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Abstract

This thesis reports on a study into the fabrication of metal oxide silicon field effect
transistors using electron beam lithography to pattern features with dimensions down to
100nm and below. The study is in an area of extensive research, with devices at these

dimensions of interest for future generations of integrated circuit manufacture.

The design and construction of a high resolution electron beam system is reported. The
system is based on a very high resolution scanning electron microscope equipped with a
thermal field emission gun. Chemically amplified resist processes, for electron beam
lithography, have been characterised for silicon device fabrication and sub 100nm patterns

have been demonstrated.

The development of a fabrication process for silicon devices, with dimensions down to
100nm, is described. The process uses electron beam lithography for all levels of

patterning and electrical measurements are reported for a range of the fabricated devices

Devices fabricated in this study are used to explore a novel width modification technique
using focused ion beam milling to reduce the current drive of individual transistors. The
transistors are characterised before and after modification and electrical measurements are

presented which provide the basis for a new chip modification strategy.



Declaration

I declare that this thesis has been completed by myself and that, except where indicated to

the contrary, the research documented is entirely my own.



Acknowledgements

I would like to thank everyone in the EMF who has helped to make this piece of work
possible. Particularly my supervisor, Dr. Clive Reeves, for his excellent guidance and
assistance, especially for finding time when there were more pressing matters to be dealt
with. Thanks also to Alan Gundlach, Tom Stevenson and Alec Ruthven for maintaining
the processing equipment and always helping with the constant requests for wafer

processing.

Thanks to my parents for all the support and encouragement through the many years of
education, none of my achievements would have been possible without it. Also, to my

brother, whom I now expect to sit down and read this ‘Ph-amphlet’ from cover to cover.

To all the people down in the terrapin, past and present, I thank you for putting up with
me and helping out with all the problems and questions. Thanks also to Dot for the
cheerful and prompt stores service, nothing would have been built without it. I'm also
grateful to everyone who has spent their time reading this thesis and providing valuable

feedback, especially Professor Anthony Walton.

Finally, a special mention goes to all the members of Edinburgh University Boat Club,

especially Wally, Olly, Miles and Alex, for many good times and the odd pint or two!



Contents

GLOSSARY ...cvvveviernnncne L R L L PR PR ST v
LIST OF SYMBOLS .cccccisssicisssasssisoussansrsssnssonssenasasssussossssas 7 S I O S S o 5 SR IR vii
LIST OF FIGURES......c.cscuerurnmiesssssisnsssasssnssassasssnse serernsansdhsaRA e e sme s seudess ix
LIST OF TABLES RO LA xiii
1. INTRODUCTION ....ccevvreueransae T S D 1
1.1 HIGH RESOLUTION LITHOGRAPHY ...ccouiiiiiiiiiiiiiisniisninissssssiesssisssssssssnesssss s ssssessesssssasessssnssnsesses 1
1.1.1 Electron beam LithOgrapiy........cc.coueviieiieiiiniiniieisiesiesen st eaesn e s 2

LD NICOIS TET DEVIEES ok suthiiskuss woiss Trduavssvassasivsaesssnvasssias radh Lssmenroluos snsntbinss ihsnsmmsssn snmssnsmmenesunnssuosusiiles 3
LAY PROTEETATVES citi hiuvvisssnuisoniai fobadsouigsis o s s s 554550 10050 e b3S E R F A4 ErF V1 WHpon L4 a4 e Ernasa i cebum e 4

| 3 112 2607 o ) B 6 [ M L T S s oot PR RO O )

2. MOSFET DEVICE OPERATION ccicvisisscississccssessasasssissassassessassassssssassasssssassassassaassarsnssassnssnssasassons i
2.1 THELONG CHANNEL MOSFET........ uiiissssssisssssievensssessessieii oo sty 7
2.1.1 Basic MOSFET OPETALION .......cccovnessierssrsensresieseeteesiesinsssnesnsstesnessssnssssatesasasssbesanansatasansnions 8

2.1.2 IV characteristics of the MOSFET ........ccccoiiiiiiiiiciiniisses s ssssaeessssssens e essnnseae s 9

2.1.3 Threshold VOITAGE ......cccevvueereeaeieieriieiiiiciciicitccs it 16

2.2/ THE: SHORT CHANNEL MOSEET ..cccmsmmmmemsssnmasasmminmnrassiamonss i sonisssssvemmsassbressssestaons 17
2.2, I'Short:chaninel device DPEHAIIoN ... snewvivwossmsssirossasonswmsmmsssmnisiveinsdipaasmesessmmarsones 18

2.2.2 Device RERADHIIY i« sosssiviimsmmssiasomamssvinisdionssssasisissesios ivsseoovsia ivomavsndent vives nesvasvsssas iove 25

93 MEOSFET DEVICE SCALING i el tniisimeiitimrisms sitstasnssbabsse sossstayuisss ssass soas iiasiarivmianiesvaond 28
D30T SCQIENE STFQIBEIES | .ot ceviivssosstinsvi sovin s iussisas s e v h oS O DL s s VA S S5 s p B S s 28

2.3.2 High performance and low power scaling SCERATIOS ..........cocevvieeriiiniiieiiisissiniiesesens 30

2.3.3 ScAling projections......c.wwvvveisrsvimririineressiessesseeesseseessessenenss A WRTSE N 5 S A 31

2.4 PRESENT SILICON DEVICE RESEARCH....c.ccoiiiuiiiiiiiisissinimisniinesssis s ssnsssss s sssssss s ssssssssasse s 32
DS S TUNIVIARY s vusithaslviiis susins oiesunsiveios susssstmiaisuein s vosns sbasiess sina s ssssin s sasns susenssaniiansnsiniesnsssseimnsisnase 33

3. ELECTRON BEAM LITHOGRAPHY ....ccccvvinmisrincinninnncsnsisanessnns RERS— 34
3.1 ELECTRON BEAM LITHOGRAPHY SYSTEMS ....cciciumasisnissesscsnsssaraniorsessnsiastassnssasesssansosnsssisissssansassns 34
Sl A meneral SPSIOIL. v resrssprrs e Soop T O R T B T R s 34



Contents 1i

B2 HISTOTY OF eoDRAMY SYETEIS . csorusilisisivussasissorssnrareversns sisinnvsduienevussbuonsossos swassssns sandsea sgoreassons 35

3. I 3 CIIrTErt - Detm teohiolaRY somssnmmmmisametsssnmmn sl rssgs favies vHtssossivis sl Trecesviegagsresss 36
32 AL TERNATIVE X POSURE TECHNIOUES o usmesiivivsnsvivsvesssssioss somassisossi0aviesvms Svaviass rovvasmonssasios sasts 38
3. 2. P Optical THROZEADIY oo s essssrncisesssssisisd s 180Te o085 1475555558 AV AP R ST AT SRS e A o0y 38
32 D st T RO BTADNY inr vt awmscbrasehsratpmssisnsassnsaommsspasinssshssoddhint fish o it s bmen AR S COinAR Rvoaa F R 39
3.3 E-BEAM EXPOSURE PRINCIPLES ......ccuesutsuimmesserssismsssirsissssersssssserseesnsssesssesessensssssessassesensassenss 42
3.3.1 Bedm ProJectiOiSYSIEIN. .« uemsivissssborcsssssosisanssannssssassosenisaresssosssssarasnsysbensesonsessninrasenssnnrss 42
F:3:8 ReFIst TECHIOTOEY v it e csn il s lhillsis shspisoimssaais dussbassviasa Poksd sl ysashus Gobaassgsido sbssbanos s wssdhd 45
G B Y L R A P LTe e RENCRRER QU St e N ST SIUIE PRSP e 0 A sy 48
4. EDINBURGH ELECTRON BEAM LITHOGRAPHY SYSTEM ... 49
4. 1 GENERAT., OPBRATION ... ..resresnsssrenrsnassnssrersnsimmssssht s 81008 s maaseons Gl v s sssnass oo o vonsvons 49
o L SyStert S PeCHICATION: o v vnmismssropmssnsssiniborsintassatimmsnssansai snassansinirnssmbirn srisasbis ol s b e TR 52
4.2 PATTERN GENERATORBOARD . .covursnssisiossorairossosisemssiarsogosis sassdssnsssasnmerniarisssestrnsssssettaredsnsrinsasneats 52
4.3 CLOCK CIREUTTS 5 v fvssvin i i Frannrasssnsss sehsmaronvas efeass sisdbpsrbialsssserasanssss snfbisinmesnsnsansesnnsnssnatus femsss 56
3 SIS EIATLOOR 3 ot svivbisiomsaints ensominbasmemmmmmessdiasvmenssmsthnsshins o nonssusmed naeaenssissrasnpinensonpasgheveriyss 56
LT Elo0k s o Bl witgpisans rivsrneive e e 58
A3 3 DB A ICIOTK s ciess vy eis Himm e mE v 00 SRR HEh R S ¥ T8 3 s s S o s BBV oS ST e 59
4.4 DIGITAL TO ANALGGUE CONVERTER BOARD :...c.cimisiieiasisiisuosamseississnnsssssissssvssanssssstonishissssnssassns 60
4,5 VIADEOBOARD. .. .. .o emesnnsonsssnsesis b st s s o a0 0 i R P iS40 AT S BB D RS T aF asnt 63
A6 OUTPUT BOARID. . cvrusstasssussspessssnssessasnpranssnesonsnossassbhsssissisie vk v s s 64
G- L ONAPUL BUITEES rvores tniaamanmsssnsssssmess irsskessepsesionmmess snspinsgsssns fedos¥itanan ssiondbessbisTrnsnsansnsbissnsrnsses 64
4.6.2 Beam Blanking GErCUIL. ... vssrivesssessissiorsssmssossssssnssesssasarsssaisnsssinsbissesasssssbanssassisesarsassrssesnbe 65
4.6.3 Picoammeter Relary CONLIOl.........cccciviviveerreesioriiniricsiceiesseses e ssesie s ssssessssestesessenssnses 66
A7 SYSTEM LAY OET s ionrisssvicmarassaivisioi ssissvrsimabisnsstnms s smesasiorniebbessonsvsssamstosnasides e voliuesvans 67
B BISTINIVMARNE sorsivcesinmimmiummmsimme sy i msies s o asess By v mve v S vams LR VIS e S0 A A A S R U N B ONTois 69
5. DEVICE FABRICATION LAYOUT ....ccccocsiiiieimnsnnssnsssnrsssssnsssarsnssssesssassnssses T ey seimiaawe 70
5, TRTDESTOIN vex e snrom hanionnanosgesomineshoerss bin A IR S R A T T R S e R ST e e 70
LR B NS M R U DT Dol o0 S SO e 1ol e SR Py o e SRR T 71
T W e Tl Tl bt B B B e e i, T sy P e Sl o 71
S22 CHID StTel POl CTIIIE & s Ssvssvovcadivsshonntis s ssssssas s nmidenionbusntosmsmasrens smkdisonsuminssismat Wity ameabs 72
5.2:3 Iriner e-beam areq device IEYOUL it sbissdve ssnssrmiaisie s soiives 75
5.3 MOS DEVICE STRUCTURE ssisssssussnvinisawnmsnaninsnabnin fanmibebdomn s Pl 79
5:3.0 TransiStor imERSTOTIS o ivvisingesssss s iisnsassioinns 555 5i0ss 00 aubavts sobs sbas sk ed o B ERR TTR IS A L 79
532 SideWAH SDCRT, v rnmsonsninnennsii FEET S S R S R T T A S R P e oo 81
5.3.3 TS0l atiOn OXIAE crreesssssransmessnersssurspsssamssnssitbngebd hsssuss segs s pEassoT 00 ks FETROEE AR RIS RRRS RO R LB RSO 81

5.4 PROCESSING TECHNIQUES ...cuvvivieeieiaeiurereeeieeaesassnssseesseessassssnssnsessserssmseessessasnsnsssessssnenseseronsneeees 82



Contents iii

5:4.1 Layer growrtR/deDOSIION. ....ouisiiviismassisessorssasonssessisesrassermssas saasessssst vt snsssessssassinsesessssensons 82
D DY EIEIE voosisiaavenvovssssvassamss oo v ums coms s G0 E RN S SE ¥ P75 S VAT OH SY VU RIS 78 SR P o S £V 85
5.3 BN DOIRE AEBLETHION 1 visvissesssivissyesssseiussassyivivinseivsss vavensvsess 6 whi v 40 0a 4 140 aserasiessase snbamssonssess 88
G T T e o T L I T 89
S5 SUNINIARY 1onessspsssenbopmmanyensins insrsss e ies s e Vs 090 S S TR A S BV S R R SRV S o b a o 91
6. FABRICATION PROCEDURE......cccccounirnunnrirnssasnasanses P OP S CRO s TN i 92
641 CHARAGFRRISATION ool rsbescnissvsiiomhuyuaverosssinyeiiies ihnbi s saitvesnses oty son satiommmasnatht Tesnsi s ea 8 e ihs 92
6Ll NETREVE PROTDFBSIS s iuconilisiniinisvovsdnt sapemimsevevs s s e ergussvabht b3 cup e shme s bha sl b emeimas siwomsoss 93
G122 Positive PROtOTESISTi v vvessssvsnctasisbissiassiiiidssinsiiisbisvatotbers eitti s biimes iommiitaiborsbebunpeasha vies 102
6. L3 PoOlYSTICOR PrOCBSTIIEG sxievity sivnisssnsaeiiveinspisdogsssosssmes ssaesinva e s 3o ss905 S e o9 ova o SvoTees 104
6.2 PROCESSING SEQUENTE s::usscmsesinsvseiioonsisst cossvines sossss st s s spovsnssss 80 soaaiosi v b oessnsssvesvindasvisesss 110
G2 T ACTIDEAATORE o govsssnins ssibiinss sbas s ST Ly TS YT T S SR o T T N G VA T S 111
6.2.2 Channel implant and gate OXide ...............coooveervieeeecieiieiieiece 111
-2 3 NG T FONIAIION  cor criuensevansdvadonvnabhns e iunsas Honnstdehbat Sonetomanon Mt v e sidap exsore b sog et oA PR R 112
6.2.4 Junction implants and sidewall SPACET ............ccvrviviireciivininiiii 112
6.2, 5 CORTACE TOFIHITION s cssuss siloisninuvsionsn vs34355 1N s et asasth sana ssvsmpinnass v nssgssasiumgsessessssyaspsesesvonavens 113

6. 2:6 MEtAIITAHION . ivvsvcomvviciscisvcisimusssusiv ssvivivsssidomsinmess saiamsssiesses sississase srssstavensastuss ins esorasansss 113
6.3 SUINIMIARY v sssvsiivssessosumnssesaos sssibionyssvowssvvsmassovvasiess voses b vi v s ou widivaovas olonts Buspabbos s i eprbosansysiiesd 114
T DENICE RESUILLTS ooossvsisssisssioiiassvssisess oo sveisssoissssussssiusssovssssossssssssssuessisvssesssausvssssssvosdsnns 115
T L DEVICE STRUGTURE .. reseneennsesmmsnnssnsensd s ssis s se s i st oy s v 60 v Lo a0 s o sr oS00 s v i onf 115
7.2 ELECTRICAL CHARACTERISATION ...c.uuieiiietiiniaieserterssemmmmiassestesssssssssmmmssntsmmsserimmssssisenssrssismmsrases 116
T L N UL DUE CUIVES v oxsenmsssmnsrsasisssessersssspsssmsisssssassrmans sn nbnssinnsfosprsmeishamras mnniresapeassisamarions DL
7.2.2 SUBIRreshold CUTVES ....ccurisrreirirssvensssssnmssssssrssssasssassssessssnsssssionsonssssasassastssssssssaesransssrassrass 119
T2 U TEEOVE TS v rov v v ossisa s ss s oSSR ¥ S eSS A g S AR SRR A5 o e SHA MRS RA KA AR VAR TR SN R PSS 121

7. 2. 4 ey aoteT IS AL Ot SHITIET Vs cisvrssminiecavmsnsavssssvefianssmonesmssvecisfirndsusmmpsss i sevasnsadnmvensenspiamnih 123
7.3 FOcUSED IoON BEAM WIDTH MODIFICATION OF TRANSISTORS ...ccvviiniinininiiissininissnninesisnsnnnns 123
7. 3.0 T ansistor O COION STPATERY s sevsaisoies v s o T T s s e T o s h e oSV S e B S SR S st 123
7.3.2 FIB removal of material (0.5Um devices)...........ccccevvvviimriiiniieiiiiiinnieesisinscie s 125
7.3. 3 Blectrical vesults (0, SIUi deviges) v vt wnbivs liscissnssineitbetitnif st sintiviviss i 127
7.3.4 FIB removal of material (0.250m deviCe)........c..cccoovimvniimiiieiniinniieicniisiiininie e 130
7:3.5 Electrical results (0250 AeVIGe) v niiisassiissnsissnsisssnissesmssiovansnssssassagoresnossessoss 131
T SYTMIIARY ciumirues ives siesisbos s cuonss s vovossss o ooy sus s svews 55605 om0 68 8 S R SR 3 SR oSV e i 133
8. CONCLUISTONS ovcisiiscssisssarssnesassosars s ssvivaisss aossaisvasssvioisnssisssissississisesssssaiissssiossnmmsssssiviss 135
8.1 NANORABRIC AT TN PACILITY ..cvsennsnsmnsmenreassnssssnsssssss iste i itiadis shis sinmssnes saieonsssniesitivbmaminaiscsssin s 136

8.2 INTEGRATED MOS DEVICE EXPERIMENT ....ccutiiiiimirieiriaimuinireseeesisisisnisestneesesssisssnsesssssssnseessnns 137



Contents v

8.3 FOCUSED ION BEAM MODIFICATION OF MOS DEVICES ....ccccitttiiiiiimiiiiierisiersssarirsarsrsminisisisesssnen 138
R g T ] o) T N N R N W O SR, o= S T - SRS et e, SRS YSL S WOCRIRN. 139
B N T TN usivavascs os iy o womesmonyin s i s covabav b e eSS0 4 AP S O VYAV SR 8 B B S R S s S B T e e e 140
A.DEVICE FABRICATION RUN SHEET .....cccccoeuneienns S U ORI SRR S 142
B. PUBLICATIONS....... T T T T T 145

REFERENCES..... el UL N[ ARRSREI ek W AR 3 e B B L TR e TIN5 SoRy 150




Glossary

CAR
CE
CVD
CMOS
DAC
DIBL
DRAM
E-beam
EBES
ECR
EEBLS
EMF
FIB
GIDL
HMDS
/O
LDD
LOCOS
LPCVD
LSI
MOS
MOSFET
nMOSFET
PECVD
PMMA

Analogue to Digital

Chemically Amplified Resist

Constant Electric field

Chemical Vapour Deposition
Complementary Metal Oxide Silicon
Digital to Analogue Conversion

Drain Induced Barrier Lowering

Dynamic Random Access Memory
Electron beam

Electron Beam Exposure System
Electron-Cyclotron Resonance

Edinburgh Electron Beam Exposure System
Edinburgh Microfabrication Facility
Focused Ion Beam

Gate Induced Drain Leakage
Hexamethyldisilizane

Input to Output

Lightly Doped Drain

Local Oxidation of Silicon

Low Pressure Chemical Vapour Deposition
Large Scale Integration

Metal Oxide Silicon

Metal Oxide Silicon Field Effect Transistor
n-channel Metal Oxide Silicon Field Effect Transistor
Plasma Enhanced Chemical Vapour Deposition

Poly Methyl Methacrylate



Glossary
Resist
RIE
SCALPEL

SEM
SIA
Uuv
ULSI
VLSI

Photoresist

Reactive Ion Etching

SCattering with Angular Limitation in Projection Electron-beam
Lithography

Scanning Electron Microscope

Semiconductor Industry Association

Ultraviolet

Ultra Large Scale Integration

Very Large Scale Integration

Vi



List Of Symbols

Cix Gate oxide capacitance

D, Electron diffusion constant

Dy Dose of implanted ions

€ Permittivity in vacuum

€s; Semiconductor permittivity

€ox Oxide permittivity

I frequency

Em Transconductance

24 Drain conductance

Yn Contrast of negative resist

Yp Contrast of positive resist

Ip Drain current

Ipr Punchthrough current

k Boltzmann constant

| Characteristic length of the channel
L Channel length

AL Pinch off region length

Ln Carrier velocity

n; intrinsic carrier concentration
Na Number of acceptor atoms
Naub Substrate doping concentration
q electron charge

Quot Total electronic charge

O Energy required for electrons to surmount the Si/SiO; barrier

OB Semiconductor doping parameter

vil



List of Symbols viii

Prms Metal-semiconductor workfunction difference

Psurf Surface potential

Ksi Semiconductor interface constant

S Subthreshold slope

tox Gate oxide thickness

X Temperature

Vi Built in potential between source-substrate and drain-substrate
junctions

Vb Drain voltage

VDsat Drain voltage in saturation

Vg Gate voltage

Vpr Punchthrough voltage

Vs Source voltage

Vo Threshold voltage

AVt Threshold voltage shift

W Active area width

X; Implantation depth of impurities



List of Figures

FIGURE 1.1 GRAPH SHOWING THE PERFORMANCE INCREASE, AS A FUNCTION OF TIME DELAY, IN A
CMOS CIRCUIT WITH A REDUCTION IN THE MINIMUM FEATURE SIZE[TAUR 1997] ...cccccovviiiiiinninne 4
FIGURE 2.1 LAYOUT OF A LONG CHANNEL MOSFET A) CROSS SECTIONAL VIEW B) GENERAL

STRUCTURE C) SCHEMATIC DIAGRAM[HODGES 1983] .....ooiiiiiiiiiieecece e 8
FIGURE 2.2 TURN ON CHARACTERISTICS OF A N-MOSFET .......ooiiiiiiiiiiiiicciceceis i 9
FIGURE 2.3 THE VARIATION OF I WITH INCREASING Vp FOR A FIXED V5> Vi, 10

FIGURE 2.4 VISUALISATION OF THE REGIONS OF OPERATION FOR THE MOSFET: A) Vp=0V, B)
INVERSION LAYER NARROWING UNDER MODERATE Vp, BIASING, C) PINCH-OFF AND D) POST PINCH-
(i) eI Vi s el IR W N o Y ST TS ORI WSO | 08— SO ot . OO T/ e i, o PR 1

FIGURE 2.5 SUBTHRESHOLD CHARACTERISTICS FOR A LONG CHANNEL DEVICE [TROUTMAN 1974] ..... 14

FIGURE 2.6 GATE INDUCED DRAIN LEAKAGE CURRENT IN A MOSFET ......ccocoiiiiiiiiiniiiiiciininciiiienns 15

FIGURE 2.7 CALCULATED THRESHOLD VOLTAGES OF A NMOSFET AS A FUNCTION Ngys AND Toy[SZE M,

FIGURE 2.8 DIAGRAMS OF INCREASING SHORT CHANNEL BEHAVIOUR IN MOSFETS. A) LONG CHANNEL

BEHAVIOUR, B) WITH CHANNEL MODULATION, AND C) WITH VELOCITY SATURATION[DUVVURY

FIGURE 2.9 DIAGRAM SHOWING THE PINCHED-OFF REGION, AL, IN THE CHANNEL OF A SHORT CHANNEL
LENGTH MOS TRANSISTOR OPERATING IN SATURATION. ....vvtiiiiiiirininiiiiisinsssinissssissssissessansssssns 19

FIGURE 2.10 PUNCHTHROUGH CURRENT PATHS (DOTTED) IN A SURFACE-CHANNEL NMOSFET WITH
Vp=0.5 AND 3.5V. SOLID LINE SHOWS THE DEPLETION REGION EDGE[ZHU 1988]. .......ccc0evvrnrnne. 21

FIGURE 2.11 SUBTHRESHOLD CURVES FOR, LOG I VERSUS Vg, FOR A) LONG CHANNEL NMOSFET AND

B) SHORT CHANNEL NMOSFET[WOLF 1995].....ccciiiiiiiiiiiiiiiiiiinie s 22
FIGURE 2.12 HALO P* IMPLANTS AROUND THE JUNCTIONS OF A NMOSFET[CODELLA 1985] ........c..... 23
FIGURE 2.13 THRESHOLD VOLTAGE AS A FUNCTION OF EFFECTIVE CHANNEL LENGTH[LIU 1993].......... 24
FIGURE 2.14 REVERSE SHORT CHANNEL EFFECT ON THRESHOLD VOLTAGE[ORLOWSKI 1987]............... 25

FIGURE 2.15 ILLUSTRATION OF HOT-CARRIER EFFECTS INCLUDING HOT-CARRIER GENERATION,
INJECTION AND TRAPPING[CHEN 1988]. ..coviiiiiiiiiiiiiiiniiiinniinss e sssasne s sansssssesassvans 26

FIGURE 2.16 A MEASURE OF THE ELECTRIC FIELD, Vpp/L, AS A FUNCTION OF CHANNEL LENGTH FOR

VARIOUS SCALING SCENARIOS[DAVARI 19957, ..ciiiiiiiriiimmiainiisnnsiiniessnnissnssnssnsssnnsssnsssnsssnssnans 31
FIGURE 3.1 SCHEMATIC DIAGRAM OF THE SCALPEL IMAGING STRATEGY[HARRIOTT 1997]......ccc0co... 37
FIGURE 3.2 X-RAY PROXIMITY PRINTING[LEPSELTER 1983] ......uttiiiiieiiieiiin i 41

1X



List of Figures X
FIGURE 3.3 PROJECTION OPTICS OF AN ELECTRON COLUMN ....oviiimireeiniereinesinnieinsninsasisnsssnessnsssssessness 43
FIGURE 3.4 RESPONSE CURVES FOR A) POSITIVE RESIST AND B) NEGATIVE RESIST IN TERMS OF THE

DEVELOPED THICKNESS NORMALISED TO THE INITIAL RESIST THICKNESS AS A FUNCTION OF LOG

OB [IVEOSS OB T s issnessssusissussmiassosnssiosuosios seuswissssomesnts et anas sanass iNasmemss esspansenssssansmssssnpsssones 47
FIGURE 4.1 GENERAL LAYOUT OF THE EEBLS .......coiiioiiiiiiiiiiiiiininisiensinsinnissnsssssssnssssssens 50
FIGURE 4.2 VECTOR SCANNING OF A SX5 PATTEEN ....civsinesisisiasnvesissstion fsitimsrarlsdssiasissssivessatiivisinnabs 53
FIGURE 4.3 SCHEMATIC DIAGRAM OF THE PATTERN GENERATOR CIRCUITRY ..ouvviriiinniiininininneniienenns 54

FIGURE 4.4 TIMING DIAGRAM FOR A 5X3 (XXY) PATTERN FROM THE PATTERN GENERATOR CIRCUIT... 55

FIGURE 4.5 SCHEMATIC DIAGRAM OF THE SYSTEM CLOCK ..cccicuimiiiiiiiiinieisinisiainisiainnsisnssssnnnssssnnsns 57
FIGURE 4.6 TIMING DIAGRAM FOR 1MHZ OPERATION OF THE SYSTEM CLOCK. c..0cvuieiiieiineanieessesninnans Y|
FIGURE 4.7 SCHEMATIC DIAGRAM OF THE OFFSET CLOCK .....cuiteeiisiuuninisisninniisnsssisnesssssssssssssssssssssessanne 58
FIGURE 4.8 TIMING DIAGRAM OF THE OFFSET CLOCK WITH A IMHZ SYSTEM CLOCK FREQUENCY ......... 59
FIGURE 4.9 BLOCK DIAGRAM OF THE DELAY CLOCK CIRCUITRY ..cuuvumrmnreieeesieinimnieieiesioiinmseisismnsanssesans 59
FIGURE 4.10 TIMING DIAGRAM OF THE DELAY CLOCK ....vvttieecsueresnissnessesisnssmessssssssanessssasasssnassesssanesssnss 60
FIGURE 4.11 LAYOUT OF THE DAC BOARD CIRCUITRY ....cceeersirerrrrarernressrssrarsesssesessssssesassessissssessasssssins 62
FIGURE 4.12 VIDEO BOARD SCHEMATIC DIAGRAM ...cevtiiiineereniiieissesiuuissssiiasssisnssssiasssssssssssssssssssssssesns 63
BIGURE .13 OUTPUT BUFFER CIREUIT kucicsosaisuosrimssesssssssssds sssrenab aassssssssosssnsnnsssssssammmnnssvyomass ssswasasrsasasas 64
FIGURE 4.14 SCHEMATIC DIAGRAM OF THE BEAM BLANKER CIRCUITRY ...ouvvutiiriemiimminininniiiniaensssnnnes 65
FIGURE 4.15 PICOAMMETER RELAY CONTROL CIRCUIT...ccccciinitetmisiuneeiaissnemesssnisssranisessnssssssnissssssnssossases 66

FIGURE 4.16 ELECTRON BEAM LITHOGRAPHY SYSTEM LAYOUT, (A) BOARD LAYOUT VIEWED FROM THE

FRONT OF THE SYSTEM AND (B) INPUT/OUTPUT CONNECTIONS VIEWED FROM THE BACK OF THE

e 1 i, N T D e T A A LT 67
FIGURE 4.17 LAYOUT OF THE CONNECTIONS TO THE UPPER AND LOWER DATA BUSES........oocoinuininienan 68
FIGURE 5.1 LEVELS OF LITHOGRAPHY PATTERNING FOR THE DEVICE EXPERIMENT ......cccoiiiriieiniinniannes 71
FIGURE 5.2 PATTERN LAYOUT ON THE 3" WAFER ....vuuvruieieieieiiimmmmeinianesismisianieeessismnsesssesssiasnssessesnnann 72
FIGURE 5.3 OPTICAL MASK FOR THE FRAME LEVEL OF LITHOGRAPHY ....cuvmiviiiiminnininesnssinnsesnesnsinnanas 73
FIGURE 5.4 OPTICAL MASK FOR THE METAL LEVEL OF LITHOGRAPHY ....ccciuiuiiiniiiiiinniniiiiinesnessinnaees 74
FIGURE 5.5 ELECTRON BEAM LITHOGRAPHY PATTERNS FOR THE INNER E-BEAM AREA......ccccceiiiiiiininn. 76
FIGURE 5.6 LAYOUT OF THE TRANSISTORS IN THE PATTERN DESIGNO........ccoivimiivinieinniinnieciissniinasiaanaanns T
FIGURE 5.7 LAYOUT OF THE TRANSISTORS IN THE PATTERN DESIGNI .......cccooiiiiniiiniinniiiiniiiniiesnnsees 78
FIGURE'S 8 MOS DEVICE STRUCTIURE ... 00 esnssresvassssansseessseissnnnsss issbnbsss daisdsksraissevassshosntsssssassness prunsssanentaos 80
FIGURE 5.9 DIAGRAM OF THE SIDEWALL SPACER PROFILE AND ISOLATION OXIDE.......cccviimmiiinianiniennnnen 81

FIGURE 5.10 DIAGRAM SHOWING THE FEATURES PRODUCED WITH A ISOTROPIC WET ETCH AND
ANISOTRODIC DRY BTCH <iaiziussiss soevsins ivunsesssseiasisinsis s soisiises b s st diebos soossrs soisasssasages sttt nusanvonovsrsss 86

FIGURE 5.11 REPRESENTATION OF THE PARAMETER PROBLEM IN PLASMA ETCHING SYSTEMS (Ng IS THE
ELECTRON DENSITY, F(E) IS THE ELECTRON ENERGY DISTRIBUTION FUNCTION, N IS THE GAS

DENSITY AND T IS THE RESIDENCE TIME[WOLF 1986]......ccccciiiiiiiiiiiiniiiiiiiics e 87



List of Figures Xi
FIGURE 5.12 SCHEMATIC DIAGRAM OF A LASER INTERFEROMETRY/REFLECTANCE END POINT DETECTOR89
FIGURE 5.13 SCHEMATIC OF AN ION IMPLANTATION SYSTEM[BRODIE 1982]....civivivivierineirssrenenesianens 90
FIGURE 6.1 SENSITIVITY CURVE FOR AZ PN 114 EXPOSED BY E-BEAM LITHOGRAPHY AND DEVELOPED

TN SHIPLEY VIR B0 .5 ctobvidion sobobtuveshunsesdumenonsevessastre raeborse drensnddomited tems el assdinmonmme sone aaned nsninnshae 0 94
FIGURE 6.2 4X6UM ACTIVE AREA PATTERN A) BEFORE RESIDUE REMOVAL. B) POST O2 PLASMA ASH... 95
FIGURE 6.3 COLLAPSED 100NM LINE PATTERNED IN [ UM THICK PHOTORESIST .....oouieierinarinirnnesineresins 96
FIGURE 6.4 PHOTORESIST LINE PATTERNED IN RESIST DILUTED IN THE RATIO 1:5 (RESIST:THINNER)..... 97

FIGURE 6.5 TEST PATTERN OF LINES WITH INCREASING WIDTH EXPOSED WITH INCREASING DOSE

BETWEEN 9 ANDSOIICICM-2 oo isiisssnmanmaissamaasinipanmen oo diuara o iuatsii s 98
FIGURE 6.6 A) TEST PATTERN ‘AZRESA’ B)TEST PATTERN ‘GATE230" ....cociiiiviiiiiiiiiiiiiiiciiiincsineinan, 99
FIGURE 6.7 CROSS-SECTION OF A NEGATIVE PHOTORESIST LINE OF 1 PIXEL DEFINED WIDTH. ........c.... 101

FIGURE 6.8 TEST PATTERN CONTACTB, USED FOR THE CALIBRATION OF THE POSITIVE RESIST AZ PF 514103
FIGURE 6.9 IMAGE OF A 2 PIXEL WIDE TRENCH, EXPOSED IN POSITIVE AZ PF 514 PHOTORESIST. ....... 104

FIGURE 6.10 PATTERNED POLYSILICON LINE AFTER STEP2 ETCH PROCESS USING AZ PN 114 RESIST AS A

o R = e e GNP SNSRI L ST ORI ) o e ¥ e SRS, Lol e A S R RN S 106
FIGURE 6.11 PATTERNED POLYSILICON LINE AFTER STEP2 FOLLOWED BY STEP3 ETCH PROCESS......... 107
FIGURE 6.12 IMAGE OF A SINGLE PIXEL LINE A) PRE-OXIDE ETCH AND B) POST-OXIDE ETCH............... 108

FIGURE 6.13 IMAGE OF AN OXIDE LINE AFTER A PATTERN TRANSFER STEP FROM THE RESIST AND A 2
NN P ASNMA NSH . ..ot lerh siemitansss i siiiiais s siasis s LA S T T TR T Vs R e r e TS iy 109

FIGURE 6.14 CROSS-SECTION OF A POLYSILICON LINE AFTER PATTERN TRANSFER ETCH WITH AN OXIDE

FIGURE 7.1 SEM IMAGE OF A FABRICATED N-MOSFET ......coiiiiiiiiiiiiiiiiiiiieiecienriissesesevsssvererss i I'l5

FIGURE 7.2 FIB CROSS-SECTIONS OF A NMOSFET DEVICE: A) OVERVIEW OF DEVICE, B) MAGNIFIED

FIGURE 7.3 I-V CURVES FOR DEVICES WITH GATE LENGTHS: A) 1uMm, B) 0.5uM, €) 0.25um, D) 0.1umI119

FIGURE 7.4 SUBTHRESHOLD CURVES FOR DEVICES WITH GATE LENGTHS: A) 1uM, B) 0.5uM, C) 0.25uM,

FIGURE 7.6 MODIFICATION STRATEGY OF TRANSISTORS, A) LENGTHWAYS CUT ACROSS THE GATE, B)

VERTICAL CUTS UP THE WIDTH OF THE DEVICE. ...coceiiuitiinueismresineisssseisssanssessasssnessensansaseessons 124
FIGURE 7.7 LATERAL FIB CUTS ACROSS TRANSISTORS: A) T1 B)T2. i e 125
FIGURE 7.8 ORTHOGONAL FIB CUT IN TRANSISTOR T3 ..ottt 126
FIGURE 7.9 SUBTHRESHOLD CURVES FOR: A) T1 B) T2..ciiuiiiiiiiiiiisienisisiiee s s 127
FIGURE 7.10 CURRENT-VOLTAGE CHARACTERISTICS FOR: A) T1 B) T2..ccccoviiiiiiiiniiniiiieininineciinn, 128

FIGURE 7.11 SUBTHRESHOLD CHARACTERISTICS FOR DEVICE T3: A) FORWARD CONNECTION, B)

REVERSE CONNECTION i icvsmssariess sio s sbvsiisaiss oo aavessvos saevsvsas s sosois o v ed s suisssaisnsiat siavsoi i iebanasio g 129



List of Figures Xii

FIGURE 7.12 CURRENT-VOLTAGE CHARACTERISTICS FOR DEVICE T3: A) FORWARD CONNECTION, B)

RV E RS E CONINE IO .. cee st bedorssnsssgmmpessiosfis 6850 s E S AT T o535 03 e o s ST S S SR (BTN o i 130
FIGURE 7.13 LATERAL FIB CUT ACROSS TRANSISTOR T4 . ..ovviviireeieeeieiiciiiiiinsisinnsiises s snansnasessenns 131
FIGURE 7.14 SUBTHRESHOLD CURVES FOR TRANSISTOR T4 .....uvvvrrieeeeeeeiicinneeesesessnreneee s snenaeeeaeass 132

FIGURE 7.15 CURRENT-VOLTAGE CHARACTERISTICS FOR TRANSISTOR T4 .....ocvevviiiiiiiiiiiiiiiiiciiiinininne 133



List of Tables

TABLE 2.1 RELATIONSHIPS BETWEEN CONSTANT-ELECTRIC FIELD AND GENERALISED SCALING[DAVARI

1 L ] e T Tt s 29
TABLE 2.2 MOSFET TECHNOLOGY PROJECTIONS[SIA, 1997 ] ...iccciiiiiiiiiiiiiiiiniinicniisisiinsneasasesaes 32
TABLE 4.1 EDINBURGH ELECTRON BEAM LITHOGRAPHY SYSTEM SPECIFICATION .....cocviiiiinieiniiecnineanne 52
TABLE 5-1 KEY OF TRANSISTOR GATE AND CONTACT DIMENSIONS FOR PATTERN DESIGNO................... 77
TABLE 5-2 KEY OF TRANSISTOR GATE AND CONTACT DIMENSIONS FOR PATTERN DESIGNI ...........cocv... 78
TABLE 6.1 EXPOSURE CONDITIONS FOR AZ PN 114 ..ot siannee s 101
TABLE 6.2 EXPOSURE CONDITIONS FOR AZ PF 514 ..ccviviiiiiiiiiiiiiiiiiiniinis s 103
TABLE 6.3 PROCESS CONDITIONS FOR THE POLYSILICON ETCH PROCESS .....cccoiiiiiiiiiniiniiiniiniineniannaes 105
TABLE 6.4 ETCH RATES OF THE POLYSILICON ETCH PROCESS .....cciniiiirssiiisiarassssarsssararessssssmsnssnssssasssses 105
TABLE 7.1 DIMENSIONS OF THE CHARACTERISED NIMOS TRANSISTORS.....uueiimiiiiinriienasiesensnnesiinane 117
TABLE 7.2 DIMENSIONS OF TRANSISTORS MODIFIED USING FIB SYSTEM .....ccoctiiimieniniiniiniiininenicines 125

ix



T

Introduction

The continued expansion of the microelectronics industry, with widespread use of
semiconductor technology, has led to the demand for increased performance of
silicon devices. Historically metal oxide silicon field effect transistor (MOSFET)
device performance has been improved by reducing the device’s physical
dimensions, which increases the operating speed and packing density[Wong 1999].
This thesis demonstrates the challenges involved in the fabrication of high

performance MOSFETs and reducing the dimensions of the devices.

1.1 High Resolution Lithography

Lithography is an important stage in the fabrication of MOSFET devices. It involves
defining patterns in a photoresist material, which is used to reproduce structures in
material layers after development of the resist. Improvements in the resolution of the
lithographic process have been the driving force behind performance increases in
metal oxide silicon (MOS) devices, as reducing the device feature sizes increases
device performance. High resolution lithography is a label given to the lithography of
advanced features, beyond those achievable with current manufacturing lithography
systems. Due to this definition, high resolution lithography is an imprecise term that
changes as technology improvements enhance the resolution of lithography systems.
Other terms that are used to describe the resolution of lithography processes are:

e Sub-micron - lithography below 1um

e Deep sub-micron - lithography below 0.35um

e nano-lithography - lithography below 0.1um

High resolution lithography is presently best defined by nano-lithography.
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There are various forms of exposure techniques available for the lithography of MOS
devices. The three most widely used methods of exposure are:

e Optical

e X-ray

e Electron beam

Optical lithography uses ultra-violet radiation as the exposing medium and is
currently used in the high volume production of integrated circuits. The technology,
however, is being pushed to its limits to expose features in the deep sub-micron
region of pattern definition. X-ray lithography uses a smaller wavelength of exposure
radiation and can hence define features of reduced dimensions from optical
lithography. The use of x-rays has inherent problems, described in section 3.2.2, and
because of these is not currently favoured for the production of integrated circuits.
Electron beam lithography, as described in this work, is primarily used as a high

resolution research tool for the lithography of advance devices.

1.1.1 Electron beam lithography

For research applications, electron beam lithography is an important tool for the
fabrication of advanced semiconductor devices. High resolution electron beams have
enabled patterns to be produced with dimensions smaller than those achieved with
the available optical lithography procedures. This is an established trend which
continues to the present generation of MOSFET devices. The trend is well
demonstrated by the fact that present industrial optical lithography steppers are used
to manufacture devices with 0.18um dimensions yet, electron lithography is used in

the research environment at sub-0.1pum [Ochiai 1996, Kawaura 1998]

Electron beam lithography has many advantages as a patterning technique in a
research environment. The systems are of relatively low cost, starting at around $1-
5M for a unit, compared to $5-10M for an optical stepper system. The operating costs
are also low with the patterns defined sequentially, in a vector scan system, by a

series of co-ordinates, instead of a physical masking method as used with optical and
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x-ray techniques. This method of pattern definition also allows for multiple sets of
patterns to be defined over the area of the silicon wafer, which is also useful in a
research environment as many test structures can be utilised on a single processing
wafer, which reduces fabrication costs. As the patterns are defined with an electron
beam, the maximum area that can be patterned without moving the stage is smaller
than exposed with optical techniques, this can cause complications when imaging
larger patterns. Stitching techniques with careful stage positioning can overcome
these problems, but can lead to a low throughput of wafers. It is this low throughput
of wafers that inhibits electron beam lithography for use in the manufacturing

environment.

1.2 MOSFET devices

The MOS transistor is the predominant silicon device currently in use by the
microelectronics industry. Since the MOSFET’s first reported use in 1960 by D.
Kahng and M. M. Atalla [Kahng 1976], the basic structure of the device has
remained relatively unchanged. The present generation of devices still use a gate
electrode that is situated between two junctions, where a voltage is applied to the gate
to produce an inversion layer in the channel below that enables a flow of electrons

between the junctions.

Although the MOSFET has retained its basic structure, the devices size has reduced
considerably, with minimum feature sizes, in state of the art production devices down
to 0.18um. The performance of the devices has also significantly increased with
reduction in feature size, this is shown in the graph of figure 1.1 which highlights the

performance increase in a CMOS circuit as the feature size of the device is reduced.
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Figure 1.1 Graph showing the performance increase, as a function of time delay, in a

CMOS circuit with a reduction in the minimum feature size[ Taur 1997]

1.3 Project aims

The motivation behind the work described in this thesis was to address the challenges
of developing advanced silicon devices. As described in the previous sections, the
challenges in this field are wide ranging with many different techniques available for
the fabrication of silicon devices. For this reason the field of study has to be reduced

to specific areas. The aims of the study can be stated as:

e Investigate high resolution electron beam lithography for application to the

fabrication of silicon MOSFET devices
e Fabrication of advanced MOSFET devices using electron beam lithography

e Analysis of the operating characteristics of deep sub-micron MOSFETs

To realise these project aims it was necessary to develop the following systems and

techniques.

e The design and construction of a high resolution electron beam lithography system

based around a thermal field emission scanning electron microscope.
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e Characterisation of this system for high resolution lithography with chemically
amplified photoresists.

e The development of techniques to enable the fabrication of MOS transistors at

deep submicron and nanoscale dimensions.

The development of these systems enabled the project to focus on the stated aims and

investigate the challenges of advanced silicon device fabrication.

1.4 Thesis plan

The operation of MOS transistors is discussed in chapter 2. Initially the
characteristics of a long channel device are described and used in later sections of the
discussion for more advanced short channel devices. The challenges of fabricating

short channel MOSFETs are also described in this section.

Chapter 3 introduces the area of electron beam lithography. The chapter discusses the
technology used with this lithography technique and includes the past and present
status of electron beam systems within microelectronic processing. Alternative
lithography techniques are also discussed to provide a comparison of lithographic
fabrication procedures. The electron beam lithography system that was designed and
constructed as part of this project is discussed in detail in chapter 4. This section
provides an in depth study of the operating systems within the e-beam system and is
intended to provide both an insight into such systems and provide a reference manual

for any future analysis of the system.

The design and layout of the experiment to fabricate MOS transistors is described in
chapter 5. The patterns that were designed for lithographic patterning with the e-
beam system are discussed and the dimensions of the designed transistors are
displayed. Discussion of processing techniques that were used in the fabrication
procedure are included, providing reference for the later discussion on process

characterisation.
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The characterisation of fabrication techniques are discussed in chapter 6, including
characterisation of negative and positive photoresists and polysilicon processing. The

fabrication procedure of the MOSFET devices is also described.

Chapter 7 discusses the analysis of the fabricated transistors with advanced focused
ion beam techniques. The electrical characteristics of the devices are described and
the effect of focused ion beam sectioning of the devices is discussed. Finally, the

thesis is concluded in chapter 8.



2.
MOSFET Device Operation

The basic operation of the MOS transistor is discussed in this chapter. The
information presented provides an overview of MOSFET operation and relates to the
devices that are demonstrated in subsequent chapters of this thesis. The long channel
characteristics of device operation are initially presented, highlighting the parameters
that affect the output characteristics of the transistors. Short channel devices are then
discussed, highlighting the variations in device performance as the channel length of
the MOSFET is reduced. The analysis of short channel devices is important as
current and future trends of MOS device fabrication involve the reduction of
geometries to increase chip packing density and performance. Finally, a discussion
on the scaling strategies of MOS transistors is included, with a discussion of the

current trends in MOS device research.

2.1 The Long Channel MOSFET

The basic layout of a long channel n-MOSFET is shown in fig 2.1. The substrate is
lightly doped, p-type silicon.. The device is controlled by four terminal connections,
the gate, drain, source and body. The active region of the device contains the gate,
source and drain. The gate is a conducting electrode, usually polysilicon, that is
insulated from the channel region of the device by a thin oxide. Either side of the
gate lie the source and drain regions, these are n-type impurities implanted into the
substrate. The field region bounds the active area with a field oxide and a reasonably
heavily doped p-type implant, that is used to isolate the device. The basic structure of
a p-MOS transistor is the same as that described for the n-MOS device, except the
substrate is n-type with p-type impurities implanted in the source and drain regions.

Electrons are the carriers in the n-MOSFET and the device is biased with positive
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voltages. A p-MOS device has holes as the carriers and the transistor is biased with

negative voltages. The analysis of the MOSFET from herein after will describe the n-
MOSFET.

Metal source Metal drain
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n-type Deposited
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a) Cross section
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¢) Schematic symbol
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b) Structure

Figure 2.1 Layout of a long channel MOSFET a) Cross sectional view b) General
structure ¢) Schematic diagram[Hodges 1983]

2.1.1 Basic MOSFET operation

For initial analysis of the MOS-transistors operation, the effect of the gate voltage on
the channel will be considered. With no gate voltage applied there is a deficit of n-
type carriers (electrons) in the channel region due to the doped p-type substrate,

which has an excess of holes. Negligible current can flow in this condition. As Vg is
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increased, the positive bias on the gate produces a transverse electric field across the
channel region, this attracts electrons that form an inversion layer. The inversion
layer is an induced n-type region which increases the conductance of the channel,
c