METHOD AND APPARATUS FOR USING SOLUTION BASED PRECURSORS FOR ATOMIC LAYER
DEPOSITION FIELD OF THE INVENTION [0001]The present invention relates to new and useful
methods and apparatus for delivery of a broader class of precursors for atomic layer deposition. The
present invention also relates to atomic layer deposition methods utilizing a new method of delivering
precursors. BACKGROUND OF THE INVENTION 10002]Atomic layer deposition (ALD) is an enabling
technology for next generation conductor bander layers, high-k gate dielectric layers, high-k
capacitance layers, capping layers, and metallic gate electrodes in silicon wafer processes. ALD has
also been appliegajg% electronics industries, such as flat panel display, compound semiconductor,
magnetic and optica ?éé%‘%ésfgyééﬁf\ﬂiﬁ O ESIHRG SCH-REON BASHR PREGURSQRS BRI ultra
thin and highly conformal layers of metal, d‘é‘ﬂu{rfa ,*%B%Y@géﬂgmonolayer at a time in a cyclic
deposition process. Oxides and nitrides of many main group metal elements and transition metal
elements, such as aluminum, titanium, zirconium, hafnium, and tantalum, have been produced by ALP
processes using@xidation gimitidaiiendseactions. 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 jpp@cursor gaslisipitadiuaedniita &precessehambarantbpduses s manokgyer by
reaction at surfagg.of a substrate in %@Seo%hamlprer. @se%ond precursor is then introduced to react with
the first precursor andform a mono}ayer SFHim made TR o ComhEHaNtloss BORPIRS HritSHECHrsor and
second precurscisoicttiessastraitelaFacknpait of patbeds (oiizicyclerpradiicés tiasiyigne monolayer
of film allowing fgfewgrynaccurate control of the final film thickness based on the number of deposition
cycles performed. 2 [00043As semiconductor devices continue to get more densely packed with
devices, channel lengths also have to be made smaller and smaller. For future electronic device
technojogies, it BiNGieGROEBFAYRATEPINCESII2ENd SION gate dielectrics with ultra thin high-k
oxides having effective oxide thickness (HOT) loss than. 1.5 nm. Preferably, high-k materials should
have high band gaps and band offsets, high k values, good stability on silicon, minimal SiO2 interface
layer, and high d0&## interfacé®ovrdaisstiapestifniadphbissioehihngrystaliogytémperagarerfilins are
also desirable, Samedecerifbie UMt dielerricpair AL ATGRedIn.Laple 1 Amogg fhose listed,
e

Hf02, Al203, Zr02, and the related ternary high-k materialS have receive mOst Attention for use as

gate dielectrics. B0 ARA BrEA S HGREP ey RS TR PaIses avA IdWes blededoemn i ds and

crystalline temperatures:heaiuminate soh Eifmng e nossessche sambinedhensfitsof higher k

values and high 15 qwn fielsg) .r\ge 3 ha > igh solubility of rare earth materials (e.g. Eu73) and is
useful in optical geﬁépéﬁgn?gg ap%?ica’fﬁ)ns%?’rna%ﬂf Mgﬁ?ﬁé Ip})/ar%%ﬁf"é?%f ALB Higik g ata idtErials

Material K EOT {frpasinghilyrieBieakidavers FeldtEnox(M\eni@ahgdten 2hCrysiabine FermpdC) 1E02
13-171.31-5 4QQ'£@QM¥%Q&)¥R%@})4&CCSS. Oxides and nitrides of many main group metal elements and

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

performed.



3-8 900-1000 Zr02 20 0.98 1 <300 * Elf,<A1y0, 8-20 1.22 N/A 900 Zr,AlyOz 8-20 1.22 N/A 975 Y203
12-15 1.44 4 <600 Ta205 23-25 0.81 0.5-1.5 500 -700 NbxA1yO,

[0004] As semiconductor devices continue to get more densely packed with devices,
channel lengths also have to be made smaller and smaller. For future electronic device
technologies, it will be necessary to replace Si0, and SiON gate dielectrics with ultra thin
high-k oxides having effective oxide thickness (EOT) less than 1.5 nm. Preferably, high-k
materials should have high band gaps and band offsets, high k values, good stability on
silicon, minimal SiO, interface layer, and high quality interfaces on substrates. Amorphous
or high crystalline temperature films are also desirable. Some acceptable high-k dielectric
materials are listed in Table 1. Among those listed, HfO,, ALOs, ZrO,, and the related
ternary high-k materials have received the most attention for use as gate dielectrics. HfO,
and ZrO; have higher k values but they also have lower break down fields and crystalline
temperatures. The aluminates of Hf and Zr possess the combined benefits of higher k values
and higher break down fields. Y,0; has high solubility of rare earth materials (e.g. Eu™) and

1s useful in optical electronics applications.

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

Material K EOT (@ 5nm Break down Field Egp Crystalline
film) (MV/em @ 1 pA/cm?) Temp (°C)
HIO, 13-17 1.3 1-5 400-600
Al O, 7-9 2.44 3-8 900-1000
Zr0O, 20 0.98 1 <300 *
Hf,ALO, 8-20 1.22 N/A 900
Zr, Al O, 8-20 1.22 N/A 975
Y,0; 12-15 1.44 4 <600
Ta,Os 23-25 0.81 0.5-1.5 500 -700
Nb,ALO, 8 2.44 5 N/A
Hf,S1,0, N/A N/A N/A - 800
Ta,Ti,0, 27-28 0.71 1 N/A
Al O3/HfO, N/A N/A N/A N/A
AlLO5/TiO, 9-18 1.44 5-7 N/A

* as a function of film thickness



8 2.44 P N/A Hf"Siy0, N/A N/A N/A 800 'Fajita, 27-28 0.71 1 N/A Al203/1-1f02 N/A N/A N/A N/A
Al203/Ti02 9-18 1.44 5-7 N/A as a function of film thickness 3 [0005]Transition metals and metal
nitrides may be used as diffusion barriers to

[0005] Transition metals and metal nitrides may be used as diffusion barriers to
prevent inter-diffusion of metal and silicon in IC devices. These barrier layers are only a few
nm in thickness, and are conformal in trenches and vias. Table 2 shows some properties of
ALD grown barriers. Desirable properties include low growth temperature (< 400°C) and
low film resistivity. For example, Ta/TaN and W/WxN are preferred as copper diffusion
barrier systems. ALD metal thin layers, such as Ru, Cu, Pt, and Ta, have also been deposited

for use as barrier and seed layer applications.

Table 2. Film properties of ALD nitride barrier layer materials

Film Metal Other Growth Temp Resistivity
precursor precursors (°C) (p€2*cm)

TaN TaCls Zn +NH, 400-500 900

TaN TaCl; 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; 330-530 4500

TiN TiCl NH; 500 250

TiN TiCly Zn +NHj; 500 50

TiN Tily NH; 400-500 380-70

TiN TiCly Me,NNH, 350 500

TiN TEMAT NH; 160-320 600 (post

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

memory devices.



prevent inter-diffusion of metal and silicon in IC devices. These barrier layers are only_a. few rim in
thickness, and are conformal in trenches and vias. Table 2 shows some properties of |AI,D grown
barriers. Desirable properties include low growth temperature (< 400C) and low film resistivity. For
example, Ta/TaiN and WAVxN are preferred as copper diffusion barrier systems. ALD metal thin
layers, such as Ru, Cu, Pt, and Ta, have also been deposited for use as barr_ler and seed layer
applications. Table 2. Film properties of ALT) nitride barrier layer materials Film Metal precursor Other
precursors Growth Temp (C) Resistivity (mQ*cm) ! TaNTac15 Zia +1\11H3 400-500 900 TaN TaC15
H/N plasma 300-[%)(97]300-400 él'aN(C? TBTDET NH3 250 NIA TaN(C) TBTDET H plasma N/A 250

TaN" everal types of traditional vapor phase deposition precursors have been
tested in ALD processes, including halides, alkoxides, B-diketonates, and newer alkylamides
and cyclopentadienyls materials. Halides perform well in ALD processes with good
self-limiting growth behaviors, but are mostly high melting solids that require high source
temperatures. Another disadvantage of using solid precursors is the risk of particle
contamination to the substrate. In addition, there is an issue of instability in flux or dosage
associated with the solid precursors. Alkoxides show reduced deposition temperatures in
ALD processes, but can decompose in the vapor phase leading to a continuous growth
process instead of ALD. B-diketonates are used in MOCVD processes and are generally
more stable towards hydrolysis than alkoxides. However, they are less volatile and require
high source and substrate temperatures. A mixed ligand approach with B-diketonates and
alkoxides has been suggested to improve stability of alkoxide MOCVD precursors.
Examples are Zr(acac),(hfip),, Zr(O-t-Pr),(thd),. In addition, metal nitrate precursors,
M(NOy)y, alkylamides, and amidinates, show self-limiting growth behavior with very low
carbon or halide contamination. However, the stability of nitrates and amides is an issue in

production and many cyclopentadienyls are in solid forms.

[0008] In general, ALD precursors should have good volatility and be able to
saturate the substrate surface quickly through chemisorptions and surface reactions. The
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.



TaF5 H/N plasma 250 104- 103 Ta3N5 TaCis NH3 400-500 105 - 104 W2N WF6 NH3 330-530 4500

TiN TiCli NH3 500 250 TiN TiC14 Zn +NFI3 500 50 TiN Tils NH3 400-500

Table 3. Preferred ALD precursor properties

Requirement | Property Range

Class

Primary Good volatility > 0.1 Torr

Primary Liquid or gas At room temperatures

Primary Good thermal stability > 250°C or > 350°C in gas phase
Primary Fast saturation <5 secor<l] sec

Primary Highly reactive Complete surface reactive cycles
Primary Non reactive volatile byproduct No product and reagent reaction
Secondary "| High growth rate Up to a momnolayer a cycle
Secondary Less shield effect from ligands Free up un-occupied sites
Secondary Cost and purity Key impurity: IO, O,

Secondary Shelf-life > 1-2 years

Secondary Halides Free in films

Secondary Carbon < 1% in non carbon containing films
[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.

[0610] 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 pfoviding a liquid
precursor solution for direct injection using an ultrasonic nozzle for CVD techniques. Beach,
etal., 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



380 - 70 TiN TiC1.4 Me2NNI12 350 500 TIN TEMAT NH3 160-320 600 (post annealed) TiN

- Ti(NMe2)4 NH3 180 5000 [0006]ALT) 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 Al203, as well as ferroelectric materials, such
as BST, PZT, and SBT layers, have been used as capacitor dielectrics in memory devices.
[0007]Several types of traditional vapor phase depositi%n precursors have beet tested in ALD
processes, including halides, alkoxides, 13-diketonates, and newer alkylamides and cyclopentadienyls

materials. Halidgs perfarm well.in ALD processes with good_self-limjting growth behaviors, but are
mostly high melﬁfﬁfg)géﬁ%d@?ha{gé‘ﬁdf ?eé%lﬁ% S mt?ératg HSTRS NSt dHeelgE Dt using solid

Sour B TETARE atrEE,
precursors is théaiskebdighetidkeicoritaminbfioney, thd LbSH3Re: (P0aR)ditiom;ithere igsmmissue of

nstabity n flx @i dosage gesasialeeniit e ol precyisere. Alkudas st sdise dpngsition

temperatures in ADD processes, but can decompose in the vapor phase leading toa continuous
growth process MEtERA L AL T GiRsanate Cars assa W oGV blosesseeaida are generally

more stable towagasikiydrolysis thenmlaxidesikonevey, theysaredess valatils and.Jequiraihiogh source
and substrate tempsratyres. A mixed ligand approach with 13-djketonates and alkoxides ha.s been
suggested to improve. g?é%ﬁﬁsﬁn&%]l %)t% 8%%’% bsﬁqﬁletéoﬁlrgg?%fi ilgr%xﬁléysstﬁ% W ACKE SR P)2,
Zr(0-t-Pr)2(thd) 2hepe aefateenss dieasritMdegshadunrsorsd MENOSYsalkylainides catistamiidinates, show
self-limiting growth hehavigkwithvendow carRen-eahalide.coniamination, Haweyer. e stability of

nitrates and amides is an issue in production and many cyclopentadienyls arc'in solid fornas. [00081In
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surface reactions are fast and complete. In addition, complete reactions yield good purity in films. The
preferred propeffBEHEA Py Sdbiresrs drasitien ethadie 3. Table 3. Preferred ALB precursor
properties Requirement Class

[0012] US published patent application 2003/0056728 discloses a pulsed liquid
injection method in an atomic vapor deposition (AVD) process, using a precursor in liquid or
dissolved form. The liquid dose is too large for ideal ALD operation. Min, et al., “Atomic
layer deposition of Al,Os thin films from a 1-methoxy-2-methyl-2-propoxide complex of
aluminum and water”, Chemistry Materials (to be published in 2005), describes a liquid
pulsing method for solution precursors, where again the liquid dose is too large for ideal
ALD operation. In fact, using liquid pulse to achieve monolayer 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 time space and sharp
leading and tailing edges of the liquid pulse can be lost after vaporization. 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.

[00613] 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.



Property Range b Primary Good volatility > 0.1 Tom la- .. 111111.7 , Liquid or gas At room _
temperatures Primary Good theilLial stability > 250C or > 350C in gas phase Prlmary Fast sat.uratlon <
5 sec or < 1 sec Primary Highly reactive Complete surface reactive cycles Primary Non reactive
volatile byproduct No product and reagent reaction Secondary Hig_h grqwth rate Up to a monolayer a
cycle Secondary Less shield effect from ligands Free up un-occupied sites
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[0014] There remains a need in the art for improvements to ALD precursors and

methods of using such precursors in ALD processes.

SUMMARY OF INVENTION

[0015] The present invention provides unique combinations of solution stabilization
and delivery technologies with special ALD operational modes. In particular, the present
invention allows the use of low-volatility solid ALD precursors dissolved in solvents. The
low-volatility solid precursors are often less expensive and often exhibit very high boiling
points. Further, unstable solutes can be stabilized in solution and still retain very high
boiling points. This is advantageous because the solutions may be delivered at room
temperature. After the solution is vaporized, the vapor-phase mixture of precursor and
solvent is pulsed into a deposition chamber to assure a true ALD process. The present

invention also covers a delivery apparatus that achieves the above result.

BRIEF DESCRIPTION OF DRAWINGS

[0016] FIG. 1 is a schematic diagram of an ALD apparatus used to deliver

precursors according to one embodiment of the present invention.

[0017] FIG. 2 is a graph plotting ALD growth of ALO; in cycle and time domains

according to the present invention.

10018] 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.



Secondary Cost and purity Key impurity: H20, 02 Secondary Shelf-life > 1-2 years Secondary Halides
Free in films Secondary Carbon < 1% in non carbon containing films _ [00091Because 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 descr'%f method_of delivering solid precursors that have been dissolved in an
appropriate solventtar use in CAENTiEHt SXBBPUEHREBIBR eravt) tEEHRicseerdns P alem S 51,260
describes a methodrfoemproviding a liquid precursor solution for direct injection using an ultrasonic
nozzle for CVD techrdques. Beach, et al., in "MOCVD of very thin films of lead lanthanum titanale",
MRS symposium proceedings, 415, 225-30 (1996) set forth a CVD method using multiple precursors
dissolved in a siftflé2$olution, EKoi? &taal XPS teestowe: stébilitilof inetadtoriganie:chdmicabvapno.,6
deposited (Fia, $pipudzelestiodesdordatagration,gf high dielectric constant thin films", Journal of the
Electrochemical Society, 149(4), 0232-5 (2002), describes a CVD method using liquid injection of a
multiple component solution. Zhao, et al., "Metallorganic CVD of high-quality PZT thin films at low
temperature wittiofe Zr and Fipreduesatihavinggomp igandss 3ournal ofthe: Electigchemical
Society, 151 (S)acg:&g%-%s( eOI(;)éﬁli)seqlitscl;]ldss(laosnanother CVD method using a multiple precursor solution
liquid delivery system. As notedr, each of these references discuss CVD techniques and are interesting
only for the discussion of various precursor materials, including solid precursors dissolved in

appropriate solvemts)[00111 Theyesis; @&2@5}3&9&@&%@&@fc%%q”%s@‘{&%%e&%ln:}i'fﬁﬁ% OAD
e i ﬁWms using direct

processes. Cho, et al., "Atomic layer deposition (ALD) of Bismuth Titanium oxi

liquid injection (BT HAtRTE ity r Aser R sairics, 59, 1483-9, (2003), reports on the use of solid
precursors dissolved in a solvent. However, no information is provided concerning the delivery and
deposition methggs. A%E&%Eﬂ@' &gtﬁg ication 2003/0056728 discloses a pulsed liquid
injection methodin an aTmMml va ' CeSs, using a precursor in liquid or dissolved
form. The liquid dose is too large for ideal ALD operation. MM, et al., "Atomic layer deposition of Al203

thin films from a[(lgmthoxy-Zmlgmml%g%g;esﬁgg&lseé% r%rlﬁ%rrr%]&um and Wa}er;tsct}%@istry
e

Materials (to be published in 2005), describes a liquid pulsing met od for soFu?Po\r/]eprecursors, where
again the liquid HE&& 88§ 5t SelestP Al prgpwidtiom erofdety ushagitie pedbseroashidve
monolayer covedagedsyenodiffietitic hesaiiserin @Be&k&@&ﬁf@ﬂ%ﬁi&ﬂ@z@&&%%ﬁﬁwﬁa@&m phase
reactant is 1 segond 0f 18ss. issue.is that t hape of a vaporized liquid pulse is distorted in time
space and sharp ead'iélb%gz%?aﬂﬁn%pgaglgg %ﬁot]ﬁ%gﬁzl 'Lg%l?%rggr%%%s‘faaﬂ‘é?%&?ﬁﬁgﬁ@ﬁ?’It is
therefore difficufttoRpitkr Gnizemwer el sEparsedseactantsatobperfori selfdimiting.anchsequential

ALD growth. The,liguidypnisemetheds desal inthetwo references above do not represent true
ALD processes hut rather variants of éVD ,pégtc%ggsggﬁ fOOluﬁ(:glESl% %%%‘ﬁ%r?éu tbgetrélﬁfyatéblﬁézrﬁ%n
2004/0079286, S¥THELP IR HHALS SABIHRrF syslam TS whidrare ot va Srlahdlicusid phase

coexist in a vapBtizeslaterdicuictinjection:s Bhisrpracasswilinalonark-faslutian hasqgsprgcursors or
mum'componerﬁeﬂ\%}y rb%% 1‘6’@%’}%@@% ré%élﬁ%?(ﬁa%g?gggowgl%ilgn?g %uvrelporizer. 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 I 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



7 100141There remains a need in the art for improvements to AID precursors and methods of using
such precursors in ALT) processes, SUMMARY OF INVENTION [0015]The present invention provides
unique combinations of solution stabilization and delivery technologies with special ALD operational
modes. In particular, the present invention allows the use of low-volatility solid ALD precursors
dissolved in solvents. The low-volatility solid precursors are often less expensive and often exhibit very
high boiling points. Further, unstable solutes can be stalgilized in solution and still retain very high
boiling points. This is advantageous because the solutions may be delivered at room temperature.
After the solution is V?Boritzed, the va or;ghas_e mixture of precursor and solvent is pulsed into a
deposition chamBeF (o Hsatire A FBAH hroRE Y OFHE et ARSI A G ver irgalierr
apparatus that achicvesthenatheveatdsciinBRitkk DESCRIPEON . DRAWINGS [00161FIG. | is a
schematic diagram of an ALT) apparatus used to deliver precursors according to one embodiment of
the present invention. [0017]FIG. 2 is a graph plotting AU) growth of Al203 in cycle and time domains
according to the i9f8€nt inveniciicpotresa Fith. B ssgraphypidtting ALDegrewparafuildd@ in cycle and

time domains at jhveedifteresiprecrsordasages acroding, o e AIESERLINGDLAN.[00AYIFIC. 4 is
an XPS spectrum of %%%a?cfe g}nd thin film com%osition of an ALD grown Hf02 sample according to the
1

present invention. 8. EEH Y PP R B rGAE MRPRUR OTNL0? RiEBsFdin gt TR Bresent
invention. [0022]FiGalbissammePSnspieotrienulef thindilmpoophpasition Ohar-Athigrewn I Qasample
cccordng o e issea yentod. D931 s 1 lng ALD growth o B5T 1 e and

time domains according to the present invention. 10024 IS a espe&rum of thfr fiim
composition of AR AL &SRS ErmprecaEen ity rochespreseatinventior, (DEFAILEDIs
DESCRIPTION @iecld BatbMENTEION 00284 2kahls MBnsesuwser:selutions.ag prepared in suitable
solvents. The precursor solute can be selected from a wide range of low vapor pressure solutes or
solids depending upon specific applications. Precursor concentrations are generally maintained from
0.0 I M to 1 M, dé¥éiiting upoMi¢he diquictflowl rateand the: vapardz ationcenditions ii.6:c prasswee and
temperature. The-RIBSHISCLIAE SR e ABT IS, of THIIRE. sRRcies eherpin e mixture of
multiple species is used in making multi-ternary thin films. A’'major component of the 'so tition is a
solvent that doeSTHORIATEF X AOFErRPRiderdareT hs ddfieant s whobealso thatsts Doitingrpoint is
high enough to ensieelnIoBNItSs Midaliverybutlow @@&H@Qt&%ﬁ&%’dﬁ% fotal P{%H%iégﬁ@&é'” a
vaporizer. The rrég(tgrﬁtgg th recursor solute in a solvent often will have a higher boiling point than
the solvent aloné, But the Sotvent fas aPRiGH B8y PETRAY Ssoareshy b rdfiataraissharaton of
solute and solvesitlduringdeliveiseothat e piranice-oftthenssipo iz ensGtabilizing. ateitires witl
concentrations ~ added to the solvent to help prevent premature
decomposition i%cﬁog%éﬁ%}}ggfj%gs%%ﬁg ?/glgc%éfe}}?ﬁﬁ% %&gﬁ?ghg,eﬁﬁ ‘g%%tﬁlnz%eé}’) LittiSes provide
similar attributes*Bsy igass: pardinste. shstanessrdieny napd ptoto iy the Steethiife ofithesolytiontaT he
solution is deliveseghatreaniarppetalurs bt puseing alhtessslecird. flaw: rates, After the salution

enters the vaporﬁer, blc\)/[th solvent and solute are vaporized to form a hot vapor
to 1 M, depending upon the liquid flow rate and the vaporization conditions, i.e., pressure

and temperature. Examples of solutes are given in Table 4, but the present invention is not

limited thereto, and any suitable solutes may be used.



stream. The hot vapor is then switched on and off by a fast action pressure swing mechanism 9
operating at room temperature. This produces normal ALD growth without suffering particle

contamination, thermal decomposition or solvent, interference. [00261In accordance with the present
invention, at a given temperature and precursor concentration, the maximum liquid flow rate or
maximum vaporizer pressure can be calculated. In particular, to produce a single vapor phase solution
precursor, the precursor partial pressure when aII molecules are in vapor phase should not exceed the
material vapor pressure at the given conditions. "The selected vaporizer temperature should be below

the therm%glecogmxpos tlon tE{%Deratures of the precursor and the volume of the vaporizer is selected
based on the size 0 esdaeoosn on chan élre%r substrates being used. [00271Metal or non-metal
precursordiare selected from those Rerowmiein the litdidiure apdpinmosbegses are eadily availgble
commercua%?ta,t—aﬁteasaaame cost..Most of these grecursors are in sokabldegim, and therefore, are
difficult tonmgaf B R R SrfOW VA0 Bressufé’ and high boilingPeints. In Paaicular, if sburce
temperati epough vapor pressure  the precursor may thermally decompose.
In additloﬁﬁﬁd‘é@t(a\é {¥¥8lid prec VS 7aises the ek of parficde cofftamination br unstable dosage.
The prect sentinvention include halides, alkoxides, P-diketonates, nitrates,
alkylamid%é’%g*ﬁ‘fcw{&%@l E‘yclopentﬂenyls and offi&t Forms6¢ gorgaﬁ/@ or inorgalfi¢) (metal or
nhon-metagy teat-€o trations Jrec'M'rsor'é ik ution-are from 0.01 M to 1|M
d Difieth ‘ilhsqt%ut y P g %ﬁ HM@ [fg 7& ’{8 Iga ’
ependlrlzg}}dg)% H{gﬂflg fgir Vapori yaton condit ns, i€, pressure and temperature.

Examples_of solutes are given in Table 4, but the present invention is not limited thereto, and any
suitable <5R§*té1§sfﬁ - flbéxmé’e*@‘ief@@ Ta¥CalExamples of ALD'precursorsgolutes Name Formulal M%V
410.9 Mpg *‘ (c l)Hf c- y-{g/m '1379 = %gzggetr nl/cis(ethylm 2thylamino)haf nium
(TEMAH %ﬁﬁ%@ﬁﬂé? i‘hy PoHICE : - 2

Hafnium tert-butoxide H{OCHy), 470.94 n/a 90/5

Hafnium ethoxide Hf(OC,Hs), 358.73  |178-180 |180-200/13

Aluminum i-propoxide Al(OC3Hy), 204.25 118.5 140.5/8 1.0346

Lead t-butoxide Pb(OC(CH,)s), [353.43

Zirconium (IV) t-butoxide Zr(OC(CHj)s)s  [383.68 90/5; 81/3  10.985

Titanium (IV) i-propoxide Ti(OCH(CHa),)s {28425 |20 58/1 0.955

Barium i-propoxide Ba(OC3H,), 255.52 {200 (dec) |n/a

Strontium i-propoxide Sr(OCsHy), 205.8

Bis(pentamethylCp) Barium  [Ba(CsMes), 409.8

Bis(tripropylCp) Strontium Sr(Csi-PryHy), 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)s 597.7 7570.1 (sp)

ptanedionato) titanium(XIT)

Bis(cyclpentadinyl)Ruthenium (RuCp; 231.26 200 80-85/0.01

o8y




Hafnium (V) Nitrate, anhydrous flf(NO3)4 426.51 >300 n/a Hafnuir_n (BO lodide, anhydrous_, Ht14
686.11400 (sub!.) n/a 5.6 Dimethylbis(t-butyl cyclopentadienyl hafnium(IV) [(t-Bu)Cp1.221-li2
450.9673-76 n/a Tetraltis(1-methoxy-2-methyl- 2-prouoxide) hafnium (IV) Hf(02C21-111)4 591n/a
135/0.01 I Di(cyclopentadienyplif dichloride Cp2HfC12
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[0028] Other examples of precursor solutes include Ta(NMe,)s and
Ta(NMe,)3(NCyHj,) that can be used as Tantalum film precursors.

[06029] The selection of 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 solvent 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 C.HO, 101

Toluene C7Hs 110.6

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

Octane CgHyg 125-127
Ethyleyclohexane CeHi 132
2-Methoxyethyl acetate CH;CO0,(CH,),0OCH;31145
Cyclohexanone CeH,;0 155
Propyleyclohexane CoHis 156
2-Methoxyethyl Ether (diglyme) (CH;0CH,CH,),0 162
Butylcyclohexane CioHoo : 178

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

1s 2,5-dimethyloxytetrahydrofuran.



379.581230-233 n/a Hafnium tert-butoxide Hf(0C41-12)4 470.94nl1a 90/3 Hafnium ethoxide |
1-IFOC2H5)4 358.73178-180 180-200 / 13 Aluminum i-propoxide AI(0C3H7)3 204.25118.5 40.5/8
1.0346 Lead -butoxide Pb(OC(C1-13)3)2 353.43 Zirconium (IV) t-butoxide Zr(OC(CH3)3)4 383,68
90/5; 81/3 0.985
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[0031] Stabilizing agents to prevent premature decomposition of ALD precursors in
the vaporizer and to prolong the shelf-life of the ALD precursor solutions may also be added.
However, the precursor in solution is normally stable at room temperature with or without the
use of stabilizing additives. Once the solid precursor has been dissolved in the solvent, the
liquid solutions can be delivered using a liquid metering pump, a mass flow controller, a
syringe pump, a capillary tube, a step pump, a micro-step pump or other suitable equipment
at room temperature. The flow rate is controlled from 10 nL/min to 10 mL/min depending
upon the size of the deposition systems, i.e. the flow rate can be scaled up as necessary for

larger deposition systems.

[0032] One method according to the present invention is described as follows.
Precisely controlled liquid solution is injected into a vaporizer that may have internal or
external heating sources or both. Optionally, the solution can be atomized using a nebulizer,
e.g., pneumatic jets or an external energy source, such as inert gas co-axial flow or an
ultrasonic source. The vaporizer temperature is controlled by a PID loop and the vaporizer is
operated to evaporate both solvent and solute within a given pressure range. In general, the
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 0.1pL/min and 100 pL/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

1so-propoxide has a vapor pressure of about 8 Torr at 140.5°C. Ifthe vaporizer is operated at



Titanium (Iv)propoxide Ti(OCH(CH3)2)41284.2520 58/1 0.955 Barium , propoxide _
Ba(003117)2255.52200 (dee) nla Strontium i-nro oxide, Sr(003112)2205.8. B sen amethyIC , Barium
Ba(C2Me2)2409.8 Bis(tripropylCp) Strontium Sr(C2i-Pr21-12)2472.3 (Tr|methyppentardethyleyclop
entadionyl titanium (IV) Ti(C21\11e5)(Me3)228.22 Bis(2,2,6,6-tetramethy1-3,5-he ptanedionato)
barium triglyme adduct Ba(thd)2 ' triglyme 503.85 (682.08)
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this temperature, the maximum liquid flow rates for the aluminum iso-propoxide solution at
0.1 M concentration are 48, 242 and 725 microliter/min for pumping speeds of 0.01, 0.05 and
0.15 L/min, respectively. To deliver higher liquid flow rates of a given precursor solution,
the vaporizer temperature can be increased up to the thermal decomposition temperature of

the precursor solute.

{0034] The second preferred method according to the present invention comprises
operating at constant vaporizer pressure. Constant total pressure in the vaporizer can be
controlled by pumping speed at the exit of the vaporizer and liquid flow rate at the entrance
to the vaporizer. In this method, to achieve the total vaporization of the precursor solution,
total vaporizer pressure 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 this temperature, the maximum total pressure in the
vaporizer for the aluminum iso-propoxide solution at 0.1 M concentration is about 500 Torr
when n-Octane is the solvent. To operate at higher total vaporizer pressure for a given
precursor solution, the vaporizer temperature can be increased up to the thermal

decomposition temperature of the precursor solute.

[0035] To deposit the ALD layers, the hot precursor and solvent are switched on and
off by a fast action pressure swing device consisting of fast switch valves and an inert gas
source. The valves are operated at room temperature and are not exposed to reactive hot
vapor. When valves are switched off, inert gas forms a diffusion barrier to prevent hot vapor
from entering the deposition chamber. Inert gas is also sent to the deposition chamber to
purge out excess precursor 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,



88 Bis(2,2,6,6-tetramethyl-3,5-he ptaneclionato) strontium triglyme addu_ct Sr(thd)2 * triglyme 454.16
(632.39) 75 ids(2,2,6,6-tetrattnethyl -3,5-he ptanedionato) titanium(El) Ti(th'3 597.7 75/ 0.1 (sp)
Bis(cycipentadinyl)Ruthenik (II) RuCp2 231.26 200 80-85/0.01 1002810ther examplgs of precursor
solutes include Ta(NMeDs and Ta(NMe2)3(NC9E111) that can be u_sed as Tant_alum film precursors.
[00291The selection of solvents is critical to the ALD precursor solp_tlons according to the present
invention. In particular, the solvents should have reasonable solubility of ALE precursors at room
temperature and should be chemically compatible with fiie precursors. The boiling point of the solvent
should be high engugh to ensure no solvent loss in delivery and low enough to ensure total

vaporization in the VApSIES - ATb(g Hed %ﬁiﬁ@%@ﬁ?ﬁ?‘t‘ﬁé’%@ﬁ@éﬁ%&ﬁ Beveitlsgradwer or higher
than the precurseidotuteafhesdiventrmeleeyies sbault Relscampete withsprecurserdmglegies for

: ) ; the
reaction sites oncm%%mg@tgc%ﬁrt%ﬁ?&% .th d'slolvent must. not be chemically adsorbed on

surface by reacting with a surface oxXI emgcr‘(f‘»ulﬁ‘(.g ‘??Pem%)&;\l/té)“n‘fa}ﬁ%%Cules or their fragments should

not be any part of the ALD solid film composition. Examples of solvents usefgl in the present .inV(.antion
are given in TablegBsput are net linitedhareta speamhauitahle selventmeeting.the above criteria may
be used. shown in FIG. 1. In particular, the system includes solution vesse] 10, for holding the

dissolved precursor solution (precursor A), a liquid pump 20, to pump precursor A to a

vaporizer 30, a vessel 40, for holding precursor B, such as water, a deposition chamber 50,

having a monitoring device 60, therein, and an exhaust system 70. Standard connections and

valves may be included as is known in the art to control the method as described above. By

using the system shown in FIG. 1, pulses of the vapor phase precursors from vaporizer 30 and

vessel 40 are well separated in time as they enter into the deposition chamber 50. Further,

certain elements, such as the inert gas source are not shown, but are standard in the industry.

[0037] The ALD system according to the present invention may be used to grow
thin films and to operate as a self-limiting ALD process. In operation, a silicon wafer
substrate is provided in the deposition chamber. The preferred monitoring device is an
in-situ device, such as a quartz crystal microbalance (QCM) that monitors the growth of thin
films in real time. For example, a QCM with starting frequency at 6 MHz installed in a
tubular reactor may be used. The growth surface is a blanket electrode, typically gold that
may be modified with oxides, or silicon or other metals for a better nucleation step during the
initial ALD growth. The temperature of the deposition chamber is set from 100°C to 400°C
and is precisely controlled within + 0.1°C variation or less using a PID loop. The deposition
chamber pressure is set from 0.1 to 10 Torr. For more continuous 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.



Table 5. Examples of solvents Name Formula BP@,760Torr (C) . Di oxane C4-1802 101 Toluene
C7H5 110.6 n-butyl acetate CH3CO2(12-Bu) 124-126 Octane C.31T18 125-127 Ethyleyclohexane
CsHis 137 2-Methoxyethyl acetate Cf-I3C0O2(0112)20CH3 145 Cyclohexanone C6111001155
Propylcyclohexane C91418 156 2-Methoxyethyl Ether (dy e)
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[06039] Several examples of the use of solid precursors dissolved in a solvent and

used in an ALD process according to the present invention are provided below.

Example 1: ALO, thin film

[0040] Solid aluminum i-propoxide is dissolved in ethylcyclohexane or other
solvents as listed in Table 5. A stabilizing agent, such as oxygen containing organic
compounds such as THF, 1,4-dioxane, and DMF can be added. The concentration of the
aluminum precursor is between 0.1 M and 0.2 M. 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 150°C ~300°C and 250°C — 400°C, respectively. Typical
pulse 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 linear growth of the ALD
AlO; as a function of cycle number, wherein the Y axis is film thickness in A units. The
bottom portion of FIG. 2 shows three growth cycles expanded in time domain, where
digitized Al solution pulse (A) and water vapor pulse (B) are plotted together with film
thickness t(/g)‘

Example 2: HfOZ thin film

[0041] Solid [(#-Bu)Cp},HfMe; is dissolved in ethylcyclohexane or other solvents as
listed in Table 5. A stabilizing agent, such as oxygen containing organic compounds such as
THEF, 1,4-dioxane, DMF, Cp and the like can be added. The Hf precursor concentration is set
at from 0.1 M to 0.2 M. Liquid flow rate is controlled at 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 ~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.



(C11130CH2CH2)20 162 Butyl cyclohexane C101-120 178 [0030]Another example of a solvent useful
for the present invention is 2,5-dime loxytetrahydrofuran. 12 [0031 ]Stabilizing agents to prevent
premature decomposition of ALD precursors in the vaporizer and to prolong the shelf-life of the ALI)
precursor solutions ina.y also be added. However, the precursor in solution is normally stable at room
temperature with or without the use of stabilizing additives. Once the solid precursor has been
dissolved in the solvent, the liquid solutions can be delivered using a liquid metering pump, a mass
flow controller, a syringe pump, a capillary tube, a step ﬂ) mp, a micro-step pump or other suitable
equipment at room temperature. The flow rate is controlled from 10 nlirriin to 1 O nilimin depending
upon the size of the deposition systems, i.e. the flow rate can be scaled up as necessary for larger
deposition systems. [0032}@nsidnethdiacedrding teithgpresent invention is described as follows.

Precisely controlled liquid solution is inj into g vaporizer that may have internal or external
heating sources Eoﬁrﬁj‘t‘)&o h. Optiogl%ﬁ')}l,n%ﬁégs%é?‘&i rr?‘(’:vghlﬁge&i%?ﬁt??é‘?ﬂlﬁé §-a fuERer ©1§¢ pneumatic

jets or an externdifénergirspentercsethasinen gasooaxiat flow okagiiirasanic sowee. (T he
vaporizer tempetatyrRdsconirolied:hyia kiplaen,apdthe fARRRL I3 QPgrated (o evaparate both
solvent and solute within ar%:ven pressure range. In general, the tempergture iS'det at between 100C
and 350C while f&°Bre&8d /s pefvisdin i ANER TREG A RESTeRSVEPOYRier fensheratigeith

optimized for speificasolttepeanaenirpiion-and delivancrate.-Risfarbly. vaparization iepparatures are
from 150C to 25QC and flow rates are bet\fveedn Olll.thé%&g{] and 100 tiL/min. If the temperature is too
low, precursor molecules may con he&batAfhe 8798 gfﬁlga%ﬁeﬁtarﬁ’dilﬁ%%%ea% if the
temperature is tdé[Hidhy) threBdtuisdismbletulésmay dbeoinpdse insidetthevEaparicas champer. To
ensure particle-fieg,yapapphaseformatan.nsiare ALFp 1 he 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 delivety metodsfenthe vaporized solution precursors according to the
present invention0 Egﬁ first prefge rﬁi m thod comj?rises operating at a constant pumping speed from a
vacuum chamber {6 the exit of (he vaRarSer 7 RS THatRGY - 1P MBI tre sty ApBAEE O Bf the
precursor solutichsstissicaic fidwdabexmssirhbehke ptibetovuainestatiishes. uppeblivitRorexanple, a
precursor solution of AT SPRERROXKENAR:E YRRL RrsesLEe ol aboyl g Ton aL1L0RC. If the

I or’t

vaporizer is operated at 13 this temperature, the maximum ciiu OW rates Aamiham
iso-propoxide sAltiBh atdel WheEheristanbrrarenistion s st 225 nie falitel/ rhinuok fumping speeds
of 0.01, 0.05 anddd5ininatespestively.1 Te.0eliverwighek liswidloyd pias.of a giwen-precursor
solution, the vaporizettﬁgggﬁ%]ature can he increased up. to the thermal decomposition temperature of

the precursor solute. & RS h 8PS SR BB HEE SR 10 the BreSerdirdettion
comprises operaiigategrstantyvapoitzepise sswefC arsEnb loieh prassUra il thesyrperigesscan be

controlled by pumping_speegd, atthe exit of the va orirzer and lig low. rate at the entrance to the
vaporizer. In thisg@r?lg c’)fg)ie%o?%c ’}e%%e’ %ﬁé ft)éltéth %?6@%’25%%%‘?!%% LTV SBISAD A WA A dtizer
pressure must befkass Belswtian estedtishaticappeertitic. Forieiainplé) dprecursogsatutioniof 7
aluminum iso-prapaide.te AARAEAIRSRAS: af Ahout & TR A1 140,86, e vanorzer s gperated a

this temperature, the maximum total pressure in the vaporizer for the aluminum |smpropQX|(fe solution
at 0.1 M concentt4tiF (P RESRESOE-TEHT WHETF OB S the tsolvaHe TTéiwietes at Mghertoatal
vaporizer pressuneoﬁab_a_l@{memme@imgmk @@&k&iﬁﬁh&hﬁ%ﬁp@i@@ﬁi@mﬁ@i@w&@@@@ incseased yp to
the thermal decgghpg%é%r} I%elrﬂgg{)agg\rveﬂ%f égt% é@irec Irsor Pg_llq)t : 10035]To depqsn the _ALD Iaygrg, the
hot precursor and so otr by a fast action pressure swing device consisting of

vent are switched on an
fast switch valves and an inert gas source. The valves are operated at room temperature and are not

exposed to reactive hot yapeLWhervalyesiate switched off, inert gas forms a diffusion barrier to
prevent hot vapor from entering the d?;losition chamber. Inert gas is also sent to the deposition

chamber to purdf%ddt excess PREEEIPEGRENE SaIvEH? ome 838 PreVibus eydissehiehian be then carried

to an exhaust systetydvhenibervaheesoare0ns Neledaparnard mﬁm&@mm%&%@@sition chamber
to dose depositig&&ﬂ the sub§trat surface. The ratio of inert gas ent(gsring the chamber and going to

the exhaust is adjustable by means of MEterng- Valves GF HIASE S Comtrofs sy hicqit Brecursor A
is on for 0.1 to 10$ERER¢sn foslleded BYraBsUrgredorstricotCeseainds sprecutsirB (s2avi for @ch to 10
seconds, f0||OW%Qrﬁ%ﬁaﬁ.tV@ﬁ%@%%@i&%&f@réﬁé@ﬁ%ﬁl l@ ﬁﬂ%% ?ﬁ) 'E/Hgg’ %‘c% ?sclysrescp a'{s% could

be a metal precursor from the solution vaporizer, and precursor B could be a gas phase reactant such
as water, oxygeRg2BRe IRy HSgeHe SmpsETcssHvapeligianed dipovisne chyrdboyen sulfide)(Beganic
amines and hydrazines, or other gaseous molecular or plasma or radical sources. In another
embodiment, 14 a. stop-and-go delivery method may be used instead of a continuous flow method. In
addition, vaporized precursors may be stored in vessels before delivery into the deposition chamber
using a control system including appropriate valves. [0036]An ALD deposition system that can be used
in the present invention is



shown in FIG. I. In particular, the system includes solution vessel 10, for holding the dissolved
precursor solution (precursor A); a liquid pump 20, to pump precursor A to a vaporizer 30, a vessel 40,
for holding precursor B, such as water, a deposition chamber 50, having a monitoring device 60,
therein, and an exhaust system 70. Standard connections and valves may be included as is known in
the art to control the method as described above. By using the system shown in FIG. I, pulses of the
vapor phase precursors from vaporizer 30 and vessel 419 are well separated in time as they enter into
the deposition chamber 50. Further, certain elements; such as the inert gas source are not shown, but
are stan dard in %@goi(gdugtr .o[({(;l)037 The ALD system according to the present invention may be used
to grow thin film3’and } 3§8r fe KOE senRTiitiRy AlDiprordss ires furisonixadiiéon wafer substrate
is provided in thevaepasitipmehambet I he refen®d mepitoringdwice i iRsitugRvigssuch as a
guartz crystal mi la (QCM) that monitors t of thin films in real time. For example, a
QCM with startin%sﬁ%%ﬁgﬁgg/ gt(s:%ol‘\zl/lﬂlznfﬁggﬁg lhlr(l) a%@éﬂé{gfraesaac B BENTELH TS JlstH Surface
is a blanket electfctiés is/Biedilicksid that miy beheodified witbnoxides, drisiliconwnnthantetals for a

better nucleation,siemdyeingcihe-nital AP srawth, The; lempesatiie of; ltion.champber is set
from 100C to 400C ang:}its é)re%sely controlled within1 0.11éC variatior%%égﬁlégg) ggﬁ%%% D Ivoa&%r. The

deposition chamBEFHHeSSH e P B! 1626 T6A): For more continuous production, the ALD
deposition chamber can be coupled to the source and delivery systems. The deposition chamber can
be any suitable type; includi g,et%gkn tﬁ'}ﬁ%ﬂﬁ%d to, flow through reactors, shower hea.d reactors, and
sprayl/injection head reactors. 0038‘1‘%—? precursors A and B are carefully separated i the exhaust
system to prevefll#flvanted réaidiBasrEachspriedrscticand ditrappedtimadioreline trap that may
operate at different (ampRIAYIaSHF O EXHNBIExR AN ISIASIALAIS tEap L), st 'see%%tf?t@ggg'ter may

be used. The sePa ated precursors can be fiirther separated for disposal or recycle. 15 1Several

examples of the G670 5Ol PHEEHRAS I HiSSINE & 2R SR Bkt stdbtiaeerth AtMED Praeeds according

to the present inventisiafierprovidedibelaw JExamplexdpdl 28disthindfilm: 10R4Qlaalidalminpum
itropoxide is dissfgrlﬁleega'%grgsﬂgyl\g %Irg)z@?)égg% or o%her %olvgfnts as listed in Table 5. A stabilizing agent,
such as oxygen contaming organic compounda such a8 FHES FLhebidRane, 2N oRiE A be added.
The concentratidi G ihespdenmitun priecurste isrhatfre dre Quilshhaind, 9.2 4d. dxignae flavwiate dgsontrolled
from 10 nlimin t in ers ase.reactapt. The temperatures of vaporizer
and deposition c%ké?%%l_e{rm allrelés{\é@agoiggé?%gg%:%(gﬁg’géég&a-w 0 ,Qrt’e‘sgpseggff’vs?l% E\%/nplcggipﬁﬁll%%%times for
the Al-solution, pSFfeXRaterlvatidiirye Siapsarangrinolorereye sufgcandtdritiecofitisesults
respectively. ThentpperRFEORGhEIG:2:2Ravslidaar@rawil) of dhe-Al B AIZOR asa fupgtion of cycle

number, wherein the%.Y. axis.is fil thickngss Jn A units. 'the bottom portion of FIG. 2 shows three

growth cycles expanded hARS doRsn Wi F Ry tFSH A SRiREH BEREA) and water vapor pulse

(B) are plotted together with film thickness t(A). Example 2: Hf02 thin film [0041]Solid
[(t-Bu)Cpl2HMeg jgissolved,in ehvisxclohexane o other sqlvents as listed in Table 5. A stabilizing
agent, such as oxygen containing organic compounas such as ) L%— ioxane, DVF, Cp and the
like can be adde8YFHEHTPRSCOTSOIeGHCEMREIB irishesiidiefromisan invihtoligiz M Heduitfiow rate is

controlled at fromed@ipikdminda: 10nbimin M atRhisusehasaHas phase eactan  Lhg temperatures of
vaporizer and d%p&siti n chambher are set at 200C -300C and 200C - 400C, respectively. Typical pulse

times for the I1I-SOIuHOR BTG WAHEF SR T 5 Sed s Branperdes cdaies 0.1-10, and 1-10 seconds,
respectively. The upper portion of FIG. 3 shows linear growth of ALD Hf02 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 N2 purge times
fixed at 1 and 10 seconds. FIG. 4 shows an H102 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 | minute sputtering. The results indicate there is no impurity incorporation when
using the present inventi on. 16 Example 3: Self-limited 1If02 thin film [0042]Self-limited ALD growth is
demonstrated in FIG. 5 for each of three different temperature settings where metal precursor pulse
length is increased from 0 to 1 seconds to over-saturate the deposition surface. The X-axis is lll
precursor pulse length in seconds and the Y-axis is film QCM growth rate in Angstroms per cycle. As
shown, growth rates are independent of precursor dosage after saturation and confirm true ADD
deposition. Water vapor pulse length was fixed at 1 second during the test. in this example, 0.2
M[(t-Bu)Cp]2lI-Iflvle, is dissolved in Octane. The XPS data shows the 0/lif ratio to be 2 and carbon
impurity below the detection limit of 0.1%. Example 3: Hf02 thin film [0043]Solid
Tetrakis(1-methoxy-2-methy1-2-propoxide)hafnium (IV), Hf(minp)4 is dissolved in ethylcyclohexane or
other solvents as listed in Table 5. A stabilizing agent, such as oxygen containing organic compounds
such as TRY, 1,4-dioxane, DMF, Cp and the like can be added. The Hf precursor concentration is set
at 0.1 M to 0.2 M. Liquid flow rate is controlled from 10 nDinin to 10 ulimin. Water is used as a gas

phase reactant. The temperatures of vaporizer and deposition chamber are set at 150C -300C and
200C - RENC recnectivvelyvy Tvnical niillee timec far the Hf-enlhiition nirirae water and niirae cteance are




ethylcyclohexane or other solvents as listed in Table 5 with different mixing ratios. Stabilizing agents
such as oxygen containing organic compounds such as TIM, 1,4-dioxane, and M 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 nLimin to 10 pUmin. Water is used gs a gas phase reactant. The temperatures of
vaporizer and deposition chamber are set at 200C - 350C and 300C - 400C, respectively. Typical
pulse times for the mix-solution, purge, water, and purge steps are 0.1-10, 1-10, 0.1-10 and 1-10
seconds, respeagiivglis diagvigeper portion of FIG. 8 shows linear growth of ALD BST as a function of
cycle number, 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 time domain with digitized BST solution pulse and water vapor

pulse plotted together with film thijckness t(A). Example 5: Ru thin film [0045]Solid RuCp2 is dissolved
in dioxane, &oélic/oﬁawgé\pg,gfa%? ‘f/ regr%?@/%ﬁ%ﬂr%(ﬂ/ﬁn@éﬁwg'The concentration of Ru

precursor is set at 0.05Ma g M\ ZNg ASSTSSUsiRa5 56 295\ Hhe ke Ram beaadrd gLiauid

flow rate is controlled from 10 nlimin to 10 numin Oxygen gas is used as a combustion agent. The
temperatuses akeafiorizatchdepasigposiiambeamiteset at 140C - 300C and 300C - 400C,

respectively. Typical pulse times for the Ru-solution, purge, oxygﬁn, and purge steps are 0.1-10, 1-10,
0.1-10, and 1-10 secdREBINEsFeciiiIf s, @LHRAPRUSHHR cBmPuRitNs eiiRgr xBEURAy&Rhifter 1.5

minutes sputteri e u aminat . ts,indi g iﬁ impurity

incorporation v&é?ﬁ{%sﬁn%gt@%ré&%@&%@%é@ﬁ%&%ﬁ?}g r‘eﬁ(;?rs%v?ty IS %?ggﬁ':b T{ mlcgrfo)’-gﬂlem*cm by

4-point probe measurgpspestil§Qdil i isantiripated ghataitheniaatbadtrasts antbvardations of the

present invention will become readily apparent to the skilled artisan in the light of the foregoing

description, and it is imtbatkid thHa svebasingdditehsandobitinbreoirensss bétiBelicieliven the

scope of the invention as set oyt in the appended claims. MCSLIP 18 What is clai : 1.A method of
8 RARVPECASOR AR B RS

atomic lay@r deBSRRiReBRInL R Iohexang oL aRIAN AR MHELSIR Bl »3t8n and a
vaporized Sreaction spjtion o 4 depasitipgchapihrsnfoningigdranclgyer obpumpgnents ghthe
precursor solution and reaction solution on surface of a substrate in the deposition chamber; and
repeating until gethpefiinef angy edeerzededithmkessos farsitish wheoeideghsatiaporized precursor
solution comprises [(t-Bu)Cp]2HfMe2 10dissolved in ethylcyclohexane or octane and wherein the thin
film is Hf02; and wherein the precursor solution is delivered to a vaporizer at room temperature and
vaporized without decomposition or condensation.



