METHOD AND APPARATUS FOR USI NG SOLUTI ON BASED
PRECURSORS FOR ATOM C LAYER DEPGCSI TI ON FI ELD OF THE-
I NVENTI ON [ 0001] The present invention relagw
and useful methods and apparatus for deliv WIIWHWIW
broader class of precursors for atomc |ayer 1591508
deposition. The present |nvent|on al so refates—to-
atom c | ayer deposition methods ilizing a new nethod
of delivering precursors. BACKéRCUND OF THE | NVENTI ON
[0002! Atom c | ayer deposition (ALD) is an enabling
cEASI QY ANILAPRARATYS HRORUSING SEUAITEINBASEPHRECURSORS FOR
| ayers, high-k gate AN@MECHIAYER DFRNOSITHONN- k
capaci tance | avers, capping layers, and netallic gate
el ectrodes in silicon wafer processes. ALD has al so
been applied in other electronics industries, such as

f | EELRDAFETHE PERYION onpound semni conduct or, magnetic
and optical storage, solar cell, nanotechnol ogy and

nanomaterials. ALDis used to build ultra thin and
hi[@001y conf oTheajresbxayre/restiqnfrelnm &l newosnt] desful mettoddgnd appatatus for

rs o no a at at . cli.c osi tion

o BRSSP PR G mRt R le? B IoH G ol ASEvention
E‘| ATREILEs AHomit 138Sdchdstbn AR ds @i IR e BHEJY AYelivering
alum num titanium zirconium hafnium and tantal um
ha7E€"58€n produced by ALD processes using oxidation or
nitridation reactions. Pure netallic |avers, such as
Ru, Cu, Ta and ot hers may al so be deposited using ALD
prideeSsBOUNY NYENIIONN or conbustion reactions.
[ 0003] A typi cal ALD process uses sequential precursor
gas pulses to deposit a film_ one layer at a tine. In _
pa\[PQ&l ul ar, Atomiqlgyer genssitips o LIYas an enaplingrtedhnelegy fonnaxt generation
pr ino
PSSR RO fry 1 NGRS TN Br i EBGE Wi
prlexens gt metsllic et clegitodesdin gididon walerprotesyes.t ALDfhes fl§ortsen applied in
pr r ‘
e R
praag @pis@t storage, séier csmbsnmmheologﬁmdhlamater@fs Messe@@mmﬂd ultra
cyl I | ye0
¢ e BRSNS R R ARS8 8%, PRUR TR R
basedydi debmsitivn pleess 0Dxdeposlintitrides of yehe saingedup arerad dlements and

transition metal elements, such as aluminum, titanium, zirconium, hafnium, and tantalum,

(%’[{lfirs one montc()irf]\néer%t a time

have been produced by ALD processes using oxidation or nitridation reactions. Pure metallic
layers, such as Ru, Cu, Ta, and others may also be deposited using ALD processes through

reduction or combustion reactions.

10003] A typical ALD process uses sequential precursor gas pulses to deposit a film
one layer at a time. In particular, a first precursor gas is introduced into a process chamber
and produces a monolayer by reaction at surface of a substrate in the chamber. A second
precursor is then introduced to react with the first precursor and form a monolayer of film
made up of components of both the first precursor and second precursor, on the substrate.
Each pair of pulses (one cycle) produces exactly one monolayer of film allowing for very

accurate control of the final film thickness based on the number of deposition cycles
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2 [00041 As sem conductor devices continue to get

nore densely packed with devices, channel |engths

al so have to be nade smaller and snaller. For future

el ectronic device technologies, it will be necessary

to replace Si02 and SiON gate dielectrics with ultra

thin high-k oxides having effective oxide thickness

(EOT) less than 1.5 rim PrefeBany, hi gh-k materials

shoul d have hi gh band gaps and “band of fsets, high k

val ues, good stability on silicon, mniml Si02

i ni08¢4lace | afresemicnduchirgbvicpsabntinge iogeembalesselyrpacked with devices,

crystal Lin
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d| ted:lelotOgnes; it wnﬂtbe n¢ca$ssryde eeplacs S#H andh Sfm\bgam dl1e1ed&m:sn>gth ultra thin

e ro2 t he | at ed :
t erlShalr( )(/>x1 esﬁﬁv%g ﬁ%%c%vel: 3 1%%};\1& £S5 %Eéjgls\?eéa&?% Lgﬁﬁls?referably, high-k
at mﬁﬂrﬁalﬁﬂlofﬂd Iha\hhﬂﬁgh&ﬁn@ gdpe afld edndoffkdtS Righ iifvaldes, @&di stbQZy on
have hi § 1m ut t have | ower

s111co F aﬁyFr ﬁncﬁ}/w}é%g}yé?t 3cgs or;lawgstrates Amorphous

down °f
al atrhi giﬂtrﬁﬁallﬂfe térlﬁpeﬁitlde Amy0s 816 desirkite. CSviRiab@PtabRMBihi] electric

of hi e and hi gher_ break down fields, Y203
e SFEDPI EY 1o oioRh DG HE: e Abah g a3t he it
Euréﬁu)iry&ﬂgjl k mswgﬁﬁllﬁawh rchhv&pt}hb ekt Bk RLh TENLES Oatefdle/:&echlcs HfO,
tlon e electric propertleso
ﬁ!ﬁ%ﬁf% V?‘&F%b“ﬁ/gﬁé? Isa pavg Iovest biegh gt il dnd geiig!line

Ilfllf %}élg?gﬁ%é OFNeS&tl@hlhét&eof }fﬂahcﬂrkr ﬁd\é;yésgme @rﬁbﬁédodglef-@ml&@ k values

90T Pasher brqu\'cslzwz @G@S 9’ézQ|; hé%@eh Sqlmtfllauy Of @re @rth @afrlzlz (- Au") and

90Q ysefhil- 1tN) 0% e&ecg’&lésa%glldﬁlﬁ&lsg?S Y203 12-15 1.44 4
<600 TaZ2 5 23-25 0.8 1.5 500 -700 NbXAl,,QZz 8

2.44 5 NA Hf,,Siyo0Z NANA NA 800 Ta,,TiyQzZ 27-28
0. Fabich1. Widkectric properties of ALD high-k gate materials

Material K EOT (@ 5nm Break down Field Eyp Crystalline
film) (MV/em @ 1 pA/em?) Temp (°C)
HfO, 13-17 1.3 1-5 400-600
AL O, 7-9 2.44 3-8 900-1000
ZrO; 20 0.98 1 <300 *
Hf,AlLO, 8-20 1.22 N/A 900
Zr,Al 0O, 8-20 1.22 N/A 975
Y,0; 12-15 1.44 4 <600
Ta,0s 23-25 0.81 0.5-1.5 500 -700
Nb,AlLO, 8 2.44 5 N/A
Hf.Si,0, N/A N/A N/A 800
Ta,T1,0, 27-28 0.71 1 N/A
Al,O4/HfO, N/A N/A N/A . N/A
Al 0,/TiO, 9-18 1.44 5-7 N/A

* as a function of film thickness



A1203/H 02 NA NA NANA A 203/TiO2 9-18 1.44 5-7

NA * as a function of filmthickness 3 [0005]
Transition nmetals and nmetal nitrides may be used as

di ffusion barriers to prevent inter-diffusion of

metal and silicon in I C devices. These barrier |ayers
are only a few nmin thickness, and are conformal in
trenches and vias. Table 2 sho some properties of

ALD grown barriers. Desirable é?operties i ncl ude | ow
‘grom h tenperature (< 400C) and Ilow filmresistivity.
FdPO&St anpl e, Trawsitiba Mhesaitland/mvet narides prag foe nseddhs dgfusiop patiers to

di S t al in layers

J; %\}éﬁg 181% d1l?1%{]5n %{méé’l a(? ﬁqgco a\%zég%lcg ’g}é é%b;a’g%rgg}llefseaac only a few
f om ingkickhsshard are‘;‘afonﬁﬁmhabﬂ edndhayeid véqapIThitar ks, sothaplogerties of
2. ertles ALD nitride barri o
e SRR W N S P RSP SRRy 400°C) and
priee dila o¢sispviec lProS éb{amp(eC)‘ a/(l"ﬁﬁ ARdTW/ WEBINrel@ ik e ik C'bpﬁ'é.r diffusion

TaREE) SFBTOEN N4 KPR TR TR o hgen deposted

250r ustalvarridraidsdell Nypl spsnatig®0 104 - 103  Ta3N5 TaCl5
NH3 400-500 105 - 104 V2N WF6 NH3 330-530 4500 Ti N
Ti Cl4 NH3 500 250 TiN TiCl4 Zn +NH3 500 50 TiN Til 4

NHELAOO0F 5@?&%&@1&:3 0f7&D Iitr%ema% la[y?r 1350 500  Ti N

TEMAT NH3 320 6 (post annealed) TiN Ti(Nw?2)4
NHSIm 80 50fExsal Other Growth Temp Resnstlvxtv
precursor precursors °C) (uQ2*cm)
TaN TaCls Zn +NH; 400-500 900
TaN TaCls H/N plasma 300-400 300-400
TaN(C) | TBTDET NH; 250 N/A
TaN(C) TBTDET H plasma N/A 250
TaN, TaF; H/N plasma 250 10*-10°
Ta3N; TaCls NH; 400-500 10° - 10*
W,N WFs NH; 330-530 4500
TiN TiCly NH; 500 250
TiN TiCl, Zn +NH; 500 50
TiN Tily NH; 400-500 380-70
TiN TiCl, Me,NNH, 350 500
TiN TEMAT NH; 160-320 600 (post
annealed)
TiN Ti(NMe,)4 NH; 180 5000
[0006] ALD is an advanced deposition method for high density memory devices

when highly conformal and high aspect ratio deposition of high-k dielectric materials and its
liners is needed. High-k oxides listed in Table 1, such as Al,Os, as well as ferroelectric
materials, such as BST, PZT, and SBT layers, have been used as capacitor dielectrics in

memory devices.



[ 0006] ALD is an advanced deposition nethod for high
density nenory devices when highly conformal and high
aspect ratio deposition of high-k dielectric materials
and its liners is needed. Hi gh-k oxides listed in

Tabl e 1, such as A1203, as well as ferroelectric
materials, such as BST, PZT, and SBT | ayers, have been
used as capacitor dielectrics in nenory devices. 4

[ 0007] Several types of t radi t fonal vapor phase
deposition precursors have been tested in ALD
priddFsses, iSeetraldypey ohadditghes] vaabriqdnxiedkesosmon precursors have been

(3-diket ates and ne
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particle contamnation to the substrate. In addition,
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ZrM@d@;} PiikAbhiady, dnd doiamgied tsh&@selfﬂlﬁﬁlﬁhg BlotvteleBavior with very low
precur sors, N(NCB , alkylanldes and_am di nat es,

s H3Wos &1 halide ﬁ?fﬁﬁrﬁgatg’ﬁoﬂf’ﬁe‘ﬁéﬁﬁﬁt@%h%ﬁ Pitroiet 3nd) agjles is an issue in

C afr BRIt G anl Fhdnfl 8y GQREBIENAL Ok solilovgRMer . the stability

of nitrates and amdes is an issue in production and

many cyclopentadlenyls are in solid forns [0008] In

AL%%&GMVM o ShaMe Vg hd b0t

and@Le able to satura Bﬁe subst rat g sur aﬁgaqu? i §°
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prﬁl%%rrg:grrsords ABOES ol a885e 19121‘1’\? ?éactive so that the surface reactions are fast
and complete. In addition, complete reactions yield good purity in films. The preferred

properties of ALD precursors are given in Table 3.



The precursors thensel ves should al so be highly

reactive so that the surface reactions are fast
conpl et e.

In addition, conplete

and
reacti ons yield good

purity in films. The preferred properties of ALD
precursors are given in Table 3. 5 Table 3. Preferred

ALD precursor

properties Requirenent
Class Primary Good volatility > 0.1 Torr

Property Range
Primary

Liquid or gas At roomtenpgratures Primry Good
stability > 250C or > 350C i n gas phase
Primary Fast saturation < 5 sec or < 1 sec Primary

Hi ghly reactive Conpl ete surface reactive cycles
Primary Non reactive volatile byproduct No product and

t her nal
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Secondary Halides Free in films
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| [0009] Because of stringent requirements for ALD precursors as noted in Table 3,
new types of ALD precursors are needed that are more stable, exhibit higher volatility, and
are better suited for ALD. However, the cost of developing new precursors is a significant
obstacle. In this light, _the prior art related to chemical vapor deposition (CVD) processes
provides some useful background information.

[0010] Direct liquid injection methods have been used in many vapor phase
deposition processes. For example, US Patent 5,376,409 describes a method of delivering
solid precursors that have been dissolved in an appropriate solvent for use in chemical vapor
deposition (CVD) techniques. US Patent 5,451,260 describes a method for providing a liquid
precursor solution for direct injection using an ultrasonic nozzle for CVD techniques. Beach,
et al., in “MOCVD of very thin films of lead lanthanum titanate”, MRS symposium
proceedings, 415, 225-30 (1996) set forth a CVD method using multiple precursors dissolved

in a single solution. Choi, et al., “Structure stability of metallorganic chemical vapor



precursor solution for direct injection using an
ul trasonic nozzle for CVD techni ques. Beach, et al.
in "MOCVD of very thin filnms of |ead |anthanum
titanate", MRS synposium proceedings, 415, 225-30
(1996) set forth a CVD nethod using nmultiple
precursors dissolved in a single solution. Choi, et
al., "Structure stability of netallorganic chem ca
vapor 6 deposited (Ba, Sr)RuO§ el ectrodes for
integration of high dielectric constant thin fil ns"
Jcslgposied @Fa, $hiRu(Elcletredss FrenntegrhtiBof high yl;eleitﬁ@ (041)5Ian021312ﬁ151> ,
, neth qui d i nj
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" Meinglliqod graevition @G\Dndfiple kbigbergutasblutiyn. PZko tdnkin “Melaitbreatic CVD of

t enper cur rs havipng.
e RIRE 2R b AP SRR oY AT S BB Bt o
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t.1 e cursor_s I.qul ell
ARt R e R TR e
CVhkst edérericgudiscus TV R a2 hihiGiied a8 s hre fi@eredtiny oflQ Forttiediscussion of
di scussion of wvariou @recu sor materials, |nclud|n9
S OFT G GPHTPSBHE Al QEBH BEGo R PSP BE-ab e & apRaRitas solvents
[0011] There is also sone prior art background

naterlal relatlng to ALD processes. Cho, et at.
" APV ¢ 1 ayetherrdpye %Omr?ﬂesz\ﬁrb}’acbgrowdgwrwl Triatian ih-D processes.

OXiHdeettal ‘M tbrhic M ehbBGtioniAT 85 bf Bisﬂuﬂhqlﬂaﬁhﬁ%&ld‘a Bhik Blohs)using
net hod" Integrated Ferroelectrics, 59

( ziot@st)hquwewe?ttog (Dlgly nteﬁ@d’uér@emte%moaleptrle% é? 516889 (2003), reports
di3sed ¥edr ddha re%ﬁls&?ﬁllg ol\}ég‘{‘?é( ?leenpq{ 8f H@&ko%atllo% is provided
provi ded con erni ng t% Ivery an deposition
meerhesgrang the ddppry@s! gerobiiisthedthpdst ent appl i cati on
2003/ 0056728 di scloses a pulsed liquid injection
nmet hod in an atom c vapor deposition (AVD) process,
udP#igl a pr edds sukistien phtexpuapplliaation 20039056728 disdoges a iﬁlﬂ&d 11qu1d
lH%%Hd do edls too lar e for d LD oper.ation,
f 1on mEFod 11 an a né})? é/&rl éie OOSSIItlf)ng ?prmggsql%? Hrefl]lrf%én liquid or
f rdmmlaecﬂfonmt 'ﬁ]mdymﬂi—dmft hydo lﬂfgp mp@m AED Qﬁd'fﬁlli(ﬁhx Mify, et al., “Atomic
al.um nu teria e
pUBYT Serdeit ?fh@%ﬁ)ﬂm S as Pt &rfaetf%ﬂ &r@?&?@l%?%‘ﬁx of
f wlurﬁlahmamomtar ECHASeBHy MatWid @ RGRbRshbN R 100 S H& GRS & Tiquid
oo I e [ i deal ALD operation. In fact, using
| |Pdf %PO% OF; S5 U5 RIHPTEGHES AT MUIPEGAERIN Hi5\igRid dase 1 tog dirge for ideal

diAfm Gbgritlon hﬁ[@@u&ﬁlgl RuRipuite B QRRV&hbMIayet RFeltM i8 Cery difficult,
wi dth of a vapor phase reactant is 1 second or |ess.

P
oscaussingnAlL opgratiph dhegiilsevidih ofa vappophaseagaqtangisi lgpecond or less.
PUb RS sshS isPha? tRrhHd of Qvéﬂoﬂﬁ‘edslﬁﬂﬁi%uﬁg% BHHR in nﬁégﬂa@Qand sharp

and tailing edges of the Iiquid pulse can be
aflpeglpng\paé,gﬁxlpng geguf the ﬂlqmg pelsepanfbg st after vaponzatlon It is therefore

difficult to synchronize two well separated reactants to perform self-limiting and sequential
ALD growth. The liquid pulse methods described in the two references above do not

represent true ALD processes but rather variants of CVD processes.

[0013] US published patent-application 2004/0079286, describes a two-phase
delivery system for ALD wherein both vapor and liquid phase coexist in a vaporizer after
liquid injection. This process will not work for solution based precursors or

multi-component mixtures where material separation would occur.



difficult to synchronize two well separated reactants
to performself-limting and sequential ALD grow h.
The liquid pul se nethods described in the two
ref erences above do not represent true ALD processes
but rather variants of CVD processes. [0013] US
publ i shed patent-application 2004/ 0079286, describes a
t wo- phase delivery systemfor ALD wherein both vapor
and |iquid phase coexist in a Vaporizer after 1iquid
injection. This process wll not work for solution
based precursors or nulti-conponent m xt ures where
nqka 4al se r@tlon Wou cur 0014] There

i S 5 RS 1 G LA peursors and
preebiods of ssigsich médﬂ@@@1nmm§b£@se§u0h precursors in
ALD processes. SUMVARY OF | NVENTI ON [ 0015] The present
i nvention provides uni que conbi nations of sol ution
st stviMi Azt OBMNvVENGI@te! | very technol ogi es with speci al
ALD operational nodes. In particular, the present
invention allows the use of lowvolatility solid ALD
priees|sors driespdsg qln\}eﬁ‘uo?l@réf\%gs SniglO&mb Aol ng ?L{;l{ltlldn s¥abilization
solid precursors are often | ess expensive an
exdid Wplivepepshnpliogis wish friepigl Al opdrationflimadeer In pamistlabthe present
SOhinBsn ARMsBR 3¢ Qﬂblvl\%ﬁqmyr%oﬁcpkﬂb Ip ué&g dRldidd iff SRR, The
very high boiling points. "This is vant ageous
beleaurelatititysolihprequromsaraefieness dmenmeer@d Oﬁbn cximr}m very high boiling
t/aeﬂpmor{ giﬁlggtg %ré&ﬁ)%r 81&1%? c%?geeééha:‘bglg? 2 séél% 3 1n %{j ]{1 retaén very high
pUtosléng poimtso TélSd%@rkysmt@gcgw ehausbtie s¢latics siay be delivenae athhdn

pr el t .inventi.on also covers a deliver
D Ra e NP £y LR, B P Qe g et
D@Wtﬁﬂ)lﬂﬂd@ﬁo E)M)Aﬁlml{aﬁﬂi&ﬁb afshfda thuel AL IBpHERE MRtfei piesent

Ingengon ﬁso Can gla ,ar at uts sed. to g;el i ver
priétur 2ot ¥ REEdF 4T hG 1 BPHES WGH‘FYF@ ¢ 9pvaRlpr esent
i nvention. [0017] FIG. 2 is a.graph plotting ALD
f d time domai ns according
t Iclﬁf%DLﬁﬁopk$éﬁt;uu. °0018] FIG 3 is a graph
plotting ALD growth of Hf02 in cycle and tinme donmains

at three different precursor dogsages according to the
pri8&t i nviibi bit.2 splsonptt dipgram of an ALReppergused tordghyasf

S YiréReBrsabhrdifd # oht EAbSRARP ST thi BRsAf indhiALD

- [0017] FIG. 2 is a graph plotting ALD growth of Al,Os in cycle and time domains

according to the present invention.

[0018] FIG. 3 is a graph plotting ALD growth of HfO, in cycle and time domains at

three different precursor dosages according to the present invention.

[0019] FIG. 4 is an XPS spectrum of surface and thin film composition of an ALD

grown HfO, sample according to the present invention.

[0020] FIG. 5 is a graph plotting ALD growth of HfO, at different temperatures and

pulse lengths according to the present invention.



grown Hf O2 sanpl e according to the present invention.
[0020] FIG 5 is a graph plotting ALD gromh of H Q2
at different tenperatures and pulse |engths according
to the present invention. 8 [0021] FIG 6 is a graph
plotting ALD growth of Hf 02 according to the present
invention. [0022] FIG 7 is an XPS spectrumof thin
filmconposition of an ALD groyn Hf 2 sanpl e
according to the present invention. [0023] FIG 8 is a
graph plotting ALD growh of BST in cycle and tine
ddﬁ&llﬂrs accldfdb rg grephtphestiny Akle gtovithvEifQ, @rcordi@@4fje present
1 % ls an XPS spectrumof thin filmconposition of
ALD’ growmn Ru sanple according to the present
|nvent|on DETAI LED DESCRIPTICN OF THE | NVENTI ON.

LoEEh, o 2o Bt B ARE R PhutRbh 8RRt RSP AL bhn o,

sedael@te&dcofrcrlagnoahmrel@nr1aregeorof | ow vapor pressure
solutes or solids depending upon specific
applications. Precursor concentrations are generally
I'TH[IO(113qu ned FIGOBsQ @dphidtOnglAMD cERPR BEBSinROB ahd@ne domains
liquid flowrate and the vaporization conditions,

%”mdﬁgé%@EPeyﬁhﬂyﬁéﬁﬁerature The precursor sol ute
can be a single nolecule or nultiple species, wherein
the m xture of nultiple species is used in nmakin
mul®34t er nar G Hr%qanffﬁsr@ectmm Frajin file sprpeasiieg 0bin grown Ru
S OhattplQfedrdingic3Al MR i does not hinder a normal

D process. he solvent Is chosen so that its

b0|I|ng poi nt |s hi gh enough to ensure no sol vent | oss

i nDEﬁﬁfﬂErst&%ﬂcﬂwO%%gl;w%@e@w e total

vaporization in a vapori ze xture of the

precursor solute in a solvent often wll have a higher
g poing, t.h the sol vent al
@bﬁﬁ hi gh bgotla le reCUfSOI": SO utlrog% aerﬁ Pregare(lij n 581 I?)‘tfe sogvents tl‘he

s emcruaior Slﬂutef:arslﬁtl salteetecafmine&hd/aerahge cdllxrw V@odmbssvxersylumﬁ or solids
at ,.the.entrance.

AT B R TR ARRINE 1] BRELr oD T £yt fpraned
befradd®d M @ 1 Medﬁ)@hdl@’lﬁpoh chehighid fpiverenid pieeamiridittn conditions,
deconpositio t he ecursors én t.he vap orrzer

f Breﬁ’d

| n“%dEFtie ﬁndn fr*ﬂaef%ttl%&b. SoR JuEicRRe ¢ Haegig oy myiple
at $petibd)ivBsredshd mBaREoPRItiSe Ofecis [%ﬁx@é‘dhh%ﬁkmaﬁiﬁrltmﬁlary thin films.

Pr gln?a?ogr chpl;e)onSéQtle fthel slofutelono 1fs atsgl%'ens‘f ?llalt'l Elcl)eg rrlot h-ll-rtx]deer anormal ALD process.
The solvent is chosen so that its boiling point is high enough to ensure no solvent loss in
delivery but low enough to ensure total vaporization in a vaporizer. The mixture of the
precursor solute in a solvent often will have a higher boiling point than the solvent alone, but
the solvent has a high boiling point to prevent any premature separation of solute and solvent
during delivery or at the entrance of the vaporizer. Stabilizing additives with concentrations
at 0.0001 M to 1 M may be added to the solvent to help prevent premature decomposition of
the ALD precursors in the vaporizer. In addition, the stabilizing additives provide similar
attributes as ligand parts of a precursor and may prolong the shelf-life of the solution. The
solution is delivered at room temperature by pumping at pre-selected flow rates. After the

solution enters the vaporizer, both solvent and solute are vaporized to form a hot vapor

stream. The hot vapor is then switched on and off by a fast action pressure swing mechanism



} .

solution is delivered at roomtenperature by punping
at pre-selected flowrates. After the solution enters
t he vaporizer, both salvent and solute are vapori zed
to forma hot vapor stream The hot vapor is then
swi tched on and off by a fast action pressure sw ng
mechanism} 9 operating at roomtenperature. This

produces normal ALD growth wi thout suffering particle
cont am nation, thernmal deconpoé%tion or sol vent
interference. [0026] In accordance with the present

i noperdtingat, ro<atl tempgtaum Tlanmedlaiemnc&maINLD RroecivBRdut suffering particle
concentration, f 1deco m | qu id flow rate or maxinmm
vaParg ol s @gwmlﬁ%o COVBFHYen parti cul ar,
to produce a single vapor phase solution precursor,
th[% g ecursogl g %ﬁql al . pressure when all nol ecules are

v %or phald SRAIFGV Ehee?ﬁeé%%éf‘vfﬂé’nnaéta&ve%e%ﬁ@’rfe and

Pr @e&oe catlcerttBord iheaRbxaRitel 1 ikhi@ WS w rdtB 8r S8li86H Sborizer pressure can

%% zer t rature shoul d be bel ow the thernal
de o‘PrLYB?}ef’] &H{ﬁ’ér‘%{’ﬁ?ﬁ% AP Y GNP PERG QI8 HOnRTECUF9® the precursor
V Op i pRbsutdWehonaR HdidZeles hiS in $HoLFHa8ShBRAE 86t QBecki R Hit&Sil vapor
of the deposition chamber or substrates being used.

[ OUSPFreRERaRiver congitionet B spededivaperizer wmpcreratped bt bdaw the

t h@&%akﬁ@w}lpésﬂl&h@nﬂekatnﬁésa(;ﬁﬁeepre@l%r hfd APy ?étqﬁe BGrizer is

readi |y avail able comercially a reasona St

Mostecisf besgé sethe sizepifhe éqmsxap@chamer.swbsfrmmenmmed

therefore, are difficult to use directly because of

| ow vapor pressures and high boiling points. In

pal®P3dul ar, Mptabennonenctad pysevratre pme Stlsctsbftonhﬂ@kt Kknown in the literature

gﬁaglﬁmafnlgst cgﬁggyrglp%l\éggp QJaHEJI gpntymerbwﬁv IS arlj'e sonaélé C8?t ITE/ZOSII cff ahese

prme@ur@mese mapkscia@ntxmd thesdforef arp mlfﬁquﬁlt@us@@lrrt-cam beedus O low vapor
2CcUnSors accordi

eré'%ﬁrteggld% e%]?[)s alg)g pomFI &1? ful%elg soué?elggr%) aaégrg ist s%t ltligl?to generate
Q hiokght ‘apatm&sura,l the @t@ssor may Kigtradtlydesompase. dh B@ti@s, direct use of

chs%:l g g%%r?grf %g%é%l%e r1g}i, Ofr{)élﬁlcﬁé?ofﬁ(%;nq%gf?({)%rdﬁ gt?lg Iqlg%ﬂgec aThe precursors
c me@ﬂingai 1he Pes@it inPERBH RIS hhlled a8@kidtd, BRI Ratks, Qtates,
Mto 1 M dependi ng upon the || qU|d flow rate

anﬂkxlﬁ@d?ﬁaﬁa&dr%f CyFoRBRaicEY briad ofhergformygf garaaniceor ipgrepnic) (metal

t esmBh Alethl CoombS @R ByhiQf c&@éﬂﬂltaﬁ%s%"fﬁregﬁry&&n arkol-[lﬁpllx &re%rom 0.01
but the present invention is not I|imted thereto, an

a1 M- aispeadios peretge Hiawjd Bew gase and thevapPugstien gonditions, i.e., pressure
Exzﬁﬁ'@éxﬁﬁerﬂre.%gnﬁﬁégv Eot@bs a0 LgH/Er?ﬁl Table 4, but the present invention is not

limited thereto, and any suitable solutes may be used.



Name Formula MA/Mp (C) bp (C/ Density (g/nl)

mH)

Tetraki s(et hyl net hyl am no)ha H [ N(Et Me)]4 410.9 -50
79/0.1 1.324 nium (TEMAH) Hafnuim (1'V) Nitrate,
Hf (NO3) 4 426.51 > 300 nia anhydrous Haf nuim (1V)

| odi de,

Di met hyl bi s(t-butyl

cycl opent adi eny|

135/0.01

Hf | 4 686.11 400 n/a 5.6

haf ni u

(V)

anhydrous (subl
[ (t-Bu)Cp] 2Hf Me2” 450. 96 73-76 n/a

)

Tet r aki s( 1- met hoxy- 2- ne%% - Hf (02C5H11) 4 591 nia’

2 ro oxide) hafnium

Tablpd- Fegreniespé AR aeesdr pepeCp2 HE c12 379.58 230-233 n/a

Nam@l CNior i de Haf i €T T- DUTRFKT o 2ed 7 0 IR (vl
30/5 Haf ni um et hoxi de Hf(CC2H5)4 IOSRA F76r,180 ity (g/mL)

Teira B el oAV DT AR de S (CCHa S 2002857
ntumk §v}‘§H % ‘?Jg )Ic]e“ad t - but ofi de Pb(CG(CH3) 3] 2
oo, : comi u'ﬁ'{i"( t=but :;(3688(0 2’\1 3438368
ot é,@&gg H\S‘%é O 98: ]%LI {b‘hnl um (?w -|pF opoxi'te

Y CH3) 2} 4 284. 25 20 58/ 1 0 085 _Barium
HafﬂP ﬁ?&% e Ba( (EBH7) 2 255. 6% Yoo &%Lis) 3 StrontiUm

ropoxide Sr /(Y‘QI—W\ 2 2059 Bi s (1BBNY ambt h\/| ("n\
Dme@&r}%lﬁﬁ%‘%’é C5Ve 5 ) EBrerIgMe: (45496 pr/GpiA Cp)f/St ront i iim
|evelogprizdiylppium(B) 472 3 (Tri ert hyl ) pent anet hyl cycl op
TeuaHs(CRIERY EINBLEL | 40 225, T agbeny | LT ant ssiy)
2-proBb:8del hadnibm @Rt et 1 anet hyl - -he Ba(lthd)2 1 503.85 88

Di(cRIBARMLNGO) DAcH LI [ 1 gl Y@@.izﬂ gb3®3 ( §B2- 08)
dichloride
Hafnium tert-butoxide Hf(OC4Ho), 470.94 /a 90/5
Hafnium ethoxide Hf(OC;Hs), 358.73 178-180 [180-200/13
Aluminum i-propoxide Al(OC;H7); 204.25 118.5 140.5/8 1.0346
Lead ¢-butoxide Pb(OC(CH;);), |353.43
Zirconium (IV) -butoxide  |Zr(OC(CHs)3)e  |383.68 90/5; 81/3  |0.985
Titanium (IV) i-propoxide Ti(OCH(CH,),): |284.25 20 58/1 0.955
Barium i-propoxide Ba(OC;H7), 255.52 200 (dec) in/a
Strontium i-propoxide Sr(OC;H7), 205.8
Bis(pentamethylCp) Barium  |Ba(Cs;Mes), 409.8
Bis(tripropylCp) Strontium Sr(Csi-Pr3H,), 4723
(Trimethyl)pentamethylcyclop | Ti(CsMes)(Mes)  [228.22
entadienyl! titanium (IV)
Bis(2,2,6,6-tetramethyl-3,5-he |Ba(thd); * 503.85 |88
ptanedionato) barium triglyme |triglyme (682.08)
adduct
Bis(2,2,6,6-tetramethyl-3,5-he |Sr(thd), * 45416 |75
ptanedionato) strontium . triglyme (632.39)
triglyme adduct
Tris(2,2,6,6-tetramethyl-3,5-he | Ti(thd), 597.7 7570.1 (sp) .
ptanedionato) titanium(III)
Bis(cyclpentadinyl)Ruthenium [RuCp, . 231.26 200 80-85/0.01
(n




adduct Bis(2,2,6,6-tetramethyl-3.5-he Sr(thd)2 *
454.16 75 ptanedionato) strontiumtriglynme (632.39)
triglynme adduct Tris(2,2,6,6-tetranethyl-3,5-he
Ti(thd)3 597.7 75 / 0.1 (sp) ptanedionato)
titanium(M Bi s(cvcl pentadi nyl ) Rut heni um RuCp2 231. 26
200 80-85/0.01 (I1) 11 [0028] O her exanpl es of
precursor solutes include Ta(NMe2)5 and

Ta( NMe2) 3( NCOH11) that can be used as Tantalumfilm
precur sors. é0029] The sel ection of solvents is
criP@38tal to Qther CALIm)lmdqacﬁcsmor Sbitestindnis Ta0ddeliang to

h I
Lﬂlﬁd(ﬁ@%@%%ﬁ@é@%?& oot R BB P B e sor

room tenperature and should be chen1ca||y

bl th it t . of
"ﬂe Bhi vent “LROtIBE RIGR GhOLisH 1 SocHeuPEIRGT SO B ccoring
| as sheipresele liivestion. Tigptidutity (ROt SBol@ABAE Beal QL solubility of ALD
va orizatjon in the Va@%%bégbgpalthou gh the boiling

rechrsrs a& 108 terperalure a lﬁ%fal Iy Saapatiple vmhgthtéprecursors

t h]?hla bbﬂhﬁo PRIt ISa61vERshidued belhigh &RLMERensBE £EWIBSt loss in delivery
gk not coqggte wi th precursor nol ecul es for
oL S S PIRbveOB PR PGS ppHess, Atbatgh thetbhding point of the

S GbMer earlBsdithBObwhir GIe Al thy pr@&?&)rr RSk O d J%ﬁ/er?t%&@c%?es should

by reacting with a surface hydroxid group.

s GV PO BRI B OROIEHS o TRagaR ﬁfeﬁ oB ﬂwuwrntmsurﬁaee a?rgy, the
Pap ke mukiRt BL-Sed@lalifadsbibbdb L RIRARIL | 'o? &act@sm aesﬁrface hvdroxxde
sol vents useful in the present invention are g
Tapue- Fhe sahypnt melecuiestor Heiriftaguienthghoekdaot }aSana lpyn sfuhet AbDeohd
S Q% eBhp (R fh! _ Ta

Exanpl es o s&P%E%?§¥§Eﬁ%G%g%&§ %e 5P ??e Qﬁnuﬁ%Mﬂei
le(%@fﬁ aot@aHR A Phetddd, as Finl suitabée CRidst definGthe Abdydyieria may be used.
acetate CH3CO2(n-Bu) 124-126 Octane C8H,s 125-127

Table 5. Examples of solvents

Name Formula BP@760Torr (°C)
Dioxane CsHzO, 101

Toluene CsHg 110.6

n-butyl acetate CH;CO,(n-Bu) 124-126

Octane CsHis 125-127
Ethylcyclohexane CsH 132
2-Methoxyethyl acetate CH;CO,(CH,),0CH;|145
Cyclohexanone CsH;cO 155
Propylcyclohexane CoHis 156
2-Methoxyethyl Ether (diglyme) |(CH;OCH,CH,),0 [162
Butylcyclohexane CioHyo 178

[0030] .Another example of a solvent useful for the present invention

is 2,5-dimethyloxytetrahydrofuran.



Et hyl cycl ohexane C8H16 132 2- Met hoxyet hyl acetate
CH3CO2( CH2) 20CH3 145 Cycl ohexanone C6H, 00 155
Propyl cycl ohexane COHi s 156 2- Met hoxyet hyl Et her

(diglynme) (CH30OCH2CH2) 20 162 Butyl cycl ohexane C10H20

178 [0030] Another exanple of a solvent useful for

the present invention is

2, 5-di net hyl oxyt etrahydrofuran._ 12 [0031] Stabilizing
agents to prevent premature deéonp05|t|on of ALD

precursors in the vaporizer and to prolong the

shi@P3Llife o$taltihe'ng%galtp mspmvesmprem@tlumdemomﬂyn af AldD b&:cursors in

. £ e
adtgg gaé)orl%_éo W/ %rpiroléﬁg uﬁglf C & tHcla ALB\%r?l’cl:Hggrp soiuﬁxgrrllsora%veals&fbe added.
st Hbwdvez, mhegpre:tddmt in Vﬁﬁtlorﬁlﬂ g@ntahg stakik latd‘o@ﬁ Qﬁnﬂeﬁaﬂfre haﬁ or witheut the
| t | nt, th
R YRR TR NI T ICTIT

f | epiconiriond dagbe délivesyl mkiﬂgell@mmeteane@phﬂ la@tays fidiD&ontrdller, a

step punp, a m.cro-step or other suitable

o G BHAHEP SR G5B AsP AEHP . ™ PHEER TP oA pBST itable equipment
c Ozﬂtrdehh leaderbfu@MTh W/ rike & doftrdIQd Mokl dhdeﬁﬁﬁa <IJ® Hﬂ/mﬁ’l raeﬁbndmo
the size of the deposition systens, i.e. the flowrate

catPoBabesizs o8 e dpposdion srsisgsairyy TR dlow igcache saéab@n gsinggpssary for

syﬁﬁen&mogggﬁzhmgpe nmet hod according to the present
invention is described as follows. Precisely

controlled liquid solution is injected into a

vagpgsijzer t h@he DB oAU nnft@{h@ %kesaﬁ nv@aﬁoﬁw@ekcr@@ﬂg 80ws.

sources or QO i onal e SO ut1 on can
at Pfﬁ?lzeéldcqmsfp}l@ 1aluwiesbly¢lpr,’zé Ay ect@d igto,a yaperimmpthitongydige ipternal or

AN, 8%} 8 Ii@a@ilng ?(Fh%eg ¥r i’ §10n§1 ¢ lEhf:%%lu L0 e(!atn bg at%m(fzoed %gcmo zla nebulizer,

fl ow or an trasoni c sourc he "vap
t eﬂpepra:tlmateﬁ JEtS ocmmdl exd:rgyysoarcE’I sicH asonmrtand cct tv@al flow or an

Vaﬂgfrxslo%%rs?lhrce TREE vaR/onzer tem Qoesat Ry &)tn?rgl?e%tbg 3’21% lq_oglanc? ﬁlﬁ é/aporlzer is

Sure ran
t eopertatto leeapp@teén@th mvehtemdvsxdmte 100 aegmbn%ﬁﬁermhce Ih lgeneral, the
pressure i.s The

P LEPraEH § e A0P B e Rt ek i ietvecp dumsie and

CoRmEily. Ath OhbodBE terbiRkdrite IsyoptiiRd fd2rspdc@lcablu}e concentration and
vapori zation tenBFratures are from 150C t00250C and
f | GNVFATES Praferbletinoasntion EPETAIes aamiom 680 (1t ARC apd flow rates

t hge batR&a! @t M/ id Sd100uLAN. PURGH SR IR S 1be Precursor molecules

may condense because of low saturation partial pressure and if the temperature is too high,
the precursor molecules may decompose inside the vaporizer chamber. To ensure
particle-free vapor phase formation before ALD, the hot precursor and solvent vapor may be
péssed through a particle filter operated at the same or a higher temperature than the

vaporizer temperature.

[0033] The present invention also relates to the delivery of vaporized solution
precursors. There are two preferred delivery methods for the vaporized solution precursors
according to the present invention. The first preferred method comprises operating at a
constant pumping speed from a vacuum chamber to the exit of the vaporizer. In this method,
to achieve the total vaporization of the precursor solution, the liquid flow rate must be kept
below an established upper limit. For example, a preéursor solution of aluminum

iso-propoxide has a vapor pressure of about 8 Torr at 140.5°C. If the vaporizer is operated at



may condense because of | ow saturation partia

pressure and if the tenperature is too high, the

precursor nol ecul es nay deconpose inside the vaporizer
chanber. To ensure particle-free vapor phase

formati on before ALD, the hot precursor and sol vent

vapor may be passed through a particle filter

operated at the sane or a higher tenperature than the
vapori zer tenperature. [0033] The present invention

also relates to the delivery of vaporized solution
prtbrsuasrs;amure Thenexiane ligwd flomehes foe thedniimes Ko HFRIpBRIAS solution at

fo orized [ pr. rsors. according, t )
R BF%OS% Raienes oi ninlds RrigH e i ar R TRSPFROE Of 0.01. 0.05 and
cohp¥ Laes respedtiaély.nTo adlivar higloen Stnad flow W 9T g gBRe @Ekcur”s&rﬁblutlon
acuum chanber to the exit of the vapor|zer I n thi
el R BP0 (FTRERTEY R YR/ SRR i RosiA temperature of
pr e pres@torseliidt i on, the liquid flow rate nust be kept
bel ow an established upper limt. For exanple, a
precursor solution of alum num i so-propoxide has a
Vajoo34] pr essure: sefond BRI mk@{dd a@&orélxﬁ‘é)to@g r!:sfenttlﬂf'entlon comprises
vaporlzer is operated at 13 this tenperature
meSACTATAE i Caﬁﬁt%!lt FAPOWPSF ATeaSire: dronstapt tgpmswumn the Vaporlzer can be
| SQnREIRADY pdRpRekstkd th@ém & u;le Caat
242 an Q)gg mpc r oﬁél ter/mn %&% zﬁlﬁ hg r?{ gt @? pnirance
0. fesheawaoru@r 118 thig wethod, ﬁfe@ab@@@ th@écrtgl vanmnzwnuome pmcgne:rsolutlon
i ﬂl‘é‘l dapt)}lfé pfe@stu?tsm&t b@k%{ Vb Y gs%’&h&l%g ﬁ}%lr HIn OEOr extagSle a
vapori zer tenperature c be I ncrease
t hereevador shdetpmned slivmingm iseprope-adairae a gipor pmgumcé @biyus 8Torr at
S Oi 461:56 C. {f %?{’%%Orlggle 18 %?CQ‘ 89(9 atQﬁlgtC%{ er%glren%er}no 9(111?1%1(% Potaq pregsure in the
to the present invention conprl atin
coﬁ@baniﬁwdpahmZlebpeswlmé¢M@anmma&ﬂh(oﬂmhnmnessubauSOOTbn
S-SR B 68D R SRTHIL Y BT 0, SRR e
t h}ﬁeemior sn’mt&)n the viposzer apgietanet canl e ifdidasedraptth €@, thdrfal
on of t he precursor

so&ﬁ?%gﬁhmmf%wgﬁmg%%ﬁgT%3?”% YuSre must be kept bel ow

an established upper limt. For exanple, a precursor

or e of TrdentialB Bied Bromeciie inabppion diched onand

I Sofopes akedtiad prehins stvRigleviad &nSistidelt® (XN IH ML QLaH an inert gas
pressure in the vaporizer for the al um num

i SBVfFFo pBKYASS %lomrﬁ%ﬁ atFpomy teMperafise AR BRT EERPSFto AgR6tite hot

S06hpd O NWheMBRefarOslidhed b, ihdegs %r)ﬁ@ Alifrul@n BRSEALSréknt hot vapor
hi gher total Vaporl zer Er essure for a gl ven precur sor

sofrem FeiAring thedspapien hembdere fsereas isalso eenh toghe daperidersegmber to
u perQe &l @xcreﬁ%fr&‘:ﬁ}sor and solvent from the previous cycle which can be then carried to
| an exhaust system. When the valves are on, hot vapor and inert gas enter the deposition

chamber to dose deposition on the substrate surface. The ratio of inert gas entering the
chamber and going to the exhaust is adjustable by means of metering valves or mass flow
controllers. Typically, precursor A is on for 0.1 to 10 seconds, followed by a purge for 1 to
10 seconds, precursor B is on for 0.1 to 10 seconds, followed by another purge for 1 to 10
seconds. In such an operation, the precursor A could be a metal precursor from the solution
vaporizer, and precursor B could be a gas phase reactant such as water, oxygen, ozone,
hydrogen, ammonia, silane, disilane, diborane, hydrogen sulfide, organic amines and

hydrazines, or other gaseous molecular or plasma or radical sources. In another embodiment,



deconposition tenperature of the precursor solute.
[0035] To deposit the ALD |l ayers, the hot precursor
and solvent are switched on and off by a fast action
pressure swi ng device consisting of fast switch val ves
and an inert gas source. The valves are operated at
roomtenperature and are not exposed to reactive hot
vapor. When val ves are switched off, inert gas forns a
di ffusion barrier to prevent hot vapor fromentering
t he deposition chanber. Inert gas is also sent to the
dep&smﬁmhmﬂbhaﬂbewmbénmpb$gEdﬁHkm@XbﬁSﬁnmkﬁcﬂﬁs&kmaﬂdm
fro reviou cle whi e then
oot Bl BOh PR oL b e S oRER o et BP e gpposiion
hOﬂwnﬁﬁommgﬁdOMﬂﬁEﬁu@ﬁﬂd&&hgﬁwﬁﬁﬁwﬁ&@ﬁ@itIOn chanber
to dose deposition on the substrate surface. The ratio
of inert gas entering the chanber and going to the

exjoasgt i s adp A&m&beslﬂibh R @ $haOfanRuesd iR Qle\fﬁést/rﬁ%\@ﬁtlon is

s flo rollers. i cal l recursor. A i
{ ofopniT kg ioﬂs%esﬁag the sa%? f%ys tonrgeelilgr ton hlging the
10d1§s%ﬁ@ﬂ1 gﬁcurﬁfr @&Uﬂi&%re@uﬂs& AN fiQfid pu 3@ tcﬂ-ﬂmﬁﬁﬁ%%r Atoa

f ol | owed anot her Eur ge for 1 to secon
S UBAROBFFT é‘bér"ﬁ%SFld‘H for RRldipe BEGREHIE; A“%é Mgtehe dgpgtiiog(chamber 50,

Pr R&AHzSGhonfth:HB debRe 80 thkrdif hind YRBDELE @}';sten@m Al c8Hections and
B could be a gas phase reactant such as water, oxygen

oz¥hees mappelinglyded asagnswinan thejartaneontrel the rnarhed axfiebrtbahebove. By

hygﬁr%gﬁpséﬂé}nfsh% 1nq3rI@ af) 'pﬁls@srgf %&/38&?}11 &Q 83m vgéorlzer 30 and
ot her gaseous | ecul’ar or p asm o sour
| nvessrbthere welliserdiatadrin timg 4s thay smt@pntam@gosd@lmchent;pr 50. Further,

E{giggr 'fEF&émQ ;?sqhé ek ggsdsm?lfce gr %gtnsthl)vr\)rlil %ulsare st)z}n ard in the industry.

t|on vdpori zed precurso
stored in vessels before deIivery into the dep03|t|on

ch r usin ! nt r ol ncludln r

ValEE 1 Sose A A e B Sy ST e R e it o erow
uséﬁth ﬂilms afkto p)peﬁre rat a beifmiting lAUDSprocS:EH)Vm obdratfon G sillcon Wafer
par Iar em.i.ncl ud | ution vessel 10,

PR A e S udes S0l Wi on veseel 10, o,

( prne@ru deWde, A)ch ada quaditd o stliiRrodelandeGQRMIRhAR (REHITS BE g wth of thin
to_a .vaporizer 30, a vessel 40, for holdln% precursor

B. 1l h a5 Wt F exagm&%ﬁ&&l\r POR Serzstieuasey at Ml Hgrabed in a

rmrmbm@rﬂemorerewbs @sdd0Thé Bl dhrfadfi6la 8RAnEX BRMSIde S éafﬁmgold that
70. Standard connections and valves may be inc ed

asTRY bITARAkHE] ith Rédesr ar stligoneitties metarrefowequtre@}tabatlon step during the
degglai RES u?(ﬁmr eTheEime ShRD LRGeS, sﬁ?oﬁ%ﬁﬁ‘&m skiFrdal %0°(§ 3 400°C

pul ses of e vapor ase precursors from vapori zer

anzhd iypgedly ddtralied \W&Hh * Qéb@wataedn priegsiusiag aP1D hey. The deposition

enth%rrnbEarnptrgss&rQ R sg o%?btl Itc()) pO ”f oer rmo?f? con!c:nlilu(}ulg production, the ALD
deposition chamber can be coupled to the source and delivery systems. The deposition
chamber can be any suitable type, including, but not limited to, flow through reactors, shower

head reactors, and spray/injection head reactors.

[0038] The precursors A and B are carefully separated in the exhaust system to
prevent unwanted reactions. Each precursor can be trapped in a foreline trap that may
operate at different temperatures. For example, a room temperature trap with stainless steel

filter may be used. The separated precursors can be further separated for disposal or recycle.



certain elenments, such as the inert gas source are not
shown, but are standard in the industry. [0037] The
ALD systen1accord|ng to the present invention may be
used to grow thin filns and to operate as a
self-limting ALD process. In operation, a silicon

waf er substrate is provided in the deposition
chanber. The preferred nonitoring device is an in-situ
device, such as a quartz cryst&l microbal ance (QCM
that nonitors the growh of thin filnms in real tine.

Fdp039xanpl e, Seaeri@vhmpledofahauseioNghlidaauBne Yisddlved iMrZolvent and
|nst IIe n a tubular gactor may be used. The

gr“8 AP EACEOAING ik FPEF“é‘éP’rVST&é’n ape s vidadivgloyol d

t hat nay be nodified with oxides, or silicon or other

nmetal s for hetter nucleation step during the
initial é&?ﬁi&%ﬂgﬁ%imﬁﬁﬁienperature of the deposition
chesdoer is sRlid fafuﬁiﬂulrpp&oﬁdilcﬁqggssomg il éh)@(!}'%ﬁ)}lé&llé’ or

.controlled within 1 Cvariation or less using a ﬁﬂﬁr

| oBYyentyFidisted bfbgiﬁtl? %nA s@hidiripe pegak cedips @xyesn settaifingenenid

t Qoﬂq@ouﬁ@f fuch EOTHADI £4i6 Q] arﬁHWF Qéfno&éléﬁ dOhne Egh%erﬁlag)on of the
osition chamber ‘can be coupled to the source
nwmp@gﬁg@(ém%betwe Odeyesd 02Ok L@hldrfb@rratczm:obeelmi)from 10

S%&%ﬁﬁ'@ld Pfin. ! [Slele

hr ougrt1 r e%(\ct or S\Q’Q ﬁ%\}\l/e&?i e Eg& ol‘g}l :ageealjgjflgg%ng “fhe: SrieP criefR¥ of vaporizer
s pmésimosn}lerc@hawhemmtt atelé@‘t(bf:ﬁ)md; ﬁmszasp%rh eO(BCeték{j‘eStOd’eEv Ayplcal

and, B..are arat t he exhaust system

oo e B P bR BRER 3/oT o e Gy Daalh b 0113, and

t rlapppecbnils) r@pédmvﬂl. i T ﬁppafpoﬁﬁtﬁntofm 2 ﬁ@x@! H\Aeﬁr @bwth of the ALD
Faor exanpl e,

|ff ren e at.ur es.
B8 BT S 5OHF T A 1 0 St 1 - s feakpespiay paits. The
uS:etﬂom Pheos efEGaL edwl rtlﬁ@é%rﬁ@fh&y@l@@e Bnded i 468 domain, where
arate? for dlg zg or recycle. 15 [0039] Sevéra

g%ﬁ eg & sylutiqnapulse EA)And avater yanor pelsh @ et rintisd ineother with fim
Sth@ﬁ&thd used in an ALD process according to the
present 1 nvention are provided bel ow. Exanple 1:
Al-,0 thin film[0040] Solid alum numi-propoxide is

d|ssolvqgmhaegtﬁyﬁqmg@ggexane or other -solvents as
listed in Table 5.7 A stabilizing agent, such as oxygen

Cd%] ni ng cogaHr-Bw)rdhiidand dissaledd 1asth3ﬂlequlohexane or other solvents as

trati
LifuPrale, U0 5o 390 e DA S v
LITé‘u: , . 4fdicane, XM, IC$’ apothielibe bamcbefadd)m 1B Hifi hfet@rtoricOnctftration is set
.Th .
L/a8m 0 M8 ch 0. % ?V[ g&ildzﬁ%w rat 1s C nglﬁa% & g ﬁg B.f"/ér%g)rel 0 44L4min.

errper at ur ori zer epo
s SYatartis 150& a BO@Easamchc@ht0 G?he teﬁ&ﬁﬁ,turéﬁﬁ REslizar@hd deposition chamber

Typi cal
>zlipe set'at 200°C -300°C and 200°C — 400°C, respectively. Typical pulse times for the

Hf-solution, purge, water, and purge steps are 0.1-10, 1-10, 0.1-10, and 1-10 seconds,
respectively. The upper portion of FIG. 3 shows linear growth of ALD HfO, as a function of
cycle number, where the Y axis is film thickness in A units. The three highlighted graphs
show different Hf solution pulse times of 0.5, 1 and 10 seconds respectively, with water
vapor pulse and N, purge times fixed at 1 and 10 seconds. FIG. 4 shows an HfO, film
composition using XPS analysis wherein the top portion is surface XPS with environmental
carbon contamination and the bottom portion is ALD film composition after 1 minute
sputtering. The results indicate there is no impurity incorporation when using the present

invention.



pul se times for the Al -solution, purge, water, and
purge steps are 0.1-10, 1-10, 0.1-10, and 1-10
seconds, respectively. The upper portion of FIG 2
shows |inear growmh of the ALD A1203 as a function of
cycl e nunber, wherein the Y axis is filmthickness in
A units. The bottomportion of FIG 2 shows three
growt h cycl es expanded in tine éjOITHI n, where
digitized Al solution pulse (A} and water vapor pul se
(B) are plotted together with film thickness t(A).
Exanple 2: H O7 thin film][0041] Solid

[ (- Bu) Gl g 2ol eARb.MRH dift St vl cycl ohexane or
ot her solvents as Tistedin le 5. A stabilizing
adeéf2] such Saf-loriyeger 2 gowdi is idntgoxorrgachin& 1Gonfooeactisf three

su F li d,Lhe.like can b
R R T R R
O sl:cd\vﬂdt ® (ﬁ’f:QsaMratb_thq ldbpj)siftlbmvvarfeat eThesX-@ximtsrHf] plrf&drsaxt puflsedength in

nL/,m n ter us
Rl o i it oMk S B A5 B BD IR Fpyp, zrowen
C hareb ere md&pc&ldslﬁtof ﬁﬂecu?@;(ﬁ GosagOffter @mltii"at?cﬁﬁlﬁd corﬁﬁ)ﬁi@me ALD deposition.

respecti vel i cal Ise times
i VSI6T YRPPERSe Eﬁ/gﬁb YRSy S&ﬁwd&arl&ethgfeétpén thiseexpmale Q2
1 (7 eR BG)beblﬂMeaif’s] disdolvdd nseﬁt@ﬂnﬂ the ane&hwgﬁdhy ?/I‘Tfh’@[lo to be 2 and
upper portion of FIG 3 shows_ljnear growh of ALD
FE GPoRdRITY REPY G dstectiipibotfliither, where the Y axis
is filmthickness in A units. The three highlighted
graphs show different Hf solution pulse tines of 0.5,
1 and 10ExapbetidfPethndim yvely, with water vapor puI se
anféOM purg eSéllane?’raltlE()f Silafkyd rﬁé?}%'l é%r@}%ﬁfﬂ@)ﬂ‘ﬁ‘ﬁnuﬁ (ﬁ;&’ ), Hf(mmp), is
shows an H O [ 'm con‘posn?l on using XPS analys
whdigselvad trﬁ@hyﬂqyplob@qam grrotlies sad vanfsae distxP8® hebteld. A stab111zm0 agent, such

eny! Q&gmgﬁt%fgg%ﬂagg Qorﬁ%&%ﬂu@ﬂgg e?@dl&bﬁ%e kf%f: (&B and the like

porti m conposition aft
S pcmntbe rdded. THhEL preguor soricerdiatian & stimepé M ® (hbMi fpond flgw rate is

NSRBI MORT, BIL0TNC ASTAMy of DUEMLORacdD. i

Sedefnpémmets @ vabizey bxniMepoditontdnmbs tareasted 150YCRB®CRntl Q00°C —

each of three i fferent tenperature settings wher
met 4l 8ﬁF%’E?}}V§l¥r éfB’Féé’“F seRGEHOr @e&ﬁéi’lé%\%‘baurﬁ D atngpir"e steps

sege0dsiot 010Mer-1® ahd!-3b &cbxﬁﬁ 4aRaSIely NG ShbREBrear§ h@wth of ALD
X-axis is H precursor pulse |length in seconds and

t hfCp-agifnciion ¢f qyple PG rgiernhibe dragisiinfilangickreshig 4ngptroms. FIG. 7
CY&Ho&is th%‘i—l@j @i con%o%%ﬁ‘as formed in this Example, using XPS analysis after two
minutes sputtering to remove surface contamination. The results indicate there is no impurity

ihcorporation when using the present invention. The XPS data shows the O/Hf ratio to be 2.3

and carbon impurity below the detection limit of 0.1%.

Example 4: BST thin films
[0044] Solids of Ba(0-iPr),, Sr(O-iPr),, and Ti(O-iPr), are dissolved in

ethylcyclohexane or other solvents as listed in Table 5 with different mixing ratios.
Stabilizing agents such as oxygen containing organic compounds such as THF, 1,4-dioxane,
and DMF can be added. The BST precursor concentration is set at 0.1 M to 0.2 M for each
component. Liquid flow rate is controlled from 10 nL/min to 10 ul./min. Water is used as a

gas phase reactant. The temperatures of vaporizer and deposition chamber are set at 200°C —



rates are independent of precursor dosage after
saturation and confirmtrue ALD deposition. Wter

vapor pulse length was fixed at 1 second during the
test. In this exanple, 0.2 M (t-Bu)Cp]2H M2 is

di ssolved in Cctane. The XPS data shows the O Hf ratio
to be 2 and carbon inpurity below the detection limt

of 0.1 % Exanple 3: H Q2 thin film][0043] Solid

Tet r aki s( 1- met hoxy- 2- met hyl - 2- bt opoxi de) haf ni um (1V),

Hf (mp)4 is dissolved in et hyI cycl ohexane or’ ot her

s 0350&113181 3@Q°G + 80080, respedialelye T@pwﬂ palsalinkd B 0@ nd@eahition, purge,

suc en co nlc compounds such as

TR T P e @ﬁ/ﬁ ;CE(%}:Q e Irideeconsa fespretindy ebbe upper
Tl‘re)rti'dfn PrEE l8rs5@,{rs lﬁﬁﬁkCgedSkt tht AOD BST £t ruRkioR oflcyMet ngmgerzwhere the
M controlled from10 nL/ m

IS
a’flﬁisrﬂqlﬁ thi Sérm gé*“ﬁ%eﬁ‘ed@“%m@a%mbﬂ%@@ ?é‘&’é‘t%fwtr andrhbalf
t %&%@té—lés&ip@ﬁed’ﬁ@i‘ﬁfe‘ dB8hindth ﬁ@ﬁ%'ﬂgmluﬁbﬁﬂa%an@ vter vapor
set at 150C -300C and 200C - 350C, respecti vel
TyPiE IOt ogghgr ik dipdhicires 4. sof ut | on, pur ge wat er ,
and purge steps are 0.1-10, 1-10, 0.1-10, and 1-10

seconds, resPe_ctiveI . FIG 6 shows linear growh of
ALD W(Ma_ﬂaﬁafy_@w : 1 of cycle nunber, where the Y
axuges) s {1 f@o‘hﬁRﬁ&ﬂ%élsédﬂveé”:g%{&%l%fh%%eo hows t he

| m conposition as formed Int e, using
XPS élmﬂykaxxtetaeﬂwémﬁrw octarien the sorsputatien ofiRy frecursenizwset at 0.05 M

surhaag. g%&%amngééan%QuchTﬂ% [ %ﬁ% candkieha%e% tLﬁguf@HOW rate is

no inpurity poration u3|ng
i repainelied AromTRe L XHS tol B aL/smov@xytghrega@‘lsl-ifsed atd @ntbOStk»e agena The

SN2 8801 R el Rh DEet S48 Bl L0 B

BaJ(OGP(I IPdEa))a:any ('Dpiddr pudse taid I thdRi-E3)1tbnag@ edbﬁfb@ﬂx \ViB@purge steps
QX cl gqﬁx@ge or other solvents as listed in

Te?tS‘f it 0 8¢ d 0 sRToRAT @eSP%PV“d‘é FIGSP slyiwsiRag fﬂgl composition

agRk XrSWaklyAsafRXY § eint&batddin B & Q&Q%&a&%@h{ﬁgﬁ n. The results

such as THF, 1, 4-dioxane, and DVMF can be added ?1

BITUIFASRERE d00 IBIPWAE FCPEROTAHAN Eerswsingale 1@esentVnyentign. ZThtfilm

f QEsi®@RENis 26RO HERE-OhlmGH 'b? 4l \;/%agly\lptro@é Bedstr &gﬁt rolled
from10 nL/mn to 10 L/ mn: ter is used as a gas
phase reactant. The tenperatures of vaporizer and
d 9&% tion gh 35 300C

q " espe%??v e}ia?erd‘?hra?g lai%mb%gggreltsgaﬂ%arlagons 0 ﬂle present
mlwegmwulldnconwp@ely apmmneto thamllqdurtgen &Hbﬁ’f)ﬁgh&bf&he foregoing

0. d%SC:lLl t101r1' aliltplt 1sQnténd%9 th%pglcﬂ'ergﬂgods iments ana ’varla%sogselcktewwe bX included

w 1th1n the scope of the invention as set out in the appended claims.



portion of FIG 8 shows linear gromh of ALD BST as a
function of cycle nunber, where the Y axis is film
thickness in A units. The bottom portion of FIG 8
shows four and a half growth cycles expanded in tine
domain with digitized BST solution pulse and wat er

vapor pulse plotted together with filmthickness

t(A). Exanple 5: Ru thin film 100451 Solid RuCp2 is

di ssol ved in dioxane, dioxane/!dctane or

2, 5-di et hyl oxyt et r ahydr of ur an: % oct ane. The

c oMoz s alarhedon of Ru precursor is set at 0.05 M to 0.2
M A stabilizing agents such as Cp and the |like can be
added. Liquid flowrate is controlled from 10 nL/m n
td. 10 A method Gaygan lagasiepSitidedmpssigy: conbust i on agent .
The te erqtgre§.of vaparizer and deposition chanber
are set® ) (e Veringt YaPHeFd BeRTersor sefhien andesyreetided qagtion
Typlutad topudbsRitioh BRsnbegr t he Ru-sol ution, purge,

oxygen,. and pur steps are 0,1-10, 1-10, 0.1-10, and
1-10 s é%r&ﬁ‘b%d? m?fg’faaéfcctf iCgBPsRentE pEihe gregprrisolRiior 3ndgeaction solution
C ofrpa$ict bONsubstitdig théRBp@nanyaisbealdngr 1.5 m nutes
sputtering. to renpve surface contam nation. The
result§q”%H@W€%V€hWHEWéﬁP@“ﬁ@amﬁﬁﬁwhﬁywﬁwééﬁ@@@ation
when usitB@in thevapbasarechR¥eRividNeon#ed dde B more low vol tility
resistivity is about 12 m cro-Chnmfcm by 4-point prOGe

MEFSHPUFHEROVE Goatlvert P& antici pated that other
enbodi REBlH BOteMA I 381L@RSs 8divtRE Ig]ooar %;85%@ %tl D% dp@Bure and
e skille nin

w || beconme readily apparent to t artis

t Wapqrizeshvithopt dasempasitioger prpdendetionr i ption, and it is

i ntended that such enbodi nents and variations |ikew se
be included wthin the scope of the invention as set

odt i n A nethednseerdied tadlaimis whgin thfyarecursr Glagbhied: 1. A
nmet hod of atomi c | ayer deposition conprising:
alternately delivering a vaporized precursor solution
add a Vapohodzaedordieaot ¢dlam 1, shbminithrprearar depeaed fré the group

chanber: for.m ng, a. .ayer of _conpopents of the
e N L S A S TR E R
okydopetifaditiydy, end dihdr i@nd@perghiic insBabREal 3MEn-metal compounds.
repeating until a thin filmof a predeterm ned

thickness is formed; wherein the vaporized precursor
sal ut i AMMERSAUCctS8Hg RN\ Qaif3, WRELinlAVH QR Islskibded from the group

consisting of HIN(EtMe)]s, H(NO3),, HfCLy, HfL,, [(+-Bu)Cp,HfMe,, Hi(O-CsHj)a,
Cp,HfCly, Hi{OC4Hy)s, H{OC,Hs)s, AI(OC;Hy)s, PB(OC(CHs)s),, Z,r(OC(CHy)s)a,
Ti(OCH(CHs),)s, Ba(OC3Hy),, Sf(OC;3H;),, Ba(CsMes),, St(Csi-PrsH,),, Ti(CsMes)(Mes),
Ba(thd), * triglyme, Sr(thd), * triglyme, Ti(thd);, RuCp,, Ta(NMe,)s and
Ta(NMe,);(NCoHy)).

5. A method according to claim ], wherein the concentration of the precursor in the

precursor solution is from 0.01 M to 1 M.

6. A method according to claim 1, wherein the precursor solution further includes
stabilizing additives with concentrations from 0.0001 M to 1 M, selected from the group

consisting of oxygen containing organic compounds such as THF. 1,4-dioxane, and DMF.



precursors dissolved in a solvent; and wherein the
precursor solution is delivered to a vaporizer at room
tenperature and vaporized w thout deconposition or
condensation. 2. A nmethod according to claim1,

wherein the precursor is a solid. 3. A nethod

according to claiml, wherein the precursor is

selected fromthe group consisting of halides,

al koxi des, , -diketonates, nit#ates, alkyl ani des,

am di nates, cycl opentadi enyls, and other forns of

organi CA ekthbtl ascgatirigo BRInal , viHerdi® e BBl & h&IHRAMRGSint sefected to
A net hod accor di to cl.aim 3, wherein the precursor

| TSP B 10T POV ARG VPBEI™ consi st i ng of

Hf ] N(Et Me) 14, Hf (NOG3)4, HCl4,Hfl 4, [(t-Bu)Cp], H Me2,

Hf (O CSH1124, Cp2Hf A 2, Hf (OC4AH9) 4, Hf (OC2HS) 4,

Al 8( oc, HY ,h0¢5<(6@§cr(g|_t|g):lg)ng,l, Vj}efc(ugﬁ(s @p.]ggn:g)snglecte form the group

Ti GEGHH0SHBAIY dhe, tBRESCRIBUD, Pacetlcl SXedtd/dikyloyBREGENE D) kethoxyethyl
Sr(Csi-Pr3H2)2, Ti(C5 VIe5)(Me3), Ba(thd)2 *

t rdCeiRig riyclokypxangig) mropyleyelobexane 2-mgthaxpethg ethru@igzyme),

T ng% _ ' A nmet hod accordi ng
tgﬁélai%ﬁ?@ﬂﬂﬁgﬁgfgkgﬁ%%égggegb%ggﬁgn of the precursor

in the precursor solutionis from0.01 Mto 1 M 6. A
meyf. ho,d 1@%}%9&)9 'a&;grd:ix% t8|c [N ,]whe x?nglr&cﬁ(t}les gﬁlgﬁ: HIs8@ted from the
solution further i1ncludes stabilizing additives Wt

C agreuprronssting 0§ whten nxyge @@dneMhtdpogen Mmnglagsitaed dfsilam diberane,
O R NT S8 PN 305 2 s BhA gty os plsma r
mekdiod sacemr ding to claim 1, wherein the solvent has a
boi ling point selected to ensure no solvent |o0ss

during vaporization. 8 A nmethod according to claim1,
whigx ei nA tdegho8 atcsaitig tb Slage | Bclictdn BaIverytdi theGaIHRed precursor solution
consi st .of di gxane, toluene,. n-butyl acetate,
odPEWE?SB%ﬁ§ﬂ8§éggﬁé%éﬁ@@lﬁﬁﬁéWWdﬁ§%F%?¥“ acet at e,

cycl ohexanone, propyl cycl ohexane, 2-nethoxyethyl ether
(diglynme), = butyl cycl ohexane and o )

2, B di mefiee 25ostiReA e uYeein the prchaspTeltion is oprarised at 2

t Oefob@hite FromMUDPE Ll 4908C Er?t?ézéﬂe&ﬂresfmny-tlhgﬁo b SRl S5t ed
fromthe group consisting of water, oxygen, oz&h@,

hydr ogen, ammoni a, silane, disilane, diborane,

hy (0g€R m%HJoE Iagc%fdelr%t?%ﬁ&nq 1,%@%0%Egsi@p%rrgq%é HE gepog)l{ion chamber

ot her gaseous no e or
between each alternate delivery of vaporized precursor solution and vaporized reaction

solution.

13. A method according to claim 12, wherein vaporized precursor solution is delivered
for 0.1 to 10 seconds, a first purge is carried out for 1 to 10 seconds, vaporized reaction
solution is delivered for 0.1 to 10 seconds, and a second purge is carried out for'1l to 10

seconds.

14. A method according to claim 1, wherein the precursor is aluminum i-propoxide, the

solvent is ethylcyclohexane or octane and the thin film is ALO;

15. A method according to claim 1, wherein the precursor is [(--Bu)Cp],HfMe,, the

solvent is ethylcyclohexane or octane and the thin film is HfO,.



radi cal sources. 10. A nethod according to claim1,
wherein delivery of the vaporized precursor solution
conprises delivery at a flowrate from10 nL/mn to 10
m/mn. 11. A nethod according to claim1, wherein the
precursor solution is vaporized at a tenperature from
100C and 350C and a pressure from-14 psig and +10
psig. 12. A nethod according to claim1l1, further
conprising purging the depositidn chamber between
each alternate delivery of vaporized precursor

sol ution and vapori zed reaction solution. 13. A

thod according to claim12, wherein vaporized
g'rsle6 cur s‘g Pleg’é’g G‘fci% g8 C@‘H’P i vebesgin thegrecarsaris o 10

S ebmraklis( 1 -rﬁetlﬁdx&_&tm@hmg%rb;_ﬁ)xﬁﬁ§ ﬁdfﬁgm_QPUi), ﬂ_‘hQ Koldent B et Qicy lohexance or
seconds, . vaporized_reaction solution is dellvereg'?or

0.F gy e Riniiges HY a second purge is carried out

for 1 to 10 seconds. 14. A nethod according to claim

1, wherein the precursor is alumnumi-propoxide, the
sdi’vent” M&thad RSFPIYRE te Blaitm hevisrein e aresuraerds hafsumhérnbutoxide or
f iHafiis etﬁ&ﬁ@e’-’,’ tHeRolvént | Lm 1 :
wherein the precuréggg?gﬁﬁfﬁﬁgﬁ?%%?%ﬁﬁgég%ﬁ%E%Pﬁhnw}ﬁof
solvent is ethylcycl ohexane or octane and the thin

fijlgm i sy HEGRBa a(.%grdinl’QO Cléimtmgeig s %Feg{lrrs](g ist 29 m?xltuar!a ror%]}d(O—iPr)g,

wherein the precursor is

TS (Quifirks.(dnd FEORBRY the sefeern el etidd e bpexahde)octand sidune fN) film is BST.
the solvent is ethyl cvcl ohexance or octane and the

thin filmis HF02. 17. A method according to claim1,

wHer ei A mhdopadoendingde clagn hafheidimht ereburbdii ORITS, tBE solvent is

h [ haoxi sol.vent | I | ohexan r

o IR o2 Fo R B el Fpgorise o in il s R
according to claiml, wherein the precursor is a

myxture, of gg&%l.l?rﬁ)z Sr(Oi P.r%z, and Ti (O Pr) 4,

t he sol VERTOT & GEHHTINE yOBReIHIOB PTG Eothe 3Pt ayerideppsition
f ichambes, cB&prisingl 9. A nmet hod according to claim 1,

wherein the precursor is RuCp2, the solvent is

di ox ané),peratil A SIS ERLEREDES speed from a vacuum chamber to the exit of a

2 vBpotizereis oy lad wiRtKadiviie fyer @pbagsAigmand the thin
filmis Ru. 20. A nethod of delivering vaporized

sol ution precursors to an atom c |ayer deposition
chanmbera meQePs @iiNging vaporized solution precursors to an atomic layer deposition

chamber, comprising:

operating a vaporizer associated with the atomic layer deposition chamber at constant

pressure.

22. A method according to claim 21, wherein constant pressure in the vaporizer is

maintained by controlling pumping speed at an exit of the vaporizer and controlling liquid

flow rate at the entrance to the vaporizer.

23. An apparatus for atomic layer deposition, comprising:

a source of precursor solution comprising one or more low volatility precursors

dissolved in a solvent;

a source of a reaction solution;



operating at a constant punping speed froma vacuum
chanber to the exit of a wvaporizer associated with
the atom c | ayer deposition chanber. 21. A nmethod of
del i vering vaporized solution precursors to an atomc
| ayer deposition chanber, conprising: operating a
vapori zer associated with the atom c | ayer deposition
chanber at constant pressure. 22. A nmethod according
to claim2l, wherein constant ptessure in the
vaporizer is maintained by controlling punping speed
at an exvdponfer tdmmestehiorechcherf tizrsdurco of predutsongplutiog dhdlthe source of
Qw rate at the entrance to the vaporizer. 23. An

apparaP "G atomic Iaver deposition, conprising: a
sour ce mf athie dayesdeposidnihhmbereompettdionie PerifE; Mor e
IOM/voIaFiLit recursors dissolved in solvent; a
sour co. Brst e BREOH REGor SHRRD § e gpbi roRs wmperatire
connected to each of the source of precursor solution

the source of reaction _solution; an atgomc |aver
de shsi t *BAPRIFARBETO SRR BFt Wherdithe Jay6 Y9Iataity PigpHEsOs s solid.
the source of precursor solution is maintained at room
tenperature. 24. An apparatus according to claim 23,
whet ei nAR ARP2FIGH 267 ding i) ojqapmps eliFrainhelaw yolaggity precurgps is selected

AN &R PR REupoRGERL OF ﬁh@td&soalﬁo)@ti d@@ﬂ«zt\é\ﬁ@&eﬁﬂa&b glk%'lg}%dcs

voIatility precursor Is Selecte fromt
coﬁ@lﬁ%‘ieﬁ §yoPrehafiiceds andpthedpasof organig plklemgmat elstal or non-metal
éﬁ%k Sis. al kyl am des, ami di nates, cycl opentadienyls,
er forns of organic or inorganic netal or
non-netal conpounds 26. An apparatus according to
c

| recy
se ect e I?pragartrli1 > aﬁ”“ﬂ?%{d’pc‘%é%n% i ‘%‘%efeﬁ%%sf ?\ﬁ%{ RitSjljr%Pr is selected
Hf {rddaB)ederoviriicChedstik b A TN(EtVB)), (Etf N VEEC 4’H{=ﬂf q@mﬂm

ehE ety S el b fbRiaddogcrnn,

Ba QORKITH;)s, Si(OODREM)2),, BBERCHBHAC; BN, BalC; E’/Ieé’)lz" SY@:si-PrsH),,

tr rf‘gﬁm}(%(%%ﬁ‘ a,(*tt%%%%{&égé@ i%ng;m S’ﬁ@xd)g, KiCp Ta(NMey)s and

Ta(NMe,)s(NCoHj)).

27. An apparatus method according to claim 23, wherein the concentration of the low

volatility precursor in the precursor solution is from 0.01 M to 1 M.

28. An apparatus according to claim 23, wherein the precursor solution further includes
stabilizing additives with concentrations from 0.0001 M to 1 M, selected from the group

consisting of oxygen containing organic compounds such as THF, 1,4-dioxane, and DMF.

29. An apparatus according to claim 23, wherein the solvent has a boiling point selected

to ensure no solvent loss during vaporization.

30. An apparatus according to claim 23; wherein the solvent is selected form the group
consisting of dioxane, toluene, n-butyl acetate, octane, ethylcyclohexane, 2-methoxyethyl
acetate, cyclohexanone, propylcyclohexane, 2-methoxyethyl ether (diglyme),

butylcyclohexane and 2,5-dimethyloxytetrahydrofuran.



Ta( NMe2) 3( NCOH11) 27. An apparatus nethod according to
claim 23, wherein the concentration of the | ow
volatility precursor in the precursor solution is from
0.01 Mto 1 M 28. An apparatus according to claim 23,
wherein the precursor solution further includes
stabilizing additives with concentrations from 0.0001
Mto 1 M selected fromthe grgg consi sting of
oxygen contai ni ng organi c conpdtinds such as THF,

1, 4-di oxane, and DWMF. 29. An apparatus accordlng to

cl aim 23, mherein the solvent has a boiling poi nt

‘selecte nsure ,.no 0SS
vathri oap bRt GRe e AR s osobyian ssiered from
V\héueg'mmpt:h&ssmg vfordter] @cyg@l emle,dlyﬂmgm Eulﬁﬁogﬁ Q;Uﬁhe disilane, diborane,

F<ﬁoen1§ di oxane, uene @% acet a 1 |

Frdleh BEUAGT e AR e SR prro Ry et S Rl Gl or plasma or

cyahmhewaﬁaﬂe propyl cycl ohexane, 2-nethoxyethyl ether
(diglynme), butyl cycl ohexane and
2, 5-di met hyl oxytetrahydrofuran. 22 31. An apparatus

acgnr di Rg aprathsctdrdidg toenOBNfuthe cbRBGIMONsoBRE Ut hdgk gas
is selected from the group conS|st|ng of wat er,

ox §FaFctedrnige 2Rt BYE Acrosihipb hagbers | ane, di si | ane,

di borane, hydrogen sul fide, organic am nes and

hydr azi nes, or other gaseous nol ecul e or plasma or

r aa% .cal Adbnfidmdormgs by Apatapisdivar drposbomasesy Mhereisl adirepursor

23 solfitk¥ntub&lrin %'mfnh@l ?Q‘ &po%ﬁ%%?oc@gs cBiMbA&s 885 more low volatility
connected with the atomc | ayer deposition chanbe

33Prepuirsdis ¢isselvedrif otohsl By veleren tsxmpcecvrav@pluderp@gmmm without
pr 9&%&5051%43%& Ehille RSB HSS Qe in ﬁx%'akb%@ﬁ &%@ sitfangyis%ess.

atom c | ayer deposition process conprl ne or nore
low volatility precursors dissolved in a solvent and

V\’h% ein Attﬁlﬁ Ah QEE R to%%kn?gé %hbl'e n HERQY \Izo%aﬁ(ﬂtv Ihrecurstor is.a Csohd

deconposition or cordensa re use 1n-t
Iayer dep03|t|on process 34 A th|n filn1accord|ng to
recur sor.

B AU SRbrdififo calfy 48 et ik pREGRHS S8 fon f gy

t hepxppmderchssblvscbinwthyMyclbls;exaietMontums anid 41| tBiR @M GeAl,05
di ssol ved in ethyl cycl ohexane or octane and the thin
filmis A1203. 36. Athin filmaccording to claim 33,

whes.ei n Atthia ik @edokER oSl B3 Gfhetesn the el GRlLass b2,

| ved i n ethyl cycl ohexane or octane and the thin
ﬁ,%fl)SCp €2, d1]g lve)é(i:n etpylcyclo%exane or octane and the thin film is HfO,.

37. A thin film according to claim 33, wherein the precursor solution is

Tetrakis(1-methoxy-2-methyl-2-propoxide) hafnium (IV) dissolved in ethylcyclohexance or

octane and the thin film is HfO,.

38. A thin film according to claim 33, wherein the precursor solution is hafnium
tert-butoxide or hafnium ethoxide dissolved in ethylcyclohexane or octane and the thin film

is H{O,.

39, A thin film according to claim 33, wherein the precursor solution is a mixture of
Ba(0-iPr),, Sr(O-iPr),, and Ti(O-iPr), dissolved in ethylcyclohexane or octane and the thin
film is BST.



37. Athin filmaccording to claim33, wherein the
precursor solution is :
Tetr aki s( 1- met hoxy- 2- net hyl - 2- pr opoxi de) haf ni um (1V)
di ssol ved in ethylcycl ohexance or octane and the thin
filmis HO02. 38. Athin filmaccording to claim 33,
wherein the precursor solution is hafnium
tert-butoxi de or hafnium et hoxi de di ssolved in
et hyl cycl ohexane or octane and2the thin film is H 02.
39. Athin filmaccording to claim33, wherein the
precursor solution is a mxture of Ba(GiPr)a2,
'Sr C>|Pr) nd Ti (O Pr)4 dissolved in

1 cytitgh éﬁ%ﬁ%own"d% £laie3 hehererigthe prepprsor pqlutidngs Regin, dissolved
231n dﬁﬁaneAdfbk‘én@/of:ﬂahéﬁr@@@&@h?&x%@trﬁxly mrgh:;)’oc gr(aethy i Bim is Ru.
precursor solution is RuCp2 dissol Ved & I oxan
di oxane/ oct ane or
2 di / t e
i P oy TSR S SICRE A0 RLAE LG ithTmpurio
wHeERBmnatife th|n ﬂlrnls free frominpurity
cont am nat i on.



