1 METHOD AND APPARATUS FOR USI NG SOLUTI ON BASED
PRECURSORS FOR ATOM C LAYER DEPCSI TI ON FI ELD OF THE

I NVENTI ON [ 0001] The present invention relates to new
and useful methods and apparatus for delivery of a
broader class of precursors for atom c |ayer
deposition. The present invention also relates to
atom c | ayer deposition nethods utilizing a new nethod
of delivering precursors. BACKGROUND OF THE | NVENTI ON
[0002] Atomi c |ayer deposition (ALD) is an enabling
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layers, high-k gate giGhgeavar BYPOSITIHNN- K
capaci tance | ayers, capping layers, and netallic gate

el ectrodes in silicon wafer processes. ALD has al so

been applied in other electronics industries, such as

f | @k BatetmE ngPh@¥ione ompound semi conduct or, magnetic

and opti cal storage, solar cell, nanotechnology and

nanonaterials. ALD is used to build ultra thin and
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nitridation reactions. Pure netallic |ayers, such as
Ru, Cu, Ta, and others may al so be deposited using ALD
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[ 0003] A typical ALD process uses sequential precursor
gas pulses to deposit a film one layer at a tine. In
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transition metal elements, such as aluminum, titanium, zirconium, hafnium, and tantalum,

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.

[0003] 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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[TLHLITAITY I'L *159159* u *@00002* 2 [0004] As

sem conduct or devi ces continue to get nore densely
packed with devices, channel |engths also have to be
made snal |l er and smaller. For future el ectronic device
technologies, it will be necessary to replace Si02 and
SiON gate dielectrics with ultra thin high-k oxides
havi ng effective oxide thickness (EOT) less than 1.5
nm Preferably, high-k materidls should have high
band gaps and band of fsets, high k values, good
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materials are listed i'n Tab ng those |1 sted,
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marhﬁ&]' oﬂﬁ‘ﬁgvgh?é}l% %(; Qapg Elgi %8% fﬁeg ) el@h ool(ﬁ él on

gat e ectrics.
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Hf , Al yOQZ8-201. 22N/ A900 Zr 201. 22N A975
is useful in optical electronics applications.

Table 1. Dielectric properties of ALD high-k gate materials

Material K EOT (@ Snm Break down Field Egyp Crystalline
film) (MV/em @ 1 pA/em?) Temp (°C)
HfO, 13-17 1.3 1-5 400-600
Al04 7-9 2.44 3-8 900-1000
ZrO, 20 0.98 1 <300 *
Hf,ALO, 8-20 1.22 N/A 900
Zr,ALO, 8-20 1.22 N/A 975
Y,0; 12-15 1.44 4 <600
TayOs 23-25 0.81 0.5-1.5 500 -700
Nb,ALO, 8 2.44 5 N/A
Hf,Si,0, N/A N/A N/A 800
Ta,Ti,0, 27-28 0.71 1 N/A
AlLO,/HfO, N/A N/A N/A N/A
AlLO,/TiO, 9-18 1.44 5-7 N/A

* as a function of film thickness



Y20312-151. 444<600 Ta20523-250. 810. 5-1. 5500 -700

Nb, , Al yQz82. 445N/ A Hf , , Si yOZN AN AN/ A800

Ta,, TiyQz27-280. 711N A Al 203/ Hf 2N AN AN AN/ A

Al 203/ Ti O29- 181. 445- 7NV A * as a function of film

t hi ckness 3 [0005] Transition netals and net al

nitrides nmay be used as diffusion barriers to prevent
inter-diffusion of metal and silicon in |IC devices.

These barrier layers are only 8 few nmin thickness,

and are conformal in trenches and vias. Table 2 shows
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i PR P bR b WEVRARRCI B Bl irioon
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C15 500900 TaNTaCl5H N

T R 38 BT S5 S RE B DET LB R50N A
TaN( C) TBTDETH pl asmaN/ A250 TaNXTaF5H N

101-101 Ta3NSTaCl5NH3400-500105 - 104
%@%ﬁggwggéﬂg D mtr(i:c}e ba|r_r|13er ayer materials

Film Metal Other Growth Temp Resistivity
precursor precursors ((9)) (pQ*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°

TasN; TaCls NH, 400-500 10° - 10*

W,N WFs NH;3 330-530 4500

TiN TiCly NH; 500 250

TiN TiCly Zn +NH, 500 50

TiN Til, NH; 400-500 38070

TiN TiCl, Me,NNH, 350 500

TiN TEMAT NH; 160-320 600 (post

annealed)
TiN Ti(NMe,), 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,03, as well as ferroelectric
materials, such as BST, PZT, and SBT layers, have been used as capacitor dielectrics in

memory devices.



Ti NTi CL4NH3500250 Ti NTi O 4Zn +NH350050

Ti NTi | 4NH3400- 500380 - 70 Ti NTi C 4Me2NNH2350500

Ti NTEMATNH3160- 320600 (post anneal ed)

Ti NTi (NMe2) 4NH31805000 [ 0006] ALD is an advanced

deposition nethod for high density nmenory devices

when hi ghly conformal and hi gh aspect ratio deposition

of high-k dielectric materials and its Iliners is

needed. High-k oxides listed i# Table 1, such as
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ALD half reaction cycles should be completed within 5 seconds, preferably within 1 second.

The exposure dosage should be below 10® Laugmuir (1 Torr*sec = 10° Laugmuir). The
precursors should be stable within the deposition temperature windows, because
un-controllable CVD reactions could occur when the precursor decomposes in gas phase.
The precursors themselves should also be highly reactive 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.
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[0009]

new types of ALD precursors are needed that are more stable, exhibit higher volatility, and

Because of stringent requirements for ALD precursors as noted in Table 3,

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]

deposition processes. For example, US Patent 5,376,409 describes a method of delivering

Direct liquid injection methods have been used in many vapor phase

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 pfoviding 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



obstacle. In this light, the prior art related to
chem cal vapor deposition (CVD) processes provides
some useful background information. [0010] Direct
liquid injection nmethods have been used in many vapor
phase deposition processes. For exanple, US Patent
5,376, 409 describes a nethod of delivering solid
precursors that have been di ssolved in an appropriate
solvent for use in chem cal vapor deposition (CVD)
techni ques. US Patent 5,451, 260 descri bes a nethod for
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di ssol ved 1 n appropriate solvents. [0011] There is
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2005 describes a liguid
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.



pul sing method for solution precursors, where again
the liquid dose is too large for ideal ALD operation.
In fact, using liquid pulse to achi eve nonol ayer
coverage is very difficult, because in an ALD
operation, the pulse width of a vapor phase reactant
is 1 second or less. One issue is that the shape of a
vaporized liquid pulse is distorted in tine space and
sharp leading and tailing edgés of the Iiquid pulse
can be lost after vaporization. It is therefore
difficult to synchronize two well separated reactants
to performself-limting and sequential ALD grow h.
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r t: true ALD processes
bﬁ%ﬁ‘?@%ﬁéﬂ St rg&‘“% ' % g%ggsggses [0013] US
published pat ent appllcatlon 2004/ 0079286, describes a
ysten1for ALD wherein both vapor
Dﬂﬁs{og ERTION ist in a vaporizer after liquid

|nject|on Thi s process MA|| not work for solutlon

pr ecur ors or onent m xtures
n,aﬁ sep é)qussrﬁ 1%ﬁtf0& pa%Vé unlgur:[ c@eﬂ_amanem @f 80 utlon stabilization
r eﬁﬁaldéll&/eﬁy te@@6logibs #iflespatihl AID opdmroamemei Snbﬁl’tlé\l—l@ the present

pr.ecur.sor d hods Q usi recur sor.s
UBVGBP%@E%E}‘ "swﬁmw%# IWR}E%%@ E)‘P PISSﬂH‘@dWé%ms The

i ﬂM@%laQI‘ty@élﬂilpré&x%okbmraé&ﬂ&g‘@kﬁ%fﬁw&ﬁa oftén &AlvittveBhigh boiling

stabilization and delivery teahnol ogies w th special

ARSI diegherovngiablesaiates canpesiapilizedin aplitiqrand siilbsstain very high
| nyeRngipBihts |T|hﬁ\’i§ac§vlé‘x§aéé§€s HEaukOMfe ¥Rk !mla§ ¥e Sdtivirdd élra,m
precursors dissolved 1n solvents. The Ilowvolatili
s denpergris c dilebihe sptionds Yapprized ghe é%pprepi@iswlxaﬁ@ofamcmor and
©XJ3ihdis ¥ it Ucrdlibh BmbBYb Bsir fTHe 1SS prod Al esent
sol utes can Pl'ized 1'n solUtion and Stil aln
v einyentiprgdiso Q\wcrls A dg}wptyi aprayatuThiptsachisves theaho vegewlis
because the solutions nmay be delivered at room
tenperature Adter the solution is vaporized, the

! ik BAWINGSUr sor and solvent is
pulsed |nto a dep05|t|on chanber to assure a true ALD
process. The present invention also covers a delivery
appéret us t hEAG. achiseheamtit Hiegalnef en Aé@wbparatﬂ?lsﬁll:to deliver
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precursors accordlng to one enbodi nent of the present

Igmml g? Al glz 1Sr? %5’3‘%&?@0 I%T?ﬁj/g]r[? g’gbﬁtlﬂ‘?l?és cﬁ:La[r)ld 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.



according to the present invention. [0018] FIG 3 is a
graph plotting ALD growh of Hf02 in cycle and tine
domains at three different precursor dosages

according to the present invention. [0019] FIG 4 is

an XPS spectrum of surface and thin film conposition

of an ALD grown Hf 02 sanple according to the present
invention. [0020] FIG 5 is a graph plotting ALD

grom h of Hf 02 at different telsperatures and pul se

| engt hs according to the present invention. 8 [0021]
Flg0219 is a mGaph L dihgAalh i

ac@rgi ng to the p?%éﬁ%rﬂ i nven iog#gf[}gg)éga]‘cg@fnéto%hcipgesem
an¥@8ospect rum of thin film conposition of an ALD

grown Hf 02 sanple according to the present invention.
[0023]‘ FIG 8 is a graph plotting ALD growth of BST in
cyi892] and t il atsrmi%ﬂ’s? speptroarad g filnpcanpesiereefentALD grown HfO,
[ [ ; : i:S, an XPS spectrum of thin
f{k?éﬁlpfggg%g%%ﬁggﬁépggegﬁm%ﬂ ghgr own Ru sanpl e according

to the present invention. DETAILED DESCRI PTI ON OF THE

I | ON [ 5} . Stabl e, AL.D cur sor utions are .
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pressure solutes or solids depending upon specific

appl i cations. Precursor concentrations are generally

me0024qi ned  KFIGoMisQn XPSI¥béciruth dfthiflBREsMpasititPENntAID grown Ru

[ guild flow rate and the vaporization conditions,

i . sgmplesccording (@ ERCFRBERUNr e. The precursor sol ute

can be a single nolecule or multiple species, wherein

the mxture of nultiple s],apeci es i s used in making
PETAILEDDESCRIBTIQ ELE INVERLI@N. conponent of the

solution is a solvent that does not hinder a nornal

ALD process. The solvent is chosen so that its

bd®933hg poi nttable ARDgrecamersghitipes asqergpasedip setsblgsplvertn skhe

| Nhreclifdol YREY cAtWe sé10ME LYY BideQaBR SF R \Iagcgrg:#ess re solutes or solids

vapori zation in a vaporizer. The m xtur the

praspendingrupeibipgeific pppligativps. VRspqursof eammenfiationsaepvgeneraltyi mtiatained

bad.l i i Ntyrt . @ he. s ,

s D) BPlol . BBl hia Mol it wlpdlrfigh idhions,

s gpamasivonandfiersperaire. dmcbrewirspestiute chnrbiengingtel noleenie comultiple

ggsg%{f%vggéré\lﬁ { %“?%igtfﬁl(r:ete %frr}u\gtﬁﬁeg {?Igcﬁgsri's ussetd %p rlnlalén%gl r?lglti-ternary thin films.
A major component of the solution is a solvent that does not hinder a normal ALD process.
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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



at 0.000 1 Mto 1 Mmay be added to the solvent to
hel p prevent premature deconposition of the ALD
precursors in the vaporizer. In addition, the
stabilizing additives provide simlar attributes as
ligand parts of a precursor and may prolong the
shelf-life of the solution. The solution is delivered
at roomtenperature by punping at pre-selected flow
rates. After the solution ent8rs the vaporizer, both
sol vent and solute are vaporized to forma hot vapor
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Tabl e 4. Exanpl es of ALD precursor sol utes

NaneFor mul aM\Wp (C)bp (C/ Density (g/rrL) nmHQ)
Tetr aki s( et hyl net hyl am no) ha
Hf [ N(Et Me)] 4410. 9-5079/ 0. 11. 324 ni um (TEMAH) Haf nui m

(I'V) Nitrate,
Hafnui m (1V)
anhydr ous( subl

| odi de,

Hf (NO3)4 . 426.51> 300n/a anhydrous
- Hfl1 4686. 11400 n/ a5. 6
.) Dinethyl bis(t-butyl

[ (t-Bu)Cp] 2Hf Me2450. 9673t076n/ a cycl opent adi enyl
haf ni un(1V) Tetraki s(1-nethoxy-2-nethyl -

Tabld . (EQ%@E"%@A&]S%%B&%@&&@S 01 2-

ro oxi de hafnium (1V)

n\/ f C1237Z 58230-233n/a
Namgji chi ori de Haf m ]Eﬂﬁnula Mp (°C) |bp (°C/ Density (g/mL)
t art-but-oxi-deHf1OCAH) 4470.194n/-290/, 5 Haf aER)
Tetfa%fﬁ P REe RN ENER oY1 7841801805900 / [728-1A1 uni Rt
nium(TEMAHD vi deal (Of3H7).3204 25118 5140 _5/81) 0346 lea '
Hafngim{ ) @¥%ittaie Pb ( OC| )3) 2353. [42-34i r ¢o#i%um (fay)
anhyqroysyt oxi deZr ( CH3) 3) 4383.16890/ 5;) 81/30|985 Titahi um
Hafnditd)(IV)Iptidepoxi de THLOCH( CH3) 25284 . 282058/ ik 955 5.6
anhydrous “|(subl.)
Dimethylbis(z-butyl [(+-Bu)Cpl,HfMe, [450.96 73-76 n/a
|eyclopentadienyl hafhium(IV)
Tetrakis(1-methoxy-2-methyl- |[Hf(O2Cs5Hi1)4 591 n/a 135/0.01
2-propoxide) hafnium (IV)
Di(cyclopentadienyl)Hf Cp,HICl, 379.58 230-233 |n/a
dichloride
Hafnium tert-butoxide Hf(OC Hy), 47094 |[n/a 90/5
Hafnium ethoxide Hf(OC,Hs), 358.73 178-180 [180-200/13
Aluminum i-propoxide Al(OC3H7)s 204.25 118.5 140.5/8 1.0346
Lead t-butoxide Pb(OC(CH,)s), |353.43 _
Zirconium (IV) ¢-butoxide Zr(OC(CHs)3)s  |383.68 90/5; 81/3 0.985
Titanium (IV) i-propoxide Ti(OCH(CHs),)s (284.25 20 58/1 0.955
. |Barium i-propoxide Ba(OC,H;), 255.52 {200 (dec) |n/a
Strontium i-propoxide S1(OCsH;), 205.8
Bis(pentamethylCp) Barium  (Ba(CsMes), 409.8
Bis(tripropylCp) Strontium Sr(Csi-PriHs), 472.3
(Trimethyl)pentamethylcyclop |Ti(CsMes)(Me;) |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), * 454,16 75
ptanedionato) strontium triglyme (632.39)
triglyme adduct
Tris(2,2,6,6-tetramethyl-3,5-he [ Ti(thd), 597.7 75/0.1 (sp)
ptanedionato) titanium(IIT)
Bis(cyclpentadinyl)Ruthenium (RuCp, 231.26 200 80-85/0.01
aty




Bari um i - pr opoxi deBa( OC3H7) 2255. 52200 (dec)n/a
Strontiumi- ro oxideSr OC3H7 2205.8 Bis entaneth |C
Bari umBa C5Me5 2409.8 Bis(tripropyl Cp)

Stronti untr (C5i - Pr3H2) 2472. 3

(Trinmet hyl ) pent anet hyl cycl op Ti (C5Me5) (Me3) 228. 22
entadi enyl titanium (N) Bis(2, 2,6, 6-tetranethyl-3,5-he
Ba(thd)2 * 503.85 ptanedionato) bariumtriglyne
triglyme(682.08)88 adduct 11
Bis(2,2,6,6-tetramethyl-3,5-he Sr(thd)2 * 454.16
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Bi s(cycl pent adi nyl ) Rut heni um RuCp2231. 2620080- 85/ 0. 01
(') 11 [0028] O her exanples of precursor solutes
i 6029%le Ta( NWejlbctmnaf solvents is critical to the ALD precursor solutions according

to the present invention. In particular, the solvents should have reasonable solubility of ALD
precursors at room temperature and should be chemically compatible with the precursors.
The boiling point of the solvent should be high enough to ensure no sotvent loss in delivery
and low enough to ensure total vaporization in the vaporizer, although the boiling point of the
solvent can be either lower or higher than the precursor solute. The solvent molecules should
not compete with precursor molecules for reaction sites on the substrate surface, e.g., the
solvent must not be chemically adsorbed on the surface by reacting with a surface hydroxide
group. The solvent molecules or their fragments should not be any part of the ALD solid
film composition. Examples of solvents useful in the present invention are given in Table 5,

but are not limited thereto, as any suitable solvent meeting the above criteria may be used.

Table 5. Examples of solvents

Name Formula BP@760Torr (°C)
Dioxane CHs0, 101

Toluene C,Hg 110.6

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

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

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

is 2,5-dimethyloxytetrahydrofuran.



Ta( NMe2) 3( NCOH11) that can be used as Tantalumfilm
precursors. [0029] The sel ection of solvents is

critical to the ALD precursor solutions according to

the present invention. In particular, the solvents

shoul d have reasonable solubility of ALD precursors

at roomtenperature and should be chem cally

conpatible with the precursors. The boiling point of

the sol vent shoul d be high enoi2gh to ensure no sol vent

loss in delivery and | ow enough to ensure total
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12 031] Stabilizing agents to prevent premature

dedieaspris Baurasn Toe vamorves femngrasuse i cppiroliehby & Bblepryend temporizer is
t Q)pgxraféld Q@&/afxt}?te ?Qﬁls{gﬁé&g gxgdesg)iuté Dk ngﬁ PSR Fhnge. In general, the

solutions nay al so .
temperature is set at between 100°C and 350°C while the pressure is between -14 psig and

+10 psig. The vaporizer temperature is optimized for specific solute concentration and
delivery rate. Preferably, vaporization temperatures are from 150°C to 250°C and flow rates
are between 0.1puL/min and 100 uL/min. If the temperature is too low, 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
passed 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 precursor solution of aluminum

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



However, the precursor in solution is normally stable
at roomtenperature with or without the use of
stabilizing additives. Once the solid precursor has
been dissolved in the solvent, the 1liquid solutions
can be delivered using a liquid netering punp, a nass
flow controller, a syringe punp, a capillary tube, a
step punp, a mcro-step punp or other suitable

equi pnent at roomtenperatureld The flowrate is
controlled from10 nL/mn to 10 nL/ m n dependi ng upon
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vapor pressure of about 8 Torr at 140.5C. t he

Vv acé)@mpezré? d¢sg deﬁﬁ)é]ltlal@ grythg pubstrate surface. The ratio of 1nert 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,



13 this tenperature, the maximumliquid flow rates for
t he al um num i so-propoxide solution at 0.1 M
concentration are 48, 242 and 725 mcroliter/mn for
punpi ng speeds of 0.01, 0.05 and 0.15 L/ mn,
respectively. To deliver higher liquid flow rates of a
gi ven precursor solution, the vaporizer tenperature
can be increased up to the thermal deconposition
tenperature of the precursor Kolute. [0034] The
second preferred nethod according to the present
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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.



vapori zer, and precursor B could be a gas phase

reactant such as water, oxygen, ozone, hydrogen,

amoni a, silane, disilane, diborane, hydrogen sulfide,

organi ¢ am nes and hydrazi nes, or other gaseous

nol ecul ar or plasma or radical sources. In another

enbodi nent, 14 a stop-and-go delivery nethod may be

used instead of a continuous flow nethod. In

addi tion, vaporized precursorslSmay be stored in

vessels before delivery into the deposition chanber
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t hsedinas & nrmpe&ﬁcp@ﬂmg ¥ thg prgsent inventipGare provided below

particul ar, the systemincludes solution vessel 10,

for holding the dissolved precursor solution

(precuréh@_A¢P_AJQLmHUﬂﬂpunp 20 to punp precursor A
EﬁO@O‘]:V apori Szoﬁd al%gl’muam i pp%éllsc’o?ude is dl?}SO n%d onegarllcyglﬁl?erxgr?euc{rigl

h as
noolveds anigteden Tatde H0A stabidivieg agengmcthan o@gbmmtalmy@dsrgmw

T AR £ PBESL B R POIELA5 TB, R SELAEES oo

d %ﬁmmhﬁ grealentés beByeen 09 M@nd 0.2 M yKit &itf8wass isl dantrdlled fibm 10

0] hase sors fr orizer 30
a0 L P Bler B s R A tHats TPt e AGRRRAS S of Vaporizer
eanS ﬁeﬂo@itn@n ERGbEERO S bt 180°C RIS indIB0°-UABIRE! respectively. Typical
certain elenments, such as the inert gas source are not

s ok timsefor theehlsplatiera Peres. vatdrean RErgs piegs.arg Qb a1 1 8. 1-10, and

ALDy @éé@&n%@r@sﬁ@&fvg& n@hé @pte%rtﬁ’n%?@m 2l sﬁé(@ﬂ'ir{egxngrm}{ oPfhe ALD
used and operate as

hin fil
e‘NﬁOsI 3s m%amh@p wieprlp nw@@g,swhemn 619 raxisiipflm @wkm% ok units. The
ﬁ%m |P§HJ%E Ef f"‘[be % %I?bv&@ éﬁ}gé %ﬁgth' J}]rcﬁé!] gr?d@@ ﬁ)! t§rhe9<ﬂ>ma1n where

e preferre torlng &vice |'s an
i rdlgtlzed A eoliviéan, putsa £4y) and wateg wapor pulss (B3 ergiplatied ragbihérarithelilm
(M nonitors the growh of thin filnms in real
tine ekhﬁ&éxanple, a QCMwth starting frequency at 6
MHz installed in a tubular reactor may be used. The

growt h S fa&%_ qhb%anet el ectrode, typically gold

t hat nay—gg—nvgi%%ea—mrth oxi des, or silicon or other
meDed1$ for eSdief-Bu)Crltiibei isdissalvein eiiyleydohekeme or other solvents as
ini g era epos

it TRECS IR P Bnd Bl SR G0 Bt R ppo it such e
C OTHIF, Q|4-di6kant, NI CpOa.nEl tHe 1\ka cantiel adtbedO ITht 815 ﬁredt&kd’i@or&eﬂkdﬁon is set
| oo de i t hanber i S.S fro

t ¥ R oy v B Rl e R R gt o o R ol i

dewetst tsiusyd ach gfﬁtmase&éuatabe The tgphRehtires dfREpoBiat a6 dépasition chamber
delivery systens. The deposition chanber can be an

Lﬂr?%Ptezopfp‘éoo GandiRaP TG 4AGE: Teepectiviely; {Terbicel pulse figgs for the

WA oh SRROK Ster, SRIPIRSe sted€AE 011ORCT-96,9:1-B)Fnd 1-10 seconds,
spray/ i nj ectlon héad ‘react ors.
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.



[0038] The precursors A and B are carefully separated
in the exhaust systemto prevent unwanted reactions.
Each precursor can be trapped in a foreline trap that
may operate at different tenperatures. For exanple, a
roomtenperature trap with stainless steel filter may
be used. The separated precursors can be further
separated for disposal or recycle. 15 [0039] Severa
exanpl es of the use of solid ptecursors dissolved in a
solvent and wused in an ALD process according to the
present invention are provided bel ow Exanple 1: A, Q

thin f|Im[OO4O Solld al umi num i - propoxi de is
di ssol v 1 4dmBfip ot her solvents as

lipbey I n TadiSlimitedAITS EIIB{V 1§ H&%xﬁ&ﬁéﬁlﬁ;pg@@‘m?‘é&cﬁéb’tﬂ%@

cont ai ni ng organi C conpounds suc
1, differew temperaturn setings whene nistal artdersor pTlse leogth ¢ésaintreaatd wom 0 to 1

ofsemg %oaavw@aam i AGHHBH qugaap efse %&shyﬁ%ﬁr@g dou%B Mogth in

|QU| low rate I's ntro from
L/ setands 3ltthe Yiasis il QEMarapes rashmsngstecct peniyclel e shown, growth

SRR AR E a0 RRFL R FORTE LB rsiin,
TyWattcaVapomulséeng'thnm fixed attlisecohl dsiddguhe test, hipthifsgeample, 0.2
e st -10, 0. 1- and
BRI AE GRhRRR 205k et B b Qo OB 2 o
2 @Hmmmﬁurmﬁwo\gr}m\dthctmh lintieofBLIB%. A1203 as a function
of cycle nunber, wherein the Y axis is filmthickness
in Aunits. The bottomportion of FIG 2 shows three

gr ow h cBeingt EexpeNdRdilinn time donain, where
|E§|t|zed Al solution pulse (A and water vapor

043 e pi ot g Tebgdt(raethpry- -mfhy}ﬁ-pfom%ﬂ%%f@um((&j) Hf(mmp), is
EX{ﬁﬂBiV@d A etﬂs’(c%oﬁe!?(hﬁb dr 'o{h@? 1Pk hs I%Qéd 19 Table 5. A stabilizing agent, such

[ (t-Bu)Cp] 2Hf | is dissolved in eth c ohexane or
Ot HOKYESH COmisE grganif peyprayndsypugtpgs| THE; | 1 4 axaag PMEz Cpgnd the like

ag&Rbe a®idE. th?eSHpﬁ?é’cﬂ?ser SRR ALY 5@ Blgﬁmvf:to ®OIHO ﬂﬂﬂﬁl flow rate is
such as 1,'4-di oxane, DMF, Cp and the |ike can be

aor@étyolleqfﬁ@mJIfO niyinde sOBLEtncWater tﬁtuiS@rﬁS id gasmhpse rggctant. grhe
ﬁ%r[itﬁreg?gva%% ! dgp%ﬁ\q’cﬂa%b%r AR o& %erO% ! ?&) ?tancf 308 -

Lg&d
r eﬁﬁf(amspec'ﬁhely.t Eymienl ﬁllilwthﬁes(ﬁ)r th@Hﬁﬁthtﬁ)h ;amgi: detpr;smd pudge steps

?2%%@ i’tl P\/]g (g Oﬁ‘el'{ppg%lall' @ég ?r%ﬁrécélv?lg (r)lglt%n é shows inear growth of ALD
Hf HE) laslh ERBtonfCgte nufqﬂief; FwheRMEE PUXig R BheRskndss8n Qnéstrlagls FIG. 7
1- 1-10, and 1-10 seconds, .respecti vel%).

p%'ews ge HEPpfinpomppifionses dorgind in thisdamele gt X5F aAtlww after two
Hf QiduRS spttértpab teddvOburface contamination. The results indicate there is no impurity

incorporation 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(O-iPr),, Sr(O-iPr),, and Ti(O-iPr)4 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 pL/min. Water is used as a

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



cycl e nunber, where the Y axis is filmthickness in A
units. The three highlighted graphs show different Hf
solution pulse tines of 0.5, 1 and 10 seconds
respectively, with water vapor pulse and N2 purge
times fixed at 1 and 10 seconds. FIG 4 shows an Hf O2
film conposition using XPS anal ysis wherein the top
portion is surface XPS with environnmental carbon
cont ami nation and the bottom pbktion is ALD film
conposition after 1 minute sputtering. The results

I nghoe@hiRl 3006 € 40P CNRspe bkl t'IX'picE‘l(iﬂ[sQ an@@ foﬁD Hw%?@olﬁ'@dnﬂ&rgc
t he present invention. 1 e . imted

HIv3er: #idpurgelsteps @o431108E19.0p1i- }ﬁ?néd lﬂéwogdmﬁsmctlgely The upper
d eﬂ@tﬂﬁlt(ff e sh@wflllr@ar g";‘mfvt‘ﬂrof @@%S}If as arﬁl&%on gf Jyt:ﬁ ﬁﬁ“)er where the

tenperature settings where netal precursor pu se
| ehguipisifEmithighnessse d ity nT1e bogom posien ofIIS. 8 shows four and a half

ﬁBwﬁQ&HE@JxF%Jngglﬁgrfé%hﬁin%thc‘&{% d?&l%s&ﬂ%ﬁm@ be an'd%vatelﬁ' vapor

precur sor pu in S an axl s
f i pubse @OMed togethér witht fdmithickessstfAlons per cycle. As shovvn
growh rates are independent of precursor dosage
after saturation and confirmtrue ALD deposition.

Wat er vd@g_pnulggﬂhgﬁggh was fixed at 1 secoEF during
2Hf Me2
dr@g‘iﬁ?ved i Es%gtl%ﬁﬁzxggﬁ%ﬁ‘fﬁén é‘ﬁi‘%’l‘:g\%& igﬁéleﬁr Hf r Iats i 0

t @, bemﬂet}@miyteﬁarybﬂ,mramcwmet yThb ebmmtahg% ii%hﬁ%%ét@%r {sisBiat 0.05 M
%% ol
el iAte (s TARR R Rt e RyIR S8 G ETe i s My mte i

HIdoM¥blled fiosh 10CHISHRItY 80l ul it Oxged 6dsQHE%ARE aﬁangthﬁ fagent. The
solvents as listed in Table 5. A stabilizing ent,

s UEHperaiyres Qﬁx@é?ﬂ?@bmdaiiemsr@n @h@@m #e ey r@bkﬂQn@ls 3@ PErand 300°C -
THFOO }-%;fl ré%lpgd’u%:(l ulsecaﬂnc%qgr thpﬁu ls&l{ft?ogt &8861 Q%{g?rg%g(gaurge steps

ecur or con entration Is
M artD dﬁliOdl -10, OW-10asmal §i-K) secands, respéatistelfr F)]ﬁ 9 Ghows/Ru fillmt composition
us1 gr \] t ur \ellggls 'flfcer% Slﬁglgtes spué%glg‘?o rpem e su fg(%:ctgﬁ%tgl}nag?ré The results

t enp ori zer ~an e OSI
s eindiadte thofdGs ncﬁﬁ@ﬁ‘narnnboﬂﬁ)ﬁﬁon inEOﬁ,mgr thaes]presehu ivednylon. The film

ul se or, t ol ution, rge, water,
SRS iy B B 12 B rieghdg 4 Bpin] Grobp mSabs RS | "0
seconds, respectively. FIG 6 shows Ilnear gromﬁh of
Al 02 as_a function of cycle. nu where the Y
LLRQ“ IS £ @it Praniomeht ﬁﬂ%&hé’&‘ﬁ%‘i‘ﬁ%‘ts 2pf bgrieionsf fiereset
Hf id¥entibh Wllp&ﬁ&@éieﬁdlmpﬁﬁeﬂt € the Skilldd artia® inEX S 6 thé! fdréd)@ing
XPS anal ysi s, after m nutes sputtering to renpve

SUTPLPEOR 3R BN lﬁtatlcieé ﬁhat SI"r‘fE emé%mws M grtatioas tikeatise be dncluded
NOwtHIP eistdpe of the invention as set out in the appended claims.



I ncor poration when using the present invention. The
XPS data shows the O Hf ratio to be 2.3 and carbon
impurity below the detection limt of 0.1 % Exanple

4: BST thin filnms [0044] Solids of Ba(OiPr)2,
Sr(GiPr)2i and Ti(OiPr)4 are dissolved in

et hyl cycl ohexane or other solvents as listed in Table
5 with different mxing ratios. Stabilizing agents
such as oxygen contai ni ng orgahi ¢ conpounds such as
THF, 1, 4-di oxane, and DMF can be added. The BST
prweatisQiime@ncentration is set at 0.1 Mto 0.2 Mfor
each conponent. Liquid flowrate is controlled from
10 nL/mn to 10 L/mn. Water is used as a gas phase
reﬁCtaﬂ&nm%@@oFﬁ&Hﬁﬁ%&H&%@m@&u%ﬁBﬁ&h er and deposition
chanber are set 350C and 300C - 400C,

r espectaligeiigly defiysrioa R vaneriged nreqweser sodition laed a vaporized reaction
mgmewa&gomﬂ;ﬁ @mberat er, and purge steps are
0.1-10, 1-1 0.1-10 and 1-10 seconds, respectively.
The up pfermm@@ moh@eyeobf domBonedtsif dmrdcumeasplug'pmmdhe@ﬁon solution
A C where the Y
a)L(oQSs§§Jce%§ @ubfsﬁﬁgf(n tﬁgge%ﬁsr%ﬁé( Jhﬁmpé%%he bot t om por t i on
of FI G regeaigpwsil & thm filanef aa)rdrthtcfmmgt thivkiese is fbresd;
expandqu {H qf hg g i zed BST sokﬁpiom i
pul se ahf"ta érva%‘ﬁ% pre%‘ﬁﬁ%%O tC?IE%USF%&’Et"ﬁEPr pyoratility
f i preoutdorsalinalsal ih@Adlvedtxatdpl e 5: Ru thin fil m[0045]

Solid 2 1.s dissolv i n ne, di gxane/ octane or
55 i nET B preSE Gy ot DR SIE ANOTRa: foom eiperatiee and
C ORGEIved aﬂith@m dedomipusifiine Wbisiefisatisn. set at 0.05 M to 0.2

M A stabilizing agents such as Cp and the |ike can be
added. Liquid flowrate is controlled from10 nL/mn

t 0,10 LA fethod S0 ERp t6@Rinh 5, wiRRsh @S pRcGRIFRUSIIQN agent.
The tenperatures of vaporizer and deposition chanber

are set at 140C - 300C and 300C - 400C, respectively.
Typi cal A Hah8 addofBrsy th Cfaink th}B%u?fBL g;ebl‘r-}gor 1sp§éfegt%d fr8m the > group

oxygen, and purge steps are
1-cposigimeg ofbilides, elkpidasi ﬁéikytonmsantretes hthx)@mms,fawdmates

ggcg/?@éérn:ﬂrﬁigeﬂ%/ls l'ﬁh Bl §nsac?% c%ﬁ c%r fhg%ﬁgﬁlc gnega}].glj I{FJﬁIét%%al compounds.

renove sur
results indicate there is no inpurity |ncorporation

V\'hf nu A Iﬂ%’chog gcc% ot nlﬁe[n i]ﬁ%ﬂp yeq} %‘e@%@ -é_rré(celgsor Pl selectﬁfl frsrrn 616eegroup

resi st RY;
mmstmmﬁHﬂN[(m%ﬂa HENOS,, Hﬂt‘lh Hﬂmwﬂ)ctﬂja{ms [BERCO,CsHy s,

bk Ll BT et BN

t HE(OCHITH;R],, BHOCIHN,LHOOOH;),, Ba(CsMes),, Sr(Csi-Pr3Hy),, Ti(CsMes)(Mey),
Ba(thd), * triglyme, Sr(thd), * triglyme, Ti(thd);, RuCp, Ta(NMe,)s and
Ta(NMe,);(NCgHj).

5. A method according to claim 1, wherein the concentration of the precursor in the

precursor solution is from 0.0l Mto 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.




description, and it is intended that such enbodi nents
and variations |likew se be included wthin the scope
of the invention as set out in the appended clains. 18
What is clained: 1. A nethod of atom c |ayer
deposition conprising: alternately delivering a

vapori zed precursor solution and a vaporized reaction
solution to a deposition chanber; form ng a nonol ayer
of conponents of the precursorl%olution and reaction
solution on surface of a substrate in the deposition

chanber A nafdd h&BR&lG tHSlatiil | v#he?eiﬁ Ak Sot{idnt MsQfbo hing point selected to
e

predeterm ned thickness is fornmed; wherein t

v aSHF aeeplysnkloss Bi5pe saotEation conpri ses one or nore | ow
volatility precursors dissolved in a solvent; and
wherein the precursor solution is delivered to a

vapor i z&megod pesordingdapleimai.uvhercimiie salvgbisiselededsotrh thatgroup
de Ik g r d ' A oK d|

o Ao o AR B, Grant AN HeBeyery
medchiotd, @clobexdnang, propyddyaiohexkne, Rinettewixpethy ethpr @lymsdr i S

S t ro consi sti.ng of halides,
aﬁ‘{?@‘ﬁ%@%&%’{aﬁg@&ﬁﬁé mttBlosstehydiohih. © ) 101 ani des,

am di nates, cyclopentadi enyls, and other forns of
organi c, or .i nor gani ¢ ta r nopn-netal c ounds. 4

A ot ho iR PR TRl ey e P Fon s AT B et from the
| sgrewl easigthg lof whket, brygg, Odfhe, ARSI tanf@naf silane, disilane, diborane,
i DEBER o B nd PSR B g eSb B palc O hésma o

Al a8 ktiyrees. Pb( OC( CH3) 3) 2, Z, r (OC( CH3) 3) 4,
Ti (OCH(CH3) 2) 4, Ba(OC3H7)2, Sr(0OC3H7)2, Ba(C5Me5) 2,
Sr(C5i-Pr3H2)2, Ti(C5Me5)(Me3), Ba(thd)2 * triglyne,

Sr (3, 1) & et b&oNyto Falrk NH Broi ARGy of 46 M i
T A o) B R T el o T & el ror soluion

wWHORBFIPEs dplivert @ e rate from 19mLimia tolQwlimBor in the
precursor solutionis from0.01 Mto 1 M 6. A nethod
according to claim 1, wherein the precursor solution

f uklt herA msthod decordingte laim 1. whyreiidie pregursoryaplution is vaporized at a
CQB% é}gt[n%tf%og{lﬁ)_oﬁ([‘ %Hf L0890 Mrgsgur} ¥ $£ %s?%&n%dﬂt) rpgrgn the
grou consi sting of oxygen contai ning organic

conpounds such as THF, 1, 4-di oxane, and DM.

12. A method according to claim 1, further comprising purging the deposition chamber
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 1 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 AL,O;,

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,.



19 7. A nmethod according to claim1, wherein the

sol vent has a boiling point selected to ensure no
sol vent | oss during vaporization. 8. A nethod
according to claiml1, wherein the solvent is selected
formthe group consisting of dioxane, toluene,

n- butyl acetate, octane, ethylcycl ohexane,

2- met hoxyet hyl acetate, cycl ohexanone,
propyl cycl ohexane, 2-nmethoxyet®yl ether (diglyne),

but yl cycl ohexane and 2, 5-di net hyl oxyt et r ahydr of ur an.
9. A nethod according to claim1l, wherein the reaction
solution is selected fromthe group consisting of

walkber | Hipthed accapdingdo claipg b ogherein eptsairsor isi | ane,
di ’?étxlaﬁlgﬁ tméiiﬁcp( rZE}H&hyl 2:;%5%{09 ma?ﬁlh%llq@ go%%ﬂ i§ Ffﬁg' ngc%ilexance or

and hydr azl nes, I' gaseous e or

r ama@ahndstbcjﬁmeﬁlm liﬁfOA met hod according to cl al m 1,
wherein delivery of the vaporized precursor sol ution
conprises delivery at a flowrate from10 nL/mn to 10

m ¥7mi n. A ethodagpetdirgrio aRow it dvheeit the pteairsor 15 hafien éirrbutdxéde or
pr [ ' te [

1 C)I%%ngrﬁn g{h\g’%g%ﬂg: sgf\]/eﬁtgsr f‘:é@%%{cieoﬁ nggr Of fne arlnnqﬁe f% &L@Tds f—I%n
psig 12. A nmethod according to cIa|n11 further

the _deposi tion chanb |
calh o b BRI BB ey B it s BOTRE i p RS ST Bac-Po,
S (ﬂr (0-i)), Ad di(0sPe); theadlvere atdthyieyclohéNatld or@dtandlahd tHe thin film is BST.

met hod according to claim 12, wherein vaporized
precursor solution is delivered for 0.1 to 10

sepondsa nﬁthfoti Bé&dordip 16 €lain 1 Gitlefdietle Breburb@fis Rudr, thdsolvent is
segonds ri zed rea ction solution is delivered for

oxage fe?xg FEIE OF Zpy maetfgfée‘amaa*m}w&gan/%ct% ARr¢ g thigfilm is Ru.
for 1 to 10 seconds 14. A nmethod according to claim
1, wherein the precursor is_alumnumi-propoxide, the
sty entAmsthed ﬁ§/$“é‘9’%‘1‘%l¥é§k‘5ﬁ§d FHUtion PEERS QIR P antoni fapier deposition
fidnPnb&, AhptBing:15. A method according to claiml,
wherein thé précursor is [(t-Bu)Cp]2Hfle2, the
sol ventonesatiag #ya| constany P pgspeed ariecunm¢hanher torthgexit of a

f '\La IJIZ%I’ H&%ted&%th]tﬁe atﬁlnfgqgﬁpgepggiﬁ&{ g{afﬁget o claiml,

el n the precursor
Tetrakls(l nmet hoxy- 2- net hyl - 2- propoxi de) hafnium (1V),

t hﬁ sol X%{hoh Bf gethk}é(ljm%%l)oqﬁga(?oﬂﬁﬁm gFecursors 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;



octane and the thin filmis H02. 17. A nethod

according to claim1l, wherein the precursor is hafnium
tert-butoxide or hafniumethoxide, the solvent is

et hyl cycl ohexane or octane and the thin filmis Hf Q2.

18. A nmethod according to claim1, wherein the

precursor is a mxture of Ba(OiPr)2, Sr(OiPr)2, and
Ti(OiPr)4, the solvent is ethylcycl ohexane or octane

and the thin filmis BST. 19. A nethod according to
claim1l1, wherein the precursor is RuCp2, the solvent

i s di ox@ipErizetlt ISR 16 4R tHe source of precursor solution and the source of
2, 5-di met hyl oxyt et rahydr of uran/ octane and the thin

f i ERAHPR sEfiondo” A et hod of del i vering vapori zed

sol uti of ARnAE WySUefosttondRarMic? Brmedt @S thed@PRSt | ON.

chanber, conprising: operating at a constant punping
speed fWVisisinthgseurcaniomemsersolugon jsanaintginedgf rapm temperature.
vapori zer associated with the atom c | ayer deposition
chanber. 21. A nmethod of delivering vaporized sol ution
précur stk apperatua accatding to clainy @3, vderposthe loprvolatiirivesursor is a solid.
conprising: operating a vaporizer associated with the
atom c | ayer deposition chanber at constant pressure.
225. A st ppdratus ecnociingfo thaing R3iwhein thevoer weilatilitygmetiesot is selected

pressure in the .vapgri.zer .is. | nfai ned b .

Gk B ang i) el e ieidet ko it opopsmyis.
andgnigiaitkd, oydidpattadiely, shd dthedormabeorginid AEn@INIARGE ok Bon-metal
the vaporizer. 23. An apparatus for atom c | ayer
déﬁﬁ?P@W&n, conmprising: a source of precursor solution
conprising one or nore low volatility precursors

di ssolved in a solvent; a source of a reaction

softut i of? apparals peroBtingte clag Ahathewin thelowaokatidfy Rrefarsor is selected
S Ofldift fhe QGrouPleBEHERPS %@MQJT4, AN, ) SR QLA (RBu)Cp], HMe,,
reaction solution: an atom ¢ | ayer deposition chanber

c AL Ed)at @pHEeh JHE 7 e HI( )i A (@ oLy )5 bk @e(CEE:)3)2

pr 0 [ i ' Re 0 r r€
RO DL BN & e OB CEIRS S
| ST GsdleaX V1) tBa(thide & trighome, Stthd).<0tiglome, J5(thddn RappaTaNyE,)s and
acﬁgﬁﬁkggﬁ&nglain123, wherein the low volatility

urs [

pre el ected

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,



fromthe group consisting of halides, alkoxides,
f-di ketonates, nitrates, alkylam des, am dinates,
cycl opent adi enyl s, and other fornms of organic or
i norganic nmetal or non-netal conpounds. 26. An
apparatus according to claim25, wherein the | ow
volatility precursor is selected fromthe group
consi sting of Hfi N(Et Me)]4, Hf(NO3)4, Hf Cl4, Hfl 4,
[ (t-Bu)Cp] 2Hf Me2, Hf (O2C5HL )22 Cp2Hf Cl2, Hf (OC4AH9) 4,
Hf (OC2H5) 4, Al (OC3H7) 3, Pb( OC(CH3) 3) 2,
Z,r(OC(CH3)3)4, Ti(OCH(CH3)2)4, Ba(OC3H7) 2,
Sr(OC3H7) 2, Ba(C5Med) 2, Sr( Coi - Pr3H2) 2,

% I\/Eé}‘ elmg@)tus agg)(r({1%1)ozcla:mt2?4 \g}epqaﬁ;the ggaet@qmd;})tgtmn is selected from

”!hg Eisfid ;
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xéragensuifide, mameamln@t’r@dmw@@nﬂsr tatomngaseous n@ldcgwor plasma or
vo&g&mgb&xmprecursor in the precursor solution is from
to 1 M 28. An apparatus according to claim 23,
mhereln the precursor solution further includes

D! b el Lo Wl SRIGE ERRAR0R s 0 O o2 b
oxgogewterdomﬁ)ahmtmglcdz}gadnposmmrqhamhds such as THF,
1, 4-di oxane, and DMF. 29. An appar at us according to
clai m 23, wherein the solvent has a boiling point
sed®ct ed thih filme ﬂﬁMéchm aBePhiv @iyer dePGsHtiodprdcBE, wherein a precursor
vagﬁrjzatlon Ap a aratus according to claim 23,
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c 0151‘8¢u$§otsﬁ(jss61fve(ﬂin@éaﬂ@1t 4n@ hihereh thdprestrsr s@Gtfinal orlzed without
oct ane, ethyl cycl ohexane, 2-nethoxyethyl aceta
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(diglyne), butyl cycl ohexane and
2, 5- d|nethyloxytetrahydrofuran 22 31. An apparatus
actor di Adhit §lrg pegpiginEd0 chaimed s whereindhg lewavplatihity pecursprgma solid.
|s sel ected from the group consisting of water,
oxygen, ozone, hydrogen, ammoni a, sil ane, d|S|Iane
di Bor ana thin flrelpesgringde Fiping?3, whengarthapreqvrsoesolutiod is aluminum
hy
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23 further conprising a source of purge gas
c ect ositian
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atom c | ayer deposition process conprises one or nore
| ow volatility
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 Hf02

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



precursors dissolved in a solvent, and wherein the
precursor solution is vaporized wthout deconposition
or condensation before use in the atom c |ayer
deposition process. 34. Athin filmaccording to claim
33, wherein the low volatility precursor is a solid.
35. Athin filmaccording to claim 33, wherein the
precursor solution is alum num i-propoxide dissolved

i n ethyl cycl ohexane or octane ahd the thin filmis
A1203. 36. A thin filmaccording to claim33, wherein
the precursor solution is [(t-Bu)Cp]2H Me2i dissol ved
in ethy Icgclohexane or octane and the thin filmis

Hf 2. 3% thipfifmpesordingip glem3Hivhgreinghepragunsos solutipgnes RuGp, dissolved
th

Tet?lrdgc{(xlﬁlgég gég%nteﬁ)g%{ﬁ %‘%Feﬂlﬁl;/: hyloxg?téaggdroglefsn/%tape and th? h{% film is Ru.
di ssol ved in ethylcyclohexance or octane and the th|n
{NIh el?]el ?]A:[Lg %’131}1 g%arrdéx rtg 'glg Jt& wh@r%%%ll dﬁl‘hmgﬁlm 18 Freeaflrom mpurity
t ecantdpuatien.de or haf ni um et hoxi de di ssol ved in

et hyl cycl ohexane or octane and the thin film is H 02.
39. Athin filmaccording to claim33, wherein the
precursor solution is a mxture of Ba(GOiPr)2,
Sr(OGiPr)2, and Ti(OiPr)4 dissolved in

et hyl cycl ohexane or octane and the thin filmis BST.
23 40. Athin filmaccording to claim 33, wherein the
precursor solution is RuCp2 dissolved in dioxane,

di oxane/ oct ane or

2, 5-di met hyl oxyt et rahydr of uran/ octane and the thin
filmis Ru. 41. Athin filmaccording to claim 33,
wherein the thin filmis free frominpurity
cont am nati on.



