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Puc. 8.2. MMocaenosarenpHocTh (opMupoBanus mosaynposojuukosoi UMC mno
HJTaHapHO-SHHTaKCHaJIbHOfI TEXHOJIOTHH!

| — TIONIOKKA P-THNA;, 2 = OKHCEJ KPeMHHS; 3 -— CKPHITHIH caoi n+-'mna; 4 — 3MUTAK-

cHaNbHBIN cJofi n-Tuna (KONJAeKTOpHble o6jacTy); § — Gasosas 06JacTb p-THOA; 6 — 3MHUT-

TepHas o06JacTb n+-mna; 7 — MeTanNu3aluA; 8 — KOHAEHCATOD Ha OCHOBe OKHCH KDCM-
Husi; 9 — nuwon (U g=0); 10 — 6unonspusi Tpausuctop; II — nuddysHOHHBIA PE3UCTOD

p-THNA



CxeMa YCTaHOBKH TepPMHYECKOro
OKHCJICHHS KPeMHHA



CxemMa JIBYX30HHOH VCTAHOBKH
A5 AubPy3UH METOAOM OTKPEHITOMN TPy Ol

. CxeMa 0AHO30HHOA ycTanOBKH
nnsa auddyaun:

I — KBapneBas Tpy6a; 2 — Marucrpanb aas

[I0Jla¥H rasos; J-—— NHTaTeAb HAAS XHAXOMNO

HCTOYHHKA mnpuMmecH; HI — pHepTEHA ras;
H — ras-gocurtenn
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OCHOBBI TEXHOJIOTHH HAHOJIJICKTPOHUKH

MoJieKyJIApHO JyueBasi IMUTAKCUS

Cxema ycranoBku MBE nst
MOJTYYCHUS JIETUPOBAHHBIX
TPOMHBIX COEIUHEHUM. Bes
yCTaHOBKA pa3MeEIIaeTCs B KaMepe
CBEPXBBICOKOI'0 BaKyyMa.

1.biok Harpesa, 2. [Tommoxka, 3
3aclIoHKa OTAEIbHOM sTUCHKH, 4.
Db dy3noHHbIE TUSHKH OCHOBHBIX
KOMITOHEHTOB, 5 D bhy3u0HHbBIC

AYEUKU JIETUPYIOLIUX IPUMECEU.




OCHOBBI TEXHOJIOTHH OAHOJIJICKTPOHUKH

jieMeHTapHbIE MPoIlecChl B 30HE POCTa:

1.AacopOuus aToMOB U3 30HbI CMEIIMBAHUSA HA Ga +A| As, As
IOBEPXHOCTH, ’ J #
2. Murpaunus (moBepxHoctHasi 1ugpQy- J ““3

3I/Iﬂ) ancopﬁnpOBaHme aTOMOB 110 ITIOBEPXHOCTH, %““ | “""““i“ “a‘ ‘

3. BcrpanBaHue aicOpOMPOBAHHBIX ATOMOB B
KPHUCTAJUIMYECKYI0 PelIeTKY,

RN
T, o, J'J'J‘J" J'ffffffé‘#ffffffa
B3aumuas qugdysus. “JJJJJ“"‘?J%‘“?}‘:‘

Han pacryumieil NoOBepXHOCTHIO MOKA3aHbI ATOMBbI NIV
ra3oBoil cMecH KOMIIOHEHTOB B
IPUIIOBEPXHOCTHOM o0J1acTu. BykBamu n-n u i-i
MOKa3aHbl HOPMAJILHAA U HHBEPTHPOBAHHASA L b b L L ‘. L 44
noBepxHocTH paszaesa pacrymei I'C. Obnactp WIS IR Fewy a2
MEXKAY ITUMHU MOBEPXHOCTAMU NPEACTABJIACT $4d333993434334344d38d 43

c000H KBAaHTOBYIO iMy 1uMpuHoii L.




OCHOBBI TEXHOJIOTHH OAHOJYJICKTPOHUKH

Cxema ropuM3oHTAJIBHOIO peaKkTopa
OTKPBITOI0 THIIA € OXJIAKIAEMbIMU
creukamu 1 MOCVD:

1. KBapuessblii kopnyc,

2. Karymka BUreneparopa
JJISI HATPeBaHUsl MOIJI0KKH,
3. b0k HarpeBa NMoAJIOKKH,
4. TIlomyi0xKH,

5. BoasiHoe oxJiaxkaenue (BIYCK),

6. BoasiHoe oxJia:xkaeHue (BbIMYCK).
CxeMaTn4eCKH NMOKA3aHO
pacnpeaejeHue CKOpOCTed v i
TeMmieparypsl T B ra3oBoM noroke
B 1M PY3MOHHOM CJ10e BOJIU3HU
MOAJIO0KKH (MacmTad He COOJII0IEH)













Class Linuts

Class Name 0.lum 02um 03pm 05um Spm
Volume Usnits | Volume Umits | Volume Units | Volume Unats Volume Units
SI  |Eaghish |(m) |@) |@) |@&) |@) |@) |@ @  |@) @
M1 350 991 |75.7 214 | 309 |0875]100 0.283 - -
M15 |1 1240 |35.0 | 263 7.50 | 106 300 |353 1.00 -- --
M2 3500 |99.1 | 757 214 | 309 875 | 100 2.83 - -
M25 |10 12400 | 350 |2650 |75.0 | 1060 |30.0 353 10.0 - --
M3 35000 | 991 |7570 214 |3090 |875 |1000 283 - -
M35 |100 - -- 26500 | 750 | 10600 {300 |3530 100 -- -
M4 - - 75700 | 2 140 | 30900 | 875 | 10000 283 - --
M45 | 1000 - - -- -- -- - 35300 1000 247 7.00
M5 - - - -- - - 100 000 2830 618 17.5
M55 |10000 |-- - -- - -- - 353 000 10000 [2470 |70.0
M6 - - - - - -- 1000000 |28300 |6180 175
M&5 |100000 |-- - - -- - - 3350000 | 100000 |24 700 | 700
M7 - - -- -- -- - 10 000 000 | 283 000 | 61 800 | 1 750




OOHUM 13 onpeaensaoWmx TEXHOMIOrMYeCKuX npoLeccos
B MUKPO3/1IEKTPOHUKE B TedeHue 6onee 40 net
NpoAo/MKAET OCTaBaTbCs nUTorpadus. Jintorpadpus nnm
MUKponuTorpadus, a cemyac MoXeT bblTb YMECTHO,
rOBOPUTb O HAHONUTOrpadun, npeaHasHadeHa as
CO34aHNS TOMOSIOrMYeCKoro pUcyHka Ha NoBEPXHOCTY
MOHOKPUCTa/I/IMYECKON KPEMHMEBOW MNACTUHBDI.
OCHOBHbIM finTOrpad®U4ecknM rnpoLLeccom B
COBPEMEHHOWN MUKPO3/IEKTPOHMKE SBSIETCS
oTonuTorpadums.



10 cTyneHeun nutorpacd

1. NMoaroroBka NOBEepPXHOCTHU
(npoMbiBKa M CyllKa

2. HaHeceHue pe3ucra (TOHKas
nJeHKa nosimMepa HaHOCUTCS
HeHpudyrmpoBaHueM)

3. Cywka (yaaneHue
pacrBopuTens M nepesop
pe3ucra B TBepayro
pacTBopumMyto pasy)

4. CoeMmewleHume cportowabnoHa n
3KCNOHUpPOBaHue

_ (monoxutenbHbIN
AEeUCTBMEM CBeTa

nepexoauT B HEPacTBOPUMYIO
dhasy )

5. MposiBneHune pesuncra (NpomMbiBKa
B pacTBopuTtene,

yAanawouweM He3KCNOHMPOBaHHbIN
PEe3uCT)
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6. Ctabnnmsmnpylowmm  oOTXUr
(yoaneHue OCTaTKOB

pacTBOpuUTENs)

/. KOHTpoNb 1 UCnpaBieHune
neeKToB.

8. TpaBneHue
(HenocpencTBeHHbIN
nepeHoC PUCYHKa

Macku Ha NoBepPXHOCTb
No1ynpoBOAHMKOBOW
CTPYKTYPb!)
9. YaaneHue oTope3ncTa.
10. ®UHMLLIHBLIN KOHTPOIb.

AAA A A




NPUMEHEHUE ONTUYECKOU JINTOrPA®UMN A1
NMOJIYHEHUSA CTPYKTYP HAHOPASMEPHOIO
MACLLTABA.

MWHUManNbHbIN pa3Mep PUCYHKA, KOTOPbIM MOXET ObiTb pa3pelueH C
MOMOLLbIO TOW NN MHOWU ONTUYECKON CUCTEMbI MOXET ObITb OLEHEH
C MCNOJIb30BaHMEM U3BECTHOW (DOPMYNbI;

O = ﬂ DOF — kllz

NA (NA)

[na npousBoacTea MMKpocxem € 350 HM puCyHKaMuM MCMNONb30Banachb
360 HM ayroBas pTyTHas namna (i iMHKA). JanbHenllee yBenmyeHue
CTEeneHn MHTerpaumm MUKPOCXEM MNPUBESIO K rnepexoay nutorpapuyeckmnx
cucTteM B 06/1aCTb Tak Ha3blBaeMoro rinybokoro ynetpaduoneta (deep
UV). 250 HM TpaH3nCTOpbl PUCYIOTCS C UCNOSib30BaHMeM 248 HM KrF
9KCMMepHOro nasepa, 180 HM nuTorpadusa onepupyet ¢ n3nydeHmnem 198
HM ArF akcuMepHoro nasepa. byayuwas 118 -120 HM nuTorpadus
OpUeHTUpPOBaHa Ha uUcnonb3oBaHue 157 HM F2 nasepa.



KOHCTPYKLMS TYHHENBbHOIMO pe30HAHCHOro
TPaH3UCTOpPA M CTPYKTYpa C HABOPOM KBAHTOBbIX

TOYEK.




OnpepeneHne acnekTHOro OTHOLLUEHUS.
| W

Pe3uct T

Aspect ratio = T/W

Aspect ratio>>1



da3ocaBuraroLlee Macku.
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MHoOrocsonHble pe3ucCThl.

=—— pPe3HMcT
) —— AOIL
NMpuMeHeHne [ABYXC/IOUHOIO
pe3nucTa C aHTUOTPaXKaloLnUM
nokpbiTuem (AOI).
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JInTorpadus ¢ ABYXCNOUHBbIM PE3NCTOM
Pa3NIMYHOU MONSAPHOCTMN.

Hexoogaaa cTpykKTyYpa pre— 4 “[—

Haszecernxie ETOpOro pes3EicTa
— — (orproijarexsHBIEI pPEe3EICT), ero
IKCIIOHHPOE aAHEe M IIPpOoaEJIeH 1v

Haxzecexrie cJIodA rIepeoro
pPe3HcTa (IIO3HTHEHBIE PEe3HCT)

4

DK CIIOHHPpOE aHKe ¥
IIpoaAEBJIeHHe ETOPpOoro pe3rcTa



«Lift-off» npouvecc.
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IMMepCMOoHHasa nuTtorpadus

Lens
r
,/

A~ Water




Immersedoptics:NA= n xsinf
For ArF + water, NA increases

Dry optics:NA=sin8 Resolutionec 4 /NA by n=1.44 times

Definition of NA = n x sinf

Because the resolution
is proportional to A/sin 8

using a liquid reduces
the wavelength asA—A/n.

Liquid
®How liquid is inserted (Local fill)
®Supply and recovery of water

eBubbles eTemperature control '

Optics Projection

®Development of a reduced projection
lens with ultra-high NA

®Polarizing effect and polarized illumination
@Focus sensor

Stage mechanism
®Edge shot

€ X —_—
Liquid(water) (Stage operating Yafer

®Liquid supply nozzle and stage mechanism  (index«n) direction)
Process
®Resist * Diagram supplied by Nikon Corporation

@ Coater, developer



Double patterning
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AJIbTEPHATUBHbIE NCTOHYHNKHA
JKCNOHUPOBAHWA.

[ns nonyyeHus CTpyKTyp C paspelieHnem Hmxe 100 HM
CTAHOBUTCS 0OOCHOBAHHbLIM UMCMOJSIb30BaHNE
NPUHLUMNMANIbHO HOBbIX CNOCO60B 3KCNOHNPOBAHWUSI.
[IpMHMMas BO BHMMaHWe HeobxoamMocCTb pa3paboTku
BbICOKOMPOU3BOAUTESNbHbIX JIMTOrpaduyeckmnx CUCTEM
MO>XXHO BblAennTb cneayouwme 4 OCHOBHbIE
HanpasfeHus: NpeaenbHbIN NN SKCTPEMAbHbIN
yneTpaduonet (extreme UV lithography — EUVL),
3/1EKTPOHHas npoekunoHHas nutorpadus (SCALPEL),
peHTreHoBcKasa nutorpadpus (X- ray lithography),
MoHHasa nutorpadwus (ion beam lithography).



JINTOIPADOUSA C SKCTPEMAJIbHBIM
YJIbTPAOUOJIETOM.,

EUVL saBnsetca obbl4HOM onTUYEeCcKOn nuTtorpaduen, Ho
C UCMNOJIb30BAaHUEM U3NYYEHUS C ANMHOWN BOMHBI 11 - 14
HM W OTpa)kaTeslbHbIMK ONTUKOM U hOTOoLLAbIoOHaMwu.
NcTtouyHnkammn nsnyyvyeHmnsa B EUVL Ha nepBoM 3Tane
Pa3BUTUA NOAOOHbBIX CUCTEM CIYXXW/TI0 CUHXPOTPOHHOE
n3nydyeHune. OaHaKo no3)ke 6bin pa3paboTaH
ManorabapuTHbIN UCTOYHUK NPEeAENbHOMo
ynbTpaduoneta, NpMHLUMN paboTbl KOTOPOro OCHOBAH Ha
NCMONb30BaHUU U3NYYEHUN U3 NTa3epHON MNJa3Mbl.
N3nyyeHune ctaHaapTHoro Nd:YAG na3sepa (1063 HM
anvHa BonHbl, 40 BT MmowHocTb, 100 'y 4yactoTa, 5 HC
NSIUTENBbHOCTL) DOKYCUPYETCH Ha MMMY/IbCHOW Fra30BOW
CTpye Xe KlacTepos.



Cxema EUV nutorpadpumn.

e Pattern being

repeated onto
wafer

Light Source



Cxema Macku ang EUV nutorpacdumn.

EUV

__ Absorber

40 - 80 pairs
MO/SI




[MPOEKLUNOHHASA SJIEKTPOHHO-JTYHEBASA
JINTOIPAOUAL.

OT'PAHUYEHU A ITPOEKIITMOHHOM SJ1JT:
1. TepmMuyeckuii HarpeB MackKH.
2. boJbI1ve YuCI0BBIE AlEPTYPHI.

[Tonnmanue orpanudeHuid ajacopormonHoi DJIJI mpuBeno K MOSABICHUIO
HOBBIX TpoeKIMOHHBIX DJIJI cucTeM, 0JiHa U3 KOTOPBIX MOTy4YUJIa HA3BAHUE
SCALPEL. ['maBHO€ OT/IIMYME HOBBIX CUCTEM OT MPEABIIYIINX
3aKJII0YAETCS B UCITOJIb30BAHMH HOBOTO THIIA MAaCOK. Macka CUCTEMBI
SCALPEL npeacrasnger co0oit HaOop MeMOpaH, U3rOTOBJICHHBIX U3
JIETKHX 3JIEMEHTOB, C BBICOKOM MPOHUIIAEMOCTBIO JJIS JIEKTPOHOB.
PucyHok co3aaercst IIEHKaMM 13 TSHKEIBIX 2JIEMEHTOB C OOJIBIITON
OTPa)KaTeJIbLHOM CIIOCOOHOCTBIO.



[pnHunn pabotbl cnctemobl SCALPEL:

Mask Lens
High
Contrast
Image

o e o ——— —A - —————————

Back-Focal-Plane
Aperture

Scatterer Membrane



DNEKTPOHbI Npoxoasiume Yyepes MembpaHsbl
PACCEMBAIOTCS Ha Manble yrnbl, TOraa Kak puCcyHOK
PACCEMBAET 3M1EKTPOHbI Ha 6onblune yribl. AnepTypa,
PacrosioXXeHHas B 0bpaTHOM pOKaNbHOW MNOCKOCTU
NONEBOU ONTUYECKOWN CUCTEMbI NPOMYCKAET 3MNEKTPOHbI,
PACCESAHHbIE HA Masible YIr/ibl U HE NPONyCKaeT
3NEKTPOHbI, pacCesiHHbIE Ha 6OMbLUME YIbl, YTO
NpMBOANT K (DOPMUPOBAHUNIO Ha MOAIOXKKE
BbICOKOKOHTPACTHOIro n306paxkeHus. NMpn 3TOM B Macke
HEe NPOUCXOANT 3HAYUTENBHOIO NOrMOLWEHNS
3NEKTPOHHOr0 NOTOKA, YTO MUHUMU3NPYET TEMIOBYIO
HeCTabunbHOCTb MacKM.



W( Interferometer  J-jm—

\

£

Mask s o | %,y mask
/ : ‘/éAN
” S¥=Xmask-Fwalfer ‘
8Y=Ymask-4Ywafer

&

STEP

K,y waler
v y
Lens
Ad—( Interferometer  J—m-
Stitching
deflector S

59

SCAN

afer stage

STEP



Grillage stuts

Support ring

Pattem on mem brane



Nitride deposition Windows openedin
backside nitride

CriwiCr scatterer KOH etch forms membranes
deposited on front side Membranes wet etch
Front B Front

Wafer bonded to support ring  Mask coated with resist - Mask patterning, inspection,
finished blank repair & metrology - finished
mask




TpaBneHne MUKpPOCTPYKTYP

TpaBneHue

(EtcT)

BnaxHoe Cyxoe
(Wet) (Dry)

MorpyxeHune MynbBepusaumn

(Imersion) (Spray)
lNnasMmeHHoe PeakTuBHOe nnasmMeHHoe WoOHHO-nyyeBoe PeakTMuBHO€ MOHHO-S
(Plasma) (Reaction plasma) (lon milling) (Reaction ion)

Puc. 2. Knaccudmkauvs nooueccorR TphaBneHus B nutornaduu



dusmnyeckoe TpaBieHne

[1na3MeHHoe TpaBneHue

SiO




<«<—1— /ICTOYHUK UOHOB

© <«—1— [loTOK MOHOB

\ °\° Bpawarowmuinca gepxare!
k\‘—— Si nnacTuH

+<—Bakyym

Puc. 7. Cxema NOHHO-NTy4YeBOro TPaBnNeHuUs.



KaTogHoe pacnblieHune

s




KaTogHoe pacnblieHune

E >E,; E, - NOporosast 3Heprust pacrblieHus.

Eth cnabo3aBuUCUT OT aTOMHOM MacChbl MOHOB 1 MULLEHM
Eth ~ 10-30 eV

CpeaHee pacctosiHue, d,, NpoXoaMMoe MOHOM B TB. Tene, 3aBUCUT OT
SHEpPrMm n aTOMHOro HoMepa MoHa, aTOMHOIrO HOMepa U CTPYKTYpbl
MULLEHW.

ansa Ar* caHepruen 0,5-5eV

Si — 3,5 nm/keV; SiO, — 5,0 nm/keV; Au - 1,3 nm/keV; Al - 1,5 nm/keV;

TornwmHa noBpexXaeHHOro cosi 0bbIYHO cocTaBnsieT V2 d..

Tonbko 5% sHeprun noHa 3atpaymBaeTcda Ha pacnblinenme, 70-90 % mnaet
Ha TEPMUYECKMN HArpeB MULLIEHW, OCTAJIbHOE Ha paAMaLMOHHbIE
NoBpeXAeHNsl, BTOPUYHYIO NEKTPOHHYO SMUCCUMIO U DM n3nyyeHune B
LLIMPOKOM CMeKTpe YacTorT.



KaTogHoe pacnblieHune

YrnoBoe pacnpeneneHue pacrbl/ieHHbIX aTOMOB Mpu 3Heprun noHos 1-10
keV kocuHycHoMy 3akoHy N = N cosa

T

Ons E < 1 keV Habntogaetcs "nogkocMHyCHoe™ pacnpeaeneHue
pacnbiEHHbIX aTOMOB — 60/IblLee YNCIO aTOMOB PacnblISETCS
napannesbHO NMOBEPXHOCTW.

Ons E > 10 keV pacnpeaeneHne npubnmxaeTcst K raycCoBoMy.



KaToaHoe pacnblneHune

KoacpcpmumeHT pacnbinenns Y = N_/N.
Z

Kr
v Ar
Ne
He /
|
Y 3aBMCUT OT aTOMHOIro HoMepa MulieHn. Teopmsa 3urMyHaa
OAnsE o <E < E”

Y(EZ) — 3[)’mimaEi

7[2 (mi +ma )2 2Esub




CxeMa peakTMBHOIO MOHHOIo TpaBJiIeHUS

Mouusauua XuMunyeckas

ipeakuun

NMpoAayKTbl peakuum yaanaroTca

‘T/ BaKyyMHOWM CMCTEMOiA




PeakTBHOEe MoHHOe TpasrieHne (RIE)

Marepuan HcnonezyemMele rasel Hogrie rasu Ipumeyanua
St SFg + CHF5, CEF4+ CHF5;, CEq4 + | CoFg; CsFg CHEF5 —

Os NacCHBHPYIOUIHH ras
5104 CF4, CClhF4; SFg + CHF5 CqoFg, CsFg
Tlonu 51 Clp unu BClz + CHF3 unu CCly HBr+ Oy CHEF5 unu CCly -

nacCHBHPVIOUHE Taskl

Al Cly; BCl5 HBr + Cly Het sarpasuennit C
S13My CCLF, ; CHF5 CF4 + Hs
W SFg + Cly + CCly NF5; + Cly He tpaput T1W, TiN
T1W SEg+ Cla+ Og =Fg
Gads CClLF2 S1Cly + SFg He mpaput AlGads
InP HET CHs+ H>

Tabnuua 2. PeaxTUEHEE mnazMoobpasyioIHE TaskH



LinnnHapnyeckne peakTopsbl

PeaKTVBHbIN ra3s

O 0O 00 O

Bakyym

O 0O 0 OO

Katywka gns
nHayuupoBaHua BY paspsaga.

Puc. 3. UunuHapunyeckui nnasMeHHbIN peakrop

Kamepa peakropa

CeTKa

Si nnactuHa

Pwuc. 4. NNna3MeHHbIN LUNWNH-
APVYECKNI peaKkTop ¢
3alMTHON CETKOMN.



TPABJIEHUE HAHOCTPYKTYP

PeaxTupHbIii raz —_——[
S1 ruracTHHa

| IMognoxxonepxaress ‘

Biox cornacoeanus
HNIIeJaHca

BY renepatop — @—hl




Tunoeas yctaHoBka (Oxford instruments)

. GASPOD ==
tolp electrode with shower head gas
inlet

substrate electrode with 13 MHz

Generator and Automatch (AMU)
substrate electrode water cooled

System control: PLC (programmable
logic controller) and

Turbo or Roots pump with dual stage
rotary as backing pump

gate valve and APC (automatic
pressure) control valve PEN TUREO

pressure reading: CM gauge for
process (Capacitance Manometer)

additional Penning for base pressure GEN |- AMU ROT
with 6/ 12 MFC controlled gas

lines (Mass Flow Controller)
ﬂl‘l PC




typical process pressure: 5 - 150 mtorr

plasma density: ca1 -5 x 10° / cm?

standard method for most applications

RF ("self") bias forms at the substrate electrode

Ion Energy (~ RF bias) dependent on the
RF power and process pressure

energy range process dependent:
30 eV - 1.000 eV

end point detection: end point
detection: optical emission,



TPABJIEHUE HAHOCTPYKTYP

Karyuxa
MHIYK THEHOCTH
| BY reneparop] — [
|
D0 00 O O O

%% i ks WTH WLV, P’ YL Lid T, D00 i T T DA ML w0 W BT

S1rracTHHA
PeaktueHrbiii raz

*_
IMognoxxongepxarens

Baook cornacoeanmsa
HNITIeJgaHca

BUY reneparop2 — ([ A~ I

ek Tpuydeckas ruracTHHa



Puc.9. ICP peakTop ¢ MarHMTHOI JIOB VILUK O T OpAYHX
anexTpoHoE. 1. BU karyuxa. 2. Keapueroe oxHo.

3. JroMpHHICIMPYIOLIAA ILTa3Ma ¢ T OPAYHME
anexTpoHanvu. 4. ILnazma ¢ xosrogHBIMHE 3J1eK TpoHamH (0e3
monvuHecueH). 5.00pabarsipaemasn ruracTHHa.

6. MarautHeliil GHIsTp (MarHHMTHI B KBapleRsIX TpyOKax)

7. OxHo.



CBM reHepaTop
Mnasma PaspsigHas TpyOka

@b 14— PeakTuBHbIN ra

<4—— BonHoBoj,

<4—TpaHcnopTHas Tpy6a ¢ HeTpanbHbIMK paguKanam

<«4—— PeaxTop

| — N

_ili OTKauKa

Puc.10. CxeMa peakTopa ANA XMMUYECKOro (paguKanbHOro) TpaBneHu:

—— SinnactuHa




K/IIOYEBDBIE ITIAPAMETPDBI PE3UCTA

YYBCTBUTEJBHOCTD
OIITUKA
A=1060 nm 1 mJ/sm2
A =560 nm 0,5 mJ/sm2
A =118 nm 16 mJ/sm2
3J1 9 KCITOHUPOBAHMUE
U=350KkV 15 nC/sm2
U=5kV 10 nKa/sm2
PASPEIIIEHUE

Menbuie 100 nm gos IJ1.
U=50KV anddoses 15-25uC/sm2



JIMHMY BaHAIMEBO-OKCHIHOI0 PEe3MCTAa HA KPEMHHMN.




Definition of ALD

ALD is a method of applying thin films

to various substrates with atomic scale
precision.

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.

ALD film growth is self-limited and based on surface reactions,
which makes achieving atomic scale deposition control possible.

By keeping the precursors separate throughout the coating
process, atomic layer thickness control of film grown can be
obtained as fine as atomic/molecular scale per monolayer.

Ref: "Atomic Layer Deposition," Wikipedia: The Free Encyclopedia, Wikimedia Foundation, 24 April 06.
< >,



Brief History of ALD

Introduced in 1974 by Dr. Tuomo
Suntola and co-workers in Finland to
improve the quality of ZnS films used in
electroluminescent displays.

Recently, it turned out that ALD also produces outstanding
dielectric layers and attracts semiconductor industries for
making High-K dielectric materials.

Ref: "History of Atomic Layer Deposition (ALD)," Finnish MicroNanoTechnology Network (FMNT), 24 April 2006.
< >,



ALD Process and Equipments

Releases sequential precursor gas

pulses to deposit a film one layer at a
time on the substrate.

The precursor gas is introduced into the process chamber and produces a
monolayer of gas on the wafer surface. A second precursor of gas is then
introduced into the chamber reacting with the first precursor to produce a
monolayer of film on the wafer surface.
Two fundamental mechanisms:

= Chemisorption saturation process

= Sequential surface chemical reaction process

Example: ALD cycle for Al,O, deposition

Since each pair of gas pulses (one cycle) produces exactly one monolayer
of film, the thickness of the resulting film may be precisely controlled by the
number of deposition cycles.

Ref: A. Knop—Gericke, "Preparation of Model Systems by Physical Methods," a lecture given at Modern Methods in Heterogeneous Catalysis

Research Lecture Series, Fritz Haber Institute of the Max Planck Society. 24 April 06.
< >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 1a)

Tri-methyl Methyl group
aluminum (CH3)
Al(CH3)3(4) /
Hydroxyl (OH)
from surface
/ adsorbed H,0
¢ ¢ @ @ Q

Substrate surface (e.g. Si)

In air H,0 vapor is adsorbed on most surfaces, forming a hydroxyl group.
With silicon this forms: Si-O-H (,,

After placing the substrate in the reactor, Trimethyl Aluminum (TMA)
is pulsed into the reaction chamber.

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc., 24
April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 1b)

Methane reaction
product CH, S~

Reaction of

TMA with OH \

¢ e
. &

Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
producing methane as the reaction product

AI(CH3)3 (9) S Si—O‘H (s) — :Si_O_AI(CH3)2 (s) + CH4

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 1c)

b

Methane reaction
4« Pproduct CH,

~

Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
until the surface is passivated. TMA does not react with itself, terminating the

reaction to one layer. This causes the perfect uniformity of ALD.
The excess TMA is pumped away with the methane reaction product.

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 2a)

H,0 -
T o@y

After the TMA and methane reaction product is pumped away,
water vapor (H,0) is pulsed into the reaction chamber.

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 2b)

Methane reaction product

New hydroxyl group

Methane reaction b’\
product —

oo

&?

Oxygen bridges

%

H,O0 reacts with the dangling methyl groups on the new surface forming aluminum-
oxygen (Al-0) bridges and hydroxyl surface groups, waiting for a new TMA pulse.
Again metane is the reaction product.

2 H,0 () + :Si-0-Al(CH,), (,)— :Si-O-Al(OH), (., + 2 CH,

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (Step 2c)

The reaction product methane is pumped away. Excess H,0 vapor does not react with
the hydroxyl surface groups, again causing perfect passivation to one atomic layer.

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Example: ALD cycle for Al,O, deposition (after 3 cycles)

]
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One TMA and one H,0 vapor pulse form one cycle. Here three cycles are shown, with
approximately 1 Angstrom per cycle. Each cycle including pulsing and pumping takes e.g. 3 sec.

AI(CH;); (o) + :AlI-O-H (,, —»:Al-0-Al(CH;), (., + CH,

2 H,0 () + :0-Al(CH3), (oj— :Al-O-AI(OH), (., + 2 CH,

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc.,
24 April 06. < >,



ALD Process and Equipments

Releases sequential precursor gas pulses to deposit a film one layer at a time.

A first precursor gas is introduced into the process chamber and produces a monolayer of
gas on the wafer surface. Then a second precursor of gas is introduced into the chamber

reacting with the first precursor to produce a monolayer of film on the wafer surface.
Two fundamental mechanisms:

= Chemisorption saturation process
= Sequential surface chemical reaction process

Example: ALD cycle for Al,O, deposition

Since each pair of gas pulses
(one cycle) produces exactly
one monolayer of film, the
thickness of the resulting film
may be precisely controlled by

the number of deposition o7 o (1010_)1,<;00
eposition rates (nm/min
cycles.

Ref: "Technology Backgrounder: Atomic Layer Deposition," IC Knowledge LLC, 24 April 06.
<

Step coverage (%)

Step coverage and deposition rate Vs.

deposition technique.
>,



ALD Process and Equipments

Four main types of ALD reactors
Closed system chambers
Open system chambers
Semi-closed system chambers
Semi-open system chambers



ALD Process and Equipments

Four main types of ALD reactors
Closed system chambers (most common)
Open system chambers
Semi-closed system chambers
Semi-open system chambers



ALD Process and Equipments

Four main types of ALD reactors

Closed system chambers (most common)

= The reaction chamber walls are designed to effect the
transport of the precursors.

Heaters
Vapor pulse 2 Heaters
High speed valve Whfer 5 :
Precursor 2
Temperature I I s W
controlled bath ~ | i W

. Vapor pulse 1 Vacuum
High speed valve pumping
Precursor 1 out

Temperature
controlled bath

Open system chambers
Semi-closed system chambers

Semi-open System chambers Ref: "Technology Backgrounder: Atomic Layer Deposition," IC Knowledge LLC, 24 April 06.
<



ALD Process and Equipments

High-speed

Precursor1 __mm = - valves Ballast
Precursor 2 = ]

Precursor 1 —(8)—‘
Ballast J . . l L —

Precursor 2 —@—:: Chamber
Purge l_._._._-_l Purge 4®—,

B
Time Pump
Gas flows [1] System schematic [1]
Growth/ 4 ™ rIA H
cycle | Condensation Decomposition The Verano 5500
A 300-mm ALD system by
Aviza Technology, Inc [2]. .

Y (oo =] N N,

Incomplete
reaction

Re-evaporation

»

Temperature

Acceptable
window

Process Temperature [1]

1 "Technology Backgrounder: Atomic Layer Deposition," IC Knowledge LLC, 24 April 06.

< >
2 "Atomic Layer Deposition," Aviza Technology. 26 April 06.
< >,



ALD Process and Equipments

High-speed

Precursor 1 _mm = - valves Ballast
Precursor 2 3 el

Precursor 1 —@—L
Ballast J . . . L —>

Precursor 2 —@—:: Chamber
Purge l_._._._._l Purge 4®j

>
Time Pump
One cycle/j Gas flows [1] System schematic [1]
Growth/ 4 ™ VA
cycle | Condensation Decomposition The Verano 5500

A 300-mm ALD system by
Aviza Technology, Inc [2].

Y (oo =] N N,

Acceptable
temperature range
for deposition.

Incomplete
reaction

Re-evaporation

»

Temperature

i Acceptable :
window
Process Temperature [1]

1 "Technology Backgrounder: Atomic Layer Deposition," IC Knowledge LLC, 24 April 06.

< >,
2 "Atomic Layer Deposition," Aviza Technology. 26 April 06.
< >,



ALD Applications

High-K dielectrics for CMOS
Semiconductor memory (DRAM)
Cu interconnect barrier
Deposition in porous structures



DJIeMeHTbl 3JIEKTPOHHbIX CUCTEM.

Bakyy
DMK DO BSEA FREM Na T8 MWL 1O [l

THAHIHCTOR MHTEMPATEHOH MEED OCKeNMET

0A30BBIH 3JIEMeHT HAHO3JICKTPOHHKH



Pdusnyeckme OCHOBblI HAHO3JIEKTPOHUKMU

Zh 2 f;QZD +V(x)p =E@ ]\/\ﬁ\,/ﬁ\fr\/\/ \/ W \*Jﬂ\‘/ \b'(ﬁ\f\bm \J/\b/\(.
m X

. A, Ak

V(x)=V(x+a) h”/\’{\/({ \ / \U/ \f \/\ Iy N V] / \J‘ ‘\U IUL

p(x) =U(x)e"™

Ux)=U(x+a) _<

o(x) = Ade™




KBaHTOBbIE OCHOBbI Ha HOSJ1IEKTPOHUKMHN

KBaHTOBOE pa3MepHoe orpaHuyeHue
MHTepdepeHUUs

TYHHe/IMpoBaHue yepes
noTeHuunanbHble 6apbepbl.



KBaHTOBOE pa3MepHoe
orpaHuyeHume



YpaBHeHue LLipeanHrepa

712 dZ
=== —y(x) + U y(x) = Ewy(x)
«m dx“

Erwin Schrodinger (1887-1961)
Established quantum mechanical wave equation



Pemienust ypaBHenus lllpeaxunrepa B
HeIePHuoANIEeCKOM IMOTCHI[MAJIe

Pemenue ypasuenusi lllpeaunrepa aasa U(x) = const

s obnacTy, rae E >U1, pemienue ypasuenus Hlpeaunrepa
v(x) = A exp(ikx), rie k=[2m(E- U)) /h2] V2

Jas E < U, y(x) = A exp(-kx), rie k=[2m(U, - E)/h?]"?




KBaHTOBOE pa3dMepHoOe orpaHMyeHue.

¥ (x) = %sin(% n)

A

n

_4
n
nIE

:________ Nn= E 2% 2 )

. n = n

n=1 2m 2ma

i

E =
" 2ma’

AE =0.025B mist a=50uM u m=1072"r
AE=0.2°B mis a=5aM u m=102"r



KBaHTOBOE pa3dMepHoOe orpaHu4yeHue.

A UG o0 o0 (n+1)mx
(a) (x) J_ v, (\) — A4 cos
Ulx)
| 7
[ r n=0,24--- and |r| —
: . . - 2
—L2 0 +L/2 X '
0 o . (m+D)mx
E, E, y,(x) = Asn
v N ViV
El * E]
Wo(x) Voo I
Eq Ey n=135- and |\| o
. 2
-L/2 +L/2 ~-L/2 +L/2

AE = 0.023B mias a=50um 1 m=10">"r
AE =0.23B nasa a=5am



[1ByMepHbIN 3/1IeKTPOHHbIN ras

30Ha NPOBOAMMOCTH

AlGaAs E, GaAs

BanextHaa so0ka

DHEPreTUYECKUE 30HbI HAa TPAHULIE JIBYX
oy poBoaHUKOB.E®. 1 EY, — rpanuIist 301
IPOBOJAUMOCTH Y BaJICHTHOM. DNEKTPOH

C sueprueit menbinen E°, (ypoBeHb mokaszau
KPACHBIM IIBETOM) MOXET HAXOJUTCS TOJIBKO
CIIpaBa OT TPAHHUIIBI



KBaHTOBbIE AMbI
OAHOMEPHbIN /1IEKTPOHHbLIU ra3

AlGaAS GaAs AlGaAs

KBanToBas sima cpopmMrpoBaHHas B CI0€
MIOJIYIIPOBOJIHUKA C Y3KOM 3aIPEICHHON
30HOM, 3aKJIIFOYCHHOM MEXKAY ABYMS
MOYIIPOBOJHUKAMU, 001aJal0IIUMU
0oJiee IIMPOKOM 3aMpeIIeHHON 30HOA.



KBaHTOBbIE@ HUTM.
OAHOMEpPHbIN 3/1IEKTPOHHbDbIN ras

7 TN\

[ToaympOBOAHUKOBEIE TETEPOCTPYKTYPHI C KBAHTOBBIMH HUTSMU,
MOJTYy4YE€HHBIEC C TOMOIIBI0 CYOMUKPOHHOM JIMTOrpaduu 3a CUeT
BBITPABJIMBAHUS Y3KOM MOJIOCKHA U3 CAMOM CTPYKTYPHI (@) WU IIETIH B
3aTBOpe IlloTTKM (0):

1 — moIynpoBOAHUK C IIUPOKOM 3anpenieHHon 30HoM (AlGaAs); 2 —
MOJYIPOBOJHMK C Y3KOU 3ampelneHHoM 30H0M (GaAs); 3 — METaIUIMYECKUM
3aTBOP.



KBaHTOBbBIC TOYKM.
HyJbMepHBIN 3JIEKTPOHHBIA I'a3

B kBaHTOBOI TOYKE ABUKCHUEC
OIPAaHUYEHO B TPEX HAIPABIICHUAX U
SHEPIrETUYECKUM CIIEKTP IOIHOCTHIO
IUCKPETHBIN, KaK B aroMe. [TloaTtomy
KBAHTOBbIC TOUKHU HA3bIBAIOT €IlIC
VMCKYCCTBEHHBIMH aTOMaMU, XOTS
Ka)kJasi Takasl TO4Ka COCTOUT U3
TBHICSIY WJIM Ja)KE€ COTEH ThICIY
HACTOALLIMX aTrOMOB. Pa3zMepsl
KBAHTOBBIX TOUEK IOPSJIKA
HECKOJIbKUX HaHOMETPOB. [1o100HO
HACTOSAIEMY aTOMY, KBAHTOBAS TOYKA
MOJKET COJIEPKATh OJIUH WU
HECKOJIbKO CBOOOJIHBIX 3JIEKTPOHOB.
Ecnu oauH 31EKTPOH, TO 3TO KaK OBl
VMCKYCCTBEHHBIM aTOM BOAOPOA, €CIIN
JIBa — aTOM I'€JIus U T.1.




NHTepdepeHuus.
dddekT AapoHoBa-boma.
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TyHHenMpoBaHue

KBaHTOBOE OrpannyeHue, NpoBISAICH £
B HAHOPA3MEPHBIX CTPYKTYpaX,
HaKJIaIbIBACT crienupuyecKuit
OTIIEYATOK U HA TYHHEJIIMPOBAHUE.
Tak, KBaHTOBaHUE DHEPIETUYECKUX
COCTOSIHUM DJIEKTPOHOB B OYEHb
TOHKUX, IIEPUOAUYECKHU
PACIIOJI0KEHHBIX MOTEHIIUAIBHBIX
AMax OPUBOIUT K TOMY, UTO

TYHHEJIUPOBAHUE YEPE3 HUX
puoOpeTaeT PE30HAHCHBIN XapakTep,
TO €CTh TYHHEJIBHO IPOCOYUTHCS
yepes3 TaKyr CTPYKTYPY MOTYT JIUIIb
AIEKTPOHBI C OIIPEIEICHHON
SHEPIHUEH.




TYHHeNbHbIA pe30HAHCHbIU TPAH3UCTOP

Cxema paboThl U BOJIBT-aMII€pHasI

XapaKTEPUCTUKA PE30HAHCHOTO AGats
e
puodopa. ’
a — HanpsbkeHue paBHo 0; 6 — mogaHo = S o
€30HAHCHOE HallpsDKCHUE; B —
P g ’ . I o e R
HalpsbKeHUe OOJIbIIe PE30HAHCHOTO;
I — BOJIbT-aMIIEPHAsl XapaKTEPUCTHKA. : e Fres:
138

-




TYHHeNbHbIA pe30HAHCHbIU TPAH3UCTOP

TiO,
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OAHO3/1eKTPOHMKA.

0 ap.C
OJIHO U3 CaMbIX MEePCIECKTUBHBIX L= E 2C
HaIpaBJICHUN YBEITMYCHUS CTCTICHU
Me(or Sem) WHTETpaIlliid MUKPOCXEM OCHOBAaHO Ha AE>> kT AET)A

\ Pa3BUTHUH MPUOOPOB, B KOTOPHIX
q KOHTPOJHUPYETCS TepeMeIieHre h

OyKBaJIbHO OJTHOTO BJIEKTpoHA. B 1 =RC — AE)) —

= — TaKUX YCTPOMCTBAX, HA3hIBAEMBIX R
ceryac OJTHOAJIEKTPOHHBIMU
TpaH3UCTOpaMu OUT UHGOPMALIHU
OyZIeT IpeICTaBIICH OJHUM
AJIEKTPOHOM. B OIHOAIIEKTPOHHBIX R>> R
TPaH3UCTOPAX BpEeMs MepeMEIICHUS 0
ANIEKTPOHA OMPEIEIACTCS h

IIpoLIeCCaMy TYHHEJIMPOBAaHUSA U R, =— = 6.45k0m
> :
MOJKET OBITh OYEHBb MaJIbIM. 4e

R = max(R1; Rs)

q-h“' =



OAHO3/1eKTPOHMUKa.

=0, tne

-e/2<Q, <
e/2

V=Q/C
Ecam -e/2C<V < +e/2C, T01=0

KysionoBckasi 0Jiokaga — 3T0 sIBJICHUE
OTCYTCTBHS TOKA MPH NMPUJI0KEHUHU
HANPSI2KEHUS K TYHHEJILHOMY IepPexoxy
H3-32 HEBO3MOKHOCTH
TYHHEJIMPOBAHMS JIEKTPOHOB
BCJICACTBHE UX KYJOHOBCKOIO
OTTAJIKMBAHUS.

Q’rc A




Npooni o
h o i o 28 A
L@ O |
> ) &
- y -
o o 4
»fx, W &
o |
.‘_.’ b
/‘.\
g o
o lo{ll |
R
&, i 2.
\* 4 - A
oo«
b B ¢ |
af :7 Y
\_/4‘ e A
X1 [x
OJIHOPIEKTPOHHOE

TYHHCIIMPOBAHHUC B

YCIIOBUSAX KYJIOHOBCKOM

OJIOKaIbI

OAHO3/1eKTPOHMUKA.

V. .= €2C,
e=[*t

=lI/e,

pu 4.2 K eMKoCTh
C<<2x10'® @,
mst T=77 Ku T=300K

C<<10" u C<<3x1018
COOTBCTCTBCHHO.

Visdl pan ¥ = 300 nA

-3 = =) 3 1 3

Ve B

f

J Vi v
J

KynonoBckas siectHuia



OAHO3/1eKTpOHUKa.

Ouenka 6LICTPOAEHCTBHS OXHOYIEKTPOHHBIX NpHOopoB

XapakTepuCTHKH | S=axb, am? | C,ad T,K R,xOM | 7=RC,Tic
CoBpemMeHHas
TEXHOJIOTHS 100x100 300 0.15 30 10
Bnvxanas
nepcrneKTUBa 30x30 30 1.5 30 1
[Tpenens
HaHOJHUTOIrpaduH 10x10 3 15 30 0.1
MonexyJIsipHbIH

| ypoBeHb 3x3 0.3 150 30 0.01

B Ttabnuue S=axb — nuomans TyHHENbHOro nepexosa, C — eMKOCTh JaHHOTO Mepe-
xona, R — conpotusnenue, T — paboyas Temneparypa, T — BpEMsA MEPeKIIOUCHU.
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OAHO31eKTpOoHUKa.
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