured reduction in interface-trap-level density

D;; = D;; (donor) + Dy, (acceptor) (1.29)
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may be accompanied by a +/- shift in the flatband voltage. That is, elimination of donor
interface traps reduces positive charge, whereas elimination of acceptor interface traps
reduces negative charge. Therefore, the interface-trap-charge density
Qi = Qi (donor) — Qi (acceptor) (1.30)
may shift either way, depending on the charge balance of donor- and acceptor-type interface
traps. Such a shift may mask any change in the oxide-fixed-charge density [41]. The
important concern involved in this section is an interface-state-density extraction. No effort
was made to investigate the types of interface states. It has to be kept in mind that a change in

the interface-state density has no direct impact on the direction of flatband-voltage shift

without the knowledge of the type of interface states.

Table 1.2: The effect of interface traps on a C-V measurement

Trap types Acceptor type Donor type
Filled by e -ve charged neutral
Empty neutral +ve charged

For p-substrate

Show more effect at depletion to
inversion region when the traps

at the upper half of the bandgap
change from empty to filled

(neutral — -ve).

Show more effect at depletion
to accumulation when the traps
at the lower half of the bandgap
change from filled to empty

(neutral — +ve).

For n-substrate

Show effect at dep—acc.
Upper half bandgap
empty—filled

(0—-ve)

Show effect at dep—inv

Lower half bandgap

Filled— empty
(0—+ve)
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1.7.4 D; extraction techniques and conduction method

For MOS capacitors the choice for the most practical methods lies between conductance and
quasi-static methods. These are the two most widely used techniques [39]. In order to extract
the interface state density, the conductance model used by Nicollian and Goetzberger [50]
was first fitted to the measured G/® vs frequency curves at each voltage. Indeed, in a recent
paper, Batude et al. [51] reports that the common D, extraction techniques used for Si

capacitors cannot be applied as such to Ge MOS structures.
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Fig. 1.21: Ranges of energy in the band gap of a p-type substrate over which interface trap

changes are determined by various characterization techniques. After Ref. [39].
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It appears that weak inversion is a problem (due to the small bandgap of Ge) and a small
density of impurities can generate large-frequency dispersion and high G/® peaks, which
should not be interpreted as large D;. To avoid weak inversion in data interpretation, one can
use the full conductance method with MOSFETs, as recently shown by Martens et al. [52]. In
this method, the charge exchange between trap level (s) and both majority and minority
carrier bands of the semiconductor, is taken into account.

From the above analysis of C-J characteristics at room temperature (7 = 300 K), no flatband
voltage shift was observed as a function of frequency [10]. Recently, IMEC group [25]
demonstrated an extensive work on the D;, extraction techniques, in order to prove the effects
of weak inversion as discussed above the C-V characteristics were also measured at low
temperature (7=77 K). From room temperature (300K) and low temperature (77K) D;, values
were reported 2x10" eViem™? and a few 10'"cm2eV!' for n-or p-Ge/GeO,/HfO,
respectively, which seems week inversion is not a problem (as proposed by ref. [51]) to D;

extraction by conductance method.

1.8 Border traps (N, characteristics

The concept of “border traps” was first proposed by D. M. Fleetwood in 1991[53]. Border
traps are oxide traps that are able to exchange charge with the semiconductor substrates (e.g.
Si, Ge) on the timescale of the electrical measurements. The ability to exchange charge with
the substrate during the measurement makes border traps looks like interface traps
electrically; however, the location of these defects are in the oxide, instead of at the interface

(Fig. 1.22) [54]. Border traps are also termed as “near-interface traps” [55-57].
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Fig. 1.22: Nomenclature that separates terms used to identify (a) defect location from (b)
measured electrical response in MOS devices. The line between an oxide trap and a border

trap depends on the time scale and bias conditions of the measurements. After Ref. [54].

The microstructure of border traps is still under debate, with no single defect likely
responsible for all border-trap effects in all materials and devices. In some devices, border

traps are apparently associated with hydrogen-related defects in the near-interfacial SiO2 [58-

59], or other defects not directly associated with trapped holes [60-61]. Since border traps can
sometimes be mistaken for interface traps electronically; separation of the contribution of

border traps from real interface traps is performed in the study of charge trapping.
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Fig. 1.23: C-V hysteresis curves for 0.0013 cm2 n-substrate capacitors with a bias of 4 V.
The asterisks are the C—V curves swept from accumulation to inversion, the triangles are the
curves from inversion to accumulation, and the dots (lower peaked curve) are the difference

in capacitance between the forward and reverse curves, that is, border traps. After Ref. [55]

The effective border trap density, Ath is obtained by measuring C-V hysteresis and

integrating the absolute value of the capacitance difference as [62-63]:

AN, = (1/gA)[|(Craone = Cpomans JV (131)

where, A is the capacitor area, q the elementary charge, Cieyerse refer to measurement from
accumulation to inversion, and Cgywarg refer from inversion to accumulation. Experimental

data on border traps analysis are shown in Fig. 1.23.
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1.9 Current conduction mechanisms in REOs dielectrics
In this section we discuss current conduction mechanisms in thin insulating films, in
particular Rare-earth oxides (REOs) high-x dielectrics. Several electrical conduction

mechanisms are being accounted to explain the current conduction mechanisms in various

high-« dielectrics as are given in Table 1.3.

Table 1.3: Basic conduction mechanisms and their temperature and voltage dependence

characteristics, according to [8]

Process Exprossion Temperature and Voltage
Dependence
Schottky g — (95 — gL/ 4me,) , -
Emission J=A*1 ex]{ T ~T exp(+a-\/P_/T— g, /kT)
Frenkel- — g, — qu/mg_ )
Poole J ~ Eexp Y ~ 1 exp(+2al /1 — g, [ kT
Emission k1
Tunncl or R A2 (¢ 32
Field J ~E exp| - - (s ~T exp(=b/1")
Emission 3qhL
Space- Qe ul’ .
charge J= L ~
limited 9d
Ohmic J ~ Lexp(-AL, /kT') ~V exp(—c/T)
Tonic J~ £exp(—AE /kT) - KeXP(_d'/T)
Conduction T “ T

Here,a = \/q/(4ne,d), A* = effective Richardson constant, @5 = barrier height, £ = electric

field, &; = insulator dynamic permittivity, m* = effective mass, d= insulator thickness, 4E,, =
activation energy of electrons, AE, = activation energy of ions. V= E;. Positive constants

independent of V or Tare b, ¢, and d.
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In Ce, Dy, Gd of the REOs there are two dominating conductions mechanisms observed. For
example, in Cerium oxide [64-65] the conduction mechanism at low field is Schottky
emission (SE), while at higher field the conduction mechanism is Poole- Frenkle (P-F)
mechanism.

The same has been observed for the Gd,Os [66-67] high-x dielectrics, that is, Schottky
emission and Frenkle- Pool mechanism at low and higher filed respectively. Nevertheless, for
Dy,03, mainly bulk-limited [68] current conduction mechanisms have been reported [69], that
is, at low field the space-charge-limited-current (SCLC), while at higher temperature Schottky

emission has been observed.

1.10 Reliability Issues

1.10.1 Introduction

High- x dielectrics have been known to be “trap-rich” materials. A number of efforts were
carried out to improve high-x dielectrics characteristics. For example, high temperature
deuterium and forming gas anneals and Os surface treatments have been shown to reduce
interface state [70]. The origin of the traps in high-k dielectrics, however, still remains a
question. These pre-existing traps may play an important role in dielectric wear-out as well as
device performance. In order to evaluate reliability, it is necessary to pinpoint the factors that
influence the breakdowns of high-x dielectrics (REOs), and their gate stacks (For example,
REO/HfO;). This work addresses reliability issues such as charge trapping and detrapping
characteristics, stress-induced leakage current (SILC), dielectric breakdown, voltage

dependent dielectric relaxation, Maxwell-Wagner current instabilities in the gate stacks,
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finally the combined effects of charge trapping, SILC, Maxwell-Wagner current instability

and dielectric relaxation have been analyzed and discussed.

1.10.2 Reliability of MOS
Reliability of MOS devices is generally defined as [71]:
“The probability that the device will perform its required function under defined
conditions for a specified period of time”.
In the specific case of a thin oxide thin the required function is to act as a sufficient insulator;
the stated conditions are the stress voltages, currents and temperature that correspond to
normal device operation; and the stated period of time is the required dc-lifetime of the

product, which is usually taken to be 10 or 25 years, depending on the application.

1.11 Oxide defects charges

1.11.1 Classification of Oxide defects charges

The defects charges are basically classified with respect to their location and action as

follows:

e Interface-state charges Q;, which are located so close to the high-x/ Ge interface and
have energy states so close to Er variation range of the semiconductor, that is, mainly
within the Ge bandgap as to be able to exchange charges with the semiconductor in a short
time.

e Fixed oxide charges Qp which are located at /or very near the interface but cannot

exchange charges unlike Q;.
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e Oxide-trapped charges, Q,,, the trap sites of which are distributed inside the bulk of the
oxide and capture (or emit) the charges brought into the dielectric film by hot-carrier
injection, and so on.

e Mobile ionic charges, Q,,, such as sodium ions, which are mobile within the oxide under

bias-temperature aging conditions. These charges are illustrated in the following Fig. 1.24.

Gate metal PtI i

Na* Mobile lonic Charge(Qpm)

High-k dielectrics .
+ + + Oxide-Trapped

- - — Charge (Qyy)
******************************************* L Fixed Charge (Qy)

>
2
b,
>,
®,

~ Interface-State
Charge (Qj})
Ge substrates

Fig. 1.24: Terminology for charges associated in the MOS devices under bias condition.

1.11.2 Types of defects in MOS devices

Possible defect types and their impact on device performance are listed in the table 1.4. The
specific problems caused by the defects include these: they initiate degradation; they cause
charge trapping; and they create fixed charge, which cause carriers scatter in the

semiconductor substrates.
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Table 1.4: Possible defect types and their impact on device performance. After Ref.[ 20]

Origin of defects

Defects type

Possible role

vacancies

Imprecise Vacancies or Fixed charge, SILC;
stoichiometry interstitials, annealing induced | motion under applied field.
Feature of Grain boundaries and Charge diffusion
polycrystallinity associated defects, e.g.

Amorphous structure

Structure induced traps

Leakage current

Interface

Wrong bonds, relaxation with

associated dipoles, roughness

Dipole, charge, electric field

1.12 Defects generation under electrical stress

The scaling of the SiO, gate layer thickness in advance generations of complementary-metal-
oxide-semiconductor (COMS) processing is reaching its limit, both points of view of leakage
current limitations as well as intrinsic reliability concern. By using a thicker gate insulating
layer with a higher dielectric constant than SiO; (3.9), the leakage current flowing through the
device is expected to decrease, and the reliability of the gate dielectric is expected to improve.
However, defect generation in these high-x materials under electrical stress, which is closely
related to the reliability of the devices, has not yet been extensively studied. Defect build-up
in these devices is investigated by monitoring the variations of the current density and the
capacitance-voltage (C-V) characteristics of the structures during gate voltage stress

experiments [72]. It is clear that defect generation is the key factor determining the oxide

degradation and breakdown.
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Three trap/defect generation models are illustrated in Fig.1.25, such as

(1) “‘Anode hole injection model’,

(i1) ‘Hydrogen release model’, and

(ii1) ‘Electric field energy model’
In the anode hole injection model [73], as illustrated in Fig. 1.25 (a), it is assumed that the
holes tunneling back to the cathode can create electron traps in the oxide, probably in
conjunction with an electron in the high-k dielectric conduction band. The physics of the trap
creation process (Fig. 1.26) is still speculative. Indeed, there have been several studies
demonstrating that the interaction of electrons and holes in an oxide results in trap creation
[74]. However, the precise role of electrons and holes in the trap creation process and the
details of the microscopic mechanism of the trap creation are still uncertain. The most

important difficulty in studying this effect is the inability of many techniques to

Injected . Energy reicase Hole Trap
(s electrons atanode [ generation""’ generation
Hole
genaration
by | Injected . Energy release
®) electrons at anode
Other Trap
Machanism [ | generation
Energy in the » Trap
oxide generation
Electric
©H el ot
- generation
Injectad - Energy release
electrons at anods
Other
hechanism

Fig. 1.25: Outline of the three lines of thought on defect generation under stress that can
found in literature. After Ref. [71]
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separately control the hole and the electron injection. If there exists a voltage limit to anode
hole injection, it could be questioned whether this model will correctly predict the low voltage
oxide reliability.

The generation of interface defects, bulk defects, and positive charge under gate injection can
be explained by the “Hydrogen release model” [75] is shown in Fig. 1.25(b). In the hydrogen
release model (see Fig. 1.27), the electrons tunnel through the oxide potential arrier and reach

the anode with sufficient energy to release hydrogen from the anode/oxide interface.

F[\P;L Si
—

Electron Hole fluence

fluence Si0y

. S—
Gate
FN

Fig. 1.26: Schematic illustration of the anode hole injection model. Injected electrons reach
the anode with high energy and can generate hot holes that can tunnel back to the cathode.
After Ref. [71]

This hydrogen is always present in sufficient amounts because of interface annealing applied
to reduce the initial interface trap density. The released hydrogen diffuses through the oxide
and can generate electron traps.

Some authors have even suggested a third possible route which is illustrated in Fig. 1.25(c).
The electric field itself induces sufficient energy directly into the oxide to cause electron trap
creation (electric field energy model). With this interpretation, all processes that are related to
the energy release of the injected electrons at the Anode are independent of the trap

generation mechanism.
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Fig. 1.27: Schematic illustration of the hydrogen release modeling a TiN//ZrO»/SiON/Si

structure, stressed under gate injection. After Ref. [20]

1.13 Dielectric Breakdown

1.13.1 Introduction:

The dielectric breakdown of the oxide layer in a MOS structure can be defined as a local
increase of the system’s conductance. This change can be abrupt or gradual depending
fundamentally on the oxide thickness, device area, stress condition, and is often accompanied
by a noisy behaviour [76]. Once broken down, in general, the MOS device will suffer from so
much increased conduction across the gate dielectric film that it will no longer operate well,
and cannot be recovered. The dielectric breakdown thus causes a fatal failure in integrated
circuits, usually setting a major practical limit of mass production. One of the features most
different from other MOS parameters is its statistical nature; that is, breakdown strength is not
an average characteristic over the device area, but it is determined by the weakest defect spot

across its surface.
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1.13.2 Types of breakdown:
There are mainly two types of stress leading to dielectric breakdown, such as

a) Time-Zero Breakdown (TZBD)

b) Time-Dependent Dielectric Breakdown (TDDB)
a) Time-Zero Breakdown (TZBD): TZBD is accelerated by ramping up the applied
voltage, usually until breakdown for every individual sample (Fig.1.28). TZBD is
independent of stress time but depend on other parameters, for example, applied field across
dielectric, the field at the breakdown is called field to breakdown, Ezp. A TZBD test requires

a lot of (typically 50 to 100 or even more) samples devices due to the statistical nature of

breakdown.
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Fig. 1.28: Current density J, vs. applied field E, for individual sample in ramp-voltage
stress (RVS) breakdown. TZBD test. After Ref. [77]
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b) Time-Dependent Dielectric Breakdown (TDDB):

TDDB is usually examined under constant voltage stress (CVS) and so requires a longer time.
However, in general, TDDB has the merit of being more straightforward with respect to
reliability, especially for non volatile memories. Another merit of TDDB is its capability to
predict the breakdown life time #zp and the failure rate at a certain operation voltage. From
TDDB measurement one can charge-to-breakdown, Opp, that is, the totally injected electron
charge until the device breakdown. Also from TDDB CVS measurement one can extract the

total inject charge, Q;,; under bias.

N4/P Capacitor, Area=le-4 cm?

“4E-01 Stress voltage Vg =-6V

Hard breakdown

3E-6 Progressive hreakdown

2E-6 ] Soft breakdown

. Quasi breakdown \

4 Continuous evolution

Current density Jg (A/cm?)

2000
Stress time t (s)

0 1000 3800 4123

Fig. 1.29: Current-time characteristics for a 4.5nm MOS gate oxide recorded during a CVS
at 11.4 MV/cm. After Ref. [78].

Time-Dependent Dielectric Breakdown (TDDB) is exemplified in the Fig. 1.31. It is
interesting to note that during the TDDB measurement under the CVS condition there are
several breakdown stages occurring in the device (Fig. 1.29). That is, in 1992, Fukuda and co-

workers [79] presented experimental results showing that ultra-thin oxides exhibited a
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different breakdown, the associated current being orders of magnitude less than the tunneling
current. This led to name the failure modes as stress-induced leakage current (SILC), quasi,
soft breakdown (SBD) and progressive breakdown (PBD), identified with the low-conduction
state, and the final, catastrophic or hard breakdown (HBD), identified with the high-
conduction state. Fig. 1.30 shows typical /-} characteristics corresponding to SBD and HBD

events.

Voltage [V]

Fig. 1.30: Current—voltage characteristics at different stages of oxide degradation. Fowler—
Nordheim (FN), stress-inducedleakage- current (SILC), soft breakdown (SBD), and hard
breakdown (HBD) curves are shown. Oxide thickness is 4.3 nm, device area is 6.4% 10° cm’

and p-type substrate. After Ref. [80]

“The SBD can be defined as an oxide breakdown without the lateral propagation of the

breakdown spot due to thermal damage [81] .
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“The HBD associated with and without significant thermal effects, i.e. with and without
lateral propagation of the damage [82]. After SBD the Joule heating in the local
conductive path leads to lateral propagation of the leakage spots and the oxide is finally

broken down, signified as a hard breakdown (HBD) [83] .

Although SBD has been mostly reported to occur in sub-5 nm oxides, some authors have
claimed that thicker oxides may also exhibit this mode [84]. In practice, breakdown modes are
often identified simply as SBD or HBD and since a physics-based sorting scheme is still
lacking, the choice of whether a breakdown event belongs to one or another mode is at present
rather ambiguous. Additionally, depending on the considered wear-out test, one or more
breakdown events of either type can be induced in the same sample. Each jump of current in
the characteristics is associated with the opening of a new breakdown spot across the oxide

layer.

1.13.3 Percolation statistical breakdown model:

Beginning of the 1990s, Sune and co-authors [85] presented a ‘weakest link' breakdown
model. It is assumed that during oxide stressing neutral electron traps are generated at random
positions on the capacitor area, and the creation of critical amount of neutral traps causes

capacitor breakdown [86]. It is assumed that electron traps are generated.
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Fig. 1.31: A schematic presentation of the percolation theory of dielectric breakdown. It can
be modeled as spheres that are randomly generated in the oxide during electrical stressing.
When enough of these defects line up closely enough and span a dielectric film, breakdown
occurs via conduction through this defect path. The bigger the defects are or the greater their
sphere of influence (Fig 1.31 (ii)), the less defects it should take to produce a breakdown
path. After Ref [87]

inside the oxide at random positions in space. If the two neighboring traps overlap (Fig.1.31
and 1.32), conduction path between these traps becomes possible. This mechanism of trap
generation continues until a conducting path is created from one interface to the other, which
is defining the breakdown condition, is defined as “Percolation statistical breakdown model”

(Fig. 1.32).

Anode interface

2
Electron traps

Percolation path

iCathode interface

Fig. 1.32: The percolation model for oxide breakdown explained step by step. As the density
of neutral electron traps increases, conductive clusters of traps are formed ultimately leading

to the creation of a conductive breakdown path from anode to cathode. After Ref. [19]
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1.14 Oxide Degradation

1.14.1 Introduction

The gradual degradation of the oxide properties during electrical stress, ultimately leading to
breakdown, could happen in different ways, such as, (i) by means of light emission which is a
localized effect [71], or (ii) the electrical degradation phenomena during stressing on the
devices. First oxide breakdown was introduced by Harari [88] in 1978, a consensus has grown
in literature that oxide degradation is the cause of the breakdown event in thin oxide layers.
By degradation, we mean the continuous gradual deterioration of the oxide properties, which
is a consequence of structural damage generated in the oxide. Several phenomena are related
to dielectric degradation, for example, oxide charge trapping, i.e. negative and/or positive
charge trapping; interface trap creation; creation of neutral electron traps and the generation

of a stress-induced leakage current (SILC).

1.14.2 Oxide charge trapping characteristics

Charge trapping is a common phenomenon observed in most high-x materials [8§9-97]. As a
matter of fact, the use of dielectric layers with higher permittivity should allow us to use
thicker films with equivalent electrical thickness than SiO,, and one would expect to reduce
charge trapping and the stress induced leakage current (SILC), thus improving the reliability
of corresponding device. Trapping centers are not electrically active until they react with
carriers bought into the oxide film by some stressing means. The charge-trapping behaviors
may roughly be classified as negative charge trapping, positive charge trapping, as well as,
interface-state generation. They are increasingly important from the reliability point of view

as carrier injection is more likely to take place in today’s MOS devices.
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1.14.2.1 Negative charge trapping —detrapping characteristics

There have been lots of studies [8, 89-97] on negative charge traps mainly utilizing charge
injection methods, and are frequently classified as in terms of the capture cross-section o [98-
99]. Most of all kinds, particularly, the small values for the capture cross section, like, 107 to
10" cm?® suggest that the traps generated during the electrical stress are neutral centers. [98-
100].

Charge trapping and detrapping could be studied by measuring flatband voltage shift (V) of
high-frequency (e.g 100kHz ~1MHz) capacitance—voltage (C-V) curves as a function of
charging or discharging time (Fig.1.35) by using a pulsing technique also known as “Stress
and sense technique” [101-102], which is briefly described in § 2.5.6. Usually fresh devices
are used for each measurement. During charging, devices are stressed at the applied gate bias
voltage in accumulation, that is, charges (electrons) are injected from substrate (for n-type)

under constant voltage stress (CVS) conditions.
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Fig. 1.33: C-V characteristics taken between pulses of positive gate bias of 1.5V (solid lines)
and during detrapping at Vg=-0.7V (dotted lines) at room temperature. The arrows indicate
directions of flatband voltage shift over time during stress (solid arrow) and discharging
(dotted arrow). Flatband voltage shift deduced from the C—V curves during charge trapping
is shown in the inset as a function of stress time, charging time was 9000s while discharging
time was 10000s. One can see Vg shift during trapping follows power law dependence. After
Ref. [103]

During the injection of charges some the electron are trapped in the bulk of the oxides, and
thus causing flatband voltage shift (Vgz), which is illustrated in Fig. 1.33 Immediately
following charging, the gate voltage is reversed and the discharging or relaxation of shifted

Vrp towards its original position was monitored as a function of time (see Fig. 1.33).
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Fig. 1.34: Kinetics of charging (at 1.5 V), discharging (at -0.9 V) and 2nd charging (again at
1.5V). After Ref. [104]

From trapping-detrapping (i.e. charging-discharging) measurement one can investigate how
stable the trapped electrons are. One of the reasons for performing this set of discharging
experiments is to better understand the nature of the trapping sites in high-k stacks. From Vg
vs. injected charge (Qiy) curve one can easily estimate the total amount of trapped charges
(Qor=-AVFpC,y). Trapped charges at deep levels in the forbidden gap—shows a relatively slow
discharging relaxation over time and Fig. 1.34 gives an immense clear picture of the level of

trapped charges from “trapping-detrapping” measurements.

In (40-80nm) ZrO,/Si (100) based MOS devices, Chavez, ef at. [105] observes that a positive
stressing results in a positive flatband voltage shift whereas negative CVS bias results in a
negative shift. It is clear that a positive charge density results in a negative flatband voltage
shift while the inverse is true for negative charge, that is, negative bias induces positive

charge in the oxide (Fig.1.35).
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Fig. 1.35: Flatband voltage shift as a function of stress time for 40 and 0 nm thick ZrO; films
subjected to positive and negative 1 MV cm™ electric fields. Cycling of the effect was
observed by applying first one sense of stress then applying the opposite sign and magnitude
of stress. After Ref. [116]

With the objective of predicting V5 shifts as a function of stressing time and injected charge
density and gaining insights into the trapping physics, a model for charge trapping is
developed for high-«x gate dielectrics. The model assumes that the total trap density (filled and
empty) in the gate dielectric stack remains constant with stressing and that the stress induced
flatband voltage shifts are mainly due to the trapping of electrons in existing traps; creation of
additional new traps during stressing is assumed to be negligible. Flatband voltage shift V5 as
a function of stress time or injected charges can be express low field by an empirical power
law, as [113-114, 106-107]

Vis =V egmax Qi!:/' > (1.32)

where, Vigmax the maximum flatband (Vr3), shift is a constant , Oy, is the injected charge, and

a is exponential power. The power law model (1.32) fit is shown is the Fig. 1.36.
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Fig. 1.36: Flatband voltage shift in Al,O3; nFETs at different substrate biases and the same
maximum photon energy hv =2.7eV . Suppression of charge trapping occurs through
reducing the substrate bias, in the figure the dotted line is the fit of Eq. (1.32) to experimental
date. After Ref. [106]

However, at higher filed the V5 can be expressed as a function of total injected charge (Qiy)
[101-102]:

B
AV, = AV 1exp{(%j } (1.33)
q

where ¢ the neutral trap cross section, § is characteristics constant, that is, a measure of the
distribution traps width, f=1 corresponding to a single value of charge trapping cross section
with no continuous distribution in trap’s value, while other terms are described above.

Experimental data are fitted by charge trapping model with Eq. (1.33), shown in Fig .1.37.
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Fig. 1.37: Temperature dependence of charge trapping as function of in HfO, n-FETs under
different CVS conditions is shown in the figure. The injected charge is increased can be fitted
to charge trapping model and the solid line (Fig. 1.37) the fit of Eq. (1.33) on experimental
data. After Ref. [106]

1.14.2.2 Positive charge trapping characteristics

According to the previous section, positive and negative flatband voltage shifts (4Vzp) are the
indication of negative charge trapping (electron trapping) and positive charge trapping
respectively (see Fig. 1.35). If the flatband voltage shift (Vz5) is negative under negative CVS
on p-type MOS capacitor (at high frequency), that is, C-V shift at flatband toward negative
voltage direction with progress of stress time, and it is an indication of positive charge
trapping (Fig.1.38) [108]. This charge trapping will increase with the stress voltage increases

(Fig. 1.39) [109].
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Fig. 1.38: C-V characteristics of p-Si/SiON/ZrO./TiN capacitors measured after different
times of constant voltage stress at -3.6 V. The negative C-V shift is the indication of positive

charge trapping in the capacitor during CVS. After Ref. [109]

Two models are currently under debate to explain the generation of positive charge and
neutral defects in ultrathin high-x dielectric layers. In one model (the so-called "Anode hole
injection model" (see § 1.12), one assumes that electrons arriving at the anode with sufficient
energy can generate a hole by impact ionization, and this hole might tunnel back in the high-x
layer towards the cathode, creating defects in the high-x layer [110-111].

The alternative model (the so-called "Hydrogen release model" (see § 1.12) assumes that
electrons arriving at the anode with sufficient energy can release hydrogen (atomic or proton).
This hydrogen species is then transported towards the cathode and can be trapped at oxide
networks, leading to the generation of hydrogen-induced positive charge and neutral traps

[108, 112-113].
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Fig. 1.39: The time dependence of the density of a positive charge at different stress voltages
as calculated from the shift of the C—V characteristics of the TiN/ZrO/SiON/p-Si capacitors,
where AN, is the total positive traps density during constant voltage stress. After Ref. [109]

1.14.3 Stress-induced leakage current (SILC) and neutral traps

Generally, two types of traps are associated with the leakage current of the oxide layer:
interface-trapped charge and oxide-trapped charge. The interface-trapped charges originate
from defects such as structural defects related to the deposition process, metallic impurities or
bond-breaking process at the insulator—substrate interface. However, oxide-trapped charges
are associated with defects in the high-k dielectric materials (e.g. CeO,, Dy,0s, HfO;,), are
found to depend mostly on the injecting electrode. Under CVS as time progresses, applied
voltage generates traps in the oxide [19]. These traps act both as coulombic scattering centers
and as pathways for increased, local leakage currents, usually called SILC [114]. The traps
that are generated during a high voltage stress are charged negatively near the cathode [19]

and positively near the anode due to electrons tunneling into and out of the traps. The
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measured total current density (J,.,) at any time (t) and at a fixed voltage is a sum of three

different components:

Jmea = Jth + Jleak + JS]LC (t)’ (1 34)

where, Jy,, 1s the tunneling current in an ideal oxide having no traps. Ji..(0) is the leakage
current due to neutral electron traps that exist in fabricated devices and Jgy.¢(?) is the SILC
contribution. Some researchers have proposed that SILC is caused by interface-state
generation [115], while others claim that it is due to bulk-oxide electron-trap generation [116].
Another possibility for the origin of the SILC is the generation of the neutral oxide trap in the
bulk high-k , since the trap sites behave as neutral centers in the absence of bias, but behave
as acceptor-like and/or donor-like trap centers during electrical biasing [117]. Still others have
proposed that it is due to non-uniformities or weak spot formations in the oxide films [118].
SILC can be measured from the difference of the pre-stress gate current [J) (fresh)] and post-

stress gate current [J, (stress)], 1.e.

e =17, (stress)] = [J, (fresh)], (1.35)

It is observed that the magnitude of gate leakage current is increased with increasing the
applied stressing time (Fig. 1.40), which signifies that the larger stressing time generates more
neutral traps, and more electrons tunnel from cathode to traps and traps to anode mostly inside
the oxide. SILC is composed of two components: a transient component and a DC component
[119]. The transient component consists of trap filling, as electrons transport from cathode

into traps too distant from the anode for efficient tunneling to the anode. The trap-assisted
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tunneling or Poole-Frenkel emission through the oxide causes the DC component. Stress-
induced leakage current (SILC) is now the limiting factor for down scaling the tunnel oxide

thickness in
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Fig. 1.40: Current(Jg)—voltage(Vs) characteristics of a MOS capacitor with a 7.4 nm ZrO2
layer recorded after different times of constant gate voltage stress at 3.5 V. The Jo(t)-Jy (0) is
the measure of stress-induced leakage current (SILC). After Ref. [120)].

complementary-metal-oxide-semiconductor (CMOS) (Si-based). SILC through the gate
dielectric of a MOS transistor causes an additional power consumption which is unwanted
especially in low power applications; there it may become a reliability issue in those deep-
submicron technologies where SILC dominates over the direct- tunneling or leakage current
[121].

It has been widely accepted that SILC path is very localized and measurements on large

capacitors can reproducibly reveal the average current density, while a kind of random
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telegraph signal can be observed on very small capacitors [122]. It was clear since the

beginning of this decade that SILC is partially due to a transient

160 | |
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Fig. 1.41: SILC decay (at Vg=4.7V and Eox=6.7) as function of time. Different time elapsed
between constant voltage stress (CVS) and measurements. After Ref. [125].

contribution, which decays with times [123], and also this time-decay behavior could be
interpreted as the physical mechanism of charge trapping-detrapping from oxide defects[124].
Cester, et. al. [125] explained the time-decay SILC (see Fig. 1.43) by two mechanisms, such
as, one is local relaxation of lattice, while other is weak spot clogging by injected electrons. It
1s widely accepted that the origin of the SILC is the generation of the neutral oxide traps in
the bulk of high- x gate dielectrics [117], when the local trap density reach a critical value, a
chain of traps is formed across the oxides, at this time, the current flow become localized and

breakdown occurs [19].
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1.15.1 Maxwell-Wagner Instability

Charge trapping at the interface between the two dielectric layers of a high-x gate stack is
shown to be caused by “Maxwell-Wagner-Instability”. The fact that the two layers of a high-x
gate stack have different compositions means that they will also have different conductivities
[126]. Then, the application of a gate bias will immediately produce a discontinuity in current
density at the interface between the two layers, causing charge to accumulate there until, in
steady state, the same current density flows through both layers. If the gate bias is removed, a
discontinuity in current density will again be produced, this time causing the charge to rush
out of the gate stack, as the experiments described above seem to suggest.

This behavior has not previously been discussed a lot in the literature on high-k gate stacks.
However, it is a well-known and ancient phenomenon, having first been described in the 19th
century by Maxwell himself [127], then somewhat later and more extensively by Wagner
[128]. Together these two effects are called “Maxwell-Wagner polarization,” As they produce
electrical instabilities in MOS devices, it could be refer as “Maxwell-Wagner instability” to
emphasize its time-dependent nature. However, Maxwell-Wagner instability is not the only
electrical instability known to exist in high-k gate stacks; a second is dielectric relaxation of

the high-£ layer.
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1.15.2 Dielectric relaxation

The effect of dielectric relaxation can influence the performance of MOS devices with high-
gate oxide, such as the drive current variation and high frequency properties. Dielectric
relaxation is a bulk-related phenomenon, which causes relaxation current following the
direction of dV/dt. Reisinger et al., and Jameson et al., attributed the observed current
transients to dielectric material polarization relaxation [129-130] induced by carrier hopping
in double potential well. In a recent publication, X. Zu, et al. [131] explained the dielectric
relaxation current by electron trapping and detrapping in the high-x dielectrics. It has been
detected in polycrystalline, disordered, or amorphous films but not in single-crystal dielectrics

[132].

Dielectric relaxation is a well-known and ancient phenomenon, having also been discovered
in the 19th century by Curie [133], and then rediscovered later by von Schweidler [134].
J,/P=ot", (1.36)
where J, is the relaxation current density (A/cm?), P is the total polarization or surface charge
density (V nF/cm®), a is a constant in seconds and # is a real number close to 1. This is now

referred to as the “Curie—von Schweidler law” [135].
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Fig. 1.42: Dielectric Relaxation currents for SiO,, ZrQ,, and amorphous and polycrystalline
HfO,. The current is scaled by capacitor size (nF) and applied bias (V). Breaks in the

amorphous HfO, data are due to the electrometer switching current ranges. A fit of 1/t" to

the amorphous HfO; data is also shown. After Ref. [9]

It is often studied by measuring the transient current that flows in an RC circuit, seems to
universally have a time dependence of 1/, with n slightly less than 1. This time dependence
has been observed in materials such as SiO,, SizN4, AL O3, ZrO,, HfO,, Ta,Os, Y,0s,
perovskites and others. In particular, dielectric relaxation is often the dominant contribution to
the dielectric loss of perovskite thin films, making it widely studied in connection with
DRAM technology [130]. Because dielectric film has very low conductivity, this is a slow
process in which the relaxation current decays with time following the Curie—von Schweidler
law [135]. The physical nature of dielectric relaxation can be explained with the potential

well model in terms of dipole orientation [130]. Dipoles, which are homogeneously
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distributed inside a material, are formed by localized defects and disorder due to a lack of
crystallinity. The orientation is formed as charge carriers hop over potential barriers under the
influence of an electric field. However, this charge transfer is confined to a relatively few

neighboring sites.

The direction of the leakage current and relaxation current depend on the polarities of V" and
dV respectively, can have the same or opposite directions. The directions of these two currents
on high-k dielectric stressed in the accumulation region with a bias changing from a negative
voltage to zero are illustrated in Fig. 1.43. Under this stress condition and our measurement

setting, the leakage current is negative and the relaxation current is positive.

Vg=-2.5V—>0V, dVv>0

T

| Pt gate

T high-xT high-xT

Y SSSSSSSSSSSSSSY

| relaxation current
direction of dV/dt

T leakage current
direction of V

Fig. 1.43: Schematic diagram of the leakage current and relaxation current in high-k gate

dielectric with changing bias V.

Maxwell-Wagner instability is shown to be coupled to a second instability, dielectric
relaxation of the high-«x layer; continuity of current in steady state requires that the electric
fields in the two dielectric layers remain fixed, so the change in polarization of the high-k

layer due to dielectric relaxation must be compensated for by the conduction of additional
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charge to the interface. Evidence for this behavior in high-k gate stacks is found in the
thickness dependence of their dielectric relaxation current, with the correct dependence being
obtained only from a model in which the two instabilities act simultaneously. If the two

dielectrics (in gate stacks) are perfectly insulators, this filed will beV, &, /(d\k, +d,k,),

where the dielectric constants of layer 1 and 2 will be simply &k, =1+ y, and k, =1+ y, x

and y» being the dielectric susceptibilities, d; and d, the thickness of the bi-layers 1 and 2

respectively, then the relaxation current due to these effects can be express as [136]:

2Vk, o t
A[3+lnLJﬂ, (51, (1.37)
t |

g =
dix, +d,K Lo,

where o, and ¢,, are the material constants which set the scale of current and time

respectively, other terms are defined above. Uniform dielectrics do not exhibit Maxwell—
Wagner instability, and perfect crystals do not exhibit dielectric relaxation, making the ideal
high-k gate dielectric a uniform single-layer perfect crystal bonded epitaxially to the
semiconductor (e.g. Si, Ge) substrates. In Dy,03;/HfO, gate stacks we studied and hence
observed the above described “Maxwell-Wagner Instability” will be shown the results in

chapter 6.
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Chapter 2

2. Experimental Details and Characterization Methodologies

2.1 Introduction

In the present work, the metal-oxide-semiconductor (MOS) capacitors were deposited by
Molecular Beam Exitaxy (MBE). The reliability characteristic issues, such as, charge
trapping, stress-induced leakage current (SILC), dielectric breakdown phenomena (DB),
dielectric relaxation (DR) and electrical characteristics of Ge-based MOS devices where
REOs as gate dielectrics were studied in the present thesis. Short descriptions of the above
mentioned deposition technique (also other techniques those are being implemented in the
CMOS technology), as well as extraction methodologies of reliability characteristics are

illustrated in this chapter.

2.2 Various deposition techniques:

Amorphous high-k oxides are mainly deposited on semiconductors by atomic layer deposition
(ALD) and metal organic chemical vapor deposition (MOCVD). These methods are
compatible with semiconductor manufacturing offering very good uniformity and high
throughput. Physical vapor deposition (PVD) methods, including molecular beam
epitaxy/deposition (MBE/MBD) offer alternative possibilities. A short description of different

deposition techniques are a stated below:

2.2.1 Chemical vapor deposition (CVD):
CVD is a chemical process used to produce high-purity, high-performance solid materials.
The process is often used in the semiconductor industry to produce thin films. In a typical

CVD process, the wafer (substrate) is exposed to one or more volatile precursors, which react
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and/or decompose on the substrate surface to produce the desired deposit. Frequently, volatile

by-products are also produced, which are removed by gas flow through the reaction chamber.

Micro-fabrication processes widely use CVD to deposit materials in various forms, including:
monocrystalline, polycrystalline, amorphous, and epitaxial. These materials include: silicon,
carbon fiber, carbon nanofibers, filaments, carbon nanotubes, SiO,, silicon-germanium,
tungsten, silicon carbide, silicon nitride, silicon oxynitride, titanium nitride, and various high-

k dielectrics. The CVD process is also used to produce synthetic diamonds.

2.2.2 Atomic layer deposition (ALD):

ALD is a thin film deposition technique that is based on the sequential use of a gas phase
chemical process. The majority of ALD reactions use two chemicals, typically called
precursors. These precursors react with a surface one-at-a-time in a sequential manner. By

exposing the precursors to the growth surface repeatedly, a thin film is deposited.

ALD is a self-limiting (the amount of film material deposited in each reaction cycle is
constant), sequential surface chemistry that deposits conformal thin-films of materials onto
substrates of varying compositions. ALD is similar in chemistry to chemical vapor deposition
(CVD), except that the ALD reaction breaks the CVD reaction into two half-reactions,
keeping the precursor materials separate during the reaction. Due to the characteristics of self-
limiting and surface reactions, ALD film growth makes atomic scale deposition control
possible. By keeping the precursors separate throughout the coating process, atomic layer

control of film growth can be obtained as fine as ~0.1 A (10 pm) per monolayer.
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2.2.3 Physical vapor deposition (PVD):

PVD is a variety of vacuum deposition and is a general term used to describe any of a variety
of methods to deposit thin films by the condensation of a vaporized form of the material onto
various surfaces (e.g., onto semiconductor wafers). The coating method involves purely
physical processes such as high temperature vacuum evaporation or plasma sputter
bombardment rather than involving a chemical reaction at the surface to be coated as in
chemical vapor deposition. PVD is used in the manufacture of items including semiconductor

devices, coated cutting tools for metalworking.

2.2.4 Molecular Beam Epitaxy (MBE):

MBE is one of several methods of depositing single crystals. It was invented in the late 1960s
at Bell Telephone Laboratories by J. R. Arthur and Alfred Y. Cho. Molecular beam epitaxy
takes place in high vacuum or ultra high vacuum (10~ Pa). The most important aspect of
MBE is the slow deposition rate (typically less than 1000 nm per hour), which allows the
films to grow epitaxially. The slow deposition rates require proportionally better vacuum to

achieve the same impurity levels as other deposition techniques.

During operation, RHEED (Reflection High Energy Electron Diffraction) is often used for
monitoring the growth of the crystal layers. A computer controls shutters in front of each
furnace, allowing precise control of the thickness of each layer, down to a single layer of
atoms. Intricate structures of layers of different materials may be fabricated this way. Such
control has allowed the development of structures where the electrons can be confined in
space, giving quantum wells or even quantum dots. Such layers are now a critical part of
many modern semiconductor devices, including semiconductor lasers and light-emitting

diodes.
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In systems where the substrate needs to be cooled, the ultra-high vacuum environment within
the growth chamber is maintained by a system of cryopumps, and cryopanels, chilled using
liquid nitrogen or cold nitrogen gas to a temperature close to 77 kelvins (—196°C). Cryogenic
temperatures act as a sink for impurities in the vacuum, so vacuum levels need to be several
orders of magnitude better to deposit films under these conditions. In other systems, the
wafers on which the crystals are grown may be mounted on a rotating platter which can be

heated to several hundred degrees Celsius during operation.

Molecular beam epitaxy is also used for the deposition of some types of organic
semiconductors. In this case, molecules, rather than atoms, are evaporated and deposited onto
the wafer. Other variations include gas-source MBE, which resembles chemical vapor

deposition.

2.2.4.1 Advantages of MBE deposition technique:

MBE processes various advantages of over other deposition techniques (e.g. CVD, ALD)
during the deposition gate dielectrics on semiconductor substrates.

First, the native oxides of Si and Ge surfaces can be removed in-situ by thermal desorption
under ultra high vacuum (UHV) conditions.

Second, because there is no need to develop precursor chemistry, a large number of high-x
candidates can be screened in a short time.

Third, MBE offers a wide temperature window for growth, including room temperature,
which is not easily accessible by CVD-based techniques.

Finally, MBE offers the possibility of epitaxial growth of oxides to improve their dielectric
properties (i.e., the dielectric permittivity-x) and enhance their performance as gate dielectrics

[1-3].
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Other advantage of the MBE/MBD technique is that the oxides can be prepared using a wide
temperature window which includes room temperature, not readily available by CVD-based
techniques. The deposition temperature in many cases affects the interface quality, the
microstructure, the density and the electrical quality of the films. Therefore, MBE is an
excellent tool to optimize the quality of the dielectric [4]. In addition, according to the
evidence we have so far, the MBE/MBD films directly deposited on a clean semiconductor
surface present excellent nucleation, producing smooth continuous films. Nevertheless, MBE
offers the possibility of epitaxial growth of oxides combined with epitaxial semiconductor
overgrowth, which could lead to integration of heterogeneous metal oxide/semiconductor
device structures such as fully epitaxial semiconductor-on-insulator or resonant tunneling
structures. In the present work Ce, Dy, La, and Hf are evaporated from an e-beam evaporator.
The oxygen source is a remote RF plasma generator which produces reactive oxygen atomic

beams [5].
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2.2.5 Block diagram of thin film deposition techniques

All the deposition techniques being used in the thin film technologies are categorized as two

main type of deposition techniques, such as, physical vapor deposition (PVD), and chemical

vapor deposition (CVD), which are shown in the block diagram (Fig. 2.1) as below:

Thin Film Technology

PVD

>

Atomic
Deposition

CVD

Sublimation
Laser
Ablation

MBE

Sputtering /

DIBS

PECVD

)

APCVD

Ionic Techniques

LPCVD

MOCVD

ALD

Fig. 2.1: Block diagram of different deposition techniques are currently being used in the

Semiconductors Technology on different substrates, such as Si, Ge, GaAs, etc. [After the talk

of Prof. P. Patsalas, Department of Physics, University of loannina.]
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2.3 CMOS Processing

2.3.1 Introduction

The development of processing techniques for manufacturing ever-shrinking integrated
circuits is the key to producing faster devices. The purpose of this section is to briefly discuss
the deposition process considered for depositing a high-x/metal gate stack and which have all
been employed in the present work. The technique that used for depositing the gate dielectrics

is MBE.

2.3.2 Germanium (Ge) Substrates Cleaning and Growth

One of the main components is the RF plasma source used for the generation of atomic
oxygen beams with thermal energies, which are reactive enough to oxidize the impinging
metals on the substrate at relatively low O, partial pressure in the 10 Torr range. Adequate
preparation of Ge substrates prior to deposition is very important in order to obtain REOs
(e.g. CeO,, Dy,0;, La,03, Dy,03/HfO,, and La,O3/HfO,) films and interfaces with good
electrical quality. As an ultrahigh vacuum (UHV) technique, molecular beam epitaxy (MBE)
offers in-situ desorption of the native oxide, which cannot be achieved very easily by other
more standard methodologies such as CVD. The substrate is heated to 360°C in vacuum until
a (2x1) reconstruction spots appear on the screen is obtained by high-energy electron
diffraction (RHEED), which is indicative of a clean Ge (100) surface (see Fig. 2.2). The
source can produce also nitrogen and hydrogen atomic beams which can be used for surface
treatment prior to growth in order to improve the electrical properties of the interfaces.
Because MBE is a UHV technique it is possible to use RHEED for the in-situ realtime

monitoring of native oxide desorption, surface treatment and growth. The main characteristics
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of this technique,(since no precursors are needed) is a flexible research tool for fast screening

of a large number of complex metal oxides.

Fig. 2.2. RHEED pattern of a clean Ge (100) surface. (a) along the (110) azimuth, (b) along
the (100) azimuth, rotated by 45°. The weaker spots shown by arrows in (a) & (b) are
diffraction spots due to (2x1) reconstruction of the surface. After ref. [6]

2.3.3 Outlines of Sample formation and annealing

A general outlines for the MOS capacitors formation and anneal processing is shown in Fig.
2.3. The processing follows that of the single gate dielectrics (REOs) as well as gate stacks
(HfO; together with REOs as interfacial buffer layer) in standard MOSCAPs production. This
section describes those processes involved in creating the MOSCAPs and the subsequent

annealing of the devices.
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Fig. 2.3: General outlines for MOS capacitors formation and anneal processing.
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2.3.4 Growth of gate dielectrics:

In the present study, single gate dielectrics rare earth oxide, REOs (e.g. Cerium Oxide (CeOy),
Dysprosium oxide Dy,0s, lanthanum oxide (La,Os;) as well as REOs gate stacks, i.e
Dy,03/HfO2 and La,03/HfO2-based gate dielectrics are deposited using reactive evaporation
in an ultrahigh vacuum (UHV) molecular beam epitaxy (MBE) system. The samples were
prepared at the MBE Laboratory, Institute of Materials Science, NCSR, DEMOKRITOS,
Athens Greece. Schematic and photograph of MBE system are shown in Fig. 2.4. (a) and (b)
respectively.

The background pressure of the system is < 1 x 107 Torr and is maintained by using a
turbomolecular pump, a cryogenic pump, and a titanium sublimation pump. Evaporation
techniques available in the growth chamber, a single germanium e-beam evaporation source
available for effusion cell sources. A rotating substrate manipulator/holder, capable of

substrate heating to 1000 °C is situated at the center of the system. A brief description of the
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procedure as employed by this investigation is as follows: REO is evaporated using a high-
temperature effusion cell at a temperature of 2000°C. During growth, the deposition pressure
is maintained at 2 - 4x10°° Torr by controlled high-purity oxygen flow using a mass flow
controller.

Native oxides (CeO,, Dy,0s3, HfO,/Dy,03) were desorbed in situ under UHV conditions by
heating the substrate to 360°C for 15 min until a (2x1) reconstruction appeared in the RHEED
pattern, indicating a clean(100) surface. Subsequently, the substrate was cooled down to 225
°C where the oxide stacks were deposited. The substrate manipulator is typically maintained
at 225 °C (although some experiments required variable deposition temperatures). A growth
rate of ~ 0.15 A/s was maintained at these conditions and monitored by quartz crystal rate
monitoring. Extensive investigation of REOs grown by MBE on Ge substrates can be found

elsewhere [6].

2.3.5 Metallization (Pt gate electrode)

The top gate electrode was prepared by e-beam evaporation of 30-nm-thick Pt using a shadow

mask to define circular dots (200-1000) pwm in diameter.

110



LN, to
cryopanals Holder/Heater

RHEED Gun RHEED camera

Loading
chamber

Mass
Spectrometer ——
(Residual Gas Analyser) Turbomolecular

Pump

RF Plasma
Generator &
Matching unit

Oil -free
Cryo-pump —* l Pump

()

(b)

Fig. 2.4: (a) Schematic, (b) Photograph of molecular beam epitaxy (MBE) ultrahigh vacuum (UHV)
system and components used for the growth of REOs base MOS devices at DEMOKRITOS in Athens,

-1
Greece. Base pressure ~5 x 10" Torr.
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2.3.6 Forming Gas Annealing ( FGA):

A self developed FG system (detailed experimental setup is shown in the Fig. 2.5) at NSCR,
DEMOKRITOS in Athens was used to anneal the samples at temperatures of 200-1200 °C for

dwell times of 1 to 60 seconds.

Fig. 2.5: Experimental setup of forming gas annealing (FGA) system at MBE Lab., NSCR,

and Demokritos in Athens.

The temperature was monitored using a thermocouple attached to a germanium substrate that
was capable of withstanding high temperatures. A ramp rate of 95 °C/s was possible from
room temperature to 400 °C, followed by a 10 second dwell before ramping to 1200 °C. The
anneal chamber was able to be sealed to allow for a flow of gas during the annealing process.
Flowing gases available included a FG (Forming Gas with 95% nitrogen and 5% hydrogen),
oxygen, nitrogen, and hydrogen. Initially, the extra attention is cleaning the pipe with gas
nitrogen and afterwards the gas that needs is imported. A stable cool rate was not possible in
the system, but the cool down was typically < 30 sec to achieve temperatures < 250 °C. The

samples were removed once the temperature decreased below 200 °C. For some samples, a
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forming gas anneal was used in an attempt to passivate defects in the oxide and at the
oxide/semiconductor interface. The forming gas anneal (5% H2, 95%N2) was typically 200°C
for 20 min and was performed in a horizontal tube furnace with closed ends, so as to allow for
gas flow during the annealing process. The samples were moved into the hot zone of the tube
furnace after a sufficient time to allow the environment of the anneal chamber to be flushed
with the forming gas (~5 min). After an anneal time of 30 min, the samples were removed to a
cool end of the furnace and allowed to cool (< 100 °C) before purging the system with N,

and removal from the furnace.

2.3.7 Back Ohmic Contact

In this work, indium-gallium (In-Ga) was used for a metal back contact in that it offers a
lower electrical resistivity (compared to other the metal). Before attaching the samples on
gold-plated chuck by In-Ga liquid alloy, the back side of the samples was scratched well with
a diamond pen for having better surface contact, to reduce any parasitic series resistance.

Finally all samples ware glued with silver paste on the top of gold chuck.

2.4 Experimental Techniques and Characterizations

2.4.1 Analytical characterizations

2.4.2 X-ray Diffraction (XRD)

XRD can be used to detect the transformation of the high-k gate dielectric film from
amorphous to polycrystalline state [7-11]. As the annealing temperature increases, the film
may transform into a well organized polycrystalline phase, which shows defined XRD peaks

[12]. By comparing the XRD patterns to the reference, the crystal structures can be identified.
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For the XRD instrumentation, the most common X-ray source is a monochromatic CuKa X-
ray (L = 1.5418 A). In addition, with the XRD information such as peak location and width
(FWHM), the averaged crystallite (grain) size can also be estimated. The XRD data was

performed at the Institute of Material Science, NCSR, DEMOKRITOS, Athens, Greece.

2.4.3 X-ray Reflectivity (XRR)

X-ray reflectivity (XRR) is a surface-sensitive analytical technique used in chemistry,
physics, and materials science to characterize surfaces, thin films and multilayer [13-15]. It is
related to the complementary techniques of neutron reflectometry and ellipsometry. The basic
idea behind the technique is to reflect a beam of X-rays from a flat surface and to then
measure the intensity of x-rays reflected in the specular direction (reflected angle equal to
incident angle). If the interface is not perfectly sharp and smooth then the reflected intensity
will deviate from that predicted by the law of Fresnel reflectivity. The deviations can then be
analyzed to obtain the density profile of the interface normal to the surface. The thicknesses
of each film (e.g. CeO,, LayO3/HfO,) were evaluated from high resolution X-ray reflectivity
(XRR) measurements at the Institute of Material Science, NCSR, DEMOKRITOS, Athens,
Greece, while XRR for Dy,03, Dy,O03/HfO, was done at FRM-II of the Technical University

of Miinchen, Germany.
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2.4.4 Transmission Electron Microscopy (TEM):

A transmission electron microscope in principle is somewhat similar to an optical microscope
[16]. It contains a series of lenses, which magnify the sample with a very high resolution of
around 0.15 nm. This high resolution comes from the extremely small wave length of the
electron, i.e., ~0.004 nm. The magnification of TEM can be several hundred thousand times.
However, the limited depth of resolution is its main drawback, which requires an extremely
small sample thickness (10-100 nm) for electrons to transmit. This increases the difficulty of
sample preparation.

Three TEM imaging modes are available: bright-field, dark-field, and high resolution (HR).
The TEM image contrast does not depend on the absorption, but on the scattering and
diffraction of electrons. Images formed only by the transmitted electrons are bright-field
images, and images formed by the diffracted beam are dark-field images. The image contrast
is affected by mass contrast, thickness contrast, diffraction contrast, and phase contrast [16]. A
high-resolution TEM (HRTEM) offers structural information on the atomic level, i.e., lattice
imaging, which can be used for interface analysis. It contains a number of different diffracted
beams, which combine together to form an interface image. In this work TEM was performed at
the Institute of Material Science, NCSR, DEMOKRITOS, Athens, Greece, and was used a

Philips CM20 with high resolution and Energy Dispersive X-ray Spectrometry capabilities.
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2.5 MOS Electrical Characterization and Experimental Setup:

2.5.1 Introduction

For the electrical characteristics and reliability measurements of rare earth oxides (REOs) as
dielectrics and/or an interfacial layer together with high-x materials, i.e. gate stacks, which
described in this thesis, we used a Keithley 617 electro-programmable meter, an HP 4284A
multi-frequency LCR meter and our self-developed temperature controlled systems (see Fig.
2.6). The samples were heated with a hot chuck using a temperature-controller) and also held
at a constant temperature, and/or at room temperature for a period of time during

measurements. Fig. 2.6 shows a schematic diagram of the whole measurement process, while

a detailed experimental setup in the Laboratory is illustrated in Fig. 2.7.

Electrical Characterization
and
Stress and Sense Technique

_________________ .o

Metal gate (Pt)

High-x dielectrics (HfO,) —
Interfacial Layer(REOs) :

Ge substrates

MOS capacitors in chuck

Keithley 617

HP 4284A LCR meter

-V, I-t measurements C-V measurements

Fig.: 2.6 Schematic diagram of the whole measurement system.

116




210512007

Fig. 2.7: (a) Measurements system, (b) probe station, (c) Temperature-controller system (d)
Samples (Pt/CeO,/p-Ge) on gold-plated chuck.
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2.5.2 Capacitance-Voltage (C-V) measurements

Electrical testing of capacitance and conductance with respect to the voltage applied to the gate
electrode (C-V and G-V, respectively) was performed using an HP 4284 A impedance analyzer. A first
probe was placed in contact with the top layer of the capacitor and a second the back contact was

made by In-Ga alloy on germanium substrates. Small area of capacitors (diameter 200~300 pm)

were employed for reliability tests, and C-V curves recorded from 20 Hz to 1MHz (Fig.2.8) using

step voltage of 0.05 V in the measurement.

Capacitance C/A (uFIcmz)

1.6

-
N
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Fig. 2.8: Capacitance—voltage (C-V) characteristics curve of Pt/HfO2/Dy203/p-Ge at

different frequencies (20Hz-1MHz) at room 295K.
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The equivalent oxide thickness (EOT) was obtained from the high frequency (100 kHz) C-V
curves using a simulator, MISFIT program [17] which solves Poisson and Schrodinger
equations self-consistently, taking into account quantum confinement effects. The input of
MISFIT program is high frequency C-V and G-V data and we get the output of EOT. Oxide

trapped charges,Q =C, AV,, [18] and 4Vpz due to successive CVS were obtained by

analyzing the C-V curves at flatband capacitance (Crp). Before stress, at fresh devices, the C-
V curves were taken from inversion to accumulation and backward in order to avoid the deep-
depletion effect [16].

For definiteness we assume that the change in the flatband voltage shift is due to interface
trapped charge located at the gate stack/substrate interface and charge buildup in the bulk of

the oxides. The trapped charge, AN, can be calculated using:

ox

C
AN, =——2AV,,, (2.1)
qA

where AV, the flatband voltage shift, C,, in oxide capacitance, ¢ the elementary charge, and
A the capacitor area. 4N, was then plotted versus time or injected charge, Q;y;. (Fig. 2.9).

Trapped charge calculated from the change in flat band voltage is an approximation of the
charge located in the insulator structure. However, since charge can be generated in places
other than at the germanium-insulator interface, stress and C-V measurements only give a

rough estimate of how much is trapped due to injected charges.
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Fig. 2.9 : Flatband voltage shifts (AVrg) as (a) a function of stressing time (t) and (b) total
injected charges (Q;y) respectively under different CVS condition on Pt/CeOy/n-Ge device.
Experimental fit is according to Eq. (1.32) & (1.33)
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This measurement technique has the advantage of being simple and direct. It measures the
effect of trapped charges from the C-V curve shift along the voltage axis as a function of
injected charges. The stress was done in accumulation mode, so the injected charge was from
substrate. However, it is essential to avoid relaxation of trapped charges during the stress
cycle. If trapped charges de-trap too fast, some of the trapped charges may be lost during
switching between the stress and C-J measurements. Minimizing the switching time is the
key to success in this measurement. Another drawback with C-V" is that it measures the
combination of traps initially in the film in addition to those created later by the stress.

In most cases high-k dielectric films have a high density of interface states (D) that results in
an inflection in the C-V curve. As a matter of fact at low frequency (<10 kHz) C-V curves

show a bump (see Fig. 2.8) which is due to D, that respond to the ac-conductance [19].

2.5.3 Density of Interface States (D;,)

The density of interface states, D;, can be determined from an MOS capacitor by the use of
the ac-conductance method [19]. The method involves measuring the complex admittance of
an MOS device as a function of frequency at a number of different voltages, which has been

discussed earlier in section § 1.7.

2.5.4 Current-Voltage (I-}V) measurement

In a similar way to the C-V measurement, the leakage current was measured with respect to
applied gate voltage (/-V) using a Keithley 617 programmable electrometer. The step was
taken to ensure that the leakage was known with respect to the accumulation state of the MOS
devices. I-V measurements were preformed on fresh devices and after constant voltage stress,

aim is, to calculate stress-induced leakage current (SILC), which has been described briefly in the

previous chapter.
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2.5.5 Current-time (/-f) transient measurement

During the CVS on MOS capacitors, in-situ, leakage current-time (/-f) transient curves were
recorded. From the /-¢ curves the total injected charges (Qis) was calculated which has been
discussed before in this chapter. Also from this transient we monitor the types of charges
which are filled up in the pre-existing traps in the bulk of the oxides, hence, can calculate the
capture cross-section (c). /-¢ fast transient also gives information of initial charge buildup, as
well as, the creation of new defects at constant stress bias, nevertheless, the stress-induced

leakage current (SILC) can be monitored.

2.5.6 “Stress and Sense” Characterization Technique

As pointed out earlier, the technique has been used extensively in literature to study the
instabilities in conventional SiO, based gate dielectrics, and is known as the "stress and sense"
method. In this case, an initial sense measurement is carried out prior to stressing the devices.
The stress is then interrupted periodically and a sense measurement is performed. A schematic

drawing of the bias sequence in "stress and sense" procedure is shown in Fig. 2.10 as below.
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Fig. 2.10: Waveform of the applied voltage versus time for a “stress and sense” technique. C-
V and I-V sense sweeps are used in this thesis to monitor the flatband voltage shifts and total
injected charges.

The instability of the device is extracted by comparing the sense measurement after stress

with the initial device characteristics. Predictions to operation conditions are usually made

when combining the time dependence with the voltage dependence of the instability.

One of the known issues of the stress and sense procedure is the inherent time delay between
stressing and sensing. In case, some recovery of the instability occurs at the time periods on
the order of ~ 10 to 100 ms, this procedure will not capture its full extent. For high-x gate
stacks, where there is fast transient charging, a better way to quantify the instability is by
monitoring gate leakage current degradation as and when the capacitor is stressed. The
instability in the gate leakage current can come from either of the following two sources: a)
loss or gain in inversion charge due to charge trapping effects, b) enhancement in the

scattering mechanism due to generation of scattering centers like interface states.
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As demonstrated earlier in this, a typical measurement for charge trapping is the C-V
hysteresis and I-V characteristics along with /-¢ transient measurements to determine the
flatband voltage shift, 4Vrz and stress-induced leakage current, SILC. In particular, C-V
hysteresis measurements can be used to monitor 4V shifts. However, this technique as a
sole measurement of 4V has some drawbacks since the results strongly depend on the test
conditions, that is the voltage sweep amplitude and ramp rate. To address this issue, a more
quantifiable technique that uses a constant voltage gate dielectric stress (CVS) with
interspersed limited-voltage-range C-V measurements around flatband can be used [20].
Although systematic, this technique results in the de- trapping of some of the charge between
the stress and sense sequence. Flat band voltage as a function of stress time or injected charge
provides information on how much charge is trapped in the gate stack structure. Despite this
limitation, this technique is chosen as a unique tool for detecting the full impact of stable
trapped charge in high-x based gate stacks.

First, 100 kHz C-V data was collected on both p and n-MOS capacitors (dielectrics of CeO,,
Dy,03; and gate stacks, Dy,Os/HfO;). The application and system components enable a
constant voltage stress with interspersed limited-voltage-range C-V measurements of a few
tenths of a volt around Vg to minimize any additional stress. This C-V sweep could also be
bi-directional to see any hysteresis related to the measurement itself. The AV is then
referenced from the initial limited-voltage range C-J measurement taken before stressing (i.e.
C-V on fresh devices). This technique was applied to various REOs-based MOS capacitors in
an effort to evaluate the charge-trapping nature of the respective films.

When the device under the voltage stress condition, leakage current is measured in an effort to

quantify the amount of charge injected into the gate, which is expressed as:

t

Qiry' = J.I leakagedt (22)

0
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Between voltage stresses, two types of measurements can be done in sequence: C-V, and I-V,
however, [-¢ transient was also in-situ measurement [21]. From these measurements,
important device parameters can be extracted and plotted as a function of time to show the
degradation caused under constant voltage stresses (CVS). From successive /-¢ transients

under CVS one can measure SILC.

2.6 Reliability Measurements
2.6.1 Introduction
In-order to do reliability measurements we used different stresses methods. The measurement
methods [22] commonly used in dielectric yield and reliability assessment are the following:
1. Constant voltage stress (CVS): constant voltage stress is used to measure the time to
breakdown (zpp) at different stress fields.
2. Constant current stress (CCS): Constant current stress is employed for the
measurement of the charge to breakdown (Q3p)
3. Ramped voltage stress (RVS): Ramped voltage stress is used to measure breakdown
fields (Ep) and current-voltage (I-V) characteristics.
4. Exponentially ramped current stress (ERCS): This stress method is employed to
obtain a fast measure of charge to breakdown (Qsp), the breakdown strength (/zp and
Epp) and the current-voltage (/-V) characteristics.
5. Combined ramped/constant stress measurements:
These measurements are used to record extrinsic breakdowns and intrinsic times to

breakdown with short measurement times and high resolution.
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2.6.2 Details of the stress methods

The following subsections will describe in detail some listed stress methods which were
employed in this work. In addition to a detailed description of the implementation and the
performance of the stressing techniques a brief view of the historical background is given.
Advantages and disadvantages and common problems are highlighted. Typical applications of
the stress methods are discussed in later sections.

In the present work, among the above mentioned techniques, the following two techniques
were employed, such as, Constant voltage stress (CVS), and Ramp Voltage stress (RVS) for
analyzing the reliability issues. The following subsections will describe in detail the two
methods. In addition to a detailed description of the implementation and the performance of
the stressing techniques a brief view of the historical background is given. Advantages and
disadvantages and common problems are highlighted. Below we briefly report on these

techniques.

2.6.3 Constant Voltage Stress (CVS):

The constant voltage stress (CVS) is frequently used for the measurement of the time to
breakdown, Tgp, and the extrapolation of oxide lifetimes at normal operating conditions from
highly accelerated reliability stresses. Note that when the lifetime of an oxide is mentioned in
the text it refers to the operating conditions, and time to breakdown (#p), refers to accelerated
reliability measurements. Constant voltage is applied to the gate until oxide reach breakdown

(BD) (rapid, irreversible increase of the gate current).
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In the literature extensive investigations are reported using CVS with fields ranging from 3 to
12 MV/cm [23-28] and different temperatures from 25-400°C [29-33]. When low/moderate
stress fields are applied to high quality oxides at room temperature, measurement times range
in the order of days to months. In this case, the long term dielectric reliability is investigated
with CVS and extrinsic as well as intrinsic breakdowns are recorded [24, 34-35]. Such long
measurements can be done on packaged samples or at wafer level with a lot of devices

stressed in parallel [23].

For wafer-level tests, it is usual to increase the field and/or the temperature to keep
measurement times low, #3p<10,000 s. As a consequence, at highly accelerated stress fields,
very often dielectric structures with defects will break down at time zero and it will not be
possible to record the extrinsic distribution. Therefore, it is mainly the intrinsic breakdowns

which are monitored with CVS measurements at highly accelerated fields [26].

2.6.4 CVS measurement method.

The principle of the CVS, which is also referred to as TDDB (time dependent dielectric
breakdown) measurement is straightforward. A constant voltage is applied to the dielectric
under test. The current through the dielectric is measured until breakdown occurs. When the
recorded current is plotted vs stress time the current-time (/-f) characteristic can be studied.

Figure 2.11 shows a typical /-¢ curve for a thick oxide (Si0;,) [36-37].

127



10 C = 0nm ; o
1) break
Ag=1.5%10 cm?
. n-Si Substrate
< positive gate bias
=100 breakdown t
e \ !
= ]
- .
h——
107 e

-

600 1200 1800 3400 3000
Time [s]

Fig. 2.11: Current-time characteristic for a 20 nm MOS gate oxide recorded during a CVS at
9.65 MV/cm. After ref. [30]

Dielectric breakdown is detected when the measured current rises by several orders of magni-
tude and/or reaches a pre-defined breakdown current (/zp, i.€. the current to breakdown of the
MOS capacitor). It can be seen from the /-¢ curve in Fig. 2.11 that the measured current
ultimately becomes bigger than Ipp.
Figure 2.11 shows that the leakage current /, can be high for the initial part of the /- curve
due to initial rapid charge formation and it might be even necessary to introduce two I,
factors, one for the first few seconds and the other for the time until breakdown occurs which
can be much smaller. The values for /, are strongly dependent on the oxide charge trapping
characteristics and the measurement parameters and must be assessed individually.

It is useful to record the current evolution during stress. The frequency of measured points
determines the resolution of #zp. Logarithmic sample periods are adequate for recording

currents since the change in current with time is exponential. Figure 2.12 illustrates that an
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equal number of current readings per decade can be retained which keeps the amount of
recorded data low [38], even for Igp > 100,000 s. Figure 2.12 shows the same /,-¢ data as
plotted in Fig. 2.11. This way of presenting the /,-¢ characteristics makes it possible to study
the initial current evolution at the same time as the currents that flow shortly before

breakdown.
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Fig. 2.12: Current time characteristics for the oxide of Fig 2.11 with current and time log
scales. After ref. [29]

In the present thesis this method is used to investigate the breakdown characteristics, charge
trapping characteristics, to measure the stress-induced leakage current (SILC). For these
measurements we have used various REOs based MOS devices grown on Germanium
substrates which are mentioned before. With Keithley 617 electrometer we could take two

samples reading per second.
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2.6.5 SILC measurement under CVS

Stress-induced leakage current (SILC) is measured under CVS conditions. SILC is the
increase in low-level leakage through thin dielectric layers, after the oxide has undergone a
high electric-field stress. Stress-induced leakage current (Jsic=J-Jy) is defined as the
increase in oxide leakage current density after a high-field stress (J), as compared to the
leakage prior to any stressing (Jy). Figure 2.13 is a typical example of how the low-level

leakage current increases after the device has been stressed. The
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—
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Fig. 2.13 : Current density (Jg) as function of gate bias (V) curves on fresh device and after
constant voltage stress (CVS), which illustrates stress-induced leakage current (SILC). The

CVS was performed on Pt/CeOy/n-Ge capacitor.

black solid line is the fresh current density (Jy) on Pt/CeO,/Ge capacitor while the red solid
line indicates the current density after CVS. The difference in current density is SILC as

shown in the Fig 2.13.
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2.6.6 Ramp Voltage Stress (RVS):

Ramp Voltage stress (RVS) is one of the so called wafer Level Reliability (WLR) tests. In
RVS, voltage across an oxide is increased at a constant linear rate until failure occurs. The
basis flow chart of Ram Voltage Stress (RVS) is given below occurs. The basis flow chart of

Ram Voltage Stress (RVS) is given below occurs.

‘ Pre-Test ‘

l

‘ Begin Voltage Ramp ‘

RVS

[

Step voltage:
V +V

stress step

v ‘ Measure current ‘

stress

Imeas>10 X Iexpect
or

Slope change criteria

or

V has re;:hed Vi ax

—NO

YES

|

‘ Post-test ‘

Record Output
Parameters

Fig. 2.14: Basic block diagram of Ramp Voltage Stress (RVS) in the diagram.

This is more sensitive at detecting breakdown (BD) at lower voltages; also it is more
commonly applied to test structures which may have relatively large oxide areas equal to that
of an entire semiconductor integrated circuit or larger. It records total charge (Qpp), time to

breakdown (#zp) and as well as breakdown voltage (V3p). These parameters are measured on a
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large number of test samples and usually plotted as cumulative breakdown distribution versus
breakdown charge density or breakdown electrical field on probability chart. The
manufacturing process should be maintained so that this distribution becomes closer to the
ideal shape. RVS is more sensitive at detecting breakdown at lower voltages (i.e. logic,
microprocessors) and which plays an important role to characterize of the reliability of the
devices. We use a few RVS measurement for each sample to get the breakdown caracteristics
because we did not have many samples to do Weibull plot as this RVS finally reach
beakwond.
The accumulated charge passing through the oxide prior to breakdown is defined as:

t=tgp

O = |10t 2.3)

=0
where t is time. The Qpp is calculated as the integral from ¢ = 0 to ¢ = #zp; where ¢5p is the last
measurement time at the step just prior to breakdown. If the area of the capacitor is A, then

the accumulated charge density Qgp, passing through the oxide at the detection of breakdown

(Opp) can be written as:

qpp = Do : (2.4)
From the following Fig. 2.15 these are illustrated briefly the RVS mechanism and monitoring
of the charge to breakdown Qpp characteristics which is an important parameter of reliability

characteristics of MOS devices. Figure 2.16 shows the RVS experimental results on

Pt/HfO,/Dy,0s/p-Ge capacitor of area of 3.14x 10™*cm.
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calculation of Charge to Breakdown (Qpp) from the measurements.
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Chapter 3

“Anomalous Charge Trapping Dynamics, and correlation of charge

buildup and SILC in Cerium Oxide grown on Germanium substrate”

3.1 Motivation

We have investigated charge trapping phenomena in thin films of cerium oxide on n-type
germanium (Ge) substrate under constant voltage stress (CVS) condition. We try to find the
correlation of the charge trapping characteristics and the stress induced leakage current
(SILC) to the applied field in this chapter. The results we observe suggesting that one major
problem for the potential use of rare earth oxides in future MOS technology is the existence of
relaxation effects. The cross section value of the bulk oxide traps is of the order of 10™® cm?,
thus indicating neutral defects. Direct comparison to reported results on high-x/Si and Si0,/Si

structures shows that SILC properties are related to the quality of the dielectric layers; the

semiconductor substrate is immaterial.

3.2. Experimental

Thin insulating films of CeO, were grown on n-type Ge (100) substrates using molecular
beam deposition (MBD). There are different sizes of MOS capacitors in diameter 300nm to
1000nm are use in this study. For reliability measurement we used smallest diameter capacitor
of area 7.1x10™ cm’. Different CVS were applied, for example ranging from 0.7V to 4.0V
were for charge trapping, stress-induced leakage current (SILC), border traps characteristics,
and to determination of capture cross-section of trap analysis. All the measurements were at

room temperature. The MOS diodes have been characterised electrically by means of
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capacitance-voltage (C-V), conductance- voltage (G-V) and current-voltage (I-V)
measurements which were performed before and after annealing. Consequently, the devices
have been subjected to electrical stress under constant voltage stress conditions (CVS),
whereas the C-V and /-V curves were measured after each stress cycle using an Agilent 4284A
LCR meter and a Keithley 617 electrometer. Charge trapping and SILC were studied by
measuring flatband voltage shift (Vi) of high frequency (100 kHz) capacitance—voltage (C—
V) curves as a function of charging time (or injected charge) and current-time (/-¢) transient
respectively by using a pulsing (also known as “‘stress and sense’’) technique shown in Figs.

(1) and (2). Border traps characteristic was analyzed by using fresh C-V and C-V after stress.

A
Vg
Measure C, - V,
\V between stress pulses
stress
»
Measure
S (e, Q)
Y during
stress pulse
1 2 v .10
0

Stress time (a.u.)

Fig.1. lllustration of the 'pulsing technique' used for charge trapping measurements.

The applied field (Eox) across dielectric (CeO,) was calculated by E, =V, /¢, , where
V,. =V, —Vgp 1s the voltage applied to the gate dielectric stack, V, is the gate bias voltage;

ox

Vg 1s the flatband voltage.
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\V} between stress pulses
stress
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Iy -t
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1 2 v .10
0

Stress time (a.u.)
Fig. 2: lllustration of the “‘stress and sense’’ technique used for charge build-up and SILC

measurements.

A. Anomalous Charge Trapping Dynamics in CeO,

3.3. Results and Discussion

3.3.1. C-V and I-V measurements

Initially the MOS devices were characterized by means of the analysis of conventional C-V,
G-V and I-V curves. Figure 3 shows the C-V characteristics of the films before and after
annealing. A number of films have been grown at the same growth conditions with the
physical thickness of the oxide d.x (ranging between 7 to 14 nm) as the only changing
parameter. Following a typical analysis for the evaluation of the equivalent oxide thickness
(EOT) for each film and a plot of EOT vs d,, we obtained the dielectric constant of the ceria
films (x, = 23) [1]. While the calculated x value is very good, the existence of a defective
interfacial layer with physical thickness between 1~2 nm and a dielectric constant x; = 11 was
also obtained from the same plot [2]. This interfacial layer was also confirmed from high

resolution TEM measurements [1-3]. This rather thick interfacial layer is probably the reason
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for the high density of oxide defects of the corresponding MOS devices and proper annealing

treatments is currently under investigation in order to benefit from the
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Fig. 3. C-V of as deposited and annealed at 200°C samples measured at f=1MHz.

high-x value of the ceria films after proper passivation of the Ge/Ceria interface. The
existence of this layer will be also taken into account in the next paragraphs dealing with the
trapping phenomena. It should be emphasized here that in the present work we report on the
electrical characteristics and the related trapping phenomena of one set of samples with
physical oxide thickness around 10nm as mentioned before.

A comparison of the IMHz C-V curves in Fig. 3 shows a negative charge trapping after
annealing in forming gas. When the flat band voltage shift is used to quantify the amount of
trapped charge, it is the bulk oxide charge that is -usually- probed. On the contrary, when the
width of the hysteresis loop is under examination, it is the amount of “border traps” [4] being
investigated. The latter case will not be examined in this work. However, the amount of the
bulk oxide trapped charge before and after annealing could be obtained from the high
frequency (hf) C-V curves. The calculated value of Oy (= AViCo= 3.06x107 C cm?) is

rather high and reflects the poor quality of the semiconductor/oxide interface.
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Fig 4. Current-Voltage characteristics of as-deposited and annealed Pt/CeOy/n-Ge devices
measured at T=297K. The solid lines are simply guide to the eye for Schottky type current

transport at low voltages.

Figure 4 illustrates the current density as a function of applied bias for both as deposited and
annealed samples. The current transport through the ceria film is due to the Schottky
mechanism for low and medium fields (corresponding V, in the range 0—1V) while at higher
fields it is the Poole-Frenkel (P-F) conduction [5] that best describes the experimental data. It
is also obvious that the current density at V=1V is quite high (around 1mA/cm?). This is
consistent with previously published data on ceria films [6] which show that the high leakage
currents are mainly attributed to the relatively small energy gap of the oxide (E, = 3.3V).
After annealing the onset of P-F conduction moves to slightly higher gate voltages, which is
consistent with a reduction of the amount of bulk oxide and interface defects. However, as the
present work focuses on the trapping dynamics of the corresponding structures, we did not
study the current conduction mechanisms with temperature in order to obtain more precise

quantitative results.
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3.3.2. Constant Voltage Stress (CVS) measurements
Only the annealed samples were stressed under CVS condition [7-9]. In general, the flatband

voltage shift due to trapped charge in the oxide is given by [10]

d

AV, =1 222 gy (3.1)

ox 0 ox

where C,, is the oxide capacitance, d,, is the oxide physical thickness, x is the distance from
gate electrode to trapped charge sheet, and p(x) the spatial charge density inside the oxide.
The integral limits are taken from 0 to d,, measured from the gate electrode. It is clear that a
positive charge density results in a negative flatband voltage shift while the opposite is true

for negative trapped charge.

CVS @ E,,=2.0MV/cm
0.8 ox

0.6 -

0.4{ Creation of new
interface traps

Capacitance (uFIcmz)
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Gate Voltage (V)
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Fig. 5. High frequency C-V curves (f=100KHz) of annealed films measured after CVS at a
corresponding E,, = 2 MV/cm. The arrow indicates direction of flatband voltage shifts, AVrp
over time during stress. The insert shows an enlarged view of the curves around Vg for shake

of clarity.

Charge trapping was studied by measuring flatband voltage shift 4V of high frequency (100
kHz) capacitance-voltage (C-V) curves at various electric fields (ranging from 2.0MV/cm to

4.0MV/cm) for a constant stress time interval equal to 1000s. The applied voltages biased the
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devices at strong accumulation (i.e., injection of electrons from the germanium substrate),
while all measurements were done at room temperature. Fresh diodes were used for each
stress measurement (low field and high field). In Fig. 5 a negative flatband voltage shift AVzz
in the depletion region of the C-V curve is observed at the lower stress field used (E,. =
2MV/cm). This shift can be attributed to trapping at the interface states and is consistent with
the corresponding “lowering” of the curves at strong accumulation. A conventional analysis
of the “stretch-out” effect of the high frequency C-V curves due to higher D;; values can be

found in any standard textbook [11].

100 T T v T T T v T T T v T
| CVS @ Eox=1.5MV/cm
~ 80 After 10 stress cycles |
E (=5000s)
(7]
é 60 ]
"]
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c .
© Fresh diode
i 40 .
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S 204 -
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45 10 -05 00 05 10 15
Gate Voltage (V)
Fig. 6. Conductance (G) vs gate voltage (V) curves (f=100KHz) measured after CVS at a
corresponding E,. =1.5MV/cm. Each curve was acquired after a 500s long stress cycle. Not

all data are plotted for clarity.

The study of the hf ac-Conductance vs V, (G-V) measurements was then used as a tool to
identify the location of the positive charge. Fig 6 shows the corresponding
G-V plots for the devices stressed at a low (E,» ® 2MV/cm) field, while Fig 7 shows the
evolution of the maximum G value (G,,,) after each stress cycle for all three oxide fields

145



studied. It should be mentioned here that the procedure followed for this experiment consisted
of two steps: (i) application of a stress voltage at accumulation for a time interval of 500s or
1000s and (i1) C-V measurement sweeping from inversion to accumulation. In this way, all the
trapping effects due to the application of a positive V, were cancelled whereas any new,

stress-induced interface defects
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Fig. 7. Change of the Conductance peak (4Gyay) versus stress time (t) for different E,, stress
values.

were detected by the change of the corresponding ac-G peaks. From Fig. 7 it is rather clear
that the G, peak, which is related to the presence of interface states, is almost one order of
magnitude greater than in the case of higher E,, stress values. This is a strong indication that
the creation of new interface states dominates the trap kinetics at low oxide fields.

On the other hand, at higher stressing field (£,, >2.0 MV/cm) AVgp becomes positive thus
indicating the accumulation of negative charge in the oxide. As an example, the C-V curves at
E,»=3.0 MV/cm are shown in Fig. 8. This result is consistent with previously reported data on
various gate stack combinations on Si or Ge substrates [9,14]. Also it is consistent with

electron trapping from the n-Ge substrate. It is interesting to note though, that in the
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accumulation region the AV shift (the index FB does not apply in this case) is more

pronounced than the 4V change in the depletion
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Fig. 8. High frequency C-V curves (f=100KHz) measured after CVS at a corresponding E,;
= 3 MV/cm. Positive shift of Vg with stress time is observed as indicated by the relevant
arrow. And the insert displays an enlarged view of the curve around Vp.

region. It is also more pronounced than the simple “stretch-out” effect we observed at low E,;
values (Fig. 5) and could be attributed to the high density of bulk oxide defects. A possible

explanation for the positive 4Vgz shift is the following.

At low stress field values the total trap density (neutral or charged) in the dielectric (CeO,)
remain constant whereas the stress induced flatband shifts, are mainly due to creation of new
interfacial defects, as well as, trapping of holes on the pre-existing interface traps. At higher
fields, the bulk oxide traps are involved in the process together with the creation of new bulk
traps, which must be also taken into consideration. The dependence of the voltage shift (4V55)

on stressing time (¢) can be expressed as [§]
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AI/FB = AI/max {1 - eXp[_(t / 7’-);/ ]} (32)

where AV, is the maximum voltage shift, and 1 is the time constant of the process, which is

defined as[12]

r=—9_ (3.3)

where q is the electron charge, o; is a characteristic capture cross section for the ensemble of
traps with a continuous distribution of cross sections, y is an exponent which characterizes the
distribution in capture cross sections and J, is the mean current density injected into the
dielectric during the electric field stress. Therefore, an equivalent approach to Eq. (3.2) is to

describe the change of AVr; as a function of the injected charge (Q;y)) as:

UiQinj
AV, =AV_ A1—exp[-(—)]} (3.4)
q

here AV ,,4 1s related to the total oxide trap density. Exponent y is a measure of the distribution
width and its value increases to 1 as the distribution width decreases to zero. The injected

charge is calculated from the fundamental equation:

Q. = | J,()at (3.5)
0

In this case the evolution of charge trapping with time is transformed to the dependence of the
trapped charge as a function of the injected into the oxide charge from the semiconductor
substrate. From J, vs  measurements during CVS (not shown here for clarity) it was clear that
the stress induced leakage currents (SILC) were very small, thus the J, current was almost
constant during the stress time intervals used in our experiments (= 500s or 1000s) so, Eq.

=J,t.

inj g

(3.5) reduces to the simple form: Q
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The result of various stress fields on the 4Vzp shift is illustrated in Fig. 9, where the negative
shift at low E,, values is clearly observed. The inset in Fig. 9 shows an enlarged picture of the
same curve for E,= 2MV/cm in a log-log plot. The straight line that fits to the experimental
data shows that the A4Vpp shift follows a power law expression with respect to Q;,; which is
given by [3]

AV, =BQ. (3.6)

inj
The calculated value for m=0.77, lies in the range [0.3 —1.0] as reported by many groups in
the past irrespective of the substrate material chosen (Si or Ge) [14-17]. This behavior has
also been observed on similar structures [9,12,14-16] and is in general, attributed to the
creation of new traps. Therefore, it is also consistent with the corresponding C-V and G-V

curves (Fig. 5 and Fig. 6), which show an additional contribution from these interface states.

However, when the stress field (E,,) is higher than 2MV/cm the situation is different. As
shown in Fig. 9 AVgp shifts are positive and they follow the exponential form of Eq. (3.4).
The corresponding o; values are 1.3x10" cm®’ and 0.6x10" cm® for
E,x = 3MV/cm and 4MV/cm respectively. It is interesting to notice that for both fields the
experimental data are perfectly fitted by Eq. (3.4) with y=/. In this case Eq. (3.4) describes the
filling dynamics of pre-existing bulk oxide traps with no continuous distribution in its capture
cross section. From the small values for the capture cross section it is inferred that the traps

are neutral [18]. In addition, the decrease of o; with increasing stress field has been observed

in neutral and coulombic centers in SiO,, HfO, and Al,O; in the past [8-9].
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Fig.9. Charge trapping monitored by flatband-voltage shift AVip of Pt/CeOxn-Ge as a
function of injected fluence under various stress electric fields. Solid lines are best fit to

experimental data according to Eq. (3.4) and Eq. (3.6).

Therefore, we could argue that low stressing field (2MV/cm) results in the creation of new
interfacial defects thus distorting the corresponding C-V curves. When the capacitance at flat-
band condition is monitored it seems to shift towards more negative V, values. However, it is
the “stretch-out” of the Af~C-V that is responsible for this effect. On the contrary, high
stressing field (>3MV/cm) results in a different conduction mechanism through the dielectric.
The high density of electrons injected from the Ge substrate tunnel through the oxide defects
so, we observe negative charge trapping on these defects. Finally, from the C-V
measurements, it is inferred that at £,, values as high as 4MV/cm, the amount of new, stress-
induced oxide defects is undetectable and probably masked by the stronger electrical effect of

charge trapping on the pre-existing bulk oxide defects.
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One important issue to understand is to what extent charge trapping in rare earth oxides grown
on Ge substrates is intrinsic to metal oxides and how can this problem be cured. For example,
Gusev et al. [19] studied HfO, layers deposited on silicon substrates with or without special
interface preparation and they found that charge trapping does depend on interface quality.
They have also shown that rapid thermal annealing in nitrogen environment is not sufficient
to reduce these oxide defects. In a recent work [20] the authors suggest that the preexisting
oxygen vacancies in HfO, based n-type MOS field-effect transistor can be cured by proper
post deposition annealing (re-oxidation under proper conditions). Our results are in agreement
with the above-mentioned studies, i.e., oxygen vacancies in rare earth oxides grown on Ge
play a very important role in the charge trapping dynamics of the corresponding systems. The
choice of different semiconductor substrates (Ge instead of Si) is not so important. It is the
semiconductor/insulator interface quality that makes the difference. However, the common
post-deposition annealing process for Si based devices in hydrogen (FGA) is not sufficient for

the similar Ge based structures.

B. Correlation of Charge Build-up and SILC in CeO, films

3.4 Results and Discussion

An overview of this section is as follows. First, we show that an analysis of the high
frequency (hf) C-V, hysteresis loops gives a rather clear indication for the evolution of both
interface and bulk oxide defects. Second, we examine the gate current, whose increase with
time during moderate field stressing suggests the build-up of negative charge together with
the creation of new defects in the dielectric. Third, we study the evolution of the gate current
after the application of a low forward CVS bias where relaxation effects are present. Fourth,

we investigate the change of both the build-up charges and SILC coefficients with the applied
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forward stress, in order to estimate whether the reliability results obtained after CVS at higher
fields can be extrapolated at typical MOS operating fields. Finally, we calculate and discuss

the capture cross section of investigated traps.

3.4.1 Change of “Border Traps” with Stress

In a pioneering paper, Fleetwood et al. [21] introduced the concept of “border traps” as a new
sub-class of defects commonly appearing in MOS devices. These defects lie physically within
the oxide but are near enough to the semiconductor/oxide interface and they often act
indistinguishably from interface traps. In electrical measurements at a given effective
frequency, interface traps and border traps close enough to the interface and/or at appropriate
energies can change charge states (for example, during a C-V, or I-V, ramp) if they can
communicate with the semiconductor (Ge in this case) on time scales faster than the
characteristic measurement times. Bulk oxide traps which do not communicate with the Ge on
the measurement time scale are considered here as bulk oxide states following the common
nomenclature of electrical characterisation of MOS devices.

One measure of the effective border trap densities can be obtained from C-V, hysteresis [21].
It is rather obvious that the slower the ramp rate, the more border traps can exchange charge

with the Ge substrate. Here a ramp rate of ~0.1 V/s was used, corresponding to switching

times of ~40 s over the portion of the curve showing
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Peak A is mainly due to the interface defects while peak B is attributed to bulk oxide defects

only.
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hysteresis. Border traps with switching times slower than this will be counted as bulk trapped
charges in these measurements, and those with switching times comparable to that of interface

traps (~1ms or less) will be counted as interface traps.

However, a better measure of the effective border trap density, ANy, can be obtained by
integrating the absolute value of the difference between the high frequency C-V, curves; that
is

~ 1

The C—V, difference curve, C,r (V) = (C,-Cp, is a function of the applied gate voltage. The
indexes refer to measurement from accumulation to inversion (C,=Cieyerse) and inversion to
accumulation (C/=Cfyrwara) respectively. Experimental data of C,r (V) curves are shown in Fig.
10 for different stress voltages always at accumulation. Only the curve before stress and the
last one (after ten stress cycles) are shown for clarity. Usually they are strongly peaked
functions, going to zero above flatband or below inversion. In the data shown in Fig. 10
though, one peak lies in the depletion region (peak A) where mainly the interface traps
respond, while another peak (peak B) in strong accumulation appears in all curves. The
deformation of the C-V, curves in accumulation is commonly attributed to excess charge
trapping in the oxide and is usually absent in state-of-art, Si-based MOS devices. However,
even in the case of a strongly peaked C,s (V,) function at depletion, this peak is due to both
interface and bulk oxide traps. Therefore, the curves in Fig. 10 were deconvoluted in order to
study separately the two kinds of traps. As illustrated in Fig. 10(a), peak A remains constant
after CVS at low applied fields and a total stress time of 10000s, while peak B decreases. The
result is reasonable for the peak due to the interface states; their density does not change after

CVS at low fields. The reduction of peak B though, could be attributed to the capture of
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positive charges but this is impossible as the MOS devices are biased in accumulation and the
Ge substrate is n-type. The picture is completely different in Fig. 10(b) where the applied
stress field is moderate (3MV/cm); both peaks increase mainly because of the creation of new
(interface and bulk) defects. Therefore it is reasonable to assume that the reduction of peak B
in Fig. 10(a) is due to the presence of relaxation effects in the oxide. This assumption is

supported also from other measurements as will be explained in the next paragraphs.
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Fig. 11: (a) C-V cureves before stressing at 3MV/cm for 1000s and 26hours after end of the

stress and (b) corresponding “Border traps” analysis.
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Some remarks must be made about the measurement procedure (see Fig. 10 and the relevant
text in the previous section) and the interpretation of the data obtained in this way. It is well-
known that trapping is a strong function of the applied field and that this can be understood as
the result of equilibrium between trapping/detrapping processes in the oxide. Moreover,
when the stress is stopped, a redistribution of charges in the oxide is observed [22]. In this
way, the trapped charge density measured during the monitor ramps cannot be considered as a
direct measure neither of the trapped charge density during the high-field stress conditions nor
of the generated trap density. Only an effective trap density is measured which corresponds to
the traps which are filled under the monitor conditions.

The C-V curves before stressing one diode at 3MV/cm and 26 hours after the end of this stress
cycle (total time 10000 sec at 3MV/cm) are shown in Fig. 11(a). We believe that there is a
clear indication of an additional amount of “new” interface-like defects in depletion.
Moreover, in Fig 11(b), a comparison of the corresponding “border-traps” curve is presented

where it is clear that the change in C,r (V) though the MOS capacitor was not under bias.

3.4.2. CVS at moderate E,,

The effective dielectric constant of the polycrystalline CeO, thin films was evaluated from the
high frequency (=100 kHz) Capacitance-Voltage (C-V,) characteristics of the MOS devices
and was found to be around 25 in agreement with previously reported data on similar
structures [23], [24]. Although the dielectric constant is quite high, the corresponding devices
are rather leaky due to the low band gap of CeO, (~3.3eV) in tandem with the small
conduction band offset [25]. The current transport mechanism of the studied MOS devices is
illustrated in Fig. 11. Due to the small conduction band offset the leakage current in
accumulation mode is because of thermionic (Schottky) emission at low to medium fields

across the dielectric layer [26]. At higher fields though, it is the Poole-Frenkel emission that
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controls the conduction through the oxide. The results shown in Fig. 11 have been confirmed
also in a series of similar structures with CeO; thicknesses ranging from 6nm to 9nm with

temperature dependent /-7, measurements [27].
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Fig. 12 Typical J-E, curve of the devices showing Thermionic (Schottky) emission at low to

moderate E,, values. The insert shows a Poole-Frenkel plot as this mechanism dominates at

higher E,, values.

Fig. 13 and Fig. 14 show the current density change (AJ) during the application of a CVS
pulse. The experimental data can be very nicely described by a model proposed by Nigam et

al. [28] where AJ as a function of time (7) is given by the following equation:
_t
A‘]=N+(on)-{l—ef}+a-tv (3.8)

with N'(E,s) being the saturation value of positive charge trapping, r the trapping time
constant and a and v the SILC related parameters, as discussed further on. The first term in
the (3.8) represents an exponentially saturating trapping of negative charges on pre-existing

oxide defects, while the second term represents the increase due to SILC-generation.
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Fig. 13. Change of current density AJ observed during the stress time t under moderate to
high stress field (CVS conditions). Symbols are experimental data, while solid lines are best

fit of both SILC and charge build-up according to (3.9).

One difficult task in obtaining the necessary AJ (=J-J,) values from the experimental (J,¢)
pairs is the determination of the first value of current density J,. This value is actually equal to
the leakage current of the device when no stress is applied. Small changes of J, lead to a
complete different slope of the curve and, therefore, an uncertainty in the fitting results,
proving the necessity to determine J, more accurately [29]. Fitting the actual current instead

of current change and treating J, as a fit parameter can overcome this problem. In other words

the (3.8) is rewritten as:
_t
J:J0+N+(E0x)-{l—e’}+a~tv (3.9)

Fig. 13 shows the absolute value of the measured current |AJ] in the electric field E,, range 2.4
MV/cm up to 3.5 MV versus time on a linear scale. The full line indicates the fit with (3.9). It

should be noted here that, although the actual experimental data
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vs t experimental curve (symbols) at 2.4MV/cm. The solid line represents the summation of

the two terms (SILC and Charge build-up) according to (3.9).

were fitted with (3.9), in Fig. 4 AJ vs t curves are illustrated as it is easier to study the
trapping and SILC mechanisms with increasing applied stress field. The contribution of the
two terms is illustrated in Fig. 14 for the case of applied stress bias E,,= 2.4MV/cm. The
charge trapping component (the first term in (3.9)) clearly dominates as SILC is still not
significant. Nevertheless, at higher fields the experimental curve never reaches a saturation
value because of the SILC component which becomes significant. Similar results have been
found in SiO,/Si based devices [29] showing that the models used to explain oxide
degradation are valid also in the case of Ge based MOS devices. The most important

difference in the case of a rare earth oxide is that the charge trapping component dominates
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over SILC in the entire field range (for applied stress fields from around 1.8MV/cm up to
4.0MV/cm).

However, when intermediate or very low electric fields (from 0.5MV/cm up to 1.6MV/cm)
were applied during the CVS measurements, the results were rather complicated as will be

discussed in the next paragraph.
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Fig. 15: Current density J as function of stress time t during CVS at lower stress field (0.8
MV/em up to 1.8 MV/cm), showing relaxation effects for applied E,.< 1.3MV/cm.
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343 CVSatlowE,,

Fig. 15 (a)-(d) shows a set of 4J,¢ curves for CVS conditions at E,x = 0.8 , 1.3, 1.5, and 1.8
MV/cm respectively. It is interesting to notice that, at very low fields, CVS results in
decreasing gate currents (Fig. 15(a) and (b)). As there is no apparent source of positive
charges when the n-Ge MOS devices are biased in accumulation, the realistic explanation is
the presence of relaxation effects. These effects are expected to be detected in high-x films
when the leakage current is low. Therefore, a typical method for the estimation of the
relaxation currents is to be measured after the sudden removal of a constant voltage on the
gate [30]. However, this study was focused on the investigation of charge trapping
mechanisms and such a measurement was not done. This is the reason that the relaxation
effects are so weak in Fig. 15(a) and (b) and no attempt was made to fit the experimental data
with the Curie—von Schweidler law (J~1/f). Nevertheless, the effects were studied more
carefully in similar devices and results on Pt/HfO,/Dy,03/Ge devices have already been
recently reported [31].

At these low fields and at room temperature conditions, SILC effects are negligible and an
enormous amount of time is needed before a change in J can be observed. For example, it has
been shown by Stathis ef al. [32] that, for an oxide with this thickness and area of 5x10™ cm?,
it takes approximately 300 years to reach breakdown at |V,/=1.9 V. In this case, therefore, it is
impossible to reach breakdown at lower fields within a reasonable measurement time.
However, when the applied fields are greater than 1.8 MV/cm approximately, the current
through the oxide is at least one order of magnitude greater and the current transport
mechanism changes from Thermionic emission to Poole-Frenkel (Fig. 12) so, that the high
density of bulk oxide defects are responsible for the leakage current thus masking all

relaxation effects.
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Finally, at applied fields between these two extremes (that is from 1.3MV/ecm up to
1.6MV/cm) the corresponding J-f curves are almost flat over the entire time interval, as none

of the above mentioned effects clearly prevails.

3.4.4 The build-up charges and SILC coefficients

Fig. 16 and Fig.17 show the fit parameters of (3.9) as a function of the applied electric field.
The parameters in Fig. 16 are related to the negative charge trapping behavior of the oxide. As
shown in the figure, the trapping time constant (1) increases linearly with increasing applied
field. Similar to the observations of Nigam et al. [28] and Xie et al. [33] on SiO,/Si structures
it is the considerably smaller number of available oxide traps that makes the trapping time

constant longer at lower fields.
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Fig. 16. The fit parameters N* (left axis) and t (vight axis) related to the charge build-up

term as a function of E,y. The lines are simply guide to the eye.
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The corresponding t values (~30sec) indicate neutral defects as will be discussed later. At the
same time, N' decreases with respect to the applied stress bias, which indicates that charge
trapping becomes less important at higher fields. Another important observation is that the
pre-exponential factor N* is almost six orders of magnitude greater than conventional Si/SiO,
based devices [29]. This is probably due to the poor interfacial germanate layer, which is not

eliminated after the conventional FGA treatment used in the present study.

In Fig. 17, the SILC-related parameters are plotted against the applied stress bias. Since SILC is
directly related to the trap generation in the oxide, especially at low injected fluence, both a and v
provide information on the stress-induced trap generation [28]. a is the leakage current caused by
the traps generated after /=1 second and v is the trap generation rate. Both parameters (« and v) increase
with increasing field showing that SILC becomes important at higher stress fields, as a consequence of

the trap generation density dependence on the field stress applied during oxide degradation. Similar
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results have been reported on Si based MOS devices with different dielectrics such as: v=0.15 to
0.30 on Si0,/Si [28], [34], [29] and v=0.73 on HfO,/Si [35]. The calculated v values for a CeO,/Ge
system indicate that the choice of semiconductor substrate plays no important role in the

mechanisms involved in SILC creation.

3.4.5 Capture cross section of traps investigated

The trapping time constant (7) used in (3.9) is given by [12]

o1 _ 4 (3.10)

where © is the mean thermal velocity of electrons in CeO, which is considered
approximately equal to the electron drift velocity, ¢ is the electronic charge, 7. is the average
injected electron density and J, the mean current density injected into the gate dielectric
during the electrical stress, which is approximately proportional to #.. The cross section of the

traps (o;) is defined as the ratio of the capture probability to the thermal velocity of the

electrons.
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Fig. 18: Time constant t as a function of inverse current density (1/J) injected into the gate

dielectric during constant voltage stress (CVS) at moderate stress fields. The capture cross

section is obtained from the slope of the best fit line according to (3.10).
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The time constant 7 was extracted from the experimental curves shown in Fig. 5 and Fig. 15
using (3.9) and is plotted in Fig. 18 as a function of 1/J,. It is observed that 7 varies almost
linearly with 1/ J,, as predicted by (3.10), hence the trap cross section o, was estimated from
these data to be around 4.3x10™'® cm?. Quite small values for o; have been also found in
similar high permittivity gate stacks grown on silicon (Si) substrates as compared to values of
the order of 1x107'® cm? in SiO,. These small values for the capture cross section suggest that
the traps generated during the electrical stress are neutral centres [36-37]. In the case of SiO,,
neutral trapping centres with cross section on the order of 10"° cm? have been attributed [38]
to SiOH centers generated during the release of H' by hot electron impact ionization at the
anode, followed by the breaking of bridging O bonds by these H' protons, which are
subsequently trapped by the resulting SiO; sites. In the present case though, this mechanism is

not likely to happen as the applied fields are not strong enough to create hot electrons.

3.5 Summaries

In this chapter, charge trapping phenomena were studied in Ge based MOS structures with
CeO; as the dielectric layer. All devices were initially annealed in forming gas at 200 °C in
order to improve slightly their electrical characteristics. The investigation of the trapping
characteristics of the cerium oxide dielectric layer by means of analysis of the relevant
flatband shift of the hf C-V curves could only provide information for the preexisting bulk
defects. CeO, dielectrics were subjected to constant voltage electrical stress in order to study
some fundamental reliability issues of the corresponding devices. For stress fields higher than
1.8 MV/cm it was observed that the contribution of the charge trapping component has a

significant impact on the measured curves while the effect of SILC component is faint. In the
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applied field range studied (1.8MV/cm up to 3.5 MV/cm) SILC generation follows a power
law model similar to a number of works reported earlier on SiO,/Si structures. The trap
generation rate was found to be very small but rapidly increasing with increasing stress bias.
These results are not surprising since the high-x dielectrics currently studied are good
insulators and suffer from the high density of both interfacial and bulk defects. Direct
comparison of the N and v values of the MOS capacitors studied in the present work to SiO,/Si
based systems is rather useless as the latter suffer from SILC generation due to tunneling currents while
trapping on preexisting defects is very small. The effective cross section of the traps obtained
from the analysis of the J-¢ curves was very small (~10"® cm?) suggesting the presence of
neutral traps. As the post annealing treatment in hydrogen environment (FGA) did not result
in better (in terms of leakage current) devices, one can conclude that the main type of defects
1S oxygen vacancies, a common problem in high-k dielectrics. Finally, a very weak relaxation

effect was detected at applied stress fields lower than 1.8 MV/cm.
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Chapter 4

“Current Transport Mechanism in High-k Cerium Oxide Gate Dielectrics

Grown on Germanium (Ge)”

4.1 Motivation

The current transport mechanism of Pt/CeO,/p-Ge MOS devices is investigated. The results
are based on the analyses of gate current vs gate voltage curves at temperatures ranging from
295K to 375K. We observe two different current conduction mechanisms at different applied
fields. At low to medium electric fields (~0.1-0.9 MV/cm) the main current conduction
mechanism is Schottky emission while Poole-Frankel conduction is the dominant mechanism

at higher fields across the oxide (~1.2-2.1 MV/cm).

4.2 Introduction

High-x dielectrics as an alternative to conventional SiO, gate oxides are widely investigated
for their capability to reduce excessive leakage current in future complementary-Metal-Oxide-
Semiconductor (CMOS) devices. Although their functionality is already proven and the first
integrated devices are in production, further scaling becomes increasingly difficult. Hence, Ge
which offers higher electron and hole mobility than Si is currently considered as a potential
alternative to the standard Si-based MOS technology because, it might increase the high
frequency performance of logic devices keeping at the same time the power consumption
low.[1] Among the high-x dielectrics being studied, rare earth oxides (REOs) are widely

investigated because of their interesting structural and electrical properties as a buffer layer on
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Ge substrates.[2] REOs offer good passivation of Ge, thus reducing the density of interface
states (Dj), they have reasonably high dielectric constants and some of them are good
insulators with energy bandgap greater than 5.0 eV.[3-4] In particular, cerium oxide (CeO,)
seems to be an interesting dielectric because, it can be deposited directly on Ge with good
thermal stability and improved electrical characteristics such as, high dielectric constant
(x~23) [3] and low interface traps density (D;~5%10"'eV/cm?).[2,5] The moderate band gap
(3.3eV) [6] together with the small conduction band offset [4] lead to relatively high leakage
currents (~10* A/ecm?) [2,4,7] which is a serious drawback if the material is to be used alone
and not in a gate stack configuration.[§]

Recently, Fu-Chien Chiu, reported on the current conduction mechanisms of CeO, deposited
on Si(100) wafers with Al as the gate electrode.[9] The author found that Schottky emission is
the dominant conduction mechanism in a medium electric field while Poole-Frenkel emission
prevails at higher electric fields and higher temperatures (up to 500K). In this chapter, we
report on the temperature dependent carrier transport mechanism of thin (~7nm) CeQO; films
grown by Molecular Beam Deposition (MBD), and the related energy bang diagram of

Pt/CeO,/p-Ge structures.

4.3 Experimental

The CeO, films studied in the present work were prepared by MBD on p-type (001) Ge
substrates with resistivity 1.6-1.9 Q-cm. The oxide was deposited at 225°C by evaporating Ce
metal in the presence of atomic oxygen beams, generated by an RF plasma source. MIS
capacitors with area A=7x10"cm” were defined by e-beam evaporation of 30-nm-thick Pt
using a shadow mask to define circular dots 300 um in diameter. The thickness of the samples

was estimated by X-Ray reflectivity measurements to be 7nm approximately. The electrical
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properties C-V and I-V curves were measured at different temperatures by means of an

Agilent 4284A LCR meter and a Keithley 617 electrometer.

4.4 Results and Discussion

The effective dielectric constant of the polycrystalline CeO, thin films was evaluated from the
high frequency (f=100kHz) Capacitance-Voltage (C-V) characteristics of the MOS devices
and was found to be 25.5 in accumulation mode. Therefore, an EOT of about 16.2A was
estimated taking into account quantum effects. At RT the relevant C-V curve indicates the
presence of the so called “slow states”, while at higher temperatures they show dispersion at
depletion and inversion. The effect is well known from Si based devices but is more
significant when Ge is used as the substrate due to its smaller bandgap [10]. The D;, value at
midgap calculated from the C-V curves at RT was around 1x10'> eV'ecm™. As this value
probably overestimates the true density of interface states,[10] it is also in agreement with

best results reported on similar devices with REOs as gate dielectrics.[2,4]

In order to understand the carrier transportation mechanisms of the CeO, dielectric, the
temperature dependence of the gate leakage current density (J;) was investigated at the same
temperature range (295-375K), both under gate and substrate injection. As illustrated in
Fig.1, typical current densities at 295K were about 0.4 mA/cm” at V-1V in accumulation
and slightly higher at inversion. Also the currents (at Vz3+1V) in both forward and reverse
gate polarities are of the same order of magnitude, which indicates that the conduction
mechanism is a bulk limited [11] process. The rather high J, values are consistent with the

low energy gap of CeO; (~3.3 eV) [6] and the inevitably low band offsets.[4,6]
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Fig. 1: Current density J, as function of the voltage across the gate dielectric (7nmCeQ;) of a
Ge-MOS capacitor recorded form 295K to 375K. Insert graph shows electric field in the Ce-

O-Ge interfacial layers and CeQO; layers as a function of applied voltage as calculated from

Egs. (4.1) and (4.2).

When CeQO; is deposited on Ge, it reacts with the substrate resulting in catalytic oxidation of
Ge and spontaneous formation of a stable and thick Ce-germanate (Ce-O-Ge) interfacial
layer(IL).[4] Assuming that no charge is accumulated at the CeO,/germanate interface, the

electric field across the two layers (IL and CeQ,) is given by [12]

V..
E — applied 4 1
" (K IL / Kox )tox + tlL ( )

Vappl ied

_ 4.2
(Kax / KIL )tIL + Z‘mc )

ox

where V... =V, =V is the voltage applied to the gate dielectric stack, Vi is the flatband

voltage. The dielectric constant of the interfacial layer (x;, =11) [8] has been measured
separately using a set of similarly grown MOS devices with different CeO, thickness (from 8

to 17nm), while x,, =25.5 was assumed for the CeO, layer, ¢#;=Inm and #,,=6nm are the
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relevant physical thicknesses as obtained from TEM [4] measurements. The electric field

across each layer as calculated from Egs. (4.1) and (4.2) is shown in the insert of Fig.1.
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Fig. 2: Schottky emission plots in the temperature range 295K to 375K and low applied field

under gate injection. The Pt/CeQO,/Ge band diagram is drawn as an insert in Fig.2a.

Two of the most frequently encountered current transport mechanisms for thin REOs films are
the so called Schottky and Poole-Frenkel emissions. After analyzing our data, Space Charge

Limited Currents (SCLC) as well as direct or Fowler-Nordheim tunneling currents have been
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excluded as the main leakage mechanisms due to the strong temperature dependence in the

whole gate voltage range. Schottky emission (SE) can be expressed as [13]

. — —\JqE |4rnk, &
JSE :A T2 eXp q(¢b q ox d a) (43)

k,T

where Jgz is the leakage current density, A" (=143 A/em® K?) is the effective Richardson
constant [14] for Ge (100), T the absolute temperature, E the electric field across the oxide, ¢

the electronic charge, ® b(= q¢b) the Schottky barrier height, ¢, the free space permittivity,
x, the dynamic dielectric constant (i.e. the electronic component of the dielectric constant),

and k;, is the Boltzmann constant.

The Pool-Frenkel (P-F) conduction mechanism is defined by the following field (E)

dependence of the current density Jpr [13]

— —.gE 7K. &€
J,. = CEexp alo “Z - %) (4.4)
b

where C; is a constant proportional to the density of bulk oxide traps, @, (= g¢,) is the depth
of the trap’s potential well, and other terms are as mentioned above.

For standard Schottky emission, a plot of log(J/T?) versus /E _ should be linear. The

dynamic dielectric constant is determined from the slope of the straight lines in these plots
and it should be equal to the optical dielectric constant x, i.e. the square of the measured
refractive index (n’=xy). In the case of gate injection, the data measured at all temperatures
(295K-375K) and low to medium electric field (~0.1-0.9 MV/cm) fit the Schottky emission

(Eq. 4.3) very well as shown in Fig.2a. From the linear part of the curves, x; was found to lie
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between 3.4 and 3.9 with an error of +0.2. There is a systematic increase of x; with increasing
T but at the same time the experimental error in the obtained values of the slopes is rather
high due to the uncertainty in the definition of the linear part of each curve. In the past, many

groups have studied the dielectric properties of cerium oxides and they reported x, values
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Fig. 3: Poole-Frenkel (P-F) conduction plots from 295K to 375K under gate injection. The

insert in Fig.3a represents the band diagram while ®, is the energy level of the traps.

from around 2.0 up to 5.5. The lowest values were found on Au/CeO,/Au MIM structures by

V. Grosse et al.,[15] who also claimed that the x; values obtained when P-F emission
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dominated were significantly lower (1.6 vs 2.3) than in the case of Schottky emission. Z. Al-
Dahhan et al[16] have found x; = 3.6 but their structures were too complicated (Al-
Ce0,/Ge0O,-Al capacitors with thick oxide layers) and their results are under question. In a
recent publication F. C. Chiu reported x, values around 5.5 on Al/CeO,/Si MOS devices [9]
when Schottky emission dominates the current transport. It is interesting to point out here that
the corresponding CeO, films were grown by RF magnetron sputtering and annealed at 400°C
in N, ambient. In addition, the author found similar behavior with respect to the voltage
ranges where Schottky emission dominates. Same results have been also shown in Hf-silicate
based devices [17] although the conduction band offsets are quite higher. However, interesting
information about the dielectric constant of CeO, films comes from an earlier work by P.
Patsalas et al.,[18-19] where the authors demonstrated a linear dependence of x,; with respect
to its mass density and deposition temperature. This result explains the above mentioned wide
spread of x; values and is in agreement with the observed wide range (x; = 2.1-3.8) reported
on NiSi/Gd,03/p-Si devices.[20] It could also explain the observed increase of x; with
temperature.

The Schottky barrier height at the Pt/CeO, interface was determined to be around 0.91+0.2 eV
using a plot of log(J/T°) as a function of 1/T, as shown in Fig.2b. In the literature, the
Schottky barrier height for Al/CeO, is about 0.7¢V [21] and 0.9¢V [15] for the Au/CeO,
interface. It has also been reported that, at lower bias voltage range (< +1V), the dominant
current conduction mechanism in CeO; is Schottky emission [7, 9, 15, 21].

The Pool-Frenkel emission is presented in Fig.3a, where log(J/E,,) is plotted as a function of

JE,. for various temperatures. This semi-log plot should be linear if P-F is the dominant

conduction mechanism and this is true for the higher E,x values because of the band-bending

and tunneling effects. This result is expected and has been reported for CeO, and other REO
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in the past [9, 15, 20-21] The dynamic dielectric constant was obtained from the slope of each
P-F plot in Fig. 3a and was found to lie between 3.1 and 3.8 (+1) in good agreement with the
values obtained from the analysis of the Schottky plots (Fig.2a). However, it should be noted
here that the error in the determination of the x; values is slightly higher than in the Schottky
case, due to errors in the definition of the appropriate field range where the curves are linear.

Moreover, the trap’s energy level @, was evaluated using Eq. (4.4) and the slopes of the
Arrhenius plots in Fig.3b. Various E,x values have been used and a mean activation energy of
@~ 0.60+0.03 eV was obtained. This level has been plotted in the band diagram of the
Pt/CeO,/p-Ge structure shown as an insert in Fig.3a and is highly probable to be related to
oxygen vacancies or divacancies which have been theoretically predicted for a number of
high-k oxides.[22] The obtained @, value is identical to those reported for Al/CeO,/n-Si
structures,[21] where the oxide films were e-beam evaporated and subsequently treated by
rapid thermal annealing in N, ambient. On the other hand a trap level of 1.12 eV was found in
Al/Ce0,/S1 MOS devices [9] and a trap with a @ value close to that in thin Gd,0; films.?° We
believe that these results are in agreement with the theoretical work done on HfO, and La,03
films,[22] where different charge states of the relaxed oxygen vacancy have been calculated
in the forbidden gap of the oxides. Therefore, it is not surprising that different groups report

on two defect levels in CeOs.

179



o= 0.6%0.03 eV
10°
. 10°1
£
<
> 0%
< 10
g .
O 1
w 10"
R
1074 "
Substrate injection(Qinj)
10-13

T M T M T T T T T T T T
200 400 600 800 1000 1200 1400
12 (A2, 112
Eox (V7/em™)

Fig. 5: P-F plots for various temperatures at accumulation mode (substrate injection (Qiy).

Finally, the temperature dependence of the current transport mechanisms was studied in
inversion mode (i.e. substrate injection). The P-F conduction mechanism was again dominant
at higher gate voltages, which explains the similar behavior on both polarities of the J,-V,

curves (Fig.1). In addition, the obtained @, value was exactly the same as for the

accumulation mode as shown in Fig. 4. Furthermore, similar results have been obtained (not
shown here for clarity) for other devices grown in the same way but with slightly different

thickness of the CeO, films (8-10nm).

4.5 Conclusions

In this chapter, the leakage current transport mechanisms of MBD grown CeO; films on Ge
substrates have been investigated. The electron (Schottky) barrier height at the Pt/CeO,
interface was found to be equal to @,=0.91eV, while a trap energy level with activation
energy @~=0.6eV was detected in the oxide after analyzing the Schottky and Poole-Frenkel

emission at lower or higher gate voltages respectively.
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Chapter 5

“Study of Stress Induced Leakage Current (SILC) in HfO2/Dy,0; high-k

gate stacks on Germanium (100)”

5.1 Motivation

In the present chapter, we study reliability issues of Pt/HfO,/Dy,03;/n-Ge MOS structures
under various stress conditions. The electrical characteristics of the micro-capacitors are very
good probably due to the presence of a rare earth interfacial layer. It is shown that the injected
charge (Q:,) at high constant voltage stress (CVS) conditions induces stress induced leakage
current (SILC) that obeys a power law. We also observe a correlation between the trapped
oxide charge and SILC, which is, at low stress field, charge build-up and no SILC, while at
high stress field SILC but few trapped charges. Results show that the present bilayer oxides
combination can lead to Ge based MOS devices that show acceptable degradation of electrical

properties of MOS structures and improved reliability characteristics.

5.2 Introduction

Dielectrics of higher electric permittivity than SiO, (e.g. HfO,, ~ 25) are investigated
widely for their potential use as dielectric layers in advanced Metal-Oxide-Semiconductor
(MOS) devices [1-2] aiming to the substantial reduction of gate leakage currents [3]. An
important consequence will be the use of thicker (higher permittivity) dielectric layers, and
one would also expect to reduce the stress induced leakage current and improve the reliability

of the corresponding devices [4]. During the past decade, Germanium (Ge) based MOS
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devices are extensively studied due to its high mobility [1-2] for the future semiconductor and
integrated circuits industry. Nevertheless, not much experimental work has been devoted on
the oxide degradation and reliability of high-k dielectrics for the corresponding MOS devices.
Rare Earth Oxides (REOs) are friendly with Ge substrate, so they can be used as an interfacial
buffer layer, REOs can also be deposited directly on Ge [5]. The reason is that REOs react
strongly with the substrate resulting in catalytic oxidation of Ge and in the spontaneous
formation of stable interfacial layers, such as germanate (e.g. La-O-Ge [6], Ce-O-Ge [7]).
This germanate layer could be responsible for the reduction of hysteresis and interface state
density (D;). Alternative gate dielectric stacks usually consist of an ultra-thin interfacial
buffer layer (e.g. Dy,03) and a metal oxide layer with higher electric permittivity (e.g. HfO;)
and a typical thickness of 3-10nm. The gate stack that we are studying is HfO,/Dy,0O3; grown
on n-type Ge with Pt gate electrode. In the present work we have noticed a formation of
germanate compound (Dy-Ge-0O) at the interface of Ge/Dy,0s, which is not shown here.

The first observation of leakage current in thin dielectric layers subjected to high electrical
stress field date back to the work of Maserjian and Zamani [8]. This current is commonly
termed as stress induced leakage current (SILC) [9]. SILC is one of the main limits in the
scaling down of deep submicron technologies; in fact SILC appears long before the
occurrence of hard and/or soft breakdown, further reducing the lifetime of devices. Moreover,
this SILC hampers the long-term reliability of non-volatile memories, leading to charge loss
from the floating gate [10-12] while it can affect dynamic logic and related components.
Many papers have been published studying SILC and its relation to device lifetime [8-10].
Quite often accelerated life tests of MOS capacitors are performed by applying a high
constant voltage at the gate contact (constant voltage stress, CVS) or by injecting a constant
current across the oxide (constant current stress, CCS) over a period of time. The degradation

of the oxide is generally monitored by periodically interrupting the stress to allow for
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electrical measurements, e.g. SILC, flatband voltage shift (Vzz), charge trapping, etc. Stress
induced leakage current (Jsc = Jy-Jp) is defined as the increase in oxide leakage current
density after a high-field stress (J,), as compared to the leakage prior to any stressing (Jy)

[13]. Generation of SILC is also modeled by different studies [8, 12-15].

In the present chapter, we report on the increase in the gate SILC during constant voltage
stress [12, 16] of HfO,/Dy,0s3 gate stack dielectrics. REOs such as Gd,0Os, CeO,, Dy,0;3,
La,0; have been leading candidates in the quest to replace the traditional SiO, gate dielectric
of MOS transistors with a material having higher dielectric constant (k=12~23) [6-7,17-19].
REOs can be directly deposited on Ge showing better electrical characteristics than Si with
low interface density (D;~10"? eV/em® or below) [17-19]. Unfortunately, till now all of the
REOs seem to share two deficiencies. First, they cause a SiO;-like interfacial layer to grow
when they are deposited on Silicon (Si) [20]. Second, they also produce electrical instabilities
in MOS devices. Electrical instabilities have been the subject of numerous experimental
studies [21-27], and it seems possible to interpret many of these as arising from the trapping
of charge somewhere with in the gate stack. The SILC variation that we have observed in our
study, can not be simply interpreted as a displacement current deriving from
charging/discharging of oxide defects close to the interfaces [8]. Charge trapping at the
interface between the two dielectric layers of a high-k gate stack is also studied as the two
layers have different compositions which means they will have also different conductivities
(and transport mechanisms). When the gate bias is applied, the application of a gate bias will
immediately produce a discontinuity in current density at the interface between the two layers,
causing charge accumulation there until, in steady state, the same current density flows
through the both layers. If the gate bias is removed, a discontinuity in current density will

again be produced, this time causing the charge to rush out of the gate stack [27, 29].
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5.3 Experimental

Dy,03/HfO, oxide stacks were prepared by atomic oxygen beam deposition on n-type
Ge(100) with resistivity ~0.02 Q-cm. Native oxide was desorbed in-situ under UHV
conditions by heating the substrate to 360°C for 15 minutes, until a (2x1) reconstruction
appears in the (RHEED) pattern, indicating a clean (100) surface. Subsequently, the substrate
was cooled down to 225°C where the oxide stacks were deposited. The surface was exposed
to atomic oxygen beams generated by an RF plasma source with the simultaneous e-beam
evaporation of Dy/Hf at a rate of about ~0.15 A/s. The total nominal thickness of the film was
approximately 11nm (10nmHfO2/1nmDy,03). MIS capacitors were prepared by shadow
mask and e-beam evaporation of 30-nm-thick Pt electrodes to define circular dots, 300 pm in
diameter. The back ohmic contact was made using eutectic InGa alloy.

The devices have been subjected to electrical stress under CVS conditions with the Keithley
617 meter. We took successive stresses of 1000s at two different fields (3MV/cm, 4MV/cm).
After each stress cycle the gate bias was interrupted for a while in order to measure current
density-gate voltage (Jo-V,) and current density-stress time (Jg-f) curves, with the
simultaneous acquisition of a high frequency (4f) capacitance— voltage (C-V) curve for the
determination of the flatband voltage shift (4VFrz) by using a pulsing technique (also known as
‘stress and sense’), more details are described elsewhere [30]. The C-V measurement was
obtained using an Agilent 4284A LCR meter. Fresh devices were used for each stress

measurement.

5.4 Results and discussion

The current density (J,) as function of time (7) is shown in Fig. 1(a) at CVS condition, where

constant stress field is 4MV/cm and the solid line is used as a guide line to the eye. The
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experimental result shows initially the current density (J,) decrease until to a turn around
point, after that it follows an increase of J,, finally reaches a saturation value of J, with
respect to stress time (¢). The possible explanations of Fig.1 are following:

(1): we observed in the first few seconds a decrease of current and then an increase of stress
current, the current passes through a minimum, which could seem to indicate the creation of
positive charges as well as filling at the pre-existing fixed oxide traps, responsible to the
decrease of current. After a few seconds of stress it reaches to a turn-around point, and then
the creation of negative charges (bulk/interface) responsible for the J; increase. Eventually
after long time stress it reached to breakdown (BD). To see the BD mechanism quite a long
time is needed, the result is not shown here. We conclude that the creation of new defects are
gradually increasing and then slows, finally the upward exponential curve reaches saturation.
(i1) This could also be explained with two simultaneous mechanisms together, namely,

Maxwell-Wagner instability [29] and relaxation effect of the bilayers [31].

This metal-oxide high-x behaviour is contributed by dielectric polarization/relaxation and
charge trapping/detrapping together. In the experimental data, the J, noise level could be
explained with the above mechanism Maxwell-Wagner instability [29] that we have detailed
before. While at low stress field (3MV/cm) we notice the slight decay of current with respect
to stress time (Fig.1b). The change of the J, is almost negligible, could be a random
trapping/detrapping mechanism and after 479s we notice a sudden increase of J, may a soft

breakdown (SBD), finally J, remains the same leakage level.
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Fig. 1: The Fig.1 (a) shows current density (Jg) versus stress time (t) graph at high field.
Initial current decrease and final transient increase are observed. The solid line is guide line

to the eye. While a Jy as a function t at low stress field displays in Fig 1(b).

After a quite long time J, starts increasing, the result is not show here. Interesting thing that
we have noticed in the measurement is sometime the J, increases and sometime decreases
keeping the current leakage level almost of the same order could be referred as noise;
basically the J, trend is decreasing with respect to stress until a long stress time, which is not
fully understood. This could be explained as contributions of both relaxation and Maxwell—

Wagner instability together [32]. The charges are accumulated at the interface of the gate
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stack; suddenly find a percolation path causes increase of J, and/or detrapping path decreases
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Fig. 2: The figure shows the gate current density J, vs bias V, before and after high uccessive

stress.

Stress induced leakage current (SILC) through the gate dielectric of a MOS capacitor causes
an additional power consumption which, although tolerable in currently used technologies, is
unwanted especially in low-power applications; there it may become a reliability issue in
those deep-submicron technologies where SILC dominates over tunnelling current. We have
introduced previously CVS and SILC. The CVS method [1, 5, 15] was used to study the SILC
at various stress fields (E£,,) with respect to time. Two different stress fields (3MV/cm and
4MV/cm) were applied on the same area of 7x10™ cm? of different capacitors successively,
immediately after each stress the leakage current density (Jg) as a function of gate voltage (V)
i.e. Jo-V, curves were also measured. Fresh capacitors were used for these measurements

during each different stress field.
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Gate current density (Jg) as function of applied gate voltage (V) are shown in Fig.2, where J,-
Vg curves were taken after each stress of 1000s at 4MV/cm. The increase of current density is
distinctly exemplified after each stress and from the curves we notice SILC. It is the increase
in low-level leakage across a thin gate oxide after the oxide has been subjected to a high
electrical-field stress. SILC (Jincrease) €an be given by J,-J,, where J, and J, are the gate current
densities at a given bias before and after stressing the device respectively. However the
different behaviour was observed at low stress field (3MV/cm) case which is illustrated in
Fig. 3 where shows J,-V, curves of fresh and after successive stresses on the device. Here we
have observed that the current decreases slightly as function of stress time (i.e. charge
injection), resulting in negligible and insignificant SILC. So that infers SILC is field
dependent, i.e. at high stress field creation of new defects is evident [9] and on the other hand,
at low field it explains anomalously [33]. This means that there is no SILC at low stressing
which perhaps is opposite from higher stress; and that SILC contributes mostly in gate
leakage current. Also it is worth mentioning that the leakage current density at 1V+Vg; is
found to be around ~10®°A/cm?, which is very low level leakage current indicating a good
integrity of the gate stack.

When the applied CVS field is low (Fig. 3), we have observed that SILC is slightly
decreasing, virtually is negligible. Two mechanisms can be claimed as responsible for SILC
decay [29]: (a) “clogging” of oxide neutral defects and (b) trapping of negative charge in the
bilayer interfaces. Based on the first mechanism, electron trapping could likely occur just on
the weak spots, which arbitrate SILC. Later, a local relaxation of oxide lattice may lead to the
annealing of the defect, resulting in the either weak or strong bond. It is also possible that
relaxation could result in such a deep trap, that electrons are no longer available for SILC
conduction. Alternatively, electrons could be trapped also by deep defects other than those

directly involved in the tunnelling transport.
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negligible SILC values.

The SILC generation kinetics follows a universal power law [34].

Sin(Jg,. )/ 50, =K.N;, . (5.1)
where, K, is a parameter that depends on oxide thickness and oxidation technology,
Ninj=0ini/q; Niyj is the number of injected charge, Qi is the total charge injected, g=1.6x10""C

is the elementary charge, where the injected charge (Q;y) is calculated from the fundamental

equation:

0, = |7 () (5.2)
0

here, J, 1s current density. The kinetics law applies to all constant voltage stressed devices,

regardless of their oxide thickness or oxidation process. Integrating Eq. (5.1) we find

Tsue =J o expl=D/0) (5.3)
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in which, a= -(v-1), D=K./a, while Js is an integration constant. The power law describes

well the experimental behavior of SILC, predicting saturation at a value Jy,,.
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Fig. 4: Experimental data of SILC (symbol) and corresponding simulation (solid line) obtain
from Power Law Model (Eq. 5.3) after CVS at 4MV/cm.

for high injected charges. The parameter K, appearing in Eq. (5.1), and also in D in Eq. (5.3),
is related to the growth rate of SILC. Fig.4 shows the stress induced leakage current (Jsic)
versus injected charge (Q;,) during the stress. We use Eq. (5.3) to fit our experimental data
(Fig. 4). The value of v is found to be -1.37 for oxide thickness #,,=11nm while the value of v
has been reported from -1.1 to -1.4 [16, 34].

Stress induced leakage current is used to monitor the oxide degradation and to predict the
oxide’s behaviour under low voltage stress. Oxide degradation is usually quantified by the
normalized excess SILC (4J/Jp) due to stress; also it is related to the injected charges across
the gate dielectrics. The normalized current density increase is defined as 4J/J,, where AJ=J,-
J,. One observes for different stress voltages that 4J/J, changes (increases or decreases) with

respect to the injected charges and follows a power-law [35]

AJ/J, = BQO] (5.4)

inj
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where, B and y are SILC related parameters obtained from our experimental data. B is the
leakage current cussed by the traps generated during stress and y corresponds to the trap
generation rate. The normalized excess gate leakage current (4J/4/,) is plotted as a function of
injected charge (Qi,j) at two different gate stress voltages. Each CVS was performed at room
temperature. Initially, at high field, in log-log plot, SILC increases linearly. Following a large
electrons injection (long stress time), usually SILC reaches to saturation. In the figure, at high
field (4MV/cm), SILC doesn’t reach perfect saturation; the injected charge is perhaps too low.
But, it interesting to note in Fig.5, at low stress field, we do not observe SILC variations, i.e.
equal to 0, so we may conclude SILC is almost negligible. Eventually, at low field, DiMaria
[14] did not observe saturation of SILC not even a decrease.

It was also reported initially the SILC was increasing linearly with electron fluence; at large
fluence the saturation of SILC was observed. In our study, as the positive high gate voltage is

applied, a large number of traps (or broken bonds) are generated within the gate dielectric
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Fig. 5: Normalized leakage current (4J/Jp) versus injected charge Q;,;, measured at two
different electric fields (4MV/em & 3MV/cm) after successive stress of 1000s with CVS
methods. Symbols indicate the experimental data and solid lines the fit by Eq. (5.4).
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layer and in the interface [36]. We assume that these traps are randomly occupied within the
oxide. When a critical number of traps are generated, they will form a percolation path
between the gate and the substrate, leading to a sudden increase in gate current which may
cause oxide breakdown [37]. In addition, the electrons injected from n-Ge substrate get
trapped in the pre-existing traps in the oxides. Under the long stress time, the number of
unoccupied trap states available for electron trapping will decrease and the decreased number
of available traps will reduce the net trapping rate so that the SILC becomes saturated after
the initial stress time [33]. Fitting Eq. (5.4) to the experimental data we have found the value
of y for 3MV/cm and 4MV/cm to be -0.1 and 0.89 respectively. So, at low field the negative
value indicates the creation of a few interface traps and the pre-existing traps at the interface
of the gate stacks are filling-up; as a result, there are not enough defects/traps available. On

the contrary, at high field it indicates a high rate of creation of new traps in the bulk of the

oxide.
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Fig. 6: Flatband voltage shifts AVrp versus injected charge fluence Qi at two CVS electric

fields (3MV/em & 4MV/cm). Symbols indicate the experimental data and solid lines the fit by
Eq. (5.5).
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Maserjian and Zamani reported that charge assisted tunneling by the charge build-up in the
oxides resulted in excess current during stressing [8]. The oxide trap charge build-up (Qo¢) can
be measured from the flatband voltage shift, using hf C-V technique. It has also been reported
that flatband voltage shift (4Vzp) is a tool to calculate the trapped charge (Q,r = AVEsCoy [38],
where C,y 1s oxide capacitance) in the bulk of the oxide during CVS [39]. In analogy to Eq.
(5.4), the flatband voltage shift and injected electron fluence can be expressed as empirical

power-law according to Kumar [39] as:

AVyip = AV, O (6.5)

max Zinj »
here, AV,..x 1s a constant, which is defined as the maximum flatband shift during each stress
and o is the exponential power. Fig. 6 displays the flatband voltage shift (4Vxp) as a function
of injected electron fluence (Q;,) at two different fields, which investigates the oxide charge
build-up [15]. At low field (3MV/cm) A4Vgg is higher than that of high field (4MV/cm). So at
low field more negative charges are trapped although at higher field the charge trapping is
less. During low stress field the charge build-up is dominant process to the creation of new
traps/defects, while at higher field the charge trapping mechanism is rather faint. Fitting Eq.
(5.5) to the experimental data, we found the 6 values to be 0.15 and 0.41 for 3MV/cm and
4MV/cm respectively. The compatible results (6 = 0.1 ~ 0.9) have been reported from other
researchers [40-42]. In a recent work [30], it was reported that at higher stress field the
amount of trapped charge is more than that of at low stress field, which is different from our
present work. It is not quite understandable, could be that the present dielectric is gate stack
(HfO,/Dy,03) while other was single layer (CeO,). It is also noticeable that the amount of
trapped charges of the present gate stack is lower than that of CeO, single layer. As we
mention before, due to different-x dielectric layers there was present the Maxwell-Wagner

instability and in the same time because of the gate stack of high-x HfO, (x~25) with Dy,0;
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(x~12-14) the relaxation effect was present. We have noticed that at low stress field the
relaxation is more effective mechanism in this gate stack [32]. However, in this structure of
gate dielectrics there were basically three layer e.g. germanate (Dy-Ge-O), Dy,O3 and HfO,
(result is not shown here), so finally there were three interface where the charge trapping was
dominant mechanism. Similar relaxation effect was also observed in other gate stacks e.g.

HfO,/S10, [22, 29], ZrHfO/S10; [31].

5.5 Conclusions

In the present work we have investigated reliability issues of the gate stack of HfO,/Dy,03
namely stress induced leakage current, flatband voltage shift and charge trapping in the
interface of bilayers. It was the first time, to our knowledge that this gate stack on Ge
substrate was studied. The value of leakage current density at 1V+Vpp was extremely low
(~10"*A/cm?), which indicates good dielectric property of the gate stack. Studying SILC we
found that at high field it increases and obeys a power law; on the contrary, at low field it was
not visible. Moreover, at high field, initially (under CVS) there was more charge trapping at
the pre-existing traps at the bulk/interface followed by the creation of interface defects and
later was the creation of a large number of neutral defects which cause SILC. This elucidates
the correlation of charge build-up and SILC. We have found from our study that at low stress
charge trapping is a dominant process over SILC, while at high stress field situation reverses
1.e. charge trapping is faint but SILC is prevailing. The characteristic SILC phenomenon is
observed regardless of substrates (either Si or Ge) and has a similar behaviour. The power law
models of SILC proposed for Si-substrate could be used for Ge substrate. From the
experimental evidence, low SILC betokens for the future high performance, reliable gate

stacks for CMOS Technology.
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Chapter 6

“Investigation of voltage dependent relaxation, charge trapping and stress
induced leakage current (SILC) effects in HfO,/Dy,0; gate stacks grown on

Ge (100) substrates”

6.1 Motivation

In this chapter we investigate the voltage dependent relaxation effects and charge trapping
characteristics of Pt/ HfO,/Dy,03 /p-Ge MOS devices. The devices have been subjected to
constant voltage stress (CVS) and show relaxation effects in the whole range of applied stress
voltages (-1 to -5 V). We observe charge trapping is negligible at low stress field while at
higher fields (>4MV/cm) it is significant. Also interesting is the fact that the trapped charge is

negative at low stress fields but changes to positive at higher fields.
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6.2 Introduction

Although the initial transistors were germanium-based, over the last four decades silicon is
the most widely utilized semiconductor for electronics. Pure Ge offers 2y higher mobility for
electrons and 4y higher mobility for holes with compared to Si. In order to keep up with
scaling requirements set by ITRS, gate dielectrics with higher (~25) permittivity, like HfO,
are used as a replacement of SiO; [1]. Germanium is highly reactive with HfO,, which may
lead to Ge diffusion into the HfO, dielectric [1]. One possible solution is the use of rare earth
oxide dielectrics as passivation layers, which are “friendly” with Ge and can be directly
deposited on it [2], capped with a higher-k dielectric to improve scalability. It has been shown
that Dy,0Os can efficiently eliminate Ge diffusion originating either from the substrate or
interfacial layer. It also reduces the charge trapping effects while improving the Equivalent

Oxide Thickness (EOT) [3].

Another serious problem that arises when gate stacks of high-k dielectrics are used in MOS
devices is that they all produce electrical instabilities in MOS devices [4]. This is a major
device reliability issue since it causes threshold voltage (Vry) shifts and drive current
degradation over device operation time. Many of these instabilities could be interpreted as
arising from the trapping of charge somewhere within the gate stack. In particular, the high-
speed experiments of Kerber et al.[5-6] seem to paint a vivid picture of electrons filling up a
gate stack when a gate bias is applied, then rushing out after the bias is removed, producing
dramatic instabilities in the drain current of transistors at short timescales. By cycling the gate
voltage on and off [4-6], one also observes gradual shifts in the properties of devices,
implying that the electrons that flow into the gate stack while the bias is on do not have time

to flow out completely when the bias is off. For high-x gate stacks to be suitable for
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commercial devices, these electrical instabilities must be eliminated, so it is imperative to
understand why charge trapping takes place.

Two effects are known to produce such instabilities in MOS devices, namely the Maxwell-
Wagner instability and the relaxation effects of the various gate dielectrics. They both give a
J~t" behavior which is strongly voltage dependent [4-7]. Moreover; they are usually both
present at the same time making the corresponding analysis a very complex task. This is also
the main subject of the present work. The studied Pt/ HfO,/Dy,03 /p-Ge MOS devices have
been subjected to constant voltage stress (CVS) conditions at accumulation and they show
Maxwell-Wagner instabilities and relaxation effects as well as charge trapping at pre-existing

bulk oxide defects.

6.3 Experimental

Dy,03/HfO, oxide stacks were prepared by atomic oxygen beam deposition on p-type Ge
(100) substrates. Native oxide was desorbed in-situ under UHV conditions by heating the
substrate to 360°C for 15 minutes, until a (2x1) reconstruction appeared in the (RHEED)
pattern, indicating a clean (100) surface. Subsequently, the substrate was cooled down to
225°C where the oxide stacks were deposited. The surface was exposed to atomic O beams
generated by an RF plasma source with the simultaneous e-beam evaporation of Dy/Hf at a
rate of about ~0.15 A/s. Two different samples were prepared for the present study. Sample A
had a single (~10nm thick) Dy,Os layer while the total thickness of the dielectrics of sample
B was approximately 7nm (5nm HfO, / 2nm Dy,03). MIS capacitors were prepared by
shadow mask and e-beam evaporation of 30-nm-thick Pt electrodes to define circular dots,

200 um in diameter. The back ohmic contact was made using a eutectic InGa alloy.
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The devices have been subjected to electrical stress under CVS conditions at accumulation.
Successive stress cycles of 500s at different gate voltages were applied with the Keithley 617
meter which was also measuring the corresponding current with time. After each stress cycle
the gate bias was stopped in order to measure either the current-voltage (/;-V,) curves or the
high frequency (f=100 kHz) capacitance-voltage (C-V) curve for the determination of the
flatband voltage shift (4Vrp). The latter measurement was obtained with the Agilent 4284A

LCR meter.

6.4 Results and Discussion

Typical C-V curves of the MOS capacitor with the gate stack dielectric are illustrated in Fig.1
(a, b). In order to measure the trapped oxide charges immediately after stopping the stress
pulse, the curves were obtained from accumulation to inversion and backwards. Nevertheless,
the important electrical properties of the capacitors do not show substantial differences from
the C-Vs acquired in the opposite way (i.e. from inversion to accumulation and backwards).
Taking into account quantum mechanical corrections, the calculated EOT values were 2.68nm
and 1.93nm for sample A and B respectively. The hysteresis of C-V curve was rather large
(around 400mV at midgap) and a large density of slow interface traps is evident even at ac
signal frequencies as high as 100 kHz. The corresponding current-voltage (/-V) curves show
very small leakage currents (around 10nA/cm” @ Vrp-1V). Important information comes from
the structural analysis of the films which evidences the presence of a thin amorphous
interfacial layer consisting mainly of Ge-O-Dy phases. Hence both samples must be

considered as gate stacks.
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Fig. 1: High frequency C-V (=100 kHz) before and after the application of ten consecutive
CVS cycles of 500s each on sample B (Pt-5nm HfO, / 2nm Dy,03/p-Ge). Stress voltage is low
in (a) a moderate in (b). Positive Vg shifts in (a) indicate trapping of electrons in the bulk of

the oxides while negative shifts in (b) indicate the oppositely.

The interesting result from the analysis of the high frequency C-V curves (Fig. 1(a, b)) is that
when the applied stress voltage is rather low, the trapped charge in the oxide is negative (i.e.
AVep shift is positive) while at moderate stress voltages the relevant negative shift of the C-V
curves indicates positive charge trapping. The same results have also been obtained for the

single Dy,0Os3 layer. There are two possible explanations of the observed phenomenon:
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a) As the gate voltage during the stress pulse is always negative, electrons are injected into the
dielectrics from the metal. At low voltages these electrons are trapped in pre-existing defects
and the fields across each dielectric are not high enough for these electrons to escape towards
the p-Ge substrate (assuming the usual Poole-Frenkel or Trap Assisted Tunneling transport).
At higher stress voltages the situation is different in the sense that even the electrons already
trapped in the oxides are able to escape towards the substrate, thus leaving a net positively
charged dielectric.

b) The fact that the two layers of a high-k gate stack are different materials means that they
also have different conductivities. Then, the application of a gate bias will immediately
produce a discontinuity in current density at the interface between the two layers, causing
charge to accumulate there until, in steady state, the same current density (J.) flows through
both layers. If the gate bias is removed, a discontinuity in current density will again be
produced, this time causing the charge to rush out of the gate stack [4]. Another aspect worth
noting is that, because the conductivities of HfO, and Dy,0; thin films depend differently on
field, either layer can have the higher conductivity, depending on the choice of gate voltage.
Frohman-Bentchkowsky and Lenzlinger [8] caused the sign of the trapped charge to switch by
varying the gate voltage of similar (gate stack) structures. This effect was predicted from the
independent measurements of the conductivities of the two layers [4, 8]. A similar change of
sign might have already been observed in HfO,/SiO, gate stacks.® Furthermore, in a previous

work [9], we observed the same effect on MOS devices with CeO; as the gate dielectric.
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In order to understand better which mechanism is responsible for the voltage dependence of
AVpp, the transient response of the current during the application of the stress pulse was

measured. Figure 2(a, b) illustrates the current density J, versus stress time t curves after the
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Fig. 2: The figures illustrate absolute current density J, as a function of stress time t.
Comparison of transient current behavior during the application of the first and the 1 0"
stress pulse. The applied gate voltage bias and the corresponding fields are low for both
samples (A & B). The solid lines show the corresponding t" behavior.

application of low gate voltage pulses on both samples. It is evident that in all cases the decay
of current follows a " law with n values ranging from 0.5 to 1. Additionally, the n values

increase after each new stress cycle reaching a value of 0.9 after 10 cycles. The fact that the
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initial value is far from unity indicates that a Maxwell-Wagner instability (following the
terminology used in [4]) is present along with the usual dielectric relaxation of the high-x

dielectrics. In the latter case the relaxation current decays with time following the Curie-von
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Fig. 3: Figures show the absolute J, vs t, the comparison of the transient current behavior
during the application of a stress pulse at a higher gate voltage bias so that the
corresponding fields are moderate for both the samples A & B (figures a & b respectively).

The solid lines are best fit to the experimental data according to a model described in the text.

Schweidler law[10]: J./P=at" , where J, is the relaxation current density (A/em?), P is the

total polarization or surface charge density (V nF/cm?), « is a constant in seconds and 7 is a
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real number close to 1. The gradual increase of n could be attributed to the fact that the
Maxwell-Wagner instability becomes less important after each stress cycle and the relevant J,
values decrease so that, after 10 consecutive cycles, it is the dielectric relaxation current that
dominates. One reason for that is the gradual change of the conductivities of the various
dielectric layers due to charge trapping in preexisting bulk oxide defects. Another observation
supporting the above analysis is the fact that the initial » value of sample B is considerably
higher than that of sample A. The former structure contains a HfO, layer with a higher
dielectric constant (k~25) than that of Dy,0s. Therefore the dielectric relaxation effects are
expected to be stronger in the case of sample B.

The situation is different at higher applied voltages. As illustrated in Fig.3, the application of
moderate to high stress voltages does not result in relaxation effects for the MOS device with
the single Dy,0; film (sample A). The transient current behavior is now governed by charge
trapping at preexisting bulk oxide defects. On the contrary, application of similar stress
voltages on the capacitor with the HfO,/Dy,03 stack show the coexistence of all different
mechanisms separated only by the different time scales of each one. Therefore, during the
first 32 seconds after the application of the pulse the current density J, decreases with time
due to the relaxation mechanisms, following a " law with n values as low as 0.5. At the same
time the magnitude of the leakage current that flows through the dielectrics is 2-3 orders of
magnitude higher than in the case of low stress voltages. Therefore the charge trapping effects
become more significant and the J, values start to increase following a model originally
proposed by Nigam et al.[11] to explain charge trapping in MOS devices with thin gate stack
dielectrics. According to this model, the transient behavior of J, with time of sample A
(Fig.3a), can be explained by taking into consideration both trapping on preexisting bulk
oxide defects (with a characteristic time constant 7) as well as creation of new defects due to

electrical stressing (which follow a power law Je~t5). However for sample B, only charge
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trapping must be considered for best fitting of the experimental data (Fig. 3b). In addition, the
time constant 7 is one order of magnitude greater (7 ~ 260s) for sample B than for the structure
containing only Dy,0s. This is an interesting result as it shows that there are different types of
defects in the two oxides. Furthermore, the overall better insulating properties of HfO, are

confirmed as

Current density Jg (uAlcmz)
o

.01 +-r+r—"+—rr—""+rr———r—————
1 10 100 1000 10000

Stress time t (s)

Fig. 4: Current density J. as a function of stress time t for sample B at moderate/high CVS
conditions applied for very long times. The device shows initially relaxation behavior, then
(for t>90s) charge trapping to the preexisting traps in the oxide takes place which eventually

leads to breakdown.

sample B, although stressed at slightly higher electric fields, shows negligible rate of creation
of new defects. Finally both devices have been subjected to very long CVS conditions at
moderate gate voltages. Figure 4 shows that sample B reaches hard breakdown after a number
of soft breakdown events and a total stress time of 18000s. On the contrary the single Dy,03
layer (not shown here) required substantially longer periods of time in order to collapse which
is probably attributed to the different breakdown mechanisms occurring in the two oxides.
One possible explanation is that in the case of the gate stack dielectric one of the oxides (most

probably the thinner Dy,03) goes to breakdown first, leading to a major redistribution of the
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corresponding fields. Thus the field across the other dielectric (HfO,) increases abruptly
leading to a second relaxation effect. This time soft breakdown (SBD) effects appear which
eventually lead to a hard breakdown of the second layer and the MOS capacitor itself.

Nevertheless this effect needs to be studied in more detail.

6.5 Conclusions

Charge trapping and relaxation characteristics of Pt/ HfO,/Dy,0; /p-Ge gate stacks were
studied by means of CVS measurements. At low applied stress voltages two independent
electrical instabilities were observed, namely the Maxwell-Wagner instability and dielectric
relaxation. While both effects were present simultaneously, the increase of the applied voltage
and/or the repetition of the stress cycles lead to a change of the relative magnitude of each one
separately.

Another aspect of the studied structures worth noting is that because the conductivities of
HfO, and Dy,0; thin films depend differently on field, either layer can have the higher
conductivity, depending on the choice of gate voltage. Then, by varying the gate voltage, the
sign of the trapped charge switched from positive to negative, an effect that was predicted but
rarely reported for high-k gate stacks.

Finally, at moderate to high stress fields the dominant process is charge trapping and creation
of new defects (SILC). The analysis of the transient behavior of the current density in this
case revealed the existence of two different trapping centers in the two dielectrics at least in

terms of the relevant capture cross sections.
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Chapter 7

Conclusions

In the present thesis reliability issues as well as electrical characteristics of rare-earth oxides
(REOs) and their gate stacks grown on Germanium substrates have been investigated.

Reliability issues such as charge trapping characteristics, stress-induced leakage current
(SILC), dielectric degradation, dielectric relaxation, Maxwell-Wagner instabilities are studied
applying a ‘stress and sense’ technique. It very important to note that the charge trapping is
dominant mechanism at low stress field in CeO, while at higher filed SILC was important.
The capture cross section of the traps to be around -10"%~10"° cm? signifies the traps are
neutral and deep traps. The charge trapping and SILC are simultaneous effects when the
device is under bias, while the device under bias, yet they are quite different from those
observed on Si/SiO, structures. The important findings are the charge trapping effect in
Ce0,/Ge device is on the order of six times more that observed in Si/Si0,. It is found that at
higher field the SILC is significant while at low field it is negligible. Also it is reported that
charge trapping and SILC effects can be well described by the Nigam model. Also current
conduction mechanisms in CeO; have been reported and Schottky emission describes at low
stress field as the band gap of CeO, is low (3.3eV), on the other hand the conduction
mechanism at higher field is Poole-Frenkel mechanism. The Schottky emission barrier height
for CeO; is found to be 0.91+0.02eV while trap depth is around 0.6+0.03eV.

The stress-induced leakage current (SILC) is also studied for Pt/HfO,/Dy,0;/Ge
devices. The similar result like CeO,/Ge device is observed, while the SILC follows a power
law at higher field. The dielectric relaxation (DR) is investigated in Pt/HfO,/Dy,0;/Ge

devices. Usually, DR follows a ~t" behaviour when MOS device shows only DR, and the
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value of # is unity. The n value found for gate stack (HfO,/Dy,0s3) is less than unity (0.7-0.9)
during the device under constant voltage stress. One important finding is that DR is not only
one single event, and is combined effect together with charge trapping. With the stress time in
progress on the devices the charge trapping become important. High-« bilayer gate stack itself
is the cause of charge trapping at the interface of the two dielectrics. As gate stacks compose
of two different layers, which means that they will also have different conductivities, so
charge will accumulate there at the interface between two different dielectrics until, in steady
state, the same current density flows through both layers, and this so called Maxwell-Wagner
instabilities. It has also been reported that at low stress field the Pt/HfO,/Dy,03/Ge devices
shows DR behaviour while at higher stress fields this is absent; neverthless, at the higher field

the charge trapping is prevailing over other mechanisms.
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Chapter 8

Future Works

We have indeed proved the simultaneous effects of dielectric relaxation and Maxwell-Wagner
polarization are present in Pt/HfO,/Dy,03/Ge (for both n and p type) gate stacks. It is very
important to study the other gate stacks such as Pt/HfO,/CeO,/Ge, Pt/HfO,/Lay,03/Ge and
make a compression among all gate stacks for the same effects. As we observe that the bilayer
gate stacks itself is the cause of charge trapping which also causes dielectric relaxation, if
these similar effects are also present in other devices, for example, Pt/HfO,/CeO,/Ge,
Pt/HfO,/Lay,05/Ge, and then the engineering of gate stacks need to go for further extensive
investigation.

A comparative study of charge trapping-detrapping characteristics of rare-earth oxides (e.g.
Pt/CeO,/n-Ge, Pt/Dy,03/p-Ge, Pt/La;03/Ge) is very important as rare-earth oxides are using
as interfacial buffer layer in a gate stack grown on germanium substrates (as an alternative

new approach) .

217






CURRICULUM VITAE

Md. Shahinur Rahman

Department of Physics
University of loannina
45110 loannina, Greece
E-mail: rshahin@cc.uoi.gr,
rshahinur@gmail.com
Tel.: +30 2651098498
Fax: +30 26510 98677

PERSONAL

* Date of birth: 30 October 1976.

* Place of Birth: Narail, Bangladesh.

* Marital Status: Married.

* Children: One son.

EDUCATION

* 2005-2009 PhD Physics, Department of Physics, University of loannina, Greece (Thesis

advisor: Prof. E. K. Evangelou).
* 2000-2002 M.Sc. Physics, University of Dhaka, Bangladesh, Grade: First Class.
* 1996-2000 B.Sc. (Honours) Physics, University of Dhaka, Bangladesh. Grade. First Class.
* 1993-1995 High School, Grade: First Division”.

RESEARCH INTERESTS

Reliability characterization of MOS devices, Semiconductor Physics, Radiation damage on

MOS.

TEACHING EXPERIENCE

* 2007: University of loannina, Department of Physics. Lab assistant in undergraduate course
Analog Electronics.

* Aug. 2002-Feb. 2005: Physics Teacher, High School, Dhaka, Bangladesh

219



FELLOWSHIP & SCHOLARSHIP

* Greek State Scholarships (IKY) fellowship for Doctoral Study (PhD) (Mar.2005-Feb. 2009)
* Undergraduate & postgraduate Scholarships, Dhaka University, Bangladesh.

* Bangladesh Sena Kallan University Scholarship.

* Bangladesh Secondary & Higher Secondary Education Board Scholarship.

* Bangladesh Primary School Scholarship.

PAPERS IN REFEREED JOURNALS

[1] M. S. Rahman, E.K. Evangelou, A. Dimoulas, G. Mavrou, S. Galata;
“Anomalous Charge Trapping Dynamics in Cerium Oxide grown on Germanium substrate”,
Journal of Applied Physics, vol. 103 (2008), p. 064514.

[2] M.S. Rahman, [.I. Androulidakis, E.K. Evangelou;
“Reliability Measurements of Germanium based MOS devices”, The 22" Natl. Confc. Procs.
Solid State Physics & Material Science, Patras-Greece, 2006, pp.57-60.

[3] E.K. Evangelou, M. S. Rahman, A. Dimoulas;

“Correlation of charge build-up and stress induced leakage current in Cerium oxide flims on
Ge (100) substrate”,

IEEE Transactions on Electron Devices, vol. 56, no. 3, pp. 399-407, 2009).

[4] E.K. Evangelou, I. Androulidakis, G. Papalambrakopoulos, M.S. Rahman, D. F.
Anagnostopoulos, and A. Dimoulas,

The 24" Natl. Confc Procs. Solid State Physics & Material Science, Crete-Greece, 2008,
pp.191-192.

[S] M. S. Rahman, E.K. Evangelou, I.I. Androulidakis, A. Dimoulas, G. Mavrou, P. Tsipas;
“Investigation of voltage dependent relaxation, charge trapping and stress induced leakage
current (SILC) effects in HfO,/Dy,0; gate stacks grown on Ge (100) substrates”,

Journal of Vacuum Science & Technology-B, 27(1), pp. 339-342, 2009.

[6] M. S. Rahman, E.K. Evangelou, I.I. Androulidakis, A. Dimoulas,

“Study of Stress Induced Leakage Current (SILC) in HfO,/Dy,0O; high-k gate stacks on
Germanium (100)”,

Microelectronics Reliability, vol. 49, pp.26-31, 2009.

[7] M. S. Rahman, E.K. Evangelou, I.I. Androulidakis, A. Dimoulas,

“Current Transport Mechanism in High-k Cerium Oxide (CeO,) Gate Dielectrics Grown on
Germanium (Ge)”,

Electrochemical Solid-State Letters, 12(5), pp. H165 - H168 (2009).

220



[8] E.K. Evangelou, M. S. Rahman, [I. Androulidakis, A. Dimoulas, G. Mavrou, D.F.
Anagnostopoulos, R. Valicu, G.L. Borchert , “Structural and Electrical Properties of HfO, /
Dy,0; Gate Stacks on Ge Substrate”, (acpted for publication in Thin Solid Films).

PRESENTATIONS IN SCIENTIFIC CONFERENCES

[1] M. S. Rahman, E.K. Evangalou, I.I. Androulidakis, “Study of the measurements of
Reliability of Germanium based MOS devices,Pt/HfO,/Dy,0s/n-Ge”. 22™ National
Conference on Solid State Physics & Material Science, Patras-Greece, 24-27 September 2006.

[2] M. S. Rahman, E. K. Evangelou, I.I.Androulidakis, B. Katsifas, “Interface State
Dynamics and Reliability of MOS devices - Cerium Oxide based on Germanium Substrate”,

4th International Workshop on “Nanosciences & Nanotechnologies”(NNO07), Thessaloniki-
Greece, 16-18 July, 2007.

[3] M. S. Rahman, E.K. Evangelou, D.F. Anagnostopoulos, I.I. Androulidakis, G.L.Borchert
and R.Valicu, “Structural and Electrical properties of HfO, / Dy,0; gate stacks on Ge (100)”,
The 14th International Symposium on Metastable and Nano Materials (ISMANAMZ2007),
Corfu Island-Greece, 26-30 August, 2007.

[4] M. S. Rahman, E.K.Evangelou, I.I.Androulidakis, S.Galata G.Mavrou, A.Dimoulas and
D.F. Anagnostopoulos, “Reliability Characteristics of Rare Earth Oxides and their Gate
Stacks on Germanium Substrate”. 23" Natonal Conference on Solid State Physics & Material
Science, Athens-Greece, 23-26 September 2007.

[S] M. S. Rahman, E.K. Evangelou, L.I. Androulidakis, A. Dimoulas, G. Mavrou, P. Tsipas,
“Investigation of voltage dependent trap generation, charge trapping and stress induced
leakage current (SILC) in high-k HfO,/Dy,0; gate stacks on Ge (100) MOS devices”, 15"
Workshop on Dielectrics in Microelectronics, June 23 — 25, 2008 in Bad Saarow (Berlin),
Germany.

[6] E.K. Evangelou, I. Androulidakis, G. Papalamprakopoulos, M. S. Rahman, D. F.
Anagnostopoulos, and A. Dimoulas, «Optimization of Electrical Characteristics of
HfO,/Dy,0; Gate Stacks Grown on Germanium Substrates”, XXIV Panhellenic Conference
on Solid State Physics and Materials Science Heraklion, Crete, September 21-24, 2008.

221







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


