1 AMORPHOUS CE/ TE DEPCSI TI ON PROCESS CROSS- REFERENCE TO RELATED

APPLI CATI ONS The benefit of priority of U S. Provisional Patent
Application 61/051,274 filed May 7, 2008, U S. Provisional Patent
Application 611052,018 filed May 9, 2008, U. S. Provisional Patent
Application 61/076,428 filed June 27, 2008, U.S. Provisional Patent
Application 60/984,370 filed Cctober 31, 2007 and U.S. Provi sional
Pat ent Application 61/050,179 filed May 2, 2008 is hereby clained
under the provisions of 35 USC 119. The disclosures of said U S
Provi si onal Patent Application 61/051,274, U S. Provisional Patent
Application 61/052,018, U. S. Provisional Patent Application

61/ 076,428, U.S. Provi shvaRbHBUSGE/MAPHEPE3ITION PROVEAs370 and U. S.
Provi sional Patent Application 61/050,179 are hereby incorporated
herein by reference, in their respective entireties, for al

pur poses. FIELD OF THE | NVENTI ON The present i nvention rel ates
to a chem cal vapor deposition process for form ng anorphous filns

i ncl udi ng ger mani um CROSSREFERENGETO ROLATED U PBNIGAIONSAt es,
including, for exanple, germaniumtelluride (GeTe) and ger mani um
antinony telluride (CST) films, as well as phase change random access

menory devi ces aRtheRIFIGF pitEY &%slﬁ}&%mﬂeﬂnﬂpﬁuﬂan%i/bﬂﬁzﬂ kRa Max 2,
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maj or obstacle to the further scalin Confining an al oy of
ger mani um FYF i ARPHSAUOM BY 0TI B L: %n‘i’r("(%q“)al hratens r prplicating $OPFB3 0 otdaleS-

pl ug, whi Chrogisiomd Pytert @gpieason 61/054 E7oh@akerdl Sbparhe®Rerdi® by R€erence, in their
sur roundi ng 1o v%%r'lt%laﬁes cgrcahounéglsl reduces the reset current.

Therefore, R 1S necessary PYR8 éposit the GST filmusing a process
that of fers good confornallty, such as atom c |ayer deposition (ALA)
or chem cal vapor deposition ERYRoPTAgaRGERTINE ALD process is very
time consuming, as it builds Uup the 111 m Tayer by layer". On the
contrary, the CVD process offers a high deposition rate.
Unfortunately, ess.tends to vield cr Illne The
crystalline GeTe s?rgé'\hé:? f i|t’)1‘(’:eé1]?1 i rela&eé Gced céfev%nﬁfg ?“[ ﬁrOSqSG? clopne
film and aﬁQIBIWU%ﬁ@atlwdmlg@mamnmt teBurivorendiot antilnggy, on substrates, tinciding,cfob e
advant ageouambre, RfR¥hudeelheus @Te@@%ﬁcisge?m{ngfm In%%ﬂgu %J(qu;?ﬁ_ﬁn ﬁ%ﬂ as

other films in _an anorphous manner, but a relativel
deposi ti onPisg @angFHé“dﬁFl&%Eﬁ% meRQRK e viess afﬁ etb?ror&weéuems%@?e%wlms In
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processes for and GST filns on substrates, for
applicati oﬂgcegslﬁ%ﬁm&%ﬁ%ﬁwgﬁg hﬁse}?f egrat ed non-vol atile nmenory

devi ces, are disclosed. The germani umand tellurium precursors

descri bed herein can be r 8g6é ﬁﬂN%ﬂﬂ#ﬁEﬂgTﬁﬁ\Aﬂ’anm Wi th
ammoni a, or, in sone enbodinments, In a sphere, at a
controlled terrperature and pressure, to yield am)rphous GeTe.
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3 I n anot her aspect of the invention, a process for
crystallizing an anorphous GeTe filmto yield a relatively snpoth
GeTe filmis described. Wiile deposition of Ge from Ge am di nate or
GeMis fast at | ow tenperatures, incorporation of Te requires a
relatively high deposition tenperature,and pressure, which tends to
result in the formation of crystalline™GeTe. Crystalline GeTe yields
athinfilmthat is not snoboth. By controlling both the tenperature

and pressufig,hedt mlsaﬁaﬁblpmmbssuﬁaﬂi&ng inh8RidE qg?of&ﬂd@frédaéesl 8@ resdt fa@xreaﬁwmﬂeﬁkbs
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further as | at Oy h O r m
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descri bed her&imie E@stsmermaegrgsmwnﬁpredmp% cobrthaQ F B ldNHIRUENA often
precursor va a Su strate to formthe ger mani unt , antl nony-,

and/ or tel F’iﬁif’)thd’ﬁl &M’Pea@ﬁti"‘?'i@“ﬁl | m t her eon. I'n anot her aspect,

the invention rElu@tlléS)etadNaatagtblaabllpﬂﬂirde ﬁ@ﬂmsésstek ﬁmfdrmrngfam”nt}ag, &nd other
ger mani um t.al

referred tg elggllmﬁ %gﬁo&ﬂm&oﬂm(vﬁt gﬁlg%]?gl d ?Z[Ge’}he \r/eesn mventlon
rel ates toP®@videpsaehipragassphous ger mani umt el I url de or

germani um anti nony-telluride film A further aspect of the
invention relates to a net hog of formng a snooth anorphous germani um
telluride film conprising v ARY O L]{I‘?‘.\EﬁmrN)Z}ZGe] and a

di akyl telluriumprecursor to forma precursor vapor and contacting
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Ge but yl anf einffalied temperature aﬂrﬁzreﬁsméwlé nmwnhoah@ﬂher aspect relates t o a

net hod of maki nﬁoﬁe SR AMeA ML CBperitRETH thesdeﬁcgltlgﬁ)fs@@@ o@le@ea-ﬁgﬂﬁ re@g‘r-g is
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oror &1 e SER S B R e o O B33 et BB e s e
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of the precmePhous GaEaspaterighen asahsaiinby ehemicyl apnor dqaesmsuﬁpm@ prepwrese @8ish for

formng a {dphfHe@ BrmSiibshisatvapor Whisk ﬁman Emc@a %ﬁ}%@%st}aé Isélsﬁe@&mwéﬂl e
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streans are flowed to a deposition locus to forma filmon a




5 of (i) heteroatom (0, N, S) organo Lewi s base conpounds, (ii) free
radi cal inhibitors, and (iii) deuteriumcontaining reagents.

Mot her aspect of the invention relates to a vapor phase deposition
process for formng a filmon a substrate involving cyclic contacting
of the substrate with at |east one filglprecursor descri bed herein
that is undesirably pre-reactive in the vapor phase, such process
conprising introducing to said filmduring growth thereof a

pr ef react } on- cgma&f lthé?gs;k&%gﬁmnvénlﬁéi alpfi;c&; fo@%t:}[ﬁ@zu{g@nfaﬁgﬁhdﬁ@b@reaﬁlm to
surface of sai i e.0 osition of said fil

precur sor, YSiid * 1I”‘t“’é ‘&‘&ﬂ%"c? geasF‘EPeﬁrVXh‘ﬁ’éjﬁﬁ‘tsF‘S% okt Cagmidiraigent |
reactivati wgMsai fakt fat I1<m \enipkratares] i ihdogjoeakion bf Tenr@ueGus Semmvely high degd3iion
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ger mani Um RhLEGAHLS GETe RN beQRife@NBhd Ao fRBR IO Sint BRai RN TOGHES AnodRRRY
with a conponent sel ected fromthe group consisting of amni a,
hydrogen, K% r gon, and nitrogen, and contacting the precursor
vapor with a suinSahdstaéras;fearof maménttdﬁ,pms prlobeddcaffalsd B€extended to other dialkyl Te
ger mani um cont ai n Sur&gasdl_lso JLhereon, wherein the gernani um precursor is
sel ected fFPOM the e} gISQ[Ing of the follow ng germani um
conposi tions: anlﬁlmﬂfﬂpm the invention ref3tes RPRDh@IRIf R2ming e IGeT e GST Lantimeny, R2

may be the b GhE Mhid e
lndependen{)fﬁ%"?gg%%% rom H, (s ecga %%rxﬁﬁ'@@dib%hzm@{l ﬂﬁ{nrﬂm » agtimony, or

cy cl oal kyl ! tel wnwecuésps,pescrgﬁqjherg? (q@)-qg amyréqrrya@&cqqd Rgltqc ing such precursor
[ ndependentzdpysr #2h aGlbstat t@ Horfalthgermhiyth-, antinfony-, and/or RelRFGnontdiayg Hkh
the sane a ar different fromone another, and each Rand R is

i ndependentTy "Sel ected from H Cl1-C6 al kyI C2- 05 al kenyl, C5-00
cycl oal kyl , C6-1@1@oterybspechnttie 4n®t(omar@empmrwu@ac¢m@3$iﬁcs for forming a
i ndependen Eéx%an%ﬂﬁ Bkl iR r@og;i)nsg% [ﬁlﬁﬁﬁbPrN)z}zG“ép S SieRrred to herein RGddL: R

and R2 may be the sane as _or different fromone another, and each is
i ndependent | y s‘%‘foé‘l?f asgect Pt [vention EF@*&I“P(?Fm°°@‘za”6f5pr§}lﬂ<@ﬁ9§mu”(5“‘@f€) or
cycl oal kyl gerfhiaibhtiatoyy-telhatdd fitm. Si (R3) 3 wherein each R3 is

i ndependent |y SE' G terea%pgc[ Otrrﬂmec 1n§/ec1:1%on rek(ayes 'to a tn)efhod otGF gmmg a smgo?h amorphous

germanium telluride film, comprising volatilizing [ {nBuC(iPrN),},Ge] and a diakyl tellurium

precursor to form a precursor vapor and contacting the precursor vapor with a substrate to form
the smooth amorphous germanium telluride film on the substrate.

In another aspect, the invention relates to a method of forming a phase change random
access memory device, comprising forming a germanium telluride film of amorphous character,
comprising chemical vapor deposition of germanium from a germanium precursor comprising
[ {nBuC(iPrN),},Ge] or Ge butylamidinate.

The invention in another aspect relates to a method of making a PCRAM device,
comprising forming a GeTe or GST film on a substrate for fabrication of said device, wherein
said forming comprises depositing a film layer on the substrate from the vapor of a precursor
described herein, using the processes for depositing amorphous germanium, tellurium, and or
antimony layers described herein.

The precursors can be used to form a GST film on a substrate, by depositing one or more
of the antimony-containing precursors described herein along with one or more germanium and

tellurium-containing precursors on the substrate from a vapor comprising the precursors.



Tv wherei n: R, Rl and R2 may be the sane as or different from
one anot her, and each is independently selected fromH, Cl-Cs alkyl,
C2- 05 al kenyl, C5-Cl10 cycl oal kyl, C6-Cl10 aryl, and -Si (R3)3 wherein
each R3 is independently selected from Cl-C6 alkyl; and n is an
integer fromO to 4 inclusive; R3 wherein: R', R, R3, le,
Its and R6 may be the sane as or diffefent from one another and each
I s i ndependently selected fromH, C-Cs al kyl, C2-05 alkenyl C5- C10

cycloal I cyl, %T@&ecﬁt&&k can®d be useh Q&HPWG@C&MOB%I aSGST film on a
|ndependentl sel ect ed gﬁ1C1 C6 al ky

wher ei n:  RSYY §r eefP’efE‘?r%fmf’P dideviggas éﬁcrﬁ’Fiﬂhwe and C6 ClO ar yI and x is
0, 1 or 2; 2\ dlh-yef)ahtiBer-adpket, e Rvéhtidn relates to a method of combating pre-reaction of the

precursors described herein in a vapor deposition process for forming a film on a substrate,
wherein the precursor is susceptible to pre-reaction adversely affecting the film, said method
comprising introducing to said process a pre-reaction-combating agent selected from the group
consisting of (i) hetercatom (O, N, S) organo Lewis base compounds, (ii) free radical inhibitors,
and (iii) deuterium-containing reagents.

Another aspect of the invention relates to a method of combating pre-reaction of the
precursors described herein in a vapor deposition process in which multiple feed streams are
flowed to a deposition locus to form a film on a substrate, wherein at least one of said multiple
feed streams includes a precursor susceptible to pre-reaction adversely affecting the film, said
method comprising introducing to at least one of said multiple feed streams or supplied materials
therefor, or to the deposition locus, a pre-reaction-combating agent selected from the group
consisting of (i) heteroatom (O, N, S) organo Lewis base compounds, (ii) free radical inhibitors,
and (iii) deuterium-containing reagents.

A still forther aspect of the invention relates to a composition, comprising a precursor and
a pre-reaction-combating agent for said precursor, said pre-reaction-combating agent being
selected from the group consisting of (i} heteroatom (O, N, S) organo Lewis base compounds, (ii)
free radical inhibitors, and (iii) deuterium-containing reagents.

In a further aspect, the invention relates to a method of combating pre-reaction of a vapor
phase precursor as described herein in contact with a substrate for deposition of a film component
thereon, comprising contacting said substrate, prior to said contact of the vapor phase precursor
therewith, with a pre-reaction-combating agent selected from the group consisting of (i)
heteroatom (O, N, S) organo Lewis base compounds, (ii) free radical inhibitors, and (ii)
deuterium-containing reagents.

In a further aspect, the invention relates to a process wherein the pre-reaction combating
reagent is introduced to passivate the surface of a growing film or slow the deposition rate,
followed by reactivation using an alternative precursor or co-reactant (for example Hy, NH;,
plasma, H,O, hydrogen sulfide, hydrogen selenide, diorganotellurides, diorganosulfides,
diorganoselenides, etc.). Such passivation/retardation followed by reactivation thus may be
carried out in an alternating repetitive sequence, for as many repetitive cycles as desired, in ALD

or ALD-like processes. Prereaction-combating agents can be selected from the group consisting



vu wherein: R, R, R3 and R4 may be the sane as or different
fromthe others, and each is independently selected from anong H,
Cl-C6 al kyl, C5-C10 cycloal kyl, C5-C10 aryl, and -Si (R3)3 wherein
each R 3 is independently selected fromCl-C6 al kyl; R3 g5- AdRa
wher ei n: R, R2, R3, R4, and R5_nmy be the sane as or
different from one another and each i3 i ndependently sel ected from
anong H, C-C6 al kyl, sinI -Si (R )3, C6-C10 cycloal kyl, C6-C10

aryl, -( mg%gﬂgte%atowa@gl\f g)céréa:hg)L% s‘é’@gﬁlfd ?ds, ﬁ%e ra&czﬁ ton@na élau) h

R and R " ahe agror drfreren O e SR
is i ndepend@’r‘ﬂ”l”?‘“?éi"@&%’@EBSWPom Cl-C6 al kyl; 8 wherein: R and

R' may be the sangheR&p&k ofthd Iﬁ%ﬁdhtrelgtEQHhQ ﬁ{aﬁgdgﬁd51tloﬁ-ﬁgce§§ fer forming a
i ndependenftulnygsel ct ed from anp oal ky

n
8- C10 ary O Oﬁhg A A IR R Lt Mt
from C - Codabribedl heraindhat is undesgratdi poé-réastivierial @pevap@nihhsy, sied ﬁ@ée@@lc(ﬁﬁpﬁmg

anmong Cl - g A in

T R B BB et Bl A
C5- Cli cy cleompsicipte 2 sadace of widyffim oatﬂjsla“sra(emai)iewm‘@rcé is#id ébzmremsox, gnd after
i ndependentinyduedl 86l §rk-fes@PR-Semblthg Abdeit; rebfivarRg Gl Gm G 2 Rlfferent film

precursor.

The invention relates in a further aspect to a method of forming a germanium-containing
film on a substrate by a vapor deposition process, comprising volatilizing a germanium precursor
to form a germanium precursor vapor, optionally combining the precursor vapor with a
component selected from the group consisting of ammonia, hydrogen, helium, argon, and
nitrogen, and contacting the precursor vapor with a substrate for vapor deposition of the
germanium-containing film thereon, wherein the germanium precursor is selected from the group

consisting of the following germanium compositions:

R:R4M MR {Rz
& \ /
539\

RR4T  HRR;

wherein:

R, and R; may be the same as or different from one another, and are independently selected from
H, C-C; alkyl, C,-C;s alkenyl, Cs-Cp cycloalkyl, C4-Cyy aryl, and -Si(R3); wherein each Rj is
independently selected from C,-C; alkyl;

R R
R f g
:[N. . /N~I
Ge
R’ [15/ \H o
R O R

wherein:



X wher ei n: R, R, R3 and R4 may be sane as or different from
one anot her, and are independently selected fromanong H, Cl-C6
al kyl, 05-C10 cycl oal kyl, C6-C10 aryl, and -Si (R3)3 wherein each R3

i s independently selected from Cl-C6 al kyl; wherein: R, Rz,
R3 and R4 may be the sane as or differgnt fromone another, and are
i ndependently sel ected from anong H, -C6 al kyl, C5-C1 cycl oal kyl,

C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is independently sel ected
fromG-C6 al kYk,and ® rrW@%th"'same as or diffrent¥om BR %ﬂeﬁlncﬁ@a)éh tReath@ is
sanme as or r&lff r P ecanoth and are ind epen dent Icy se ected
f r om among "HP® e&Ftﬁ‘g “i:yiéir&aﬁlﬂ@ﬂ Cebucpdyadiirl Co-Cargeyls and -
- Si (R3) 3 WS#R#§ whesenoachAg is 1sdepe1ﬂa1ﬂ@mfeﬂ kym ©plcegakyd from Cl-C5 al kyl ;
R, RRR3R4Ge XVI wherein: R, R, R3, and R4 may be the sane as

or different from dhe another, and are independently selected from
among H, Cl-£6 al ky[, C3-C10 cycloal kyl, C6-C10 aryl, and -Si (R3)3

wher ei n each i.s-ltndepgirjant | y sel ect ed fromCl-C6 al kyl, Spla;
i Si Me3St Mbs < \ ti- Ge- I\\IFGL«Z C- Ge-CTH Si Me3Si Me3Si Me3Si Me3
R M/ \F'inRz
r I
wherein:

R, R’, R; and R; may be the same as or different from one another, and each is
independently selected from H, C,-Cs alkyl, C,-Cs alkenyl, Cs-Cq cycloalkyl, Cs-Cg aryl, and -
Si(R3); wherein each R; is independently selected from C,-Cg alkyl;

R)2nGe(DRyR)y

v
wherein:
R, Ry and R, may be the same as or different from one another, and each is independently
selected from H, C,-C; alkyl, C,-Cs alkenyl, Cs-Cio cycloalkyl, C4-Cyp aryl, and -Si(R;); wherein
each Rj; is independently selected from C,-Cs alkyl; and

n is an integer from 0 to 4 inclusive;

wherein:

RLRL R RY RPand R® may be the same as or different from one another, and each is
independently selected from H, C,-Cs alkyl, C,-Cs alkenyl, Cs-Cyy cycloalkyl, Cs-C)q aryl, and -
Si(Rs); wherein each R; is independently selected from C,-Cg alkyl;



10 Ge(NMe2) 4, Ge(NEtMe)4, Ge(NE12)4, iPr3GeCl, iPr3GeNwe2,

i Pr3GeNEt Me, 1Pr3GeNEt2, Ge butylamdinate, and HnBuC(i PrN)2}2Ce].
Anot her aspect of the invention relates to a germani um precursor,
sel ected fromthe group consisting of the above-specified germani um
precur sor speci es. A still further aspect of the invention
relates to a snooth anorphous germani umtelluride or gernmani um
antinony telluride film as formed by the nethod descri bed above,

usi ng a gernmgni um precursor conprising Ge butyl am di nate or

[ (nBuC(i PrN) 21268, O her aspects, features and enbodi nents of
the inventigert wi M=beschABte fully apparent fromthe ensuing disclosure
and appended icl ai ns. BRI EF DESCRI PTI ON OF THE DRAW NGS FIG 1

is a schematic ré&presentation of a material storage and di spensing
package con%ﬁlnlng a precursor of the present invention, in one
enbodi nent "tCHer eof FIG 2 is a scanning el ectron m crograph of
a ger mani um t el R isrseleRgedffionmil, &% Cealkdrmeai-Cagrvhandone hour in nitrogen
atmosphere, at 4QQG o 2. FIG 3 is a cross-sectional elevation SEM
view of the germaniumtelluride filmof FIG 2, show ng the snpoth
character of the germaniumtelluride f|In1dep05|ted on the titanium
nitride |layer fornmed on the silicon dioxide substrate. 11

FIG 4 is an x-ray dispersion (XRD) plot of a germaniumtelluride
film shomnnl its crystglllne character after annealing at 400F.

FIG 5 is an ﬁ"% otxdf a germaniumtelluride filmdeposited in a
CVD process myf a n|~{ogen co-reactant. FIG 6 is an XRD pl ot
of a germaniBmtellurid®filmdeposited in a CVD process using a

ni trogen co-reackgnt. FIG 7 an xRD plot of a gernmani um
telluride filmdeposited in a CVD process using an anmoni a

CO-r eact antvherein:

R;, Ry, Ry and Ry may be the same as or different from the others, and each is
independently selected from among H, C;-Cs alkyl, Cs-Cq cycloalkyl, C¢-Cyp aryl, and -Si(Rs)s

wherein each Rj; is independently selected from C;-Cs alkyl;

YL

wherein:

Ry, Ry, Ra, Ry, and Rs may be the same as or different from one another, and each is
independently selected from among H, C,-Cg alkyl, silyl, -Si(R’)s, Cs-C)o cycloalkyl, Cs-Cyp aryl,
-(CH2):NR'R”, and -(CH,);OR™’, wherein x = 1, 2 or 3, and R’, R” and R’ may be the same as

or different from one another, and each is independently selected from C,-Cg alkyl;



FIG 8 is a scanning el ectron mcrograph of a crystalline germani um
telluride filmfornmed deposited in a CVD process using hydrogen as a

co-reactant. FIG 9 is a scanning electron mcrograph of a
crystalline germaniumtelluride filmformed in a CVD process using
nitrogen as a co-reactant. FIG 10 is a scanning el ectron

m crograph of an anorphous germaniumtelluride filmfornmed on a 50
nanonet er thickness of titaniumnitride. FIG 11 is a cross-sectional
el evation vi ew of }the germaniumtel luride filmof FIG 10. FIG 12 is
an EDS spectra pl ft ofﬁ’ger mani umtel luride and a standard GST film
FIG 13 is a scamnhpng’ ekectron mcrograph of a filmof germani um
telluride deposig ?Gfa\n T ¢roel ectroni c device structure. FI G
14 is a scanning Ekectfon mcrograph of a crystalline germani um
telluride film depﬁited at 340C. FIG 15 is an XRD plot for the
germaniumtelluride Tilmof FIG 14. FIG 16 is an XRD plot for
various geigggghumtelluride filns, including an anorphous film a

fil manneal ed aj, S%QI}Q for 10 m nutes,ggaend a germaniumtel luride film
anneal ed at 350C PYIF oRBGPLYe SmsEs X FHEtrrbiron gpe angthes, gud arg indepengeniy
17 is a scaiwict@orlamoig T, 0 elkdgT:aPhcyoloalry), QAR 42918 -G@F ) Rhdrélieach R®

telluride fi. I S b, el ectron m crograph of a

ger mani um Ese]l:lﬁefl{ﬂg@?e?&l%tﬁ?ﬁ%’??é?%%gdanneal i ng. FIG 19 is a
scanni ng el ect ra@eh Fiicindagpraphly s¢lecied fiony avwhg Et-Corliot, @k ialkexystNRIBE, and,
as an exanp{E),Ofheidin R0 RS K> \ied RS HDRdh@hN) ReiaGhnlaTe -BasPEER,,
deposited b ch%ng&(rzgl va%or ,deﬁom tion, _Wsing a germani um but’y

am di nat e ﬁ?é@éléj}fs FCindid DIE k PRereia pach Ry 1 idpRemsRsaiected from Ci-Gapaligrh 20
is a schematic representation of a vapor deposition system accordi ng
to one enbodi nent of the present invention, wherein suppression of
pre-reaction of the precursogss i s achieved by addition of

pre-reacti on-coma%%Fpg_Jeg@%éﬁt to one or nore feed streans in the
vapor deposition system % DETAI LED DESCRI PTI ON The present
invention rel ates®to the use®*»f various germanium tellurium and
anti nony precursors, having utility for formng highly confornal
germani um containing fixnms by | ow tenperature (< 300C) vapor

depositi on processes such as CVD and ALD, in nmethods for form ng

ger mani um &’g‘ﬁ?’éi ning filnms. In other aspects, the invention rel ates
to films fornmedURi RYaidTe, nptbh 6ddse, as AN diffflef IR &6 biddel, GndlY ind@endently

products ipncorperatin filns. recursqr S;descri bed ,
herein ar eseﬁegtg‘?%w ja/m(én%p}f’ (%gﬂa]%y}fr%hcé?ﬁyggﬁlky\?;?g'&% a&’iﬁ&‘i%ﬂ@%‘”@ﬁe&’ 4o ¢
| ayer depoisiitdergndepthoclsetedizont 6i-€«athyl; ger mani um cont ai ning fil s, such
as films of GeTe, GST, and the like. The GeTe filnms can be GexTel -x
systens, as such are defined in Scharnhorst and Ri edl,
"Phot oconductjvity F;lgp t he anorphous Ge-rich Ge"Tel." system™ Journal
of Applied Ph¥sicsstuVol. 45, p.2971-2979 (1974), or Ge"SbyTez fil ns,
as such are descfi be\dm:f or exanple, in Tsu, Journal of Vacuum Science
& Technol ogy A: Wacudm Surfaces, and Filns, Volune 17, |ssue 4, July
1999, pp. 18541860 #1999), the contents of both of which are hereby
i ncorporated by reff®tence. The filns can advantageously be forned,
using the process#8s described herein, to result in a substantially
anor phous fjlmlayer. The invention will be better understood with
reference Y& the fol |l owi ng definitions: DEFIN TI ONS

Ry, Ry, R; and Ry may be the same as or different from one another, and are

independently selected from among H, C,-Cg alkyl, Cs-Cyy cycloalkyl, C¢-Cyq aryl, and -Si(R*);
wherein each R’ is independently selected from C,-Cg alkyl;



As used herein, the term"film refers to a |ayer of deposited
materi al having a thickness bel ow 1000 m croneters, e.g., from such
val ue down to atom c nonol ayer thickness values. |In various

enbodi ments, filmthicknesses of deposited nmaterial |ayers in the
practice of the invention may for exanpl e be bel ow 100, 10, or 1

m cronmeters, or in various thin filmregi mes bel ow 200, 100, or 50
nanonet ers, depending on the specific application involved. As used
herein, the term™ h|n filmM neans a | ayer of a material having a

thlckness bek: m11 q}croneter As used herein, the singular
fonns "a", "and%y~and "the" include plural referents unless the
context clearly dlc/ﬁves ot herw se. As used herein, the

i dentificatign-of-a’carbon nunber range, e.g., in CL-Cl2 alkyl, is
intended to ﬁnclud@dgach of the component carbon nunber noieties

wi thin such range,,so that each intervening carbon number and any
other stated or intervening carbon nunber value in that stated rang;
i's enconpagged, . it being further understood that sub-ranges of carbon
nunber within speC|f|ed carbon nunber ranges may i ndependently be

i ncl uded i n smaké & RarrbdR«rmavbey theasapesas axi different t fam S)c@p@tlwf, 4nH gare

i nvention, jaRd,dehdt serea&gﬁan Shorzat, ROIE, 'aﬂéilib@!éw %ﬁ%lk&ﬂ %? oxérﬂﬁd uikng a
13 carbon n nber or,nu dﬁﬁ@%‘%{e |nclude he i nventi on,

sub- r anges “BXEP 51 Rg'S selgesed frog C 'C%ra%]n nunber limts of
specified ranges are also included in the invention. Accordingly,
Cl-C12 aficy#Rh% ($tended to include nethyl, ethyl, propyl, butyl,
pentyl, hexy ep octyl, nonyl, decyl, undecyl and dodecyl,

i ncl udi ng straXght chain as wel | as branched groups of such types. It
therefore is to be appreciated that identification of a carbon nunber
range, e.g Cl-Cl2, as broadly applicable to a substituent noiety,
enabl es, ﬁm§ﬁ%0|f|c enbodi ments of the invention, the carbon number
range to be f urkneRs, Resind iFGt el béshedsafiid bes gorOdifferdt fromi hd @ﬁotﬂ&f}vdnﬁlglrea
carbon nu r pecificatian a0 3
car o tueg@ﬁ#{)ﬁ&%}? sel‘é’&éé‘ﬁ& 5:?81594 Qa alqui e éI&c c%afkﬁu coC ,roarryg WLSRY
Cl- C12 al kyhereingagh Riis nﬁﬁmnc}eetytsplp@ﬁfxmg Csp’éqzlb fied, in parti cuI ar
enbodi mrents of the invention, to enconpass sub-ranges such as Cl1-C4
al kyl, crq, alkyl, G-C4 aIkyI, C3-05 al kyl, or any other sub-range
within the broad carbon nunber range. The precursors of the
invention may be fufther specified in specific enbodi nents by

provi sos or Iinitad ons excl udi ng specific substituents, groups,

noi eti es 0F=§FRQ inrelation to various specifications and
exenpl i ficati onsgd hereof set forth herein. Thus, the invention

cont enpl at es rest\ctively defined conposi tions, e.g., a conposition
wherein R is [C1-C1Z2 al'kyl, with the proviso that # C4 al kyl when R
is silyl. "Al kyl s" as used herein include, but are not limted
to, nmethyl, ethyl, propyl, isopropyl, butyl, s-butyl, t-butyl, pentyl
and |sopentyl and the like. "Aryls" as used herein includes
hydr ocar bons_‘geri v from begzene Q@pyed ben‘fge denm*gtlve that are
unsat ur at ed’ anermtiC rbocyQng_@foups of £/30°10 carbon atoms.
The aryls have i ngl e sivre; nul il e rlmg.@q Thé&peerm "aryl " as
used herein also includes substituted aryls. Exanples include, but
are not limted to phenyl, naphthyl, xylene, phenylethane,
substituted phenyl, substituted naphthyl, substituted xyl ene,
substituted phenyl ethane and the like. "Cycloallcyls" as used herein
i nclude, but are not limted to cyclopropyl, cyclobutyl, cyclopentyl,
cycl ohexyl and the like. In all chem cal fornulae herein, a range of
carbon nunbers will be regarded as specifying a sequence of
consecutive alternative carbon-containing noieties, including al



15 RP Ga RE.11 ----N..% R wherein: Rand R nay be the sane as or
different fromone another, and each R and R is independently
selected fromH, Cl1-C6 al kyl, C2-05 al kenyl, C5-C10 cycl oal kyl,
C6-Cl10 aryl, and -Si (R3)3 wherein each Rs is independently sel ected
fromCl-Co alkyl; N'/MAI Rz Ge NNRI R2 H wherein: R R, R and R2
may be the sane as or different fromone another, and each is

I ndependently selected fromH, CE-C6 al kyl, Cs-05 al kenyl, C5-C10
cycl oal kyl, C6-Cl10 aryl, and -Si (R3)3 wherein each 1(3 is

i ndependently sel ected fromCl-Cg al ky]; 1V wherein: R, Rl and R2 may
be the sane as or different frompne ahother, and each is
I ndependent |y select romH, C6 yI', C2-05 al kenyl, C5-C70

cycloal kyl, aryl, @hd -Si (R3)3 wher@ n each Rs is independently
sel ected fronlc7yC6\q%§yl; and n i§ éﬂﬁ;nteger fromO to 4 inclusive;

i
:
;
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Ge(NMe,)s, Ge(NEtMe);, Ge(NEt,),, iPr;GeCl, iPr;GeNMe,, iPriGeNEtMe, iPr;GeNEt,, Ge
butylamidinate, and [ {nBuC(iPrN),},Gel.

Another aspect of the invention relates to a germanium precursor, selected from the group
consisting of the above-specified germanium precursor species.

A still further aspect of the invention relates to a smooth amorphous germanium telluride
or germanium antimony telluride film, as formed by the method described above, using a
germanium precursor comprising Ge butylamidinate or [{nBuC(iPrN),},Ge].

Other aspects, features and embodiments of the inventioh will be more fully apparent

from the ensuing disclosure and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a material storage and dispensing package
containing a precursor of the present invention, in one embodiment thereof,

FIG. 2 is a scanning electron micrograph of a germanium telluride film after annealing at
one hour in nitrogen atmosphere, at 400°C.

FIG. 3 is a cross-sectional elevation SEM view of the germanium telluride film of FIG. 2,
showing the smooth character of the germanium telluride film deposited on the titanium nitride

layer formed on the silicon dioxide substrate.



wherein: R, R2, le, 124, R5 and R6 may be the sane as or different
from one another, and each is independently selected fromH, Cl-05
al kyl, C2-05 al kenyl, C5-Cl10 cycloal kyl, C6-C10 aryl, and - Si(R3)3

wherein each R3 is independently selected from Cl-C6 al kyl ; G 4
wherein: Ris selected fromH, Cl-05 qlkyl and C6-Cl10 aryl; and x is
0, 1 or 2 ,N-@0-14 / 4 RRR VI I rein: R, R2, R3 and R4 may be

the sane as or different fromthe others and each is independently

sel ected from amn@ LHan gayQﬁsp@Jsxkf{ kXRIQ%I@ &2 a%ﬁﬁﬂﬁhk%ilund%‘lngsgoﬁf(l%lts

in nden sel ected from Cl
g.rgyl S (RB)cr:;)fsta nec aracter af(t:er arggahlng at40(§j gpendently

FIG. 5 is an XRD plot of a germanium telluride film deposited in a CVD process with a
nitrogen co-reactant.

FIG. 6 is an XRD plot of a germanium telluride film deposited in a CVD process using a
nitrogen co-reactant. .

FIG. 7 an XRD plot of a germanium telluride film deposited in 2 CVD process using an
ammeonia co-reactant.

~ FIG. 8 is a scanning electron micrograph of a crystalline germanium telluride film formed
deposited in a CVD process using hydrogen as a co-reactant. '

FIG. 9 is a scanning electron micrograph of a crystalline germanium telluride film formed
in a CVD process using nitrogen as a co-reactant,

FIG. 10 is a scanning electron micrograph of an amorphous germanium telluride film
formed on a 50 nanometer thickness of titanium nitride.

FIG. 11 is a cross-sectional elevation view of the germanium telluride film of FIG. 10.

FIG. 12 is an EDS spectra plot of germanium telluride and a standard GST film.

FIG. 13 is a scanning electron micrograph of a film of germanium telluride deposited on
a microelectronic device structure.

FIG. 14 is a scanning electron micrograph of a crystalline germanium telluride film,
deposited at 340°C.

FIG. 15 is an XRD plot for the germanium telluride film of FIG. 14.

FIG. 16 is an XRD plot for various germanium telluride films, including an amorphous
film, a film annealed at 350°C for 10 minutes, and a germanium telluride film annealed at 350°C
followed by 400°C exposure, for 10 minutes.

FIG. 17 is a scanning electron micrograph of an amorphous germanium telturide film.

FIG. 18 is a scanning electron micrograph of a germanium telluride film, after 400°C
annealing.

FIG. 19 is a scanning electron micrograph of a microelectronic device structure, as an
example of an “aggressive” substrate on which GeTe has been deposited by chemical vapor
deposition, using a germanium butyl amidinate precursor and a dialkyl tellurium precursor.

FIG, 20 is a schematic representation of a vapor deposition system according to one
embodiment of the present invention, wherein suppression of pre-reaction of the precursors is
achieved by addition of pre-reaction-combating reagent to one or more feed streams in the vapor

deposition system.



VI1I wherein: R, R2, R3) 1t4, and R5 may be the sanme as or different
from one another, and each is independently selected from anong H,
Cl-05 al kyl, silyl, -Si (R )3, C6-Cl0 cycloal kyl, Co-C, G aryl,
-(CH2),NR R', and -(C1-12)"Or, wherein x =1, 2 or 3, and A, R' and
R' may be the sane as or different frq rPone anot her, and each is

I ndependently selected fromCl-Co al kyI 4-Kt NG7 \ rl1l1l1 R'R" LX
wherein: R and R' may be the sanme as or different from one anot her,
and are independently selected fromanong 14, Cl-C6 al kyl, C5-C10
cycloallcyl, Co-Co aryl, and - wherein each R3 is

I ndependent I y sel ected from Clgm ch X is independently

sel ected fromanong Cl-Co al kyl, Cl-C6 23.| koxy, -NRLR2, and C(R3)3,

wher ei n each of I entI sel.ect Cl-05
Al Kyl oo Clo ol Fsﬁm%%“w@dat%& BESRERIEIN LrREySE il I Bhomiihe)
IS i ndepené@ﬁﬁf’gﬁ §@111@c@té‘é$’ for dormiE- mISaFQ@Wmalmwmommmggﬂmmby &iwn:

111, R2, REmpasuf4<"Ryed)&a dﬁﬁ@pc@ﬁor@bro@@s%ﬂ QiNs VIO Mh@NE PARPLRREas @nd
are i ndependentl sel ecte anong H, ClI-C6 al ky

|, Cs-
cycl oal kyl ©7&58 Wa&?@?ﬁ‘mﬁﬂag S( B PR frass; Hle 4P g o films formed
| ndependen bshr}g tBethelnide dnd hioiseledrofib dardck yoducts incorporating such films.

The precursors described herein are usefully employed in chemical vapor deposition and
atomic layer deposition processes to form germanium-containing films, such as films of GeTe,
GST, and the like. The GeTe films can be GexTel-x systems, as such are defined in Scharnhorst
and Riedl, “Photoconductivity in the amorphous Ge-rich Ge,Te,, system,” Journal of Applied
Physics, Vol. 45, p.2971-2979 (1974), or Ge,Sb,Te, films, as such are described, for example, in
Tsu, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, Volume 17,
Issue 4, July 1999, pp.1854-1860 (1999), the contents of both of which are hereby incorporated
by reference. The films can advantageously be formed, using the processes described herein, to
result in a substantially amorphous film layer.

The invention will be better understood with reference to the following definitions:

DEFINITIONS

As used herein, the term “film” refers to a layer of deposited material having a thickness
below 1000 micrometers, e.g., from such value down to atomic monolayer thickness values. In
various embodiments, film thicknesses of deposited material layers in the practice of the
invention may for example be below 100, 10, or 1 micrometers, or in various thin film regimes

. below 200, 100, or 50 nanometers, depending on the specific application involved. As used
herein, the term “thin film” means a layer of a material having a thickness below 1 micrometer.

As used herein, the singular forms "a", "and", and "the" include plural referents unless the
context clearly dictates otherwise.

As used herein, the identification of a carbon number range, e.g., in C-Cy; alkyl, is
intended to include each of the component carbon number moieties within such range, so that
each intervening carbon number and any other stated or intervening carbon number value in that
stated range, is encompassed, it being further understood that sub-ranges of carbon number within
specified carbon number ranges may independently be included in smaller carbon number ranges,

within the scope of the invention, and that ranges of carbon numbers specifically excluding a



wherein: RI, R, R3 and R4 may be the sane as or different from one
anot her, and are independently selected fromanong H, Cl-C6 al kyl,
Cs-Ci s eycloal kyl, C6-Cl0 aryl, and -Si (R3)3 wherein each R3 is

i ndependently selected from Cl-C6 al kyl; wherein: R, R, R3 and R 4
may be the sane as or different from %ge anot her, and are

I ndependent|ly sel ected from anong H, Co al kyl, C3-C10 cycl oal kyl,
C6- C10 aryl and -Si (R3)3 wherein each R3 is |ndependently sel ected

fromdC - czﬁbdﬁ%'umbd?b%%@@ 11?6Mhem&@§iv&ltloﬂand ﬁ&ran'ﬁmx@%g@ﬂh%b’bola‘p
the sane as.or, different Of@‘fmﬁf e anot her, ar e, i ndepen ently

sel ected f PO SABHYH™E p8es 3 &‘BCIE‘{?Q RSN ’I?y‘intw“CB’\CE‘_’Eé‘“ P
and - Si ( R3¥3 alkileis ditendeglate incMde msthyinedighenaeh bityl, ﬁ@tyﬁ:&b@d HetAnodai,- &Sﬁyl

al kyl.  194ecu1 undecyf IR d?%g% hgéﬁﬁngg%al%hh&a%bag\&%ll o gz?nuleg Brou eorfrsrt?:g types. Itg

precursors_cah vari ous narea
synt heti c Peepmiatoibe ﬁ@r%ﬁtef‘ Hat ideppegtionpf w@qnym@bmmgqa ekoW-Cib,as @aftsihf

i nstance Rﬁﬁ%ble%\@&bstm@mhmetﬁlehableﬁng ﬂggilﬁc GRS ARRY 8?&% A%enbd BleRabénY
e

reagents. Further used | ace, of GeCl4; Li NR2 can be
repl aced b{PEENEBEedp ‘kfﬂf—%?r resigtefiat t@f?§f°“€£ﬁm8§“?§§‘éﬂngaas°a§ﬁn AVRRSF A8 ve
t o K( CoR5) withibrtigowesder spedifitation- &t thp sibyivienebietya iRy @@¢ bf emiplbethe ibeay ed

to gener at | Kyl | hr ou dat I .addi.tion tq a Ge(H)
conpl ex to%@néﬁ%e%g ¢ F\/@E%’rlga u%’g1 SFeggLGICPvelbhsgwyeg el B lcuéf)e %mel-lts &
meeemlzme@mntlommwszm-m@e Rich gi@r@iakryl, R-CRIKYL, £n6. AL 16 deylt he

sane as oroxobh§5tﬁér@mraﬁgremlaaﬁba;@@&a%ﬁnu@&draﬁ@ch i's independently
sel ected from cl -Co g}% -C6 al kenyl C10 cycl oal kyl,
éprVER“ﬁ“

C6- C10 aryl, and-PS°ERES aae re IﬁgthFrsSPF"r‘r@Fé‘rié ﬁEFé’ﬁf’ Ie?lb%dém%‘é*tké’d
f r om CL- CopraVikog lor liraimetiony] ek udinig, spddific sivyinentsygBtps, @biethdybr stoetBdR M eRtidnl V)

Precursor Stof \%’Eio@-gecji:ﬂ&%s gnd]‘kxe&%\lli%t%o\xs %ﬁerl\.lelt\)/ﬁ szet forth herein. Thus, the invention
contemplates restrictively defined compositions, e.g., a composition wherein R' is C,-C,, alkyl,
with the proviso that R’ # C4alkyl when R is silyl.

“Alkyls” as used herein include, but are not limited to, methyl, ethyl, propyl, isopropyl,
butyl, s-butyl, t-butyl, pentyl and isopentyl and the like. “Aryls” as used herein includes
hydrocarbons derived from benzene or a benzene derivative that are unsaturated aromatic
carbocyelic groups of from 6 to 10 carbon atoms. The aryls may have a single or multiple rings.
The term “aryl” as used herein also includes substituted aryls. Examples include, but are not
limited to phenyl, naphthyl, xylene, phenylethane, substituted phenyl, substituted naphthyl,
substituted xylene, substituted phenylethane and the like. “Cycloalkyls” as used herein include,
but are not limited to cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl and the like. In all
chemical formulae herein, a range of carbon numbers will be regarded as specifying a sequence
of consecutive alternative carbon-containing moieties, including all moieties containing numbers
of carbon atoms intermediate the endpoint values of carbon number in the specific range as well
as moieties containing numbers of carbon atoms equal to an endpoint value of the specific range,
e.g., Ci-Cq, is inclusive of C,, C,, C;, C4, Cs and Cg, and each of such broader ranges may be
further limitingly specified with reference to carbon numbers within such ranges, as sub-ranges
thereof. Thus, for example, the range C,-Cs would be inclusive of and can be further limited by
specification of sub-ranges such as C-Cj, C-C;, Cp-Cq, C4-Cs, etc. within the scope of the

broader range.



(a) LNMe2 Pe.".Pe e Nor (b) neuLic \ CI Cr+ HNPel e2Me2N ' NMB2 or fc)

21-1N N e,

GeC 14 + LiNR2 Ge(NRO)4 R = Me, Et, iPr, 1- Bu or

conbi nations 20 Ov1321.N. G(R 4 _.
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The invention, as variously described herein in respect of features, aspects and
embodiments thereof, may in particular implementations be constituted as'comprising, consisting,
or consisting essentially of, some or all of such features, aspects and embodiments, as well as
elements and components thereof being aggregated to constitute various further implementations
of the invention. The invention is described herein in various embodiments, and with reference to
various features and aspects of the invention. The invention contemplates such features, aspects
and embodiments in various permutations and combinations, as being within the scope of the
invention. The invention may therefore be specified as comprising, consisting or consisting
essentially of, any of such combinations and permutations of these specific features, aspects and

embodiments, or a selected one or ones thereof.

I. Germanium Precursors

The precursors of the invention include various classes of germanium compositions. In
one embodiment, the germanium precursor is [{nBuC(iPrN),},Ge], also referred to herein as
GeM.

The invention in another aspect relates to germanium precursors useful for CVD and

ALD deposition of germanium films on substrates, of the following formulae I-XVT:

RaRyM HR¢{R
21\ v e

<54
RoRqk i \N R4Rz

wherein:

R; and R, may be the same as or different from one another, and are independently selected from
H, C\-Cs alkyl, C,-Cs alkenyl, Cs-Cyq cycloalkyl, Cs-Cyq aryl, and -Si(R3); wherein each R; is
independently selected from C,-Cg alkyl;



and correspondingly a tetraallyl germani um conplex can be formed from
such tetrachl orogermani um starting material using a correspondi ng
allyl Gignard reagent R*MgCL, wherein R* is ally! -10- & R 1 N\

Ge/ N4/CA 1 __a.- NR\ /NR2R Ge N \ NR2 |
15

R R

. "'l'\ /FLIR‘

Ge

RI H/ \T of

g I R
wherein:

R and R’ may be the same as or different from one another, and each R and R’ is independently
selected from H, C;-Cg alkyl, C,-Cs alkenyl, Cs-C)q cycloalkyl, C¢-C)q aryl, and -Si(Rj); wherein
each R; is independently selected from C;-Cs alkyl;

R
R tL P
IR{Rg
I \Ge\
. 14/ HRR;
R HOI
wherein:

R, R’, R; and R; may be the same as or different from one another, and each is independently
selected from H, C-Cs alkyl, C5-Cs alkenyl, Cs-Cyp cycloalkyl, C-Cy aryl, and -Si(R;); wherein
each R; is independently selected from C,-Cg alkyl;

R)1.,Ge(NR R,

v

wherein;

R, R, and R, may be the same as or different from one another, and each is independently
selected from H, C,-C, alkyl, C,-Cs alkenyl, Cs-Cyp cycloalkyl, C4-C g aryl, and -Si(R;); wherein
each R; is independently selected from C;-Cg alkyl; and

1 is an integer from 0 to 4 inclusive;



R M=Li, MCl --)PO- \I \RIVI R----- 1?1l \e/RI R 21 Ge
Precursors for GST Filnms 1-BU Rl GeCl2-LLi Nt - Bu, N- Ge-N Nt - Bu
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2 R®

R A Re

N

Be\
gl N'/ .

a4
‘f
wherein:

R', R%, R, R*, R® and R® may be the same as or different from one another, and each is
independently selected from H, C,-C; alkyl, C;-Cs alkenyl, Cs-C,q cycloalkyl, C¢-C)y aryl, and -
Si(R3); wherein each R; is independently selected from C,-Cs alkyl;

(CHz)
6‘8% \i._......CHR }

VI

wherein:

R is selected from H, C-C; alkyl, and C4-C,q aryl; and

xis 0,1 or 2;

Rz\ R 4
2 SR P ¥
R/ .
i Ry
VI
wherein:

Ri, Rz, R3 and Ry may be the same as or different from the others, and each is independently
selected from among H, C-C; alkyl, Cs-Cy cycloalkyl, C¢-C)g aryl, and -Si(R3); wherein each R;
is independently selected from C,-C; alkyl;



GeCl2- L2Na( C5H5) Ge( C5H5) 22NaCl  GeCl 4 Ged 2-L C(Cl43) 3C(CF13)3 NH
(ENr14 \ , O iNNHL, /Ges -Et3NHCINa 1 C(cHosc(cl-13)3 1.2Li
c(Ci-ishC(CH3)3 NLiN -2LICIr \Ge ¢ N L'NLI 6(CFilis(Cl-13)3
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YRI

wherein:

Ri, Rz, Rs, Ry, and Rs may be the same as or different from one another, and each is
independently selected from among H, C,-C, alkyl, silyl, -Si(R’);, Cs-C)4 cycloalkyl, C4-Cyq aryl,
-(CH,):NR’R”, and -(CH,),OR™’, wherein x = 1, 2 or 3, and R’, R” and R* may be the same as

or different from one another, and each is independently selected from C,-C; alkyl;

wherein:

R’ and R” may be the same as or different from one another, and are independently selected from
among H, C,-Cs alkyl, Cs-Cip cycloalkyl, Cs-Cyp aryl, and -Si(R%; wherein each R’ is
independently selected from C,-Cg alkyl; and

each X is independently selected from among C,-Cj alkyl, C,-Cs alkoxy, ~NR'R?, and -C(R%);,
wherein each of R', R? and R? is independently selected from H, C,-C; alkyl, Cs-Cyq cycloalkyl,
Cs-Cyo aryl, and -Si(R*); wherein each R* is independently selected from C,-C alkyl;

R R
& S*
/CHmGe-—CH

R; R,



9(CH3)3 Li% G / e(CH3)3 [Ilustrative Ge(ll) conpounds that
may be usefully enpl oyed for CVD or ALD of germaniumcontaining filns
I nclude the followng: RIME. ;eS Me3Si Me3/ Si Nl e3 NN- Ge- NH, C- Ge- Cc- 14
"Si Me3Si Ms3Sittle3 22 I n various enbodi nents of the invention,
di al I cyl am noi sopropyl ger mane precur SQis are used for CVD/ ALD
formation of GST thin filnms. Such precﬁrsors may be synthesized by a
reacti on schenme such as that shown bel ow

wherein:

Ri, Ry, R; and Ry may be same as or different from one another, and are independently selected
from among H, C,-C¢ alkyl, Cs-C)y cycloalkyl, C¢-Cy aryl, and —Si(R3)3 wherein each R? is
independently selected from C;-Cg alkyl;

R ?3

2t
/E ) ‘
i /Ge,

e S

R‘ i

Rg

Xt
wherein:

R), Ry, R3 and R, may be the same as or different from one another, and are independently
selected from among H, C;-Cs alkyl, Cs-C)o cycloalkyl, C¢-Cyo aryl, and -Si(R%); wherein each R®
is independently selected from C,-Cs alkyl;

R
R 13
2 N
N
/Ge.
34
R ! ]
Ra
X1
wherein:

Ri, Ry, R; and R4 may be the same as or different from one another, and are independently
selected from among H, C-C; alkyl, Cs-C g cycloalkyl, C¢-C,g aryl, and -Si(R3)3 wherein each R®
is independently selected from C,-C; alkyl;

R I R2R3 R4GC
XVI

wherein:

Ry, Ry, R;, and Ry may be the same as or different from one another, and are independently
selected from among H, C,-C; alkyl, Cs-C,q cycloalkyl, C¢-Ci aryl, and -Si(R3)3 wherein each R
is independently selected from C;-Cg alkyl.



CI\01 i Pi MyCL Ge Cl (R2N) Ge
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The synthesis of the above-described germanium precursors can variously be carried out
in a ready manner, utilizing synthetic preparations of the types variously shown below. In each
instance RMgCl, RMgBr, RMgl, RLi, and RNa can be used as alternative reagents. Further,
GeBr, can be used in place of GeCly; LiNR, can be replaced by NaNR; or KNR,; and Na(CsRs)
can be used as an alternative to K(CsRs). Moreover, a multi-step synthetic approach may be
employed to generate mixed alkyl species through oxidative addition to a Ge(Il) complex to

generate Ge(IV) precursors, as shown below:

GeCl, + RM  ——3»  R,Ge —N2 g R,R'GeCl

N

R,R'GeNR", R,R'GeR"

wherein:

R, R’, and R may be the same as or different from one another, and each is independently
selected from H, C;-C; alkyl, C,-C; alkenyl, Cs-Cyo cycloalkyl, C¢-Cyp aryl, and -Si{R;); wherein
each R; is independently selected from C,-Cs alkyl, and M is Li, Na, MgCl, MgBr, or Mgl.

Germanium (IV) Precursors for GST Films

l Cl MeaN Nies
N/ {a) LiNMe, ./
Ge - Ge
- or (b} nButi _
cr Cl + HNMe, #ieaN NMa,
or {¢} 2HNMe,

GeCl, + LiNR,

'

Ge(NRa)y

R =DMe, Et, 1Pr, t-
Bu or combinations



| c1/ 4i A1114. to form germani um conpl exes such as: ee. Ge\s
\ Mel NE2

20
N R'MgX
RMgCl . )
GB/ e CLGeR)yx ————— - R, G’E(R)__,<
CI‘@' \PI or RL4
¢ Lm;/ iumm
RRNGe(R) g HGe(R)y
cl Cl —
N S BaMgCl \
,@‘Ge\ } \ /'fl"
cr® Cl CLGe

43

and correspondingly a tetraallylgermanium complex

~L

can be formed from such tetrachlorogermanium starting material using a corresponding allyl

Grignard reagent R*MgCl, wherein R* is allyl

NRa2
GeCly E [ \Ge/
N/ \NRz

R ' R"

/
R
[ Ge M =11, Mgl
VAN
{;J R
R



N Ce N-Si M3 Si Me3 23 thisopropylam nes useful for such
applications and anmenable to transport with a heated bubbl er include,
for exanple, Ge(Nwe2)4, Ge(NEtM)4, Ge(NEt2)4, iPr3Ged, iPr3GeNwve2

i Pr3GeNEt M2, and i Pr3CGeNEt2. The volatility of the germani um
precursors of the invention can be re%ﬂily measured by STA

t hernogravinetric technique (e.g., by “determining material transport
under atnospheric pressure in argon) and GC anal ysi s. I n
speci fi c enbodi gepksurefs rgersraninym precursors of the present invention
cont ai ni ng al kyl substituents, isopropyl substituents are in many
cases preferred over nethyl groups due to the ability of the

i sopropyl substit ts to undergo beta-hydregen el jsBunation, thereby
facilitating Iomﬁ#%ﬂﬁgratuﬁ@ﬂﬂ%toﬁpﬁgfrfon p%gﬁﬂsying of the

ger mani um precursor, Ww thout producing signif#cant *Barbon residue.

Ni trogen containi ng germani um precursors of the invention have the
intrinsic benefGeClylL mangNag@RHications. ofGdredis | A0 28a0E

i ncorporation of nitrogen in final filns. In this respect, Si-and

N- doped GST materials have | ower reset currents, t@greby enabling a

| ower tenperature phase-change to occur. addi ti ona

advant age, varirQS=fg BNf P aGdHLSOr S of,tQ@4Q£§;g?§gpw&ndergo

hydr oger nol ysi s coupling reactions to form Ge~ge” bonds, via the
reaction R3GeNR 2-1- R3Gell R3Ge-GeR3, to yiel & di girmane CVD
precursors enabling highly efficient Ge-containing filmdeposition to
be achieved, in relation to nono-gernmane precursors. The

ger mani um precursors ofGHale i nvention cancicvyd ain a wide variety of

| i gand speckﬁgbas nmoi gHes thereqfy. Such ki%ggds may for exanple

i ncl ude, wi t Itmiation, - nzyl ;e - butyl, cyl opent adi enyl
hydri de, phenyl, and %ﬁﬁyl. Bi&@ﬁﬁ@te aﬁTW@s %e.g. N,

Ndi al kyl et hyl enedi ani né&fCHgdan al so be usedt(CHa): The ger mani um
precursors can be delivered in solution or spension in a liquid
del i very techni que, using suitable sol vent dia, or may be delivered
for vapor phase desposition of Gecontaining filns by solid delivery
techni ques, e.g., as d&¥¢##bed herei naboVETHsk respect of the antimony
precursors qf the inv 'i on, 2tct I'n u§eN@s CVD/ ALD precursors, the
Ge precursofﬂﬁﬁg be di %Eited“§€ﬁarﬁfély\qﬁﬁﬂn conbi nation with other

precursors, e.g., wthish .and Te conpl exdl such as i Pr3Sh, Sb(NR2)3,

i Pr2Te and Te(NR2)2 to ToFMm GST filnms.  ©iCHak

Ei}“s}s C(CHa)s
91k N

GeChl + | A L e
N v

C{CHals ECHa

lustrative Ge(II) compounds that may be usefully employed for CVD or ALD of

germanium-containing films include the following:

3 {

y \~7.'_‘ SiMe; SiMey SiMea Sikles
N—Ge—N N—Ge—N H-C—Ge—C-H

SiMe;, 'Sikles SiMeg Siie,

-~



Onei | | ustrati veger mani unprecur soroft hei nventi oni s
Ge(triisopropyl)(nmethylethylam de), referred to sonetinmes hereinafter
as GePNEM This precursor can be enployed to deposit gernmani umon a
substrate at suitable deposition process conditions, e.g., deposition
tenperature in a range of from BOOCt 450C, and at pressure 24
rangi ng from subat nospheric to superat r%ospherl c (e.g., in a range of
fromabout 0.5 ton to 15 atnospheres or nore). Set out in Table |

bel ow i st alist ltnn.@rnﬁfs egbédiﬂléﬂlﬁﬂﬂﬂietlh\@ﬁho?adlﬂkyldn?noﬁﬂgﬁﬁyfl@f?fngbﬁ&h%rs aod
varying tenpera ess i 0 or deposi tion of
ger mani um g%g QYIS/Q? ’1%?’5’8?'}1 4 ‘ZS@‘M%WF pEB@uWECBTSOIS JEV %G STESTY Wife

substrat e raactmn echems smrh galst shbembaddw: hydr ogen gas at 200 standard cubic
centineters per mnute. Table |I. Film Deposition Rate of Gernmani um
Deposited at Varying Tenperature and Pressure Conditions Tenperature

( C) Tenperature 1/ T (K) Pressufe 0.8 ton. Pressure Starr 300
0. 001745201 0 14mn 0.35 A/min 3R0
\ A POl '\ LiNR, <
(RaN)Ge

—*
\:UH;
- .,<

c&“"

to form germanium complexes such as:

- A

—"T NPI [ 3 N Eia

| ] E %
/ ;
——l*‘ NMeE’ ——-i T—SiMeg

SiMes

The above-described germanium precursors are useful for CVD and ALD applications, to

deposit germanium-containing films on substrates. Tetrakisamidogermanes  and



0. 001686341 0.45 A/mn 340 0.001631321 1.32 A/mn 0.8 A/m n 360 _
0. 001579779 1.48 Ahnin 1.28 A/mn 380 0.001531394 2.4 Almin 2.7 Alm n
400 0.001485884 3.4 Almin 2.3 Almn
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triisopropylamines useful for such applications and amenable to transport with a heated bubbler
include, for example, Ge(NMey)s, Ge(NEtMe),, Ge(NEt),;, iPr;GeCl, iPr;GeNMe,,
iPr;GeNEtMe, and iPr;GeNEt,. The volatility of the germanium precursors of the invention can
be readily measured by STA thermogravimetric technique (e.g., by determining material transport
under atmospheric pressure in argon) and GC analysis.

In specific embodiments of germanjum precursors of the present invention containing
alkyl substituents, isopropyl substituents are in many cases preferred over methyl groups due to
the ability of the isopropyl substituents to undergo beta-hydrogen elimination, thereby facilitating
low temperature decomposition processing of the germanium precursor, without producing
significant carbon residue.

Nitrogen containing germanium precursors of the invention have the intrinsic benefit in
many applications of mediating some incorporation of nitrogen in final films. In this respect, Si-
and N-doped GST materials have lower reset currents, thereby enabling a lower temperature
phase-change to occur,

As an additional advantage, various germane precursors of the invention undergo
hydrogermolysis coupling reactions to form Ge-Ge bonds, via the reaction
RyGeNR’; + R3GeH — R;Ge-GeRs,
to yield digermane CVD precursors enabling highly efficient Ge-containing film deposition to be
achieved, in relation to mono-germane precursors.

The germanium precursors of the invention can contain a wide variety of ligand species
as moieties thereof. Such ligands may for example include, without limitation, allyl, benzyl, t-
butyl, ecylopentadienyl, hydride, phenyl, and alkyl. Bidentate amines (e.g. N, N-
dialkylethylenediamine) can also be used.

The germanium precursors can be delivered in solution or suspension in a liquid delivery
technique, using suitable solvent media, or may be delivered for vapor phase desposition of Ge-
containing films by solid delivery techniques, e.g., as described hereinabove in respect of the
antimony precursors of the invention.

In use as CVD/ALD precursors, the Ge precursor may be deposited separately or in
combination with other precursors, e.g., with Sb and Te complexes such as iPr;Sb, Sb(NR,)s,
iPr;Te and Te(NR;), to form GST films.

One illustrative germanium precursor of the invention is
Ge(triisopropyl)(methylethylamide), referred to sometimes hereinafter as GePNEM. This
precursor can be employed to deposit germanium on a substrate at suitable deposition process

conditions, e.g., deposition temperature in a range of from 300°C to 450°C, and at pressure



420 0.001443001 6.8 A/mn 10.5 A/m n 440 0.001403 6.5 A/mn
determ nation of film

deposition wth 200 SCCM H2
t hi cknesses of germani um achi eved by deposition fromthe GePNEM
deposition carried out for a period of 16 m nutes gave the

precur sor,
fol |l ow ng
reactant g

pressure = 800 mllitorr,

resul ts:
as H2,

(1) tenperature
filmthickness

| n anot her

57 A

reactant gas Niz,

C, pressure
(i1) tenperature
filmthickness =

GePNEM

= 800 mllitorr,
= 400C,
94 A

and N ( : i) E&gg@ﬁﬁﬁk&ﬂa&osphé(ﬂﬂ@,suﬂéfaﬁﬁ(ﬁplfeﬁc . gS,QIgQ rabd %ﬂﬁo%bo{t@?t%ﬁ{fﬁ Iﬂfas
Hz, filmthicknes evl dence Itability o
GePNEM f or {8t g g &F rr‘r‘}gmlSet "Sr mg%ﬁ%%%’%%ésnf‘ 1S?ﬂgn€;ﬁ§1m Hepf’?‘ 1PsTtn 1

substrat es Abgstrvmqjmmutd,eqn uByibg empdrawh adquesure conditions, for depasition of gepemivid ¢

enbodi ment §, sfpQfed %ﬁ%é ebpl

ger mani um
wherei n at
pr ecur sor
conpl exes
her ei nabov
filnms,
anti nony p
Sb(NR211. 2

recursor,

ant1 nony

recursor an

gamo@ta%ﬁve?edgs BE ARk B XLMES LW g

urium precursor,

Yiengen £25 A0 ftandprd cw%ﬁﬁqusm@utpsor and anti nony
I ncl udes a precursor selected fromanong the netal

of fo

Iae (A,

(B),

(9,

(D) and (E)(1)-(XVl) described

e. '%HFL Antinmony Precursors To form anti nony-contai ni ng

recur '@ f the follow ng fornulae (A),
)ngﬁz )n, NR1 (A) wherein:
emperature Temperature Pressure Pressure
(°C) UT (K) 0.8 torr 8 torr
300 0.001745201 0.14 A/min 0.35 A/min
320 0.001686341 0.45 A/min
340 0.001631321 1.32 A/min 0.8 A/min
360 0.001579779 1.48 A/min 1.28 A/min
380 0.00153139%4 2.4 A/min 2.7 A/min
400 0.001485884 3.4 A/min | 2.3 A/min
420 0.001443001 6.8 A/min 10.5 A/min
440 0.001403 6.5 A/min

GePNEM deposition with 200 SCCM H,

one can kikeDepusitioroRste 0O Gtrananiinm Peposdalat S\Gkng Teatper@tasngall Pressure

(B) and (O):

In another determination of film thicknesses of germanium achieved by deposition from

the GePNEM precursor, deposition carried out for a period of 16 minutes gave the following

results: (i) temperature = 400°C, pressure = 800 millitorr, reactant gas H,, film thickness = 57 A;

(ii) temperature = 400°C, pressure = 800 millitorr, reactant gas NHj, film thickness = 94 A; and

(ili) temperature = 400°C, pressure = 8000 millitorr, reactant gas H,, film thickness = 36 A,

These results evidence the suitability of GePNEM for forming germanium or germanium-

containing thin films on substrates by vapor deposition techniques.

In various specific embodiments, the invention contemplates a precursor mixture

including germanium precursor, antimony precursor and tellurium precursor, wherein at least one

of the germanium precursor and antimony precursor includes a precursor selected from among

the metal complexes of formulae (A), (B), (C), (D) and (E)(I)-(X V1) described hereinabove.



R, R2, R3, and R4 may be the sane as or different from one another,
and are independently selected fromCL-C6 al kyl, C3-C6 cycl oal kyl,
Ca-C6 al kenyl (e.g., vinyl, allyl, etc.), C3-C6 allcylsilyl, C6-Cl10
aryl, each of R5 and R6 may be the sanme as or different from one
anot her and are i ndependent |y sel ect edzfrom hydr ogen, C1-C6 al kyl,
C3-C6 cycl oal kyl, C2-C6 al kenyl (e.g.,”vinyl, allyl, etc.), C3-C6
allcylsilyl, and C6-Cl10 aryl; and mis an integer froml to 4

i ncl usi ve; Iﬁb(nbﬂﬁ),,{mw,QRMMS) ", NR3) (B) wherein: R, R2, and R3 nay
be the sane as ! di fferent from %‘i}?ef anot her, and are independent]y

sel ected from &maﬁnﬂ ?ny-c&m@ég b 898 ?&“use EHImeRY- 5‘7“%“?1'35' TRCUISEYS for
vi nyl, al | ygxampht antll)npny@@ec@mabﬂthMlefonnalad(A@&Bmﬁ @ryl; each of 12.4

and R5 may be the same ag,QR'fHIFRICGRES e another and is
i ndependent|y selected fr &fph {og{en &‘#@(RP C3-C6 cycl oal kyl ,

C2-C6 al kenyl (e.g., vinyl, aIIyI etc.), C3- CG aIIcyIsinI, and
C5- C10 ar Ylyherand mis an int eger from 1 to 4 inclusive;
Sb(11.1)3."(NRRR3)"(C) 26 R2 and R3 may be the sanme as or
different from one anot her and are independently selected from
hydrogen, CrC6 Rl W R’,C:d 08 maycbeodiel satpt asC62 diXferet I«fe:nybne( énofhes, anél nyd ,

ally!, etc.), | K

wher ei n each ofIui “deg%ﬁg@?tésad s¥+ ?c'%‘t1 %Dl%a%ﬁ gzr:tgf a&enﬁega E'Iyl

is an integer f¥lghto)CoCalindlykiSi-Gearyl, The i nvention in anot her
aspect relates to germanyl and silyl antinony precursors of formula
(D): (R4)"Sb(E(RIR2 ) 3..6(,D erein: R, | R3, and R4 nay be the
same as or diff&reR r%%%néa%\ﬂﬁtﬂﬁe?a,maﬁd“ &‘gerie‘ﬁdfé‘ii’ér?t’i"eﬁ‘f“fﬂg)3r 281 ¢r ed
from Cl-C6 al kylhdepéﬁ:aerﬂ@ sigeeed Gramn by drogei .35, O alaylyd,90|cydlqalkgh CEtDalleenyil(e.g.,and
al kyl am no of tf - f RS and R6 is

i ndependent | y s‘hIFyI aﬁ%d ff%mﬁ@%ﬁg%laé? ]Cqm?E is silicon (Si) or

germanium (Ge); and n is an integer fromO to 3 inclusive. The
f or egoi ng pr ecuf Qh midgBrdael Waglclkivey enpl oyed for CvD and ALD of Sb,

Sh/ Ge, Sb/Te and GST fil ns
Sh(R")R’N(CR'R%).NRY) (B)

wherein:

R', R?, and R® may be the same as or different from one another, and are independently selected
from C,-Cq alkyl, Cs-C; cycloalkyl, C,-Cs alkenyl (e.g., vinyl, allyl, etc.), C3-Cy alkylsilyl, and
Cs-Cyq aryl;

each of R* and R® may be the same as or different from one another and is independently selected
from hydrogen, C;-Cs alkyl, C;-Cs cycloalkyl, C,-Cs alkenyl (e.g., vinyl, allyl, etc.), Cs-C;

alkylsilyl, and C4-Cg aryl; and

m is an integer from 1 to 4 inclusive;

Sb(R);:..(NR’R?), ©)

wherein:



Such precursors may al so be used in | ow tenperature deposition
applications with reducing co-reactants such as hydrogen, hydrogen

pl asma, am nes, im nes, hydrazines, silanes, silyl chal cogenides
(e.qg., (Me3Si)2Te), germanes (e.g., GeH4), ammoni a, al kanes, al kenes
and al |l cynes. When specific precirsors are in a liquid state,
they may be used for liquid delivery in neat liquid form

Al ternatively, when such precursors are in a liquid or solid state,
they may be enployed in suitable solvents as a solution or

suspensi on Of2th RPLEGUr plica

sol vents for sashtpilf Cbosﬂcg,\e PHe FS cﬁsd% Hf a.n%tge,r arﬁﬁlgepeﬁut@bﬁasﬁltg"ted
oct ane andﬁpGMMaQEy(Léhymﬂ 2?06®¢bdhm§¥«ba@mwlb@nz@@eﬂb&&kﬂemﬁ)CrCo
ami nes (e. Giqyisiky, i@ C)MhRIENRYE! Vel ALAFRA G R ITNESa Y Hha% fﬁ‘&% cand
et hers. The choi ce of a specific solvent composition for
particul ar aﬁ?qnnny precursor or for a specific antinony precursor in
combi nation with other gernanlunland tellurium precursors, may be
readily dete%ngteef 6t L0 [he skill of the art based on the

di scl osur e "RéF SB 18 CRPAA"SSh appropriate single component or
mul ti pl e conponent solvent medium for liquid delivery vaporization
and transport of the specific precursor conponent(s) involved.

I n various enboblieryentéon ipfsasteer mspect aplatesnioraprmsnd cang sibl antémany precererry of
state, a s@hglaggl ivery systemmay be utilized for delivery of the
antinmony precursor, such as for exanple the ProEVap(r) solid delivery
and vaporizer systemcommercially available from ATM, Inc., Danbury,
Connecti cut, USA. TR SEBER RIRI),.precur sors (dDf the invention can
be "fine-tuned" by choice of appropriate substituents, within the
broad fornul ae set out herei nabove, to provide desired
charact eri ¥h4'¢& of thernal stability, volatility and conpatibility

Wi th ot her warm’amksn@rbeqmaﬁaefos differeﬁc oM bie MOMBORRMNre RUGEMERRT
system |nv nti on are. readi

Y% SOr's of
synthe5|zeﬂ*”ﬁgggvﬁﬁﬁ%gﬁg Fb %§° ﬁ@ﬁﬁé% Epﬁﬂog% @?%F?%ﬁ%ﬂqﬁﬂqﬁﬁﬂ%The
anti nony pfogouls SO Rb#hetdireeagiesf@®’ ald R° drimspanddnay selck IR H and C,-C, alkyl;
Sb-N-R4 R3 N can for exanple be synthesized according to the
foll owi ng reaction scheme (A): 1INRLIR2) Sb-N-R4 R3-N (CR5R6)rn

E is silicon (Si) or germanium {Ge); and
n is an integer from 0 to 3 inclusive.

The foregoing precursors may be usefully employed for CVD and ALD of Sb, Sb/Ge,
Sb/Te and GST films.

Such precursors may also be used in low temperature deposition applications with
reducing co-reactants such as hydrogen, hydrogen plasma, amines, imines, hydrazines, silanes,
silyl chalcogenides (e.g., (Me;Si),Te), germanes (e.g., GeH,), ammonia, alkanes, alkenes and
alkynes.

When specific precursors are in a liquid state, they may be used for liquid delivery in neat
liquid form.

Alternatively, when such precursors are in a liquid or solid state, they may be employed
in suitable solvents, as a solution or suspension of the precursor. In specific applications, suitable

solvents for such purpose include alkanes (e.g., hexane, heptane, octane and pentane), aryl



28 and the antinony precursor of the general fornmula (B): Rl Sb-NR3
(CR4AR5),, can be synthesized according to the follow ng reaction
schene (B): SbX3 + RRMJX + Li (R2RN(CR4R3)",NR3) -> R1 Sb-N-R3 / or by
the followi ng reaction schenme (C: SbX3 + nmMR2(CR4R3) R3NSi Me3 -> X
Sb-N--R3 R2-N 29 + RIMgX R1 b-N R3 R2-N The
antinony precursor of the general forfmula (C) can be forned by
synthesis in a correspondi ng manner. The antinony precursor of the

gener al f ogdReh (d)benzBityiofigne], ABinkOle kO WethGlaGiink, WGt bift@imine), imines, hydrazines
and ethers.

The choice of a specific solvent composition for a particular antimony precursor or for a
specific antimony precursor in combination with other germanium and tellurium precursors, may
be readily determined, within the skill of the art based on the disclosure herein, to select an
appropriate single component or multiple component solvent medium for liquid delivery
vaporization and transport of the specific precursor component(s) involved.

In various embodiments, where the antimony precursor is in a solid state, a solid delivery
system may be utilized for delivery of the antimony precursor, such as for example the ProE-
Vap® solid delivery and vaporizer system commercially available from ATMI, Inc., Danbury,
Connecticut, USA.

The antimony precursors of the invention can be "fine-tuned” by choice of appropriate
substituents, within the broad formulae set out hereinabove, to provide desired characteristics of
thermal stability, volatility and compatibility with other co-reagents or components in a multi-
component precursor system.

The antimony precursors of the invention are readily synthesized, by synthetic routes
including those described below.

The antimony precursor of the general formula (A):

NR'R?)

can for example be synthesized according to the following reaction scheme (A):

NR'R?)

SbX; + LiINR'R?) + Li(R*N(CR°R%),NR*) —



(ER1R2R3) (3-02 Sb n(R4) (ERIR2R3) (3-02 E = Ge or Si can for exanple be
synt hesi zed according to the follow ng reaction schenes (D), when n

is zero, or (E), when nis 2: (D) E=GC or Si 30 wherein Xis
hal o (fluorine, brom ne, chlorine, iodine). In the foregoing
synt heti c exanples, RwgX and al can bg,used as alternative synthesis
reagents. As specific exanples |l lustrative of precursors of

the invention, the precursors Sb(NMeEt)3, Sb(CH=CWwe2) 3,

Sb(CH2CH=Cl - 12) 3 and Sb(NMe2) 3 were synthesized and characteri zed.
The precursors Sb(Nwe2)3 and Sb(NMVeEt)3 were determ ned to exhibit
phot osensitivity and therefore to require storage in a container
protected fromlight exposure or in other photo-resistant packagi ng,
to avoi d | anghite-antirdeny petcwtex ofthogshdral dmmmblaéB)eof Simi | ar consi derati ons
are applicable to Sb(CH=Cwve2) 3 and Sb(CH2CH=C} 12) 3. FIG |
shows the nucl ear magnetic resonance spectrum of Sh(NMeEO3 and FIG 2
shows the nucl ear Rn11agneti c resonance spectrum of Sb(Nwe2) 3.

can be synthesized according to the following reaction scheme (B):

SbX; + R'MgX + Li(R*N(CR*R%),NR®) —

R‘l
/Sb""""N—-Ra
Rz’_N\ /
(CRR)m

or by the following reaction scheme (C):

SbX; + mR*CR*R®) R°NSiMe; —

|
/Sb—N—-R3
RZ——N\(Cé’Rﬁ)



FIG 3 is a simultaneous thermal analysis (STA) graph for these two
precursors, Sb(NMeEt)3 and Sb(NMe2)3, in which percentage
thernogravinetry (TG is plotted as a function of tenperature, in
degrees Centi grade. Addi ti onal classes of antinobny precursors
can al so be used. Such anti nony precu[?%ors are suitable for use in
formng GST filnms, in conjunction withH the use of suitable germani um

and tellurium precursors. Such additional classes of antinony
precursors +igigkxde, t hose of fornulae (F), (0), (H, (1), (J), (K,
(L) and (M, as defined bel ow (F) am ni dates, guani dates and

i soure-ates of thegfornula: 12.2Sb[ RLNC(X) NR2] 3. n wherei n: where each

R4 and R2 is i ndelaendent |y selected fromanong H, Cl-05 al kyl,

C5-Cl11) cycloallcyl, C6-Cl0 aryl, and -Si (R3)3 wherein each 12,3 is

i ndependently sel NTd% Cl- C6 al kyl ; each X i s independently

sel ected from aBiefng Cl£C6 al koxy, -NR4R5, and -C(R6)3, wherein each

of R4, Rs ai s J%%pendently selected fromH, Cl1-C6 al kyl,

C3- C10 cycl oal kyl , )aryl , and -Si (R3)3 wherein each R3 is

i ndependently selected fromCl-C6 alkyl; 31 each R7 is independently

sel ected from anong Cl-C6 al koxfy -NR8R9, and -C(RI6)3, wherein each

of Rs, R9 and | &he Rtipppyapsesigenttthe swpralcoapls (Qribe Ermessby pifpsis in a

C5- C10 cyclagbdosidihg mégaerCl | 3 aryl, - Si(R3)3, and -CGe(R3)3 wherein

each R3 is independent|y selected fr Cl.- al kyl; .and. n is an

i nteger from Oe'ﬁnc‘)3 sy é‘}ec?sé)f ?fgbeaﬁeﬁieﬁ?%éﬂ%{ﬁ@al}a&g %’}? f@ﬂ‘@m? YrRtTa:

R511Sh[ (R . 1122) NC( NR3R4) NA3. " wherein: each of Rl and Rs is

i ndependently sel ected from am)gth-hz,gh- C6 al kyl, C5-Cl10 cycl oal kyl,

C6- C10 aryl, and -Si (R9)3 whereifn each®® i s independently sel ected

from Cl-C6 al kyl; each of R3 and|R4 is independently selected from

fi, CL-C6 al kyl, C5-Cl10 cycloallsyl, Co-Co aryl, and -Si (R9)3

wherein each RO is independent¥y s&lected from Cl-C6 al kyl; each Rs

i s independently sel ect edﬁéd) m anong ‘(I;GZFﬁDgp%y, -NR6R7, and

-C(R8)3, wherein each of "R6,” le and Rs is inc‘ependently selected from

fl, C-C6 al kyl, C5-Cm cycl oal gl C6-Cl10 aryl, - Si(R9).3, and

-&(R9)3 wherein each RO is in =p§?|8"e$‘rtly sel ected from Cl-C6 al kyl ;

?Eg 1?0:’ fmﬁga:nlf%%g & eé&or%e%egg?cgidin%@ theC %ﬁ?ﬁr@ }eaec%onasrg en;[eDI(D(g,C %er? ggazar%,s of
or (E), whennis 2: N

(ER'R®R%)3.ny2
NagSb /(LisSb) + (3-nER'RZRIX —— /Sb\
ER'R2R3),,.
(n s 0) n(R4) ( )(3 ny2
D)
(R%)
E(R'RZR3)X l
Sb(R%); + 2 Li — = Sb(R*),Li > Sb\
@is2) (R“)/ (ER'R2RY)

E=GeorSi
(E)



wherein: each X is independently selected fromanong Cl- C6 al koxy,
-NRIR2, and -C(R3)3, wherein each of 122, 112 and R3 is independently
selected fromH, Cl1-C6 al kyl, C5-Cl10 cycl oal kyl, C5-Cl10 aryl, and

-Si (R5)3 wherein each Rs is independently selected from Cl-C6 al kyl ;
32 each R4 is independently sel ected I#om anong CI-C6 al koxy,
-N12.412.2, and -C(123)3, wherein eac Oof 121, R2 and 123 is

i ndependently selected fromH, Cl1-C6 al kyl, CS C10 cycloal | cyl,

C6-C 0 arylwheré‘iﬂ@tlsﬂk{(}laor&}%romlﬁemﬁﬁl)ng 16/811']1% ein each R5 is

i ndependently selected fromC -C6 al kyl; E is either O or S; and n is
an integer fromO to 3; (1) beta-di ketonates, di ket oi m nates, and
di keti i m nat es, Inafie foregoifgyirrtia exampRCRMeX3nCRXK) &6 B2)dd 2 AHSHh4tH8 yynthesis
[0C(12. 3) C%@%RZ) N(R1)]3.,,Sh(R5)"
[ RANC( 12. 3 C(R2) N(R1) 13Sb(R5), [(12.3)0C(-0)C(X)C(R2) S13Sb(R5) "
where each of RAS RPCIfR gramples Rlpsirative red epreqremt ¢fy th elnentied the greewsong
14, C - CO §i>d<mleEt) S\§@H£mé298|slﬁkﬁmcﬁ5c@)3 afid Yéb(NrﬁELQ w§}e( my@ae L& N
each 12.6 is endent I from Cl- ; ac
i ndependenfl}ayrf‘c@‘é’fe c I8 PEF a??&%ezélan@:@ @W@Qywere e? to %2‘11?8’“ “photo-

- C(12. 8) 3, senkigvigiand thereforead reRﬂr,e stﬂ:&ge 1alador%1el‘ ﬁroﬂeftdﬂ&ﬁﬂﬁhﬁfﬁxbc}éuﬁ@l' Rethed
fromH C
wher ei n eagl-h q:éél&é/nlt Pac%mé %{(? llg %Xceg d%fmﬁgom 1012:{11¥r6%f %fl‘{](llaf coné‘ger%xlof_(i5
i s i ndepenéleapnligabledo %ﬁﬂﬁCM%bmWf@C@ﬁﬁHﬂdl nate, amini dat e,

i soureate, allyfg. %bwth@h&%%aénéﬂk%s%gce%gectrﬁﬁlgf Sb%&t)léh)d%m%&%' n
each of R9, R 19 and 1211 is in ependent%?/(sel ected fromH

al kyl, C5- tae U ’é’f‘?ﬁ&?tl?ﬁs""aﬁ?c? SPEPBUA P 129) 3, and - Ge( R 5) 3
wherei n each REFIGS 3i indeganidaaiuh Yheatd enhlgts {ITON geiph Gor ledeyivio pelstrs) S

2. TP o P BUOBAAED e

of temperature, in degrees Centigrade.

Additional classes of antimony precursors can also be used. Such antimony precursors
are suitable for use in forming GST films, in conjunction with the use of suitable germanium and
tellurium precursors.

Such additional classes of antimony precursors include those of formulae (F), (G), (H),
), (3), X), (L) and (M), as defined below:

(F) aminidates, guanidates and isoureates of the formula:
R7,Sb[R'NC(X)NR’].,

wherein:
where each R' and R? is independently selected from among H, C;-C; alkyl, Cs-Cio cycloalkyl,
Cy-Cyg aryl, and -Si(R*); wherein each R® is independently selected from C;-Cg alkyl;

each X is independently selected from among C,-Cg alkoxy, ~NR*R®, and -C(R®),, wherein each
of RY, R® and R is independently selected from H, C;-Cg alkyl, Cs-Cyq cycloalkyl, Ce-Cio aryl,
and -Si(R*); wherein each R? is independently selected from C;-Cy alkyl;



(Tv): 12.4Sh[ (ONC(X) C(R2R3) )] where each RI,R7, R3 and Rs is

i ndependently selected fromanong H Cl-C6 al kyl, Cs-Cl cycl oal kyl,
C6-Cl10 aryl, and -Si (R6)3 wherein each R6 is independently sel ected
from Cl-C6 al kyl; each Xis independently selected fromanong Cl -C6
al koxy, -Nitsle, and -C(R3)3, wherein qach of Rs, 122 and R3 is

i ndependently selected fromH, Cl-C6 Al cyl, 05-C10 cycl oal kyl,
C6-Cl10 aryl, and -Si (R6)3 wherein each R6 is independently sel ected
fromCl-C6 al kyl; each R4 is independently selected from anong

guani di nat es, _am.nj dat es, | soureates, betadi ketonates, .

G Ket of m nGEBE BRI Sl AT TE Caf KOs Do L 89 -G iy
wher ei n eaotR’OR’ @ R'"*I2BdaadeRy stlsctddidars aientlky, cat getvakl @, Hiryl, -
Cl- C6 al kyk, - 1 R360:x S 13,..and, - Ge(R6) 3
wherein eagﬁR%aﬁ%Q ?(ﬁ%’glﬁhgﬁeglémﬁ%hl%/%g@%%fl %gy%e;egtreﬁi g?rgggk‘éﬁnf?@la?d and n is
an integer fromO to 3. (L) cyclopentadi enyl (Cp) antinony conpounds
wher ei n t hgiGR if@ESion d® 30f the formulae: wherein each of R, R2,
R3, R4 and R5 can be the sane as or different fromthe others, and
each is independently selected from anong hydrogen, Cl-Cm al kyl,
Cl-C12 al | gy)ltaranikgioguafifteCdOhatoshula: Cr C12 al koxy, C3-C6 al kyl silyl,
CrCl2 al kenyl, RIR2ZNNR3, wherein Rs, R2 and R3 may be the sanme as or
di fferent fsrom one anot Qer and each is independently 34 selected

f rom Cl- CoRabPB{R RONEARFeMhat | i gands including functional group(s)
providing further coordination to the antinony central atom and

sel ected from anong am noal kyl, al koxyal kyl, aryl oxyal kyl ,

i mi doal kyl ¥y acetyl al kyl, having the following formiae: HRs -E C
in ( 11.Fetaeh 4R Rhl RS is@Gidepentidntly Mlektediriom R2onBR4, C;-Cg alkyl, Cs-Cg cycloalkyl, Cq-

Cparyl, and -Si(R%); wherein each R’ is independently selected from C-Cg alkyl;

each of R and R* is independently selected from H, C,-Cg alkyl, Cs-Cyq cycloalkyl, C4~Cioaryl,
and -Si(R’); wherein each R® is independently selected from C,-Cq alkyl;

each R’ is independently selected from among Cy-C; alkoxy, ~NR°R’, and -C(R®)s, wherein each
of R®, R”and R%is independently selected from H, C,-C; alkyl, Cs5-C)q cycloalkyl, C4-Cyg aryl, -
Si(R?)s, and —Ge(R9)3 wherein each R’ is independently selected from C,-Cg alkyl; and

n is an integer from 0 to 3.

() carbamates and thiocarbamates of the formula:
R4||Sb[(EC(X)E]3-n

wherein:

each X is independently selected from among C,-Cs alkoxy, -NR'R?, and -C(R?);, wherein each
of R', RZand R’ is independently selected from H, C,-C; alkyl, Cs-C, cycloalkyl, Cs-C)y aryl,
and -Si(R’); wherein each R® is independently selected from C,-Cg alkyl;



am noal | cyl s wherein: the nethylene (-CH2-) noiety could
alternatively be another dival ent hydrocarbyl noiety; each of Rl-114
is the sanme as or different fromone another, with each being

i ndependently sel ected from anong hydrogen, Cl-C6 al kyl and C6-Cl10
aryl; each of R5 and R6 is the sane a§20r different fromthe other,
wi th each being independently sel ected“from anong Cl1-C6 al kyl; n and
m are each sel ected i ndependently as having a value of fromO to 4,
with the proviso that mand n cannot be O at the sanme tinme, and x is

selected from1 tq 5; | koxyal kyl s and_aryl oxyal kyl s wherein each of
131 Ra T EHB Feaensatenfy SRR M P G RN oD 0 b EEHF B ng

i ndependenbf B/, Rednért ie thdépententyneingedfoeh K IR1T, alGH - G&, adykydlkyl, &, (@61,C10
aryl; R5 i 1 t ed fs “ al kyl nd. C6-C10 aryl; and n
and mare iSRG ek BT s ety e S0 Gl 0 o e,

with the proviso that mand n cannot be O at the sanme tine; 35 R1IR3

Il AA .nmktiC=_-N17t21 | R RA R5 and RRR3 IR1L NrcN=--C R21

i m doal kyl pwhehe@ioor8aéll of R, R2, R3, R4, Rs is the sanme as or
different fromone another, with each being i ndependently sel ected
from anong hydrogen, C-C6 al kyl, and C6-C aryl; each of RI', R2' is
the sanme as or different fromone another, with each being

i ndependent isyan gddgerdroad Pom C1- C6 al kyl, and C5-C10 aryl; and n and m
are selected independently fromO to 4, with the proviso that mand n
cannot be 0 at the same tine;

(D) beta-diketonates, diketoiminates, and diketiiminates, of the formulae:

[OC(R)C(X)C(R*)OL;.0Sb(R),
[OC(R*)CK)ICRI)NR)];3..Sb(R),
[RNCR’)CK)CRINR")3..Sb(R),
[R*OC(=0)C(X)C(R*)S]5.,SH(R),

where each of R',R?, R® and R* is independently selected from among H, C,-Cs alkyl, Cs-Cyq
cycloalkyl, Cs-Cig aryl, and -Si(R®); wherein each R® is independently selected from C,-Cs alkyl:

each X is independently selected from among C,-C; alkoxy, -NR°R’, and -C(R®)s, wherein each
of R®, R"and R® is independently selected from H, C,-C; alkyl, Cs-C)y cycloalkyl, Cs-Cyg aryl,
and -Si(R%); wherein each R® is independently selected from C,-Cy alkyl;

each R%is independently selected from among guanidinate, aminidate, isoureate, allyl, C;-Cy
alkoxy, -NR’R'®, and -C(R"");, wherein each of R®, R'® and R"" is independently selected from H,
C,-Cs alkyl, Cs-Cyg cycloalkyl, C4-Cyo aryl, -Si(R%)s, and -Ge(R°)3 wherein each R%is
independently selected from C,-Cs alkyl; and

n is an integer from 0 to 3.

() allyls of the formulae:



RIR3 -(c 1:25 R2 R4 acetyl al kyls wherein each of RI-R4 is the sanme as
or different fromone another, with each being independently sel ected
from anong hydrogen, Cl1-05 al kyl, and C6-Cl0 aryl; Rs is selected
from 36 anong Cl1-C6 al kyl, co-cl10 aryl, and Cl-Cs al koxy; and n and
m are sel ected i ndependently fromO t with the proviso that mand
n cannot be 0 at the sane tine; MhEFEIﬁ non-Cp |igand(s) of the

anti nony Cp conpound can optionally include |igands selected fromthe
group consi sting of guanidi nates, am nidates, isoureates, allyls,

beta-diketﬁﬂg&gﬁPQ§g§&#g jminates, and diketiimnates; and (M al kyls,
al koxi des ndent |ipnds, of the fornulae: (O:

R5" ShaRl mllmeR@WEGfR’Mam ): R5"Sb[(RIR2)N(CH2).Si (WR2) 13. 6
(rii): RB" mhere each of Wand R2 is
mdependentPi ﬁ@?ﬁ§§6$%on1a ng H C-C6 al kyl, C6-C10 cycl oal kyl,
C6- C10 ar y[v): Eﬁﬁﬁoﬁﬁ@@@§§Rﬁﬁereln each R3 is independently sel ected

fromCl-C6 al kyl; each R5 is independently selected from anong
guani di nat es, aninidates i sour eat es, bet adi ket onat es,

et 01 1 hE AL TR S GBI 19 5B BB o

Cl-C6 al ky bycloﬁlkylméﬂncgrmll @él $iRf): whe@gn @rﬁ)R%ms yidgpende@ly(stlget@) Bm Gl alkyl
-Ge(R3)3 wherein each Rs is independently selected fromCl-C6 al kyl;

nis anirﬂegerfron10to 3; mis Hne%grfrom o 4. |
each X is independently selected from among C;-C alkoxy, -NR'R”, and -C(R");, wherein each

of R', R and R%is independently selected from H, C,-C, alkyl, Cs-Cyg cycloalkyl, C¢-Cyy aryl,
and -Si(R%); wherein each R®is independently selected from C,-C alkyl;

each R* is independently selected from among guanidinates, aminidates, isoureates, beta-
diketonates, diketoiminates, diketiiminates, C(-Cs alkoxy, ~NR'R?, and -C(R");, wherein each of
R’, R® and R’ is independently selected from H, C;-Cs alkyl, Cs-Cyq cycloalkyl, Cs-C)o aryl, -
Si(R%)s, and -Ge(R®); wherein each R® is independently selected from C;-C, alkyl; and

n is an integer from 0 to 3.

(L) cyclopentadienyl (Cp) antimony compounds wherein the Cp moiety is of the formulae:

Ry

Ra

wherein each of Ry, Ry, R3, R4 and R can be the same as or different from the others, and
each is independently selected from among hydrogen, C;-C;, alkyl, C,-C,, alkylamino,
Cs-C g aryl, C,-C); alkoxy, C3-C; alkylsilyl, C,-C;, alkenyl, R'R?NNR?, wherein R', R

and R? may be the same as or different from one another and each is independently



Antinony precursors of a general type within the foregoing classes
(F)-(M include precursors having the follow ng structures, wherein
the various "R' groups in these structures are not necessarily
nunbered i n exact correspondence wi'th the substituent nunberings in

t he above formul ae, but nonethel ess reflect the substituted positions
i n general fashion, which will be undérstood in reference to the
above definitions of the substituents at the various positions of the

associ ated ol eglek®s from 3Y-C; alkylRhd pefdant ligHRRRiudiby 8mBtiokal groufsRkviding

further coordination to the antimony central atom, and selected from among aminoalkyl,

alkoxyalkyl, aryloxyalkyl, imidoalkyl, and acetylalkyl, having the following formulae:

R 3
LT
. ? 4

Rg R.tt RE
g R # H_’
T1 TS / Cf*\[ 3

( G::n ;: L 64 }m M “Z}Hg)
| l \-r*l-l'j‘1 ’E
Ry Ry =
aminoalkyls

wherein: the methylene (-CH;-) moiety could alternatively be another divalent hydrocarbyl
moiety; each of Ri-R, is the same as or different from one another, with each being independently
selected from among hydrogen, C,-C; alkyl and C-Cy aryl; each of Rs and R, is the same as or
different from the other, with each being independently selected from among C;-Cg alkyl; n and m
are each selected independently as having a value of from 0 to 4, with the proviso that m and n

cannot be 0 at the same time, and x is selected from 1 to 5;

—O0—m

:'*__'d"
L,
N (3—T)
Q
s
di

Py

2 oL

alkoxyalkyls and aryloxyalkyls

wherein each of R-R4 is the same as or different from one another, with each being
independently selected from among hydrogen, C,-C¢ alkyl, and Cy-Cyq aryl; R; is selected from
among C,-C¢ alkyl, and C¢-Cyp aryl; and n and m are selected independently as having a value of

from 0 to 4, with the proviso that m and n cannot be 0 at the same time;



1IRSRN\\ 1 Sb124"4 [ X i Sh124,,,]SbR 0 3-n R23-n3-n R3 A 38 M N2C) 1%
9bR5n / \ RR R R4 R3 / Si

35
T1 Ta
B
R, R; Rs
and
N
——Clr{ga—N==C
. Ry
R Ry
imidoalkyl

wherein each of Ry, Ry R3, Ry, Rs is the same as or different from one another, with each being
independently selected from among hydrogen, C-Cgalkyl, and C¢-C)g aryl; each of R,*, Ry’ is the
same as or different from one another, with each being independently selected from C;-Cg alkyl,
and C¢-Cyp aryl; and n and m are selected independently from 0 to 4, with the proviso that m and

n cannot be 0 at the same time;

Ri Ra

NP
AN
Rs

tCl (?n

R, Ry

acetylalkyls
wherein each of R\-R; is the same as or different from one another, with each being

independently selected from among hydrogen, C,-C¢ alkyl, and C4-C)g aryl; R; is selected from



it- mH2C); ebR5r, N3-n/ \ R2 R m H20) ; bR5n N3-n / \ RR R A
including the followng illustrative conpl exes: Et, 1.+10Et, Pri Sb
ti4-Etpr4.14/ NNy-Et MeEtPr' 1ii(CN2CH=CH2)2 Sb

36

among C,;-Cs alkyl, C¢-Cyp aryl, and C;-Cs alkoxy; and n and m are selected independently from 0

to 4, with the proviso that m and n cannot be 0 at the same time;

wherein non-Cp ligand(s) of the antimony Cp compound can optionally include ligands selected
from the group consisting of guanidinates, aminidates, isoureates, allyls, beta-diketonates,

diketoiminates, and diketiiminates; and

(M) alkyls, alkoxides and silyls with pendent ligands, of the formulae:

(): R*,SH[(R'R*)N(CHz)uC(R'R)]3.0
(1): RE%SHI(R'RHN(CHy)mSi(R 'Rz
(iii): R%Sb[(R'RHN(CH)n0ls.n

where each of R' and R? is independently selected from among H, C;-C; alkyl, Cs-Cyq
cycloalkyl, C¢-C o aryl, and -Si(R>); wherein each R® is independently selected from C,-C; alkyl;

each R’ is independently selected from among guanidinates, aminidates, isoureates, beta-
diketonates, diketoiminates, diketiiminates, C,;-C¢ alkoxy, ~NR®R’, and —C(R8)3, wherein each of
R®, R” and R® is independently selected from H, C,-Cs alkyl, Cs-Cyo cycloalkyl, Cs-Cho aryl, -
Si(R%);, and -Ge(R*); wherein each R? is independently selected from C,-C, alkyl;

n is an integer from 0 to 3;

m is integer from O to 4.

Antimony precursors of a general type within the foregoing classes (F)-(M) include
precursors having the following structures, wherein the various “R” groups in these structures are
not necessarily numbered in exact correspondence with the substituent numberings in the above
formulae, but nonetheless reflect the substituted positions in general fashion, which will be
understood in reference to the above definitions of the substituents at the various positions of the

associated molecules.



(H2C: t HCH2C) 2N/ . NNN( CH2CH. CH2) 2 anti nony ami des of the formul ae
antinony (I11), al kyl/am no precursors of the fornulae: 39 and

-sti benes with germani um ani ons, of the fornul ae: The anti nony
precursors of classes (F)-(M are usefully enployed for deposition of
antinony at |ow tenperature with redugiLng co-reactants, e.qg.
reactants such as hydrogen, H2/plasma,” am nes, imnes, hydrazines,

sil anes, silyl chal cogeni des such as (Me3Si)2Te, gernanes such as
GeH4, ammoni a, al kagles, al kenes, and al kypes. The anti nony
precursors nmay be de |vered for suc depé%%¢io - via liquid delivery

techni ques, in |c pregcursors that are Iifuids may be us 1h neat
liquid form an tﬁ”r Pstithat arg siphd
delivered in solutioRs dr,suspensiors, in

gl ds SSoRY,

natlon h ser bl e
sol vents, such as akkane solvents (€ g., heXan ;“heptane octane, and
pentane), aryl solvents (e.g., benzene or toluene), amnes (e.g.,
triethylamne, tert-butylamne), imnes and hydrazines. The utility
of specific solvent gonpositions for pagticular antinony precuriers
can be readily enpi?i al |y determ ned, ]&o select an appro |ate,

si ngl e conponent| or FFtrecbnponent | 40 spI-vEnfl medi um f or qd
del i very vapori 24 «and BERls por tx h@ sp ehi?) C an{ Yo /1%R)
precursor that ils enplo in anoth aspect o &Fﬁg?ch
invention, solid deljvery technlques may/ be enﬁhbyed in wh Nthén
solid precursor is 50Iatlllzed to forda prgcursor vapor R hat ks
delivered to the depQS|t| Rchanber for formng an antinony or

ant i nony- cont ai ni.ng f Nem the substrate. The solid precursor may be
packaged for suc use tn a s age and di spensing package of suitable
character, such ro ﬁ solid delivery and vaporizer unit
connerC|aIIy ava IabI I nc. (Danbury, CT, USA). The
f oregoi ng precursorsgaAray be usefuIIy enpl oyed for CVD and ALD of Sb,
Sb/ Ge, Sb/Te and GST fil ns. When specific precursors are in a
liquid state, they may be used for liquid delivery in neat liquid
form Al ternatively, when such precursors are in a liquid or

solid state, they may be enployed in suitable solvents, as a sol ution
or suspension of the precursor. |n specific app | i cations, suitable
sol vents for such Bur pose |ncIu8élaIkanes (e*gRN\hexane hept@he

oct ane and pent ary soIventsN( benzen

N e.g.
(e.qg., triet hyI e, §bRbutx rge), Slbﬁa n
et hers. N
R2
B

_toluene), anunes
Ngraagggs[ te ]smﬁ

~R2 2 ~R?

R3 3
c R* b

R3

~

- a
[N

bl U



The choice of a specific solvent conposition for a particular
antinony precursor or for a specific antinony precursor in

conbi nation with other germanium and tellurium precursors, my be
readily determined, within the skill of the art based on the

di scl osure herein, to select an appropﬁyal ate single conmponent or

mul ti ple conponent sol vent medi um for 7 quid delivery vaporization
and transport of the specific precursor conponent(s) |nvolved

The anti nony precurso }mf the inventi o%caﬁa be "fine-tuned"

choi ce of appropriat®.Substituents, wthi'g/the broad for rrulcae set out
her ei nabove, tofprov esired char cterp s s of thermal/s ility,
volatility and ra(m@e)t\l bi Net,ys wi th ot hﬁmzcgé ¢ € S rm(tlfmpo@e RO, N
a mul ti-conponent precurfor system Fherrant ' no rs of
the invention are reddly3-synt hesi zed, by ynt3hnat| C rout es/ \ncl i ng
- those descri bed belggw. gRFhe anti nony pre@arspj of the gen&?al Rfornul a
(A): 41 INRLIR2) Sb-NR4 R3-N--/6 6 (CR R )mcan for exanple be
synt hesi zed according to the follow ng reactg on scheme (A): (MRLIR2)
Sb-NR4 / 5 e (CRR)rn SbX3 + Li (NRIR2) + Li (R3N(CR5R6), "NrR4) -> and
t he antinony precursor of the general fornula (B): Rl

including the following illustrative complexes:

i Et. PY
Et\N}‘.'le \?r
Sb\ /.S'b\
MP—»N N—Et Pr—N N—Et

' N(CHQCH’:C HQ}g

Sh

S

(HoC=HCH,CN N(CHzCH=CHalp

antimony amides of the formulae

i

antimony (III) alkyl/amino precursors of the formulae:



Sb-N--R3 R2-N can be synthesized according to the follow ng reaction
scheme (B): SbX3 + Iti MyX + L1(R2N(CR411.5),"Nle) -> 42 Rl Sb-N-R3
R2-N or by the follow ng reaction schene (C): SbX3 + i nR2( CRAR3)
R3NSi Me3 -0 X Sb-N-R3 / + RRMgX -0 RL Sb-N--R3 R2-N The
antinony precursor of the general fornula (C) can be forned by
synthesis in a correspondi ng manner. E

The antimony precursors of classes (F)-(M) are usefully employed for deposition of
antimony at low temperature with reducing co-reactants, e.g., reactants such as hydrogen,
Ha/plasma, amines, imines, hydrazines, silanes, silyl chalcogenides such as (Me;Si),Te, germanes
such as GeH,, ammonia, alkanes, alkenes, and alkynes.

The antimony precursors may be delivered for such deposition via liquid delivery
techniques, in which precursors that are liquids may be used in neat liquid form, and precursors
that are solids or liquids may be delivered in solutions or suspensions, in combination with
suitable solvents, such as alkane solvents (e.g., hexane, heptane, octane, and pentane), aryl
solvents (e.g., benzene or toluene), amines (e.g., triethylamine, tert-butylamine), imines and
hydrazines. The utility of specific solvent compositions for particular antimony precursors can be

readily empirically determined, to select an appropriate single component or multicomponent



The antinony precursor of the general fornula (D), having the
followi ng structure: 43 (ER1 R2R3)(3-n)/2 Sb a(R4)(E R R2
R3)(a_n)f2 E = Ge or Si can for exanple be synthesized according to
the follow ng reaction schenmes (D), when n is zero, or (E), when n

2:

(D) (R4) E(RLR2R3)X Sb(R4)3 + 2 LiSb(R4)2Li (ais 2)

solvent medium for liquid delivery vaporization and transport of the specific antimony precursor
that is employed.

In another aspect of the invention, solid delivery techniques may be employed, in which
the solid precursor is volatilized, to form a precursor vapor that is delivered to the deposition
chamber for forming an antimony or antimony-containing film on the substrate. The solid
precursor may be packaged for such use in a storage and dispensing package of suitable character,
such as the ProE-Vap solid delivery and vaporizer unit commercially available from ATMI, Inc.
(Danbury, CT, USA).

The foregoing precursors may be usefully employed for CVD and ALD of Sb, Sb/Ge,
Sb/Te and GST films.

When specific precursors are in a liguid state, they may be used for liquid delivery in neat
liquid form,

Alternatively, when such precursors are in a liquid or solid state, they may be employed
in suitable solvents, as a solution or suspension of the precursor. In specific applications, suitable
solvents for such purpose include alkanes (e.g., hexane, heptane, octane and pentane), aryl
solvents (e.g., benzene, toluene), amines (e.g., triethylamine, tert-butylamine), imines, hydrazines
and ethers.

The choice of a specific solvent composition for a particular antimony precursor or for a
specific antimony precursor in combination with other germanium and tellurium precursors, may
be readily determined, within the skill of the art based on the disclosure herein, to select an
appropriate single component or multiple component solvent medium for liquid delivery

vaporization and transport of the specific precursor component(s) involved.

The antimony precursors of the invention can be "fine-tuned" by choice of appropriate
substituents, within the broad formulae set out hereinabove, to provide desired characteristics of
thermal stability, volatility and compatibility with other co-reagents or components in a multi-
component precursor system.

The antimony precursors of the invention are readily synthesized, by synthetic routes
including those described below.

The antimony precursor of the general formula (A):

is



(R4)/-N(ERIR2R3) E Ge or Si (B) wherein X is halo (fluorine,

brom ne, chlorine, iodine). In the foregoing synthetic
exanpl es, RWgX and RLi can be used as alternative synthesis reagents.
As specific exanples illustrative of precursors of the invention, the

precursors Sb(NMeEt)3, Sb(CH=CMvez)a, Sh(CE2CE=C}12)3 and Sb(Nwe2)3
wer e synt hesi zed and characterized. The precursors Sb(Nwe2)3 and
Sb(NMeEt )3 were determned to exhibit photosensitivity and therefore
to require storagelﬁﬁwg container protected fromlight exposure or in
ot her phot o-resi st ant pgckaging, to avoid light-induced deconposition
thereof. Simlar cpnsiderations are applicable to Sb(Cl-1=Cwve2)3 and
Sb( CH2CH=-CH03. 44p——N—RG 1 shows the nucl ear nmagnetic resonance
spect r um of Sb(NNéEt)a/and FIG 2 shows the nuclear magnetic
resonance sR¥EctNom of /Sh( NMVe2) 3. FIG 3 is a sinultaneous
thermal analysis (SHOR’Baph for these two precursors, Sb(NVeEt)3 and
Sb(NMe2) 3, in which percentage thernogravinetry (TG is plotted as a
function of tenperature, in degrees Centigrade. I1l. Tellurium
Precursors The followi ng are representative tellurium
precursors that can be used in the nmethods described herein: R teR
Xxm wher ei Necanfdr eRddehldE siFbEsibA abdoRigasBe A owihg fhdiibescRite (Bf:0m one
anot her, and are independently selected fromanong H, Cl-C6 al kyl,
C5- C10 cycl oal kyl, C6-C10 aryl, and -Si (R3)3 \AthF@iR‘iéeach R3 is

Z21t

i ndependently selected from Cl-05 al kyl; Rl1Te( )
/Sb—N~—R4
RB"—' N\ /
(CR®R®)

SbX; + Li(NR'R?) + Li(R*N(CR’R%),,NR*) —

and the antimony precursor of the general formula (B):

R1
/Sb—/N—R3
R2—N
\(CR4R5)m

can be synthesized according to the following reaction scheme (B):

SbX; + R'MgX + Li(RZN(CR*R*),NRY) —



XI'V wherein: R, R2 and R3 may be the sanme as or different from one
anot her, and are independently selected fromanong H Cl-C6 al kyl,
C5-C10 cycloal lcyl, C6-C10 aryl, and -Si (R3)3 wherein each R3 is

i ndependently selected from Cl-C6 al kyl; RITe-Tel72 XV wherein; R
and R2 may be the sane as or different fromone another, and are

i ndependently sel ected from anong H, &- cs al kyl, C3-C10 cycl oal kyl,
C6-Cl10 aryl, and -Si (R3)3 wherein each 123 is independently sel ected
from Cl- C6 al kyl ; R?5 Q her tellurium conpl exes include those
wi th beta-di ketimpate |igands, which overcone the problens that many
tellurium precursofs used in deposition applications are very
oxygen-sensitive gpd—HNHRtRBensitive, and have an unpl easant odor. By
base stabilizatigh with betadiketimnate |igands, a tellurium

precur sor iBZUbNaLugd of a highly stable character with inproved
handl i ng and shel f T{CRéR®kar act eri stics, reduced odor, and sufficient
vol atility for deposition applications. The tellurium

di keti mi nate conpl exes descri bed herein can be used for CVD ALD to
form Te or Te-containing filns. These conpounds can be used in

conbi nation with Ge- and/or Sb-conpounds to produce Te-CGe-, Te-Sb- or
Ge- Sh- Te f PY4yghe fplloyine redtionsphses (9 ons. A general procedure to

synt hesi ze di keti m nate |igands has been described in the literature,
but such procedure is disadvantageous, since very bul ky aryl

substi tuen n_1:ne,: gGd-0ating nitrogen atons are required.

I n contras%ﬁ&ﬁgmigé%ﬁgggg%gg?ed that smaller alkyl |igands as

i so-propyl, n-butyl|, ten-butyl or am ne-substituted al kyl groups, as
for exanple ethyl ene-di methyl am ne, can be advantageously used to
produce superior telluriumdiketimnate precursors for CVD/ ALD
applications. Snaldgpr—sybskdtuents on the nitrogen donor atons
provide sufficiepf voldtility to formgood filnms at | ow tenperature.
The |ig, and®?t— be /used as the lithiumsalt or in a free imne
formto synthesize T{@R®ERi red Te conpl exes. The lithiumsalt of the
| i gand can be reacted with TeX4 (wherein X = Cl, Br, 1) to generate
LTeX3 by salt elimnation, which can then be reactéd with either a
lithiumor+&Me{gnard reagent to produce LTeR3 (wherein R = al kyl,
aryl, amde, silyl). Alternatively the free imne formof the
ligand L can be rédlcted with a tel lurium organi c conpound such as
TeMe4 to produce the desired Te species LTeMe3 by net hane

el imnation. The 'Eglj_;¥$ge | i gands provide very effective base
stabilization of e regacttve netal center tellurium The invention

t herefore pynviges a ﬂégjclass of Te conpl exes that provide greater
stability and shET?Yt#QQ% while retaining sufficient volatility to
form superior Te fil'ms vi‘d CVD/ ALD at | ow tenperatures. Additional
tellurium conpl exes which can be used have the fornulae (I) and (I1):
46 13l

The antimony precursor of the general formula (C) can be formed by synthesis in a
corresponding manner.

The antimony precursor of the general formula (D), having the following structure:



na N -,r13 Tar RAl RA R4 wherein RI, R2 and R3 they be
the sane as or different fromone another, and each is independently
selected from Cl-C6 al kyl, C4-Cl10 aryl, silyl and Cl-C2 al kyl am ne
(whi ch includes both nonoal kyl ami ne as well as dial kyl am ne); and

(1) wherein R, R2 and R3 they b4% the sanme as or different from
one anot her, and each is independently“selected fromCr-C6 al kyl,
C6-Cl10 aryl, silyl and Cl1-Cl2 allcylam ne (which includes both

nonoal kyl ami ne as wel | as di al ky HAG) The bet a-di keti m nate

| i gands may for exanple be synt h(%-gr;zgg )S’S}’)/% he foll ow ng procedure:

Sb

/ (ER'R2R%)3.ny2

E=Geor Si

a(RY

can for example be synthesized according to the following reaction schemes (D), when n is zero,

or (E), when n is 2:

(ER'RZR®)3.n)12
NasSb /(LisSb) + (3-MER'RZRAX ——> /Sb\
ER'R?R3)5,
mis) (RY ( J3ny2
D)
(R
E(R'R?R3)X |
Sb(R%)3 + 2 Li — > Sb(R*),Li » Sb\
(nis2) (R4)/ (ER'RR’)

E=Geor Si
E)

wherein X is halo (fluorine, bromine, chlorine, iodine).

In the foregoing synthetic examples, RMgX and RLi can be used as alternative synthesis
reagents.

As specific examples illustrative of precursors of the invention, the precursors
Sb(NMeEt);, Sb(CH=CMes,);, Sb(CH,CH=CH,); and Sb(NMe,); were synthesized and
characterized. The precursors Sb(NMe,); and Sb(NMeEt); were determined to exhibit photo-
sensitivity and therefore to require storage in a container protected from light exposure or in other
photo-resistant packaging, to avoid light-induced decomposition thereof. Similar considerations
are applicable to Sb(CH=CMe,); and Sb(CH,CH=CHy)s.



47 with R = alkyl, aryl, silyl, alkylamne /71.-BuLi The
tellurium conpl exes then can be synthesized by the follow ng

reaction: or alternatively by the follow ng synthesis reaction:
48 or by the follow ng synthesis reaction: RL ....,.......... <.
T W - , R2 44

FIG. 1 shows the nuclear magnetic resonance spectrum of Sb(NMeEt); and FIG. 2 shows
the nuclear magnetic resonance spectrum of Sb(NMe;,)s.

FIG. 3 is a simultancous thermal analysis (STA) graph for these two precursors,
Sb(NMeEt); and Sb(NMey);, in which percentage thermogravimetry (T'G) is plotted as a function

of temperature, in degrees Centigrade.

II1. Tellurium Precursors
The following are representative tellurium precursors that can be used in the methods

described herein:

R/TeR:
Xm
wherein:
R, and R, may be the same as or different from one another, and are independently
selected from among H, C,-Cs alkyl, Cs-C); cycloalkyl, C4-Cyq aryl, and -Si(R?); wherein
each R’ is independently selected from C,-Cg alkyl;

R Te(NR;R;)
X1v
wherein:
R, R; and R; may be the same as or different from one another, and are independently
selected from among H, C-C; alkyl, Cs-Cq cycloalkyl, C4-Cyq aryl, and -Si(R3); wherein
each Ry is independently selected from C,-Cq alkyl;

R Te-TeR;
XV

wherein;
R, and R, may be the same as or different from one another, and are independently selected from
among H, C,-Cs alkyl, Cs-Cyy cycloalkyl, C¢-Cyo aryl, and -Si(R’); wherein each R® is
independently selected from C;-C; alkyl;



r'l1 11 1i Il RL %,....... %" P %

R2i ,....... NI N + Telt, - 2RH R3\ '"". 2Ts
AFIN....," RB....... % / \ NEN.-- R31 14 R Rl, Ro, R3 = al kyl,
ail, silyl, alkylam ne R2RI . The tellurium conpl exes

descri bed herein can be enpl oyed as CVLY ALD precursors for deposition
of telluriumcontaining thin filns, e.§., by liquid injection of neat

precursor material, or in organic solvent or by direct evaporation.

I'V. Fi | m For mat b@gr tellurium cdrifexBd iRQMHe HRESwi R G dREHiAE ighas, GRM BE ciﬁ-ﬁ@d
to form anmopr phous ger mani um containing filmnms, as well as crysta’i I ne

ger mani um SEATIFRS ARt M ELRERITSAY URre 1 HepophicaBlications @ret ey ysen-
deposi ti onsakiavdand 1pardehsHve,adnd Gaye autgﬁateasaﬁteodep TTBSS)iasIei stubiliz@fg@ -wli)tiﬂl@tﬁ-
determ nati.gn. of thes rocess _variabl es r i e t hpse
of - or af nar JRaien e HERE LRRFER retBloc B Bial 8 aleBB b S A B o1
t he di scl osandinghandesheif difedchapperopesi stdeced reporr rrslhbuiladidno velatiliny ok \depogjtion
varyi ng prgﬁﬁgﬁo&pndi tions and characterizing the resulting filnms, to
establish a process condjtion envel ope appropriate to a specific '

filmformng apptd Ehripfiketiminate cqpplexgpfeseivpd Afrein fpobmiersd &8 SOV AR to
herei n nay fdp@ Tese te-YéritahidiHne (Mhésd temblnds @ALBARESIN | BmBindHOR it B8 USid/or
Gepos!tensmtg QIR R, PHL SEhaleT B LoXeRIoRRsl i Lon.IRds (4L
co- r eact anprycddprg | to dentiBBiza difethiiitatd Ggan@ViDs twerd desonited dig ghreckitertue, but such
oxi di zers {0r.apliS GehidaPAShL, 1sBle v&y Buiky Hglosub%i@ﬁ'@ on Ql@dcopl%inmngzﬁ%genlzor
netal -li ke filns, reducing atnospheres afe advantageously uséd.

atoms are required.

In contrast, we have discovered that smaller alkyl ligands as iso-propyl, n-butyl, tert-
butyl or amine-substituted alkyl groups, as for example ethylene-dimethylamine, can be
advantageously used to produce superior tellurium diketiminate precursors for CVD/ALD
applications. Smaller substituents on the nitrogen donor atoms provide sufficient volatility to
form good films at low temperature.

The ligands L can be used as the lithium salt or in a free imine form to synthesize the
desired Te complexes. The lithium salt of the ligand can be reacted with TeX, (wherein X = Cl,
Br, I) to generate LTeX; by salt elimination, which can then be reacted with either a lithium or a
Grignard reagent to produce LTeR; (wherein R = alkyl, aryl, amide, silyl).

Alternatively the free imine form of the ligand L can be reacted with a tellurium organic
compound such as TeMe, to produce the desired Te species LTeMe; by methane elimination.
The diketiminate ligands provide very effective base stabilization of the reactive metal center
tellurium. The invention therefore provides a new class of Te complexes that provide greater
stability and shelf life, while retaining sufficient volatility to form superior Te films via

CVD/ALD at low temperatures.

Additional tellurium complexes which can be used have the formulae (I) and (II):



For CVD nodes of filmformation, reducing agents such as H2, and NH3
are preferred, and plasmas of these co-reactants may be used in
digital or ALD node, wherein the co-reactants are separated fromthe
precursor in a pulse train, utilizing general CVD and ALL) techniques
within the skill of the art, based on4_he di scl osure herein. Mre
aggressive reducing agents can 49 alsO be used in a digital or ALD
node since co-reactants can be separated, preventing gas phase
reactions. For ALD and conf or nal ceyerage in h%gh aspect ratio
structures, the precursor preferably X rbl\ self-limting behavior
in one type of atnosphere (e.g., inertjjor wgakly reducing/oxidizing
gas environnents) and exhibits rapid deconpgsition to forma desired
filmin another type of atnDsphereggéf@\V,ﬁl§559, strongly
reduci ng/ oxi di zi ng envi ronments). s | ogous netal cation
precursors can be advantageously enpl®yed f& CVD, while dissimlar
species (i.e., different |igand species)mcan be enpl oyed in pul sed
deposi ti on. The precursors descri b&d herein can be utilized as
| ow t enper at ur ewldedrOR ], Rh, amtl oy tRGUBeIRE Saméiat br diefeleie ifdeg e afidiastaantah SUCh
as hydrogen,, 11 | QM nes, [ nes, . hydrazi nes ilanes, .silyl
chalcogeningeg%@ﬁS§§Q%§E§g33$§$ﬂg§%§ﬁﬁ %mgﬁ%ﬁ%%§” ?mgﬂQEW?ﬁ%M&
al kanes, ab®emewpaliyleming deyreli gs didlkdariiee)ded i very fornul ati ons can be
enpl oyed in which precursors that are |liquids nmay be used in neat
liquid form or liquid or solid precursors may be enpl oyed in

sui tabl e solvents, including fog _exanpl e al kane sol vents (e.g.,
hexane, heptane, octane, and pent e solvents (e.g., benzene
or toluene), amnes (e.g., triethylijam neil tert-butylam ne), imnes
and hydrazines. The utility of spegific 8qQlvent conpositions for
particul ar Ge precursors may beRr; eaakhy/é Ryically determned, to

sel ect an appropriate single c onest \or nay tiple conponent sol vent
medium for the liquid delivernggpﬂ i zatyon and transport of the

speci fi c germani um precursor tha;/maaigﬁizied. In the case of solid
precursors of the invention, a solid, delRyvery system may be utilized,
for exanple, using the ProE-VapwSoli d*delivery and vaporizer unit
(comercially available fromATM, Ing,, Danbury, CT, USA). In
general, the thicknesses of netal-containing |ayers in the practice

f th t i f ' ) §!
0 e present Jnenk! Q038 t{?&ﬁreb%tt e?ﬁﬁxe Wbt %?érﬁ%%%g F%o'&xep 2RPEG [ ©

enbodi ment of the i1 nvention, ckness -conital ni ng

| ayer can Péerpiienilyeelerdd figh Ginlo Ay, Cafro 1y BYlang -6 alippmgine (which incjodey, 1
I's a schenpdth fodo@Ryl@EHRNsaell adikylamiteRt eri al storage and di spensi ng
package 100 containing a germani um precursor, according to one

enbodi ment of the present invention. The material storage and
di spensi ng pacKikgebetbiketimmhta dgsnda mgs §el exifFe tHeagyntivesyzed dy thx doljpiwingbe
of general Ly gykindrical shape as illustrated, defining an interior

volunme 104" therein. In this specific enbodinent, the precursor is a
solid at anbient tenperature conditions, and such precursor nay be
supported on surfaces of the trays 106 di sposed in the interior

vol une 104 of the vessel, with the trays having fl ow passage conduits
108 associated therewith, for flow of vapor upwardly in the vessel to
t he val ve head assenbly, for dispensing in use of the vessel.

The solid precursor can be coated on interior surfaces in the
interior volume of the vessel, e.g., on the surfaces of the trays 106
and conduits 108. Such coating nay be affected by introduction of the
precursor into the vessel in a vapor formfromwhich the solid
precursor is 50 <condensed in a filmon the surfaces in the vessel.
Al ternatively, the precursor solid may be dissolved or suspended in a
sol vent nedi um and deposited on surfaces in the interior volune of



Supply vessels for precursor delivery may be of w dely varying type,
and may enpl oy vessels such as those comrercially available from
ATM , Inc. (Danbury, Connecticut) under the 51 trademarks SDS, SAGE
VAC, VACSorb, and ProE-Vap, as may be appropriate in a given storage
and di spensing application for a partigular precursor of the

i nvention. The precursors of the invention thus may be

enpl oyed to form precursor vapor for contacting with a substrate to
deposit a germagi umcgontaining thin filmthereom In
preferred aspect ion utilizes Ahe precu conduct
atom c | ayer deposjition, |yiel da@NM,D T1 Iﬁ§nﬁf super i i
that are unifornyllcoated on the substﬁqq w.th hi
and conformality Xen on(hlgh aspect rat|3 sfru )
Accordi ngly, the pr eegih Roradkyhradylilgh elkglesimdescri bed herein enabl e a
wi de variety of mcroelectronic devices, e.g., sem cgfductor
products, flat panel displays, etc., to be fabrlca d-Baili h

germani umcontaining filnms of su ual it The precursor
conmpounds and processes descri bed be used to form GST
films in conbination with any suita Pe gerfrani um and anti nony
precursors, e.g., by CvD and ALD te i ', for applications such as
PCRAM devi ce nmanufacture. The pr ceés\po fﬁqgs useful for carrying
out deposition of Sb-containing | s tén be adily determ ned
within the skill of the art by the S|nple expedi ent of selectively
varying the delivery and deposition process conditions and

characteri zing resul ti films, to det t he rocess

condi ti ons envéﬁﬁggmﬁﬂyP“3§8?8ﬁPF&P&S 8?“?85?@8ﬁm8%$% %N
application. I n sonme enbodi nents, antinony-containing filns
are formed on sybstrates, ang can be, for exappl e, (ST filrys,
ystalline SbTe fil ns; be appli ed,
for exanpl e, u3|ng aton1¢ Iayeqqgggoauéd&;(/uj» ior chgm cal vapor
deposi tion (CVD) tegthniqyes. Such SbTe (e.g. Sh2 e3) fmlns may al so
be enpl oyed in g her hnel,e’cth@ devi ces. rAT aNg up«t’he\r\R?spect of

t he inventi on, gernanVun1butyI amdinate is enpl d~together with a
tellurium precursor, e.g., a di%h&§r G@riluri um preclursdr such as
di-t-butyl tellurium to yield anorphous GeTe by chenical vapor
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# Tenp (C) Bubbler carrier flow (scan) At% Ge At% Te Dep Rate (A/ m n)
1170 350 25 81.4 18.3 34.4 1171 350 20 86.9 13.1
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or by the following synthesis reaction:

The tellurium complexes described herein can be employed as CVD/ALD precursors for
deposition of tellurium-containing thin films, e.g., by liquid injection of neat precursor material,

or in organic solvent or by direct evaporation.

IV. Film Formation

The precursors described herein can be used to form amorphous germanium-containing
films, as well as crystalline germanium-containing films, depending on the process conditions,
deposition chamber configuration, substrate composition, etc. The determination of these process
variables can readily be made by those of ordinary skill in the art, without undue experimentation,
based on the disclosure herein and appropriate empirical effort involving varying process
conditions and characterizing the resulting films, to establish a process condition envelope
appropriate to a specific film-forming application.

The germanium compounds described herein may be used with appropriate co-reactants
in a continuous deposition mode (CVD) or pulsed/atomic layer deposition mode (ALD) to deposit
films of superior character. For oxides, preferred co-reactants include O, and N,O for CVD, and
more aggressive oxidizers for pulsed deposition, e.g., H,O, ozone, and O, plasma. For metal-like
films, reducing atmospheres are advantageously used.

For CVD modes of film formation, reducing agents such as H, and NH; are preferred,
and plasmas of these co-reactants may be used in digital or ALD mode, wherein the co-reactants
are separated from the precursor in a pulse train, utilizing general CVD and ALD techniques

within the skill of the art, based on the disclosure herein. More aggressive reducing agents can



37.1 1173 350 15 88.1 11.6 29.4 1174 350 10 91.1 8.9 36.1 53 1167
320 35 86.5

49

also be used in a digital or ALD mode since co-reactants can be separated, preventing gas phase
reactions. For ALD and conformal coverage in high aspect ratio structures, the precursor
preferably exhibits self-limiting behavior in one type of atmosphere {(e.g., inert or weakly
reducing/oxidizing gas environments) and exhibits rapid decomposition to form a desired film in
another type of atmosphere (e.g., plasma, strongly reducing/oxidizing environments).

Anazlogous metal cation precursors can be advantageously employed for CVD; while
dissimilar species (i.e., different ligand species) can be employed in pulsed deposition.

The precursors described herein can be utilized as low temperature deposition precursors
with reducing co-reactants such as hydrogen, Hy/plasma, amines, imines, hydrazines, silanes, silyl
chalcogenides such as (Me;Si),Te, germanes such as GeH,, ammonia, alkanes, alkenes and
alkynes. Liquid delivery formulations can be employed in which precursors that are liquids may
be used in neat liquid form, or liquid or solid precursors may be employed in suitable solvents,
including for example alkane solvents (e.g., hexane, heptane, octane, and pentane), aryl solvents
(e.g., benzene or toluene), amines (e.g., triethylamine, tert-butylamine), imines and hydrazines.
The utility of specific solvent compositions for particular Ge precursors may be readily
empirically determined, to select an appropriate single component or multiple component solvent
medium for the liquid delivery vaporization and transport of the specific germanium precursor
that is employed. In the case of solid precursors of the invention, a solid delivery system may be
utilized, for example, using the ProE-Vap solid delivery and vaporizer unit (commercially
available from ATM]I, Inc., Danbury, CT, USA).

In general, the thicknesses of metal-containing layers in the practice of the present
invention can be of any suitable value. In a specific embodiment of the invention, the thickness
of the metal-containing layer can be in a range of from 5 nm to 500 nm or more.

FIG. 1 is a schematic representation of a material storage and dispensing package 100
containing a germanium precursor, according to one embodiment of the present invention.

The material storage and dispensing package 100 includes a vessel 102 that may for
example be of generally cylindrical shape as illustrated, defining an interior volume 104 therein,
In this specific embodiment, the precursor is a solid at ambient temperature conditions, and such
precursor may be supported on surfaces of the trays 106 disposed in the interior volume 104 of
the vessel, with the trays having flow passage conduits 108 associated therewith, for flow of
vapor upwardly in the vessel to the valve head assembly, for dispensing in use of the vessel.

The solid precursor can be coated on interior surfaces in the interior volume of the vessel,
e.g., on the surfaces of the trays 106 and conduits 108. Such coating may be affected by

introduction of the precursor into the vessel in a vapor form from which the solid precursor is
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condensed in a film on the surfaces in the vessel. Alternatively, the precursor solid may be
dissolved or suspended in a solvent medium and deposited on surfaces in the interior volume of
the vessel by solvent evaporation. In yet another method the precursor may be melted and poured
onto the surfaces in the interior volume of the vessel. For such purpose, the vessel may contain
substrate articles or elements that provide additional surface area in the vessel for support of the
precursor film thereon,

As a still further alternative, the solid precursor may be provided in granular or finely
divided form, which is poured into the vessel to be retained on the top supporting surfaces of the
respective trays 106 therein.

The vessel 102 has a neck portion 109 to which is joined the valve head assembly 110.
The valve head assembly is equipped with a hand wheel 112 in the embodiment shown. The
valve head assembly 110 includes a dispensing port 114, which may be configured for coupling
to a fitting or connection element to join flow circuitry to the vessel. Such flow circuitry is
schematically represented by arrow A in Figure 1, and the flow circuitry may be coupled to a
downstream ALD or chemical vapor deposition chamber (not shown in Figure 1).

In use, the vessel 102 is heated, such input of heat being schematically shown by the
reference arrow Q, so that solid precursor in the vessel is at least partially volatilized to provide
precursor vapor. The precursor vapor is discharged from the vessel through the valve passages in
the valve head assembly 110 when the hand wheel 112 is translated to an open valve position,
whereupon vapor deriving from the precursor is dispensed into the flow circuitry schematically
indicated by arrow A.

In lieu of solid delivery of the precursor, the precursor may be provided in a solvent
medium, forming a solution or suspension. Such precursor-containing solvent composition then
may be delivered by liquid delivery and flash vaporized to produce a precursor vapor. The
precursor vapor is contacted with a substrate under deposition conditions, to deposit the metal on
the substrate as a film thereon.

In one embodiment, the precursor is dissolved in an ionic liquid medium, from which
precursor ‘}apor is withdrawn from the ionic liquid solution under dispensing conditions.

As a still further alternative, the precursor may be stored in an adsorbed state on a
suitable solid-phase physical adsorbent storage medium in the interior volume of the vessel. In
use, the precursor vapor is dispensed from the vessel under dispensing conditions involving
desorption of the adsorbed precursor from the solid-phase physical adsorbent storage medium.

Supply vessels for precursor delivery may be of widely varying type, and may employ

vessels such as those commercially available from ATMI, Inc. (Danbury, Connecticut) under the
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i ncor poration whdchrdRBWDIME PreC@sorL @t @Rbtkesses described herein enable a wide variety of

microelectronic devices, e.g., semiconductor products, flat panel displays, etc., to be fabricated

with germanium-containing films of superior quality.

The precursor compounds and processes described herein can be used to form GST films
in combination with any suitable germanium and antimony precursors, e.g., by CVD and ALD
techniques, for applications such as PCRAM device manufacture. The process conditions useful
for carrying out deposition of Sb-containing films can be readily determined within the skill of
the art by the simple expedient of selectively varying the delivery and deposition process
conditions and characterizing the resulting films, to determine the process conditions envelope
most appropriate for a given deposition application.

In some embodiments, antimony-containing films are formed on substrates, and can be,
for example, GST films, amorphous SbTe films, or crystalline SbTe films, and can be applied, for
example, using atomic layer deposition (ALD) or chemical vapor deposition (CVD) techniques.
Such SbTe (e.g. SbyTe;) films may also be employed in thermoelectric devices.

In a further aspect of the invention, germanium butyl amidinate is employed, together
with a tellurium precursor, e.g., a dialkyl tellurium precursor such as di-t-butyl tellurium, to yield
amorphous GeTe by chemical vapor deposition or other suitable process. Amorphous films may
be formed at any suitable process conditions. It will be recognized that the specific process
conditions will be variable with respect to particular applications, and that varied types of
deposition chambers may be employed in the formation of the amorphous GeTe film using the
germanium butyl amidinate precursor of the invention. For example, vapor deposition of
germanium from the germanium alkyl amidinate may be conducted at temperature in a range of
from about 200°C to about 400°C, and at pressure in a range of from about 0.1 to about 20 torr.
In one illustrative embodiment, the amorphous GeTe is formed using germanium butyl amidinate
and t-butyl tellurium at a temperature of 320°C and 8 torr pressure, to form a GeTe film. In

another illustrative embodiment, Ge butyl amidinate and t-butyl tellurium precursors are utilized
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320 delivered by bubbler technique, depends strongly on the Te bubbler carrier ﬂow with higher
carrier flows yielding thicker GeTe films of higher Te content. Nonetheless, incorporation of Te
requires a relatively high deposition temperature and pressure, which tends to result in the
formation of crystalline GeTe. By appropriately controlling temperature and pressure,
stoichiometric amorphous GeTe films can be attained, which remain relatively smooth after
crystallization.

In various embodiments of the invention, smooth amorphous GeTe films can be formed
using other dialkyl Te precursors, such as diisopropyl Te.

In general, increasing the deposition temperature improves Te deposition and reduction
of deposition pressure avoids development of crystallinity, in the deposition of Ge from
germanium butyl amidinate (GeBAMDN). In one preferred embodiment, GeTe films are formed
by CVD from such Ge precursor, with ammonia used as a co-reactant and Te(tBu), employed as
the Te precursor. GeBAMDN permits increased deposition temperatures and reduced deposition
pressures to be used to overcome the problem of producing crystalline GeTe, when such Ge
precursor is used with a suitable Te precursor for co-deposition of tellurium, e.g., a dialkyl Te
precursor such as Te(tBu),.

The effects of pressure and tellurium delivery on GeTe deposition using ammonia as a
co-reactant, are shown by the data in Table 1 below. These data were generated in an
experimental reactor system including an oil bath maintained at a temperature of 100°C, and a
Te(tBu), bubbler maintained at room temperature (~21°C). The delivery rate of the germanium
precursor, GeBAMDN, was 20 micromoles/minute, and the ammonia co-reactant flow was
maintained at 200 standard cubic centimeters per minute. Pressure in the system was 800
millitorr (mtorr). Deposition times were fixed at 8 minutes, and the substrate was a 50

nanometers thick titanium nitride (TiN) coated silicon substrate.

Table 1
Run Temp (°C) | Bubbler carrier At% Ge At% Te Dep Rate
# flow (sccm) (A/min)
1170 350 25 814 18.3 34.4
1171 350 20 86.9 13.1 37.1
1173 350 15 88.1 11.6 29.4
1174 350 10 91.1 8.9 36.1




10 11.8 12.0 1128 320 25 54.4 57.8 (003) 1131 320 40 53.3 57.5 1129
280 25

53
1167 320 35 86.5 134 25.8
1166 320 25 86.8 13.2 27.2
1168 280 35 90.8 9.0 30.5

The data in Table 1 show that high temperature improved tellurium incorporation in the
resulting films, which were amorphous.
Table 2 below shows data for annealed GeTe films that were deposited at 8 Torr pressure

after one hour annealing under nitrogen atmosphere at 400°C, as compared to the as-deposited

film.
Table 2
Film Thickness (A) AT% GE AT%TE
AS-DEPOSITED 543.5 55.1 44.9
400°C, 1 HR 501.6 55.8 44.2
ANNEAL UNDER
N

The data in Table 2 show that the film thickness and compositional characteristics of the
annealed and as-deposited GeTe material were. consistent with one-another.

FIG. 2 is a scanning electron micrograph (SEM) of the annealed GeTe film, after
annealing one hour under nitrogen atmosphere at 400°C, and FIG. 3 is a micrograph of the cross-
section, in elevation, of the film, showing the SiO; substrate, TiN and GeTe layers. FIG. 3 shows
that the film remained smooth after heat treatment.

FIG. 4 is an x-ray dispersion plot for the annealed GeTe film of Table 2, of crystalline
character after 400°C annealing,.

The foregoing show that germanium butyl amidinate, GeBAMDN, yielded smooth
amorphous GeTe at temperature less than 320°C, e.g., with an ammonia co-reactant, at § torr
pressure.

These experiments also showed that GeTe deposition rate depended strongly on the Te
bubbler carrier flow, with higher carrier flow yielding thicker GeTe films with nitrogen co-
reactant, but thinner GeTe films and less tellurium incorporation with ammonia co-reactant.

Annealing at 400°C in nitrogen crystallized the amorphous GeTe.

Next, deposition was carried out to determine the effects of temperature, pressure and
tellurium delivery rate on GeTe deposition using nitrogen as a co-reactant.

The experimental system included an oil bath maintained at a temperature of 100°C. A

tellurium (tBu), bubbler maintained at room temperature (~21.5°C) was employed and the Ge
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Table 3
Run # Temp (°C) Bubbler Ge dep rate Te dep rate Crystallinity
carrier flow (A/min) (A/min)
(scem)

1127 320 10 11.8 12.0

1128 320 25 54.4 57.8 {003)

1131 320 40 53.3 57.5

1129 280 25 0 0

1130 280 40 2.7 2.5

The data of Table 3 showed that high tellurium delivery rate improved GeTe deposition

rate. No deposition occurred at 240°C. Deposition at 320°C yielded GeTe with a main

diffraction peak at (003), as shown in the x-ray dispersion plot of FIG. 5.

The effects of co-reactant on GeTe crystallinity are shown in Table 4 below, wherein

deposition was carried out at a temperature of 320°C and pressure of 8 torr, with Ge BAMDN

delivery at a rate of 20 micromoles/minute and the tellurium bubbler carrier flow rate at 25

standard cubic centimeters per minute.

As shown in Table 4, only ammonia as a co-reactant yielded a smooth film, while the

depositions using nitrogen and hydrogen as co-reactant species produced crystalline films.

Table 4
Run # Co-reactant AT% Ge AT% Te Crystallinity
1128 N, 48.3 51.3 Crystalline
1133 H, 48.4 51.2 Crystalline
1132 NH; 61.6 38.4 Amorphous

FIGS. 6 and 7 are x-ray dispersion plots for films produced in these depositions. The

film whose plot is shown in FIG. 6 utilized nitrogen as the co-reactant and FIG. 7 is the plot for

deposition using an ammonia co-Teactant.

FIG. 8 is a scanning electron micrograph of crystalline GeTe, formed using hydrogen as a

co-reactant.

FIG. 9 is a scanning electron micrograph of the film produced using nitrogen as a co-

reactant.
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thickness of 25 nanometers on the top surface of a 50 nanometer thick layer of titanium nitride.
FIG. 11 shows an elevation section of the smooth amorphous GeTe film of FIG. 10..
FIG. 12 is an energy dispersive spectrometry (EDS) spectrum of the GeTe film shown in
FIGS. 10 and 11, against a 50 nanometer thick GST film as a standard.
Set out in Table 5 below is a quantitative EDS analysis using the GST sample,

Ge,Sh,Tes, as a standard.

Table 5
Ge Sh Te
Sample % Wt Atomic% YWt Atomic% %Wt Atomic%
GST_standard 13.99 22.00 23.45 22.00 62.57 56.00
GT_1132 17.71 61.64 0 0 19.38 38.37

For creation of the Ge,Sb,Tes standard file, it was assumed that germanium (Ge),
antimony (Sb), and tellurium (Te) were the only elements present, and that their respect weight
percentages ‘were 13.99, 23.45 and 62.57. In actuality, silicon, carbon and oxygen were also
present, but their peaks did not overlap with the elements of interest, and thus were considered
non-interfering in the determination of germanium, antimony and tellurium in the GST sample.

FIG. 13 is a scanning electron micrograph of GeTe on a microelectronic device structure,
at an estimated thickness of about 300 Angstroms, and a composition of 63.4% germanium and
31.4% tellurium as determined analytically.

Table 6 shows data on the effects of temperature on tellurium incorporation for GeTe
deposition with ammonia co-reactant. The data included temperature, deposition rate, percent

germanium, percent tellurium and crystallinity of the product film.,

Table 6
Run # Temperature Dep rate AT% Ge AT% Te Crystallinity
(©) {A/min)
1137 340 61.2 44.7 54.9 crystalline
1136 320 29.2 60.3 39.5 amorphous
1143 300 26.4 75.6 24.4 amorphous
1138 280 24.5 83.3 26.6 amorphous
1139 260 23.0 87.20 12.6 amorphous
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temperatures, ellurium in films produced at 280°C and to only 12.6% tellurium
in films produced at 260°C. Amorphous GeTe was produced at temperatures less than 340°C.
FIG. 14 is a scanning electron micrograph of a GeTe film deposited at 340°C, showing
the crystalline character thereof, which is also reflected in the XRD plot of FIG. 15 for such film.
Table 7 shows data for annealing of arriorphous germanium telluride films, as formed at
320°C and pressure of 8 forr, during a 16 minute deposition. Annealing was carried out in a tube
furnace under a nitrogen atmosphere for a time of 10 minutes, at a temperature of 350°C which

then was increased to 400°C. Annealing reduced the atomic percent of tellurium in the film and

the film thickness.
Table 7
Thickness (A) At% Ge At% Te Crystallinity
As-deposited amorphous
350 °C, 10 min
400 °C, 10 min 436.3 53.1 46.4 Crystalline

The data in Table 7 show that the as-deposited film was amorphous and that annealing
for 10 minutes at 400°C induced crystallization of the film.

FIG. 16 is an x-ray dispersion plot of the 3 films for which data are shown in Table 7.
The curve for the amorphous film is identified as that of sample GT-1134A. The sample
subjected to 350°C annealing for 10 minutes was sample GT-1145A. The sample subjected to
350°C followed by 400°C annealing, with an annealing duration of 10 minutes, was identified as
sample G-1145B. The data show that the (202) peak at 20 = 30° increased after annealing.

FIG. 17 is a scanning electron micrograph of sample GT-1134, the amorphous GeTe film,
and FIG. 18 is the scanning electron micrograph of the film annealed at 350°C followed by 400°C
annealing, sample GT-1145B, showing tiny crystalline particles about 100 nanometers in size on
top of the smooth film.

The effects of tellurium delivery rate on GeTe deposition at 300°C are shown in Table 8
below, for a run carried out with tellurium carrier flow at 25 standard cubic centimeters per
minute and a deposition rate of 26.4 Angstroms per minute (run #1143) and a run conducted at a
tellurium carrier flow rate of 40 standard cubic centimeters per minute and deposition rate of 23.0
Angstroms per minute (fun #1144). The data show that increasing the tellurium bubbler carrier

fiow reduces the germanium telluride deposition rate and tellurium incorporation.
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telluride deposition at 280°C in 3 respective runs conducted at 280°C, a pressure of 8 torr and

with ammonium as a co-reactant. The tellurium carrier flow was 25 scem in the first run, 40
sccm in the second run and 50 sccm in the third run, which produced deposition rates of 24.5,
28.5 and 24.2 Angstroms per minute, respectively. The data show that increasing the tellurium
bubbler carrier flow from 40 to 50 sccm reduces the tellurium incorporation and the GeTe

deposition rate.

Table 9
Run # Te carrier flow Deposition rate AT% Ge AT% Te
{(sccm) (A/min)
1138 25 24.5 83.3 16.6
1140 40 28.5 72.9 26.9
1141 50 . 242 78.3 21.5

Thus, the present invention enables the production of highly conformal GST films by the
formation of smooth amorphous GeTe at suitable temperature and pressure process conditions.
By controlling temperature and pressure, amorphous germanium telluride films are produced,
which remain relatively smooth after crystallization. While demonstrated for germanium butyl
amidinate, Ge BAMDN and t-butyl tellurium, Te(tBu),, the germanium precursor can also be
used with other dialkyl tellurium precursors, e.g, TeR; wherein R is C;-Cg. Diisopropyl
tellurium is a suitable alternative dialkyl tellurfum precursor to di-tert-butyl tellurium as a Te
source reagent. The germanium precursor can advantageously be [ {nBuC(iPfN),},Ge).

The invention therefore contemplates the use of [{nBuC(iPrN),},Ge] as a precursor for
deposition of amorphous smooth germanium telluride films, with ammonia being usefiil as a co-
reactant in the deposition process at higher temperatures and lower pressures.

FIG. 19 is a scanning electron micrograph of a microelectronic device structure, as an

example of an “aggressive” substrate on which GeTe has been deposited by chemical vapor



Run # Tenperature (C) Dep rate (A/mn) AT% Ge AT% Te Crystallinity
1137 340 61.2 44.7 54.9 crystalline 1136 320 29.2 60.3 39.5
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deposition, using a germanium butyl amidinate precursor and a dialkyl tellurium precursor. The
character of the GeTe material enables phase change random access memory (PCRAM) memory
devices to be formed using amorphous germanium telluride films produced by use of the Ge
BAMDN precursor of the invention.

By way of illustrative example, the GeTe film can be formed at temperature of 320°C,
pressure of 7 torr, 5 micromoles/minute of GeBAMDN, 20 sccm carrier flow throﬁgh a Te(tBu),
bubbler, and 50 sccm of ammonia. In general, advantageous process conditions may involve
temperature in a range of from about 280 to about 350°C, flow of 1-10 micromoles/minute of Ge,
1-100 sccm carrier flow, 1-1000 sccm NH; and pressure in a range of 1-20 torr.

It will be appreciated that the process conditions involved in forming smooth amorphous
films of germanium telluride using the [{nBuC(iPrN),},Ge] precursor of the invention may be
widely varied in practice, and specific process conditions for forming such amorphous GeTe
films can be readily determined by those skilled in the art, without undue experimentation, based
on the disclosure herein.

Pre-Reaction Control

The invention in another aspect involves use of control agents to combat vapor phase pre-
reaction of the precursors described herein, that otherwise causes uneven nucleation on the
substrate, longer incubation times for deposition reactions, and lower quality product films. Such
pre-reaction may for example be particularly problematic in applications involving chalcogenide
films, related source materials (O, S, Se, Te, Ge, Sb, Bi, etc.), and/or manufacture of phase
change memory and thermoelectric devices.

Pre-reaction may occur when the precursor reagents described herein are introduced to
the deposition chamber, as in chemical vapor deposition, and may also occur in atomic layer
deposition (ALD) processes, depending on the specific arrangement of ALD cycle steps and the
specific reagents involved.

The invention therefore contemplates the use of control agents with precursors described
herein, whereby detrimental gas phase pre-reactions are suppressed, mitigated or eliminated, so
that deposition reactions are induced/enhanced on the substrate surface, and films of superior
character are efficiently formed.

The control agents that can be utilized with precursors described herein for such purpose
include agents selected from the group consisting of (i) heteroatom (O, N, S) organo Lewis base
compounds, (ii) free radical inhibitors, and (iii) deuterium-containing reagents.

These agents can be utilized to lessen deleterious gas phase pre-reaction of the precursors

described herein by various approaches, including:
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(1) addition to the precursor composition of a pre-reaction suppressant comprising one or
more heteroatom (O, N, S) organo Lewis base compounds such as 1,4-dioxane, thioxane, ethers,
polyethers, triethylamine (TEA), triazine, diamines, N,N,N’,N’-tetramethylethylenediamine,
N,N,N’-trimethylethylenediamine, amines, imines, and pyridine;

(2) addition to the precursor composition of a free radical inhibitor, such as butylated
hydroxy toluene (BHT), hydroquinone, butylated hydro anisole (BHA), diphenylamine, ethyl
vanillin, etc.;

(3) use of modified chalcogenide precursors, in which hydrogen substituents have been
replaced with deuterium (D) substituents, to provide deuterated analogs for vapor phase
deposition; and

(4) addition to the precursor composition of a deuterium source, to deuterate the
precursor in situ.

The pre-reaction-combating agents described above (suppressants, free radical inhibitors,
deuterium sources and/or deuterated precursors) can be introduced to any of the feed streams to
the vapor deposition process in which the film is to be formed. For example, such pre-reaction-
combating agents can be introduced to one or more of precursor feed stream(s), inert carrier gas
stream(s) to which chalcogenide precursor(s) or other reagents are subsequently added for flow to
the deposition chamber, co-reactant feed stream(s) flowed to the deposition chamber, and/or any
other stream(s) that is/are flowed to the deposition chamber and in which the pre-reaction-
combating agent(s) is/are useful for reduction or elimination of premature reaction of the
precursors that would otherwise occur in the absence of such agent(s).

The aforementioned suppressants, free radical inhibitors and/or deuterium source
reagents in specific embodiments are co-injected with the precursor(s), e.g., metal source
reagent(s), to effect at least partial reduction of pre-reaction involving the precursor(s) and
reagent(s).

The pre-reaction-combatting agent can alternatively be added directed to the deposition
locus, e.g., the deposition chamber to which the precursor vapor is introduced for contacting with
the substrate to deposit the film thereon, to suppress deleterious vapor phase pre-reaction
involving the precursor(s) and/or other reagents.

As another approach, in the broad practice of the present invention, the suppressant, free
radical inhibitor and/or deuterium source can be added to a solution containing the precursor
and/or another metal source reagent, and the resulting solution can be utilized for liquid delivery
processing, in which the solution is flowed to a vaporizer to form a source vapor for contacting

with the substrate to deposit the deposition species thereon.
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350 C, 10 ®in'be utilized for surface treatment of the substrate prior to contacting of the substrate with the
precursor and/or other metal source reagent.

The invention therefore contemplates various vapor deposition compositions and
processes for forming films on substrates, in which pre-reaction of the precursors is at least
partially attenuated by one or more pre-reaction-combating agents selected from among
heteroatom (O, N, S) organo Lewis base compounds, sometimes herein referred to as suppressor
agents, free radical inhibitors, and/or deuterium source reagents. Use of previously synthesized
deuterated precursors or organometal compounds is also contemplated, as an alternative to in situ
deuteration with a deuterium source. By suppressing precursor prereaction with these approaches,
product films of superior character can be efficiently formed.

The control agent can be used for combating pre-reaction of chalcogenide precursor in a
process in which multiple feed streams are flowed to a deposition locus to form a film on a
substrate, wherein at least one of the multiple feed streams includes a precursor susceptible to
pre-reaction adversely affecting the film, in which the method involves introducing the control
agent to at least one of such multiple feed streams or supplied materials therefor, or to the
deposition locus.

The pre-reaction combating reagent alternatively can be introduced to passivate the
surface of a growing chalcogenide film or slow the deposition rate, followed by reactivation using
an alternative precursor or co-reactant {for example H,, NH;, plasma, H,0, hydrogen sulfide,
hydrogen selenide, diorganotellurides, diorganosulfides, diorganoselenides, etc.), thereby
carrying out passivation/retardation followed by reactivation steps, e.g., as an alternating
repetitive sequence. Such sequence of passivation/retardation followed by reactivation can be
carried out for as many repetitive cycles as desired, in ALD or ALD-like processes. The steps
may be carried out for the entire deposition operation, or during some initial, intermediate or final
portion thereof.

The invention therefore contemplates precursor compositions including the precursor and
the pre-reaction-combating reagent. Within the categories of pre-reaction-combating reagents
previously described, viz., (i) heteroatom (O, N, S) organo Lewis base compounds, (ii) free

radical inhibitors, and (iili) deuterium-containing reagents, suitable pre-reaction-combating
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One preferred class of heteroatom organo Lewis base compounds for such purpose
includes R3N, R;NH, RNH,, R,N(CH:):NR;, R;NH(CH,),NR;, RyN(CR;),NR;, and cyclic
amines -N(CH;),-, imidazole, thiophene, pyrrole, thiazole, urea, oxazine, pyran, furan, indole,
triazole, triazine, thiazoline, oxazole, dithiane, trithiane, crown ethers, 1,4,7-triazacyclononane,
1,5,9-triazacyclododecane, cyclen, succinamide, and substituted derivatives of the foregoing,
wherein R can be hydrogen or any suitable organo moieties, e.g., hydrogen, C;-Cs alkyl, C,-Cs
alkoxy, C,-Cs alkene, C,-Cs alkyne, and C;-Cy carboxyl, and wherein x is an integer having a
value of from 1 to 6.

The heteroatom organo Lewis base compounds may be utilized in the precursor
composition at any suitable concentration, as may be empirically determined by successive
deposition runs in which the heteroatom organo Lewis base compound concentration is varied,
and character of the resulting film is assessed, to determine an appropriate concentration. In
various embodiments, the heteroatom organo Lewis base compound may be utilized in the
concentration of 1-300% of the amount of precursor. Specific sub-ranges of concentration values
within a range of 0.01-3 equivalents of the heteroatom organo Lewis base compound may be
established for specific classes of precursors, without undue experimentation, based on the
disclosure herein.

The pre-reaction-combating reagent may additionally or alternatively comprise free
radical inhibitors that are effective to lessen the extent of pre-reaction between the precursor and
another organo metal reagent. Such free radical inhibitors may be of any suitable type, and may
for example include hindered phenols. Illustrative free radical inhibitors include, without

limitation, free radical scavengers selected from the group consisting of: 2,6-ditert-butyl-4-methyl
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i ncor por at PORCERGA ?‘H@O’@éﬂl@ledérﬁ% EH5T Gpfy i wlroxy-hpfzgic geid, 2-(1,1- dlmethy]e‘hyl)
1,4 benzenediol, diphenylpicrylhydrazyl, 4-tert-butylcatechol, N-methylaniline, 2,6-

dimethylaniline, p-methoxydiphenylamine, diphenylamine, N,N'-diphenyl-p-phenylenediamine,
p-hydroxydiphenylamine, phenol, octadecyl-3-(3,5-di-tert-butyl-4 -hydroxyphenyl) propionate,
tetrakis (methylene (3,5-di-tert-butyl-4-hydroxy-hydrocinnamate) methane, phenothiazines,
alkylamidonoisoureas, thiodiethylene bis (3,5,-di-tert-butyl-4-hydroxy-hydrocinnamate, 1,2,-bis
(3,5-di-tert-butyl-4-hydroxyhydrocinnamoyl)  hydrazine, tris  (2-methyl-4-hydroxy-5-tert-
butylphenyl) butane, cyclic neopentanetetrayl bis (octadecyl phosphite), 4,4-thiobis (6-tert-butyl-
m-cresol, 2,2-methylenebis (6-tert-butyl-p-cresol), oxalyl bis (benzylidenchydrazide) and
mixtures thereof. Preferred free radical inhibitors include BHT, BHA, diphenylamine, ethyl
vanillin, and the like.

Useful concentrations of the free radical inhibitor may be in a range of from 0.001 to
about 0.10% by weight of the weight of the precursor, in various specific embodiments. More
generally, any suitable amount of free radical inhibitor may be employed that is effective to
combat the pre-reaction of the precursor in the delivery and deposition operations involved in the
film formation process.

The deuterium source compounds afford another approach to suppressing pre-reaction of
the chalcogenide precursor. Such deuterium source compounds may be of any suitable type, and
may for example include deuterated pyridine, deuterated pyrimidine, deuterated indole,
deuterated imidazole, deuterated amine and amide compounds, deuterated alkyl reagents, etc., as
well as denterated analogs of the precursors that would otherwise be used as containing hydrogen
or protonic substituents.

Deuterides that may be useful in the general practice of invention as pre-reaction-
combating reagents include, without limitation, germanium and antimony compounds of the
formulae R,GeD,, and R,SbDs, wherein R can be hydrogen or any suitable organo moieties,
e.g., hydrogen, C,-C; alkyl, C;-C;s alkoxy, C,-Cs alkene, C,-Cs alkyne, and C,-C; carboxyl, and
wherein x is an integer having a value of from 1 to 6.

The deuterium source reagent may be utilized at any suitable concentration that is
effective to combat pre-reaction of the precursor. Ilustrative deuterium source reagent
concentrations in specific embodiments of the invention can be in a range of 0.01 to about 5% by

weight, based on the weight of precursor.



Run # Te carrier flow (sccn) Deposition rate (Ahnin) AT% Ge AT% Te
1138 25 24.5 83.3 16.6 1140 40 28.5 72.9 26.9 1141 50
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Thus, a deuterium source compound may be added to one or more of the feed streams to
the vapor deposition process, and/or one of the precursors or other feed stream components may
be deuterated in the first instance.

The concentrations of the pre-reaction-combating agents utilized in the practice of the
present invention to at least partially eliminate pre-reaction of the precursors can be widely varied
in the general practice of the present invention, depending on the temperatures, pressures, flow
rates and specific compositions involved. The above-described ranges of concentration of the
pre-reaction-combating reagents of the invention therefore are to be appreciated as being of an
illustrative character only, with applicable concentrations being readily determinable within the
skill of the art, based on the disclosure herein.

The specific mode of introduction or addition of the pre-reaction-combating agent to one
or more of the feed streams to the deposition process may correspondingly be varied, and may for
example employ mass flow controllers, flow control valves, metering injectors, or other flow
control or modulating components in the flow circuitry joining the source of the pre-reaction-
combating agent with the streams being flowed to the deposition process during normal film-
forming operation. The process system may additionally include analyzers, monitors, controllers,
instrumentation, etc., as may be necessary or appropriate to a given implementation of the
invention.

In lieu of introduction or addition of the pre-reaction-combating agent to one or more of
the flow streams to the vapor deposition process, the pre-reaction-combating agent may be mixed
with precursor in the first instance, as a starting reagent material for the process. For example,
the pre-reaction-combating agent may be mixed in liquid solution with the precursor, for liquid
delivery of the resulting precursor solution to a vaporizer employed to generate precursor vapor
for contact with the substrate to deposit the film thereon.

As mentioned, the pre-reaction-combating agent may be added to the deposition locus to
provide active gas-phase suppression of pre-reaction of the precursor vapor(s) that would
otherwise be susceptible to such deleterious interaction.

As a still further altemative, the pre-reaction-combating agent may be used as a
preliminary surface treatment foIloWing which the precursor and co-reactants (e.g., H;, NH,,
plasma, H,O, hydrogen sulfide, hydrogen selenide, diorganotellurides, diorganosulfides,
diorganoselenides, etc.) are delivered to the substrate surface to effect deposition on such surface.
For such purpose, the pre-reaction-combating agent may be introduced into one of more of the
flow lines to the deposition process and flow to the substrate in the deposition process chamber,

prior to initiation of flow of any precursors. After the requisite period of contacting of the



24.2 78.3 21.5 Thus, the present invention enables the
production of highly conformal GST filns by the formation of snpoth
anor phous GeTe at suitable tenperature and pressure process
conditions. By controlling tenperature and pressure, anorphous
germaniumtelluride filns are produceqs, which remain relatively
snmooth after crystallization. Wile déffonstrated for ger mani um but yl
am di nate, Ge BAMDN and t-butyl tellurium Te(tBu)2, the gernmani um

precur _SI_ or Glﬂ)@traﬁ?é $4h Q&h@@&a&ﬂoﬁ Borathef ag@ﬁtalaklﬁl:ent &hdplételi Uik Ql"o@cdf{@ég 124
e.g., TeR2 rel rop elluriumis a suita
al ternati véeaftﬂ"ﬁ'lc amﬁ‘%ﬁgf’rﬁ F?%teﬁ‘?j‘é@fffg@ﬂ‘ %’5‘1 %FJ“igeqf floy; gfregps ’Pé‘i‘eldﬁﬁwﬂ?ﬁ as

a Te sour ceham@a@anlne inifidiel. ger mani um precursor can advant ageousl y be
UnBuC(i PrN) 2120 V, f t t he use
of UnBuC(i Pr f lw&e?e zgvgaren-[ﬁ’rglg Ctlgerfg{_% dl degcggtliogl Stl %Qenr%:acgpn c%nﬁastmé agent
snmoot h ger fanh mﬁrctdé?qdmnde F Widpriarieigjof wayamﬁqq‘»talum@itwg Of}hfeﬂrerteafalsn of the

co-react angrebdho;mehedﬁmﬁbﬁgyganprocess at hi gher tenperatures and
| ower pressures S a scanni ng el ectron m crograph of a

m croel ect r oni cI“d’é?/F‘BE"dg‘fePh%flhﬁ igveniion, 2 Nangy plesy depesftion ysieqyyls conteg
substrat e compaingh GeTe has been deposited by chem cal vapor 58

d iti
Lol Furi um pr ocut 95 SFRTRLR lebled MR PR BB o BRR ol L

change rant¢®Pticcess nenory (PCRAM nenory devices to be for med usi ng
anor phous ger rmémexumm@génugubﬂﬁvésgelsresntm@gxu&g%&s RY riafs @k e Ce BA'VDN

precursor of t % venti.o gy V\@ il lustrative exanp i
the GeTe fil m cHf 19& ?rﬁ?lﬁﬁﬁfm&?edttéﬁﬁ Pt rréagﬁ'fts aopeald HF@?%UF@C‘BF“PPY
torr, 5 m essshod dsbapondtp@itioh ctz@BAVDN, 20 sccm carri er fl ow t hrough a
(1 B) 2 DUDDI e A2 ASRID Bl AT Lty sl SIS BOUERL AOTRAS
280 to about 358\End ﬂp‘ﬁwr@ftry@nmeﬁo@pmuheswmanweomban@agexluﬁmchsmm

carrier fl fé\i\étloﬂ—cc;lrﬂ)g@ngsa%&m&ybly Iv&se?-fﬂh@ﬁr@csﬂ%wrcﬁcdlt@ & shi@RESHQT rez;lgelgguptpgrr r.
It will be ao reqc/rg ﬁd that the Fra gess condi tions involved 1n

form ng snmbot BT Se PR PR rani um t el | uri de using the

[ {nBuC(i PrN) 2} Z(?ﬁqmr[gr epinr ®ahe dlfawtnbe HIGVENisi ©Bchemtichreprededtatioy of ar vaget i n
practi ce, ; ns for form ng such anorphous
GeTe filns %g%%eeal(goﬁ{&gg é’fiﬁ#ﬁtg%e%g those skilled in the art,

Wi t hout undue elxﬁéwlwmvatsys@m a prSesetionrrombrsingipasel| ipenniaimedhiaraginply vessel

Pre- React i om. G@@tpfeqleacnon-combanngfagent &ﬁ%%%r@@a'p& RIS Ppr%aaﬁqtfreb mRkives
nts to conbat v ase pre-r i on of

use of cong a

pr ecur sor s’ &‘g’é‘ﬁ’r‘iggé’ffr‘?fﬁrs‘é‘i“f? Ot g‘f??ér‘\ﬁn“%%”c‘ﬁ?ﬁ%@ S"ﬁ}i‘l%%?étﬁ appe st %o

on the substiagess. | onger incubation tinmes for deposition reactions,
parti cur ar 'y proprEnetf Ehechba R op it fpR Bl RAEHEE Ry MR Ol0e lae@“'lf e
filnms, rel hz‘édd éléuﬁocgemmp@rﬁnam@w(aed te@rluseeagqré supOly vesis, laBpled 6,'C"SY and

and/ or nmanuf eetpeéiRe9f TRDASEGHA PHELurETR HD Tdseh AGH ﬁn@yeﬁérp%lt@gﬁﬁ 'oPtegQMﬁcﬁeS
Pre-reaction may oOocCccur en the BI’ ecur sor reagents descri’bed herein

are introd8EEIH PRECGLpIFEH t 0l egermagim; fetpagihy germanjugp o fetraallyl
deposi ti ongenanﬂarrrrayenalkis(dumamgatmno)lermhxﬁmoe bﬂxyxerorgkﬁpogtrhmxﬁmn(édx@)ounds
processes I arran nt _of. ALD c) eps
and the splétgiﬁ?rl%ggf Qgcu%nt S im ? el Cotp Helhﬁr\%r% &;Arto)nr? pa'f\ger ef@ﬁ ah
cont enpl at &sact infhe gﬂgehaeff withothaleegen arg@wpg imfhe kbspnce el moresctide spprewdThe

herein, Whgrighyy, Sedufsof BNkl @a%atp B&s iy of BBMId UNSmAHy ToRHRRE, S35EL.
mtlgated or elimnated, so that deposition reactions are

i nduced/ enfFaFRICAIBIRY: FHISORORYL N IHOR: glﬁ@f‘%‘?&*\édamél’ﬁ&n?’}‘?%r eher SrgpRy ntimony
charact er efmpo@if i Theerlldriinf PEdEr in vessel "TheanC BNk rddikyh @€ Aasidoh@iurigan
be utilized with precursors described herein for such purpose include
agents selected fromthe group consisting of (i) heteroatom (0, N, S)




59 (1) addition to the precursor conposition of a
pre-reaction suppressant conprising one or nore heteroatom (0, N, S)
organo Lewi s base conpounds such as 1, 4-di oxane, thioxane, ethers,
pol yet hers, triethylamne (TEA), triazine, diamnes,

N, N, N, Nct et r anet hyl et hyl enedi am ne, N, Wtrinethyl et hyl enedi am ne,
am nes, mnes, and pyridine; ( addition to the precursor
conposition of a free radical inhibitor, such as butyl ated hydroxy

t ol uene ( Bledpouhyydr Ood&b}ﬂoneyas but yané’&pﬁﬂylhydr RuaRinsol e &BIEHA) . tellurium,
di phenyl am n eth nillin (3) use of nodified

chal cogeni d ﬁ’ﬁﬁ%‘ﬁf&%lﬁ' am‘?ﬂte\}ﬂﬁﬁ“i’f‘ﬁrW%P@@?ﬁelg‘ﬂ%f’?’?ﬁ%?ﬁ s have been
repl aced with dEhg ﬁé«umo@@mmumhgehtummféne daf) bpragdedde age uf ek e@tinium,
anal ogs for_v a osi tion v n 4 ad ,,tlontot e
precur sor élglr]r%gglafl ?@n%g n%%p eut er| ‘Bnﬁﬁ%é"& give 1 déuf‘rgdrg]; e PHE V2 B
precursor errespopging flow lme(S) 'Nh@h éqrr@uqh@atpmeomydn@wﬁbm qugtrch gdves or atbs diowbed

above (supg{ogﬁgﬁggmpoﬁgngehe&@pl cal inhibitors, deuterium sources
and/ or deuterated, precursors) can_be i nt roduced t o any of the feed

streans to the PaBorPsgidipFEqces sHOpHBmE SLovnn thgepmniupe aktimopy jard fefuri@m
f or rreg Fg pre&)fﬁai’épireﬂovﬁeﬂ @mhandefofnemtddolm‘sqnbgltzo A EBgEipsctiva ub@le mlxmg

i ntroduce tO recurs ee str | he Ler
gas ot 1 eantioRaZeane APk Ple sBEfRR REls bEFR SPVESTR it Shamigs

are subseq immﬂ%ytoa\dd@derf BB. flhohe vaporider tibelimysi prewsoc navtdye and pre-reactlon-
co- r eact antoduafsh a'g&nrt %%mlzédl OYEH 2 &)facm@vag&p a5l {,ae&&omaa}‘%n Ao

any other stream s) is/are flo to the deposition chanber and
in which t ke BrE SP%BPM%H%M lﬂgapag@ﬁ?swgy chagperr 12, j&fsgharge §f precursor
reducti on eixn@é biid mammmfratpmnﬁwteemfse@eﬁmrqas @fthel d3EosbEEhBD S t hat

woul d ot herw sej0cc in bsenc
af or ement i oned S4 p? ecursor an ot conscmé el 341 ¢ zsa'%%atehﬂg ?Weg 3‘? IR S gﬁ'@ﬁ?‘%’?’l um
sour ce reagémony pnd tslbemmfm%alewb@dlsvt@mg te feem aothinnjleodf @ermanituhn-attheny-

precur sor ( &lrive @sT) ARER], e SORE ﬁ%u?a%&%@& bRde ch!m%e BhdRficcl mcl,n'?o@}séevmc
partial reducti on of pre-reaction involyvi ng precut-soi (s) and

reagent (s). The copiacted pEreprens ¥nop Herlsiia e ng"’é@’éﬁ% d‘ﬁ‘éﬁgeélff%’r‘h‘é’ﬁp%l y
be added dil&’pﬁﬁﬂidﬁd:hin@ei e i@ 80, ndilowk mw&fﬂ&n@batexﬁémemﬁtapmshith@ﬂfluem
chanber to e, Brecu vaper js intr ed for co tacting.
with the sutb r at'e tozdablg1 océl g g gﬁuef’t vatpﬂre?se%ﬁi,%ﬁ’t §&sdppress s cudlfic
del eteri ou%l%ﬂ@relqgh@éenlpﬁﬂ greptaigist Pom ptherobginery te hyeldor efmalr sffvets Yhat is

and/ or ot h@lgchﬁxééiﬂﬁﬂ{tﬁeabatementmﬁﬁnﬁﬁplu@er approach, in the broad
practice of the present invention, the suppressant, free radical

Pnhi bi tor and/ of WLER BPIRFS e boscheptn epiaition of the wpiAepesHion system
cont ai ni ngsﬂohe 1erIGCE(H§(Df aran@bharveaﬁmhe, I’andﬁﬂﬁt&)lum&@bbl’(ﬁ]&r Ereageihts calibe he
resul ting til el iver cessi.n in
whion the SOHHbORRIR Sttt bRt Blen b ety ie ROV BEE S URGY

f or cont acillosigtiveiyt His¢ussed shetest r dioe exampiie s mte-rbdqeomtepabmng i agent sqoald i s
thereon. BQoduced directf th ¥hcNing Ghitbel 1241 B bl?:ﬁﬁ the@fn Va{}ld(&é) fes ARRE RET

nmet al source reagent are not Irn an eX|st|ng ution
suppr essanPreCUFPEeARSBAKEY, PP FRetgR-comRariRg aga@w@mba riteodired B manifgld
added to f orsnbxaotmlrx:tmﬁ@ clafnbé, Bleddet e foMcbiibihdtion P R H&rsé et G being

anot her g Al Souree Jrea (()an 9 dependi ng on the respective phases of
the material @I nvolved  a fiei r conpatibility/solubility. As

a still furt herTfapmtmIadhwn irhEIGs 2 prdeys diqeid délivery of diei respbetivenpredoisbror It
and/ or  deuf,g iSRG ‘Ff%@hcpﬁ]aééﬁ lfp}eb&m afrgémgﬁwe& %ﬁ stﬁl&@eﬁmy&ch%fq?és

substrate prior to0 contactin he substr recur so
and/ or ot hBRY bremaloyLoidrhichsel @ﬁ‘ersor is volatilizedpig ., Pwéhvat@m&m%d warigng
cont enpl at gstetya@r i ous vapor deposition conpositions and processes for
formng filnms on substrates, in which pre-reaction of the precursors
is at least partially attenuated by one or nore



reagents for specific applications may be readily determned within
the skill of the art, based on the disclosure herein.

Heteroatom (0, N, S) organ Lewi s base conpounds nay be of varied
type, e.g., containing an oxo (-0-) npiety, a nitrogen ring atom or
pendant ami no or ami de substituent, aggulfur ring atom or pendant

sul fide, sulfonate or thio group, as effective to at |east partially
| essen pre-reaction of the precursor and ot her organo netal reagents
in the process Byighefusilg 4 deteraihg wgenteis alrmirefba@ibn-bmﬁﬁteﬁmztgamn( the FI;. 265)
organo Lew S g S i cat.li

of the i nve%%e?ﬁ?\fel ogc dd'f 'Ml e }{fugl n&”fno{n X téllumTP Hrea.lrsc()n)'(s é’ﬁ@g lb% ]gﬁp%h §

et hers, polhgefireinstance @ @t ‘l’?}ﬂe@FPﬁ r?@aloz 1of a17_|0r8§n0 dérmpiivasantimony or tellurfum -
N, N, N, IT- bﬁ&ﬂrmﬁlh\yﬁlﬁ Byik20e HRMLAS, ofNhdolano moiety have been replaced w1th
trlnethyle | enedi ami ne, amines, inines, pyridine, and the like

The het er oft %Wﬁrgano Lew s base conpound in various specific

enbodi ments of Theepre-nueidh-canbatimy rebgeats uthg 1B @ipiyed inn At Srda0 PRRERCT the
e.g., (M | ass.of heter.oato

Cevi 5 bas%%%ngﬁm%“ g grooER TG Bl L AT allue IR GRS SRR
R2N( CH2) x NBgnera hﬁ@o@qza)mmmbmm(r@m)tx IER2ribed rigredry wiay heavtilinels in various

-N(CH2) " -, cdohBithadh lifspediftl @Bﬁﬁﬂﬁm 0 ¥iphRYsCor efitin@e Qxleq'eacwn%@ the%%‘e@%&d? &nd
pyran, furan i ndOl e, trjiazol e, triazi ne, t hi azol i ne, oxazol

di t hi ane, PRVIERTRHEr twelegipn ar fal fdm properties. triazacycl ononane,

1, 5, 9-t ri azacycivaittotlemaeon ley GbeBrhas BHC Gdsdiided mln Anefesita %4 ipkdiiedpects,
derlvatlve e can hydr o

suitabl e O?ea%{]eg L%H%?Jtﬁggm%gﬁne% f tge mveRnon 1é|w_ &e aéyrﬁm%%%&i[h&gﬂél ?fé}ggy
Cl-Cs al keri’éen“@lls@st thisiiprited, bah@th@leXGSdeanrbb@uydmpaaﬁsdwm@nmthpr Xatiagongn

i nt eger haybfificafioné3hd'QteRbtive 2B dimdn®, Q w1ll suggest fBgseRel Brmal SO HLLGARM

Lew s base, c%ng_@‘% % be utilized (géecursor conposi ti‘on at
any sui t abiPe™ dHEeRtaPrEh, nytion paysd °‘érﬁﬁ fipelogyrp yhergidt eFericrRopdipgly, the
successi Vveind@fiasisthe®inafied tisimied)isWhénaid tb IBEbth&ﬂ}ed’oﬁﬂﬁlétffdnﬁ ﬁl@&ﬁl@tecL edh&uddds e
D va s AP RIoh Rl RealBlaf e AR ERRLARE BTyl iRl F7 Kobd 19 1
enbodi nent s, the heteroaton1organo Lemns base conpound may be
utilized in the concentration of 1-300% of the anmount of precursor.
Speci fic sub-ranges of concentration values within a range of 0.01-3
equi val ents of the heteroatom organo Lew s base conpound may be
established for specific classes of precursors, wthout undue
experinmentation, based on the disclosure herein. The
pre-reaction-conbating reagent nmay additionally or alternatively
conprise free radical inhibitors that are effective to | essen the
extent of pre-reaction between the precursor and another organo netal
reagent. Such free radical inhibitors nay be of any suitable type,
and may for exanple include hindered phenols. Illustrative free

radi cal inhibitors include, wthout limtation, free radical
scavengers selected fromthe group consisting of:
2,6-ditert-butyl-4-methyl 62 phenol,
2,2,6,6-tetranet hyl -1 -piperidi nyl oxy, 2,6-dinethyl phenol, :
2-tert-butyl -4-hydroxyanisole, 3-tert-butyl-4-hydroxyani sole, propyl
ester 3,4,5-trihydroxy-benzoic acid, 2-(1,1-dinmethylethyl)- 1,4
benzenedi ol , di phenyl pi cryl hydrazyl, 4-tert-butyl catechol,
N-net hyl ani line, 2,6- dinethylaniline, p-nmethoxydi phenylam ne,

di phenyl am ne, N, N1-di phenyl - p- phenyl enedi am ne,

p- hydr oxydi phenyl ani ne, phenol, octadecyl-3-(3,5-di-tert-butyl-

- hydr oxyphenyl ) propionate, tetrakis (nethylene

(3,5-di-tert-butyl -4-hydroxy-hydroci nnamat e) net hane, phenot hi azi nes,
al kyl am donoi sour eas, thiodiethylene bis




As mentioned, the pre-reaction-conbating agent may be added to the
deposition |l ocus to provide active gas-phase suppression of
pre-reaction of the precursor vapor(s) that woul d ot herw se be
susceptible to such deleterious intergetion. As a still further
alternative, the pre-reaction-conbating agent nmay be used as a
prelimnary surface treatnent follow ng which the precursor and
co-reactants (e.g., H2, NH3, plasnmegrkieds hydrogen sul fide, hydrogen
sel eni de, diorganotellurides, diorganosulfides, diorganosel enides,
etc.) are delivered to the substrate surface to effect deposition on
such sur fRg8cis E9megYch purpose, the pre-reaction-conbati ng agent may
be introduced into one of nore of the flowlines to the deposition
process and flow to the substrate in the deposition process chanber,
prior to f”iti§H{Qﬂ Of,f|OM/q% an recursqors. After }he requisite
period of! ColFGet PhTBRS FE0B 2RO BrBaRif roYgjipe film on a substrate by a
pr e- r eactvapst-depsthiah ipfugesa,g@fiprifias vddeitiving a gpiehah, prédagof fofenod gérb@nium
prereaction-conbatin .a%Fnt éan Eg terninatedwwand nornallf?%géqglpf
f1 ow st r FATEP0 P e OTHSPBY PIBREH AP en P M{Uh f P gt selected fronf fhe
w || be agpar embistingoof ttheodigr sgoigag ety higbn, candt abgeh,hend contacting the
Vari ety oFuagnpg Wt ANl SRR sk ko RE RS Rt ieo Bn Gy B ereon.
pr ecur sorwliereirt the gaepogh pieanscs ysff thenformula [ {nBuCAPD)E.@bodi ment of the

i nvention, a vapor phase deposition systemis contenpl ated,
conprising: a vapor deposition chanber adapted to hold at | east one
substrat &, f1e¢ nd@p® st &14ifN1, Sfherinf thd genmﬁﬁrﬁe&itaiﬁh%eﬁinc alnhér%glfﬂges PRI,
vessel s contai ning reagents_for formng the film . irst flow
ci rcui t r yRrPehadsampEsiRReyqlaibiring At urwg gEsqyisorftp dofmsa feurime e gusior Vapor,
reagent <saPpbitachSs He ltdlutien pReurva@Refor e dubsiateGBAVERET dep@ition of the film
pre-reac%%on-conbating agent supply vessel containing a

pre-reactT®" combati ng agent; second flow circuitry arranged
to deliver the pre-reaction-conbating agent fromthe
prereaction-conbati ng agent supply vessel to the first flow

ci r cui t ry3; Thomebidbf chiand, vdierengbgfelinriuvguppsinponiessieeted from de@roup gortsiying of
vapor depRggtimQ@PmbRHMIRES the formulae: RETErTing again to the draw ngs,
FIG 20 is a schematic representation of a vapor deposition system
100 in one enbodi nent thereof. In this illustrative system a
pre-reaction- Oﬂggting agent is contained in a supply vessel 110. The
pre-reaction- ting agent can conprise a pre-reaction suppressant,
a free radical inhibitor, a deuteriumsource, or a conbination of two
or nore of such agents and/or types of such agents. The
pre-reaction-conbating agent supply vessel is joined by respective
flow |ines %'éﬁnll4 and 116, to germanium antinony and tellurium
reagent suppl'y vessels, labeled "G" "S" and "T," respectively. The
ger mani um pgecur i e be tetraal kyl ‘or tetraam do
Gor mani um CSraG fey bOuk R o Rt auloid B Y Bnd il BROLE
ger mani um frem pmaid il C: efé alkein Crfo cyaaatkal, €-Sgoadiyiemnd i@k mbirgje eavhRé isor
ot her organ 5§¥§ [ urthernore, precursor "G' may be a
ger nyl ene c%ﬁ%%ﬁn lﬁﬁg%ggﬁagﬁggﬁgﬁg’pair on Ge(ll) can react in the
gas- phase with chal cogen precursors in the absence of a pre-reaction
suppresant. The antinony precursor in vessel "S" can be a trialkyl or
triam do anti npay¥nggrpound, such as tributyl antinony, triisopropyl
anti nony, tris(dinethylam no)antinony or other organo anti nony
conpound. The tellurium precursor in vessel "T" can be a dial kyl or
diam do tellurium 65

conpound, suchasdi i sopropyltel luriumdi butyltellurium




bi s[ bi s(trimethylsilyflamnoyelluriumor other organo tellurium
conpound. The pre-reaction-conbating agent therefore can be
added to any of the germanium antinony and/or tellurium precursors
in the respective "G" "S" and "T" vesggels, via the correspondi ng
flow line(s), which for such purpose may have flow control val ves or
ot her fl ow nodul ati ng conponents therein. In the specific
process enb@désmnt shown, the germanium antinony and tellurium
precursors are flowed in liquid formin feed lines 118, 120 and 122,
respecti vel R,, K, end Ki@nd¥ivs il Garha b eiffertrdronddi@ ahdiier 1288 4tk (rid8@n@h@g ur sor

m xture then.is flowed f 24 in line 126 to
vapori zer 1?§W%ﬁ AOPHEC0% da}éﬁﬁqykgéﬂ%Véﬁﬁgg6#é%ﬂ?§o¥mn$a}Br IEHd

pr e-react i oswbRbatindependepdn telared foal Gtdgalkyed t o form a precursor
vapor. The precursor vapor then flows in line 130 to the showerhead
di sperser 134 in vapor deposition chanber 132, for discharge of
precursor mxture onto the wafer substrate 136 mpbunted on susceptor
138 in the depogt.iQR, chanber. The precursor vapor contacting
t he waf er substrate 136 serves to deposit the germanium antinony and
telluriumnetals on the substrate, to forma thin film of

germani um anti nonytel lurium (GST) material, e.g., for manufacture of
a phase chagggeihandom access nenory devi ce. The cont act ed
precursor vapor, depleted in netals content, is discharged fromthe

vapor deposit iman@w@afe tﬂe%zmé 51; dr idﬂ@reim&m aiGnbth@\Wnd bR itdegentdnkil, uent
abat enent un|4 142. %g% enent. unit
fr o dl ¥1r

Ief%42 wthe | s
dlschargéﬁhgf ﬂ%ﬁ?mW @8”‘@ > Cobyy 2gb ﬁﬂﬁd%wﬁﬁ?%?VPﬁc
oxi dat i oris ing¢peadentcderRbed fbm Cf-€hlk@nt, or in other manner, to yield a
final effluent that is discharged fromthe abatenent unit in |ine
146. | tteliwrihh ciyepleyep vl bad-didletinkiadte igasdsschemat i ¢ represent ati on
of the vapor deposition systemshown in FIG 20 is of an illustrative
character, and that nunerous ot her arrangenents could be utilized for
depl oynent and use of the pre-reaction-conbating agent, including
those previously illustratively difsgussed. herern. For exanple, the
pre-reaction-conbating agent could beyi ced directly to the

m xi ng chanber 124, for bl ending ther 1n wi t{h the respective GST
precur sors. Alternatlvely, t he pre- %gactlonﬁqxnbatlng agent could be
introduced into manifold 118, or d% ng ghanber, bl ender, etc.
for conmbination with the precursor t at’ §\ ei ng transported to the
deposition | ocus. The system s OMQ%IH tIG. 20 enploys liquid
delivery of the respective precursors wi |l be recognized that if
sol i d- phased precursors are enployed, tHBn solid delivery techniques
may be enpl oyeydm,ereinanv\ARjz eind Rpthieydbq:)r}esams@sr on diffaralt ditoinl oreedothe, and, eatﬂyls
subl i mati i t

using a dg(% Per ar{ﬂp %‘agcgédefgo (té‘gé‘st 8’9 %astllry 1oarrl1 9? g kylammeéWhleﬁlmolugﬁ%
FI G 20 s\bothapqnogkdangine gsorvedl a@ﬂlélkl?ﬂemgle)r nluhl um antinmony and tellurium
precursors could be supplied in the first instance as a deuterated
anal og of an organo germanium antinony or telluriumprecursor, in
whi ch hydrogen substituents of the organo noi ety have been repl aced
with deuterium The pre-reaction-conbating reagents may be
enpl oyed in the broad practice of the present invention to produce
improved filnms for the manufacture of sem conductor products. In
general, the pre-reaction-conbating reagents descri bed herein may be
utilized in various conbinations in specific applications, to
suppress or elimnate pre-reaction of the precursor and provide
superior nucleation and final filmproperties. Wil e the

i nventi on has been has been described herein in reference to specific
aspects, features and illustrative enbodi nents of the invention, it




Ri TeR2 wherein: RI and R2 may be the same as or different from one
anot her, and are independently selected fromanong H, Cl-C6 al kyl,
C5- C10 cycl oal kyl, C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is

i ndependently sel ected from Cl-C6 aIkg%; R1Te(NR2R3) 68 wherein:
R, R2 and R3 may be the sane as or different fromone another, and
are independently selected fromanong Il, Cl1-C6 al kyl, C5-C10
cycl oal kyl, C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is

i ndependently sel ected fr0ﬁ1C|g$O al kyl; R dg- TeR2 wherein: R
and R2 may be the same as or di : m one anot her, and are

i ndependently sel ected from anong al kyl, C5-C10 cycl oal kyl,

C6-C10 aryl, and -Si (R3)3 wherein gach Rg_is independently sel ected
fromCl-Co al kyl; tellurium congtéxes wi't i~het a- di keti m nate |igands,
PR3 To R4.7/1 R4 R4 whergin Rl¢#q(2 and R3 they be the same as

or different from one anot her, %hqv achy8 i'ndependently sel ected
il

fromCl-05 al kyl, C6-C10 aryl, s | and; C1- C12 al kyl ami ne (which
i ncl udes bot h nonoal kyl am ne as,fgeriéJ i al kyl am ne); and

a
Ry o Ry
am
wherein R, R; and R; they be the same as or different from one another, and each is
independently selected from C,-C; alkyl, Cs-Cy aryl, silyl and C,-C,, alkylamine (which includes

both monoalkylamine as well as dialkylamine).

4. The method of claim 2, wherein the germanium- and tellurium-containing film further
comprises antimony, said method comprising volatilizing an antimony precursor to form an
antimony precursor vapor, and contacting the antimony precursor vapor with the substrate for

vapor deposition of the film thereon.

5. The method of claim 4, wherein the antimony precursor is selected from the group consisting

of antimony compositions of the formulae:

Sb(NR'RY)(R’N(CR°R®),,NR*)

wherein:

R',R% R?, and R* may be the same as or different from one another, and are
independently selected from C,-Cg alkyl, C;-C4 cycloalkyl, C,-Cs alkenyl, C;-Cg alkylsilyl, C4-Cyy
aryl,

each of R’ and R® may be the same as or different from one another and are
independently selected from hydrogen, C;-C alkyl, C;-C¢ cycloalkyl, C,-Cs alkenyl (e.g., vinyl,
allyl, etc.), C3-Cs alkylsilyl, and C4-Cg aryl; and

m is an integer from 1 to 4 inclusive;



69 wherein RI, R2 and R3 they be the sane as or different from
one anot her, and each is independently selected from Cl-C6 al kyl,
C6-Cl10 aryl, silyl and Cl-Cl2 al kyl am ne (which includes both
nonoal | cyl am ne as wel |l as dialkylanigﬁ). 4. The method of claim 2,
wherein the germanium and telluriumcontaining filmfurther
conprises antinony, said nethod conprising volatilizing an anti nony

precursor to form an antshORR*NCRNRM ) vapor, and contacting the
anti nony precursor vapor with the substrate for vapor deposition of
the fil mateasieon. 5. The method of claim4, wherein the antinony

precursor is sglected fromthe grou nsi sting of antinony
D ompos: ¢ one. i Ened Broith Hhe i R S prdiorcits e e Rean Satearenty
R, R2, RBlectahdroR4CHaY alkgl, theCssanipallg, 0%-Celiaflderyl gty fvimin aRE anptdiad;,

and are ind ndent |y selected from Cl-C6 al kyl, C3-C6 cycl oal kyl ,
C2- C6 a|%@ﬁ9@§’%§?%éx%rﬁ | silyl, C6-Cl0 aryl, each of R5 and R6
may be the sarpechad RopndR friarterttic shimoas @rigfeaanofrére oneaamdtheragd is independently

i nd d f - I - kyl ,
o CRen ! Wl n G, & QETNE 0O% fuor s R & ikl 1k, O LU A -
C6- C10 arGslalkylsid, and iCs-Carersilianéger from 1 to 4 inclusive;, 70

Sb( 111) ( R2N( C11ARS }teoMld) 1 WHEH GV 124, Rz, and R3 may be the
same as or different fromone another, and are independently sel ected

fromCl-C6 al kyl, C3-C6 cycloal kyl, C2-C6 al kenyl (e.g., vinyl,

allyl, etc.), C3-C6 alkgbg@L¥¢ﬂgﬁﬁp C6- C10 aryl; each of R4 and

122 may be the sane as or different fromone another and is

i ndependently sel ected from hydrogen, Cl-Co al kyl, C3-C6 cycl oal kyl,

C2- C6 alkenyl_(e.g., vinyl, allyl, etc.), C3- C6 alkylsilyl, and

06-C10 ar¥i™®%nd mis an integer from1 to 4 inclusive;

Sb(121) 34NR2R®), R? and R* may be the same as or different from one another and are independently
selected from hydrogen, C,-Cs alkyl, C;-Cs cycloalkyl, C,-Cs alkenyl (e.g., vinyl, allyl, etc.),
silyl, C3-Cs alkylsilyl, C4-Cyg aryl and -NR'R’, wherein each of R* and R’ is selected from among
H and C,-C,; and

n is an integer from 0 to 3 inclusive.

(RYuSb(ER'R’RY);.

wherein:

R', R?, R®, and R* may be the same as or different from one another, and are
independently selected from C;-Cs alkyl, C;-Cs cycloalkyl, C;-Cq alylsilyl, C4-Cyo aryl, and
alkylamino of the formula -NR’R® wherein each of R’ and R® is independently selected from H
and C;-C, alkyl;

E is silicon (Si) or germanium (Ge); and

n is an integer from 0 to 3 inclusive;



wher ei n: R, RR and |l e may be the sane as or different from one
anot her and are independently selected from hydrogen, Cl-C6 al kyl,
C3-C6 cycl oal kyl, C2-C6 al kenyl (e.g., vinyl, allyl, etc.), silyl,
C3-C6 al kylsilyl, C6-Cl10 aryl and - NR4R5, wherein each of R4 and R5
is selected fromanong Hand C1-C4; and nis an integer fromO to 3

i nclusive. (R4)nSb(E(RLR21e))3_. wherein: R, R2, 124, and R4

may be the sanmidgatdd| gudhififi@ragdisodréNodine faanglher, and are
i ndependently selected from Cl-C6 al kyl, C3-C6 cycl oal kyl, C3-C6
alylsilyl, C6-Cl10 aryl, and alkylam no of the fornula -NRSR6 wherein

each of gg gx) e1}ndependent|y selected fromH and CI-C4 al kyl; E
IS SI|ICOHS% gerfranium (Ge); and n is an integer fromO to 3

inclusive; 71 am nidates, guanidates and isoureates of the formula:

127" Sb[ RI NC( X) ! e 2. LS indepe tl

sel ected from‘J’:}{l%né%C}Il-lR &?d g gf%gﬁ?e%deégyérﬁcgeﬁ? ﬂmrfg HCE [éieﬁ](l F and
- Si ( R3) 3 axtledlleil, rCsééehlealdl 8iR haepemdertt Ris mé¢p@mteetd1' skteond Bhm CoCadtllqy;l
each X is independently selected fromanmong C-C6 al koxY, - | NTRARS,
and -C(R6)3, wherein each of R4, R5 and R6 is independently sel ect ed

fromH, Cl-C6 eadhklis lwpmtb’y@lee@ﬂmn agenaCEOCarxy, ahi@ R SiafdRIT®B)s,

wher ei n egghifRch st R“nﬂe%ﬂ@%‘inhé@el%&h@ﬂe?e@teﬁ E‘IQH‘PQC @al%kl ¥LCyo eycloalkyl,
each 122 is independently selected from anong - Kl

and - C( RISs% 10 Hietd- ﬁ(%&d’rhe@rn qagh RByingepgndeptly 5ie§°tF‘h@@B€n§eH Yy sel ect ed

fromH, CI- C6e§d kil is { Eriden sk kdom (& 0c 241vdx —ﬁ{t(l{marﬁn
-G(R3)3 er ei r? %acs8 IS, t%dependent Iay sgel ec(fleld 1?’ C@OI%I’

and n is “i"h‘?aélb%erf?‘oarﬁdéz t%l@ependemly sqléster dromy }kﬁl‘%l&&?ﬁ GaF@§Y6?anYhe

formul a: @Skl RilR2); 2ntICGHRI 1 d#grbih ledeh 'R ik Bld&jeiden@pgelec@ll ibm @NT, g8
is i ndepeagglent |y selected fromanong H, Cl1-C6 al kyl, C6-C10

n is an integer from 0 to 3;
tetra-alkyl guanidates of the formula;
5 1p2 In4
R7:SH[(R'RI)NCINR'R)N)].

wherein:

each of R'and R? is independently selected from among H, C,-Cs alkyl, Cs5-Cyq
cycloalkyl, C¢-Cjoaryl, and -Si(R%); wherein each R’ is independently selected from C;-Cg alkyl;

each of R*and R* is independently selected from H, C;-Cs alkyl, Cs-Cy4 cycloalkyl, Cs-
Coaryl, and -Si(R’); wherein each R’ is independently selected from C;-Cg alkyl;

each R’ is independently selected from among C;-Cj alkoxy, -NR°R’, and -C(R®),,
wherein each of R®, R” and R® is independently selected from H, C,-C¢ alkyl, Cs-C;q cycloalkyl,
Ce-C o aryl, -Si(R’);, and -Ge(R®); wherein each R® is independently selected from C,-Cq alkyl;
and

n is an integer from 0 to 3;

carbamates and thiocarbamates of the formula:



cycl oal kyl, C6-Cl10 aryl, and -Si (R9)3 wherein each BY is

i ndependent|y selected from Cl1-C6 al kyl; each of R3 and R4 is

i ndependently selected fromH, Cl1-C6 al kyl, C5-C10 cycl oal kyl, C6-
Cl0 aryl, and -Si(R9)3 wherein each R9,is independently selected from
Cl- C6 al kyl; each R5 is independently selected fromanong Cl-Co
al koxy, -NR612.7, and -C(R8)3, wherein each of le, e and R8 is

i ndependent | y g@bgeCedef;yom H, Cl-Co al kyl, C5-C10 cycloal kyl, C6-C10
aryl, -Si(R9)3, and -Ge(R9)3 wherein each RO is independently
selected fromCl-C6 alkyl; and n is an integer fromO to 3;

carbamat es and thiocarbamates of the formula: 72 R4"Sb[(EC(X) E13 "
wher ei n: wherein: each X is i ndependently selected fromanong Cl -

ndopendent |y S LR it MR RRE R Lty RERFIEH o5 10
aryl , andvhegir @8l & Rieraeil R’ s arclepeRenils sdlastie fremd® 16410y alkyall @se@ecb'dqa&m

Cl-CG al vl an 0 mong Cl -C6
i koxy Gty nd SRER Y e LR APRRAR Ity SRLEFLEA O S s

i ndependent|ly selgcted fromH, Cl1-C6 alkyl, C5-Cl0 cycloallc

CB-Cl0 aryl, &AdR'Sipgegymientlyceleqtes) prydegns CirCealkery § |aﬁfﬂ@&%9ﬁdently
sel ect ed \frHeﬂ:'iH &abh S8R ' A 3aMd R? 1ﬂd§peﬁﬂ§nh?§ele@te@'ﬁo§ﬂ and AjISCAR,, ERIBEST

fromO to, 3; beta- dlkestonate;s ket o mi nates, and " di etiimnates, of

the for mﬁﬁéfe@ arrl@ci If%:é%(f@é@)‘@f?”ﬂ.%éb% Rg)néependently selected from C;-Cy alkyl;
[OC(R3)C(X) C(R2)N(R 1) ]3Sb(R5) 11 [RANC(R3)C(X) C(R2) N(RI')] 3. "Sb(R5),

[ (1e) 0OC( =0) C( X iCtiR) Slo3Sank5) n where each of le, R2, 12.3 and R4
i s independently selected fromanong H, Cl1-05 al kyl, C5-C10

cycl oal | cyl, .-Si(12.6)3 wherein each R6 is

i ndependent I y se%égtteg%wfxrno(ﬁng -Co al kyl; each X is

i ndependent|y sel ected fromanong C -Cs al koxy, -Nele, and -C(03,

wherein each qf, %ﬁqetohﬁesametgfﬁudaes aﬂ@'&i?{t‘ﬂﬁﬁﬁteé ¥t ficlofffigd fromH Cl-C6
allcyl, C3-Cl113 cycl oal kyl, ary and’-Si (R6 3 wherein each R6

is i ndependent ly sel ected from CI -C6 al kyl;
[OC(R*)C(X)C(R*)O0L5.4Sb(R")s
[OCRA)CE)CR*INR)]34SbR ),
[RNCR*)C(X)CR*NR]5.48bR’),
[R*)OC(=0)C(X)C(R)S]3.Sb(R),

where each of R',R%, R* and R* is independently selected from among H, C,-C; alkyl,
C;s-C cycloalkyl, C4-Cyq aryl, and -Si(R6)3 wherein each R® is independently selected from C,-Cg
alkyl;

each X is independently selected from among C,-Cy alkoxy, -NRR’, and -C(R®);,,
wherein each of R®, R” and R® is independently selected from H, C;-Cg alkyl, C;s-C, cycloalkyl,
Cs-Cyp aryl, and -Si(R6)3 wherein each R® is independently selected from C,;-Cs alkyl;

each R’ is independently selected from among guanidinate, aminidate, isoureate, allyl,
C,-Cs alkoxy, -NR°R'®, and -C(R'");, wherein each of R°, R® and R"" is independently selected
from H, C,-C; alkyl, Cs-Cy cycloalkyl, Cs-Cyo aryl, -Si(R®),, and -Ge(R®); wherein each R®is
independently selected from C,-Cg alkyl; and



each R5 is independently selected from anong guani di nate, am ni date,
isoureate, allyl, Cl1-05 al koxy, -NRORm and _c 1)3, wherein each of
R9, RIO and lel is independently selected fromH Cl-C6 al kyl, C3-C10
cycl oal kyl, Cs-elo aryl, -Si(R6)3, anq Ge(R6) 3 wherein each R6 is
|ndependently sel ected from G -Cs al ky? and 73 nis an integer from
Oto 3. allyls of the fornulae: (i): R46Sb[l1 eNC(X) C(R2R3)]3,, (ii):

R 4" Sb[ (R O N& iXGaRadop]0x03(iii): R4"Sb[(1lel2. 5NC(X) C(R2R3))]3_"
(iv): RASBRONC(X) C(R2123))1 where each Rl1,1e, R3 and 125 is

i ndependently selected fromanong H, CnC6 al kyl, C cycl oal kyl,

C6-Cl 0 aryl, ainglsofShé Ropdaasherein each le is i ndependently sel ected
fromdCl -Cs al kyl 1 i's independently sel ected from anong
Cl - Co al koxy, %I\&PWN%%)%? "3, wherein each of fe, R2 and R3 is

i ndependent | y (§pR&SHRICINOBMERIENLG6 al kyl, C5- CLO cycl oal | cyl

C6- C10 aryl, anpd s« 5 b ach R6 is independently selected
a1 RSk RRBARTE Oy

from CL-Co **ndependent |y sel ected from anong
guani di nat es, (HDanSbiéQPé@(X)(F(gﬁm)éat es, betadi ket onat es,
di ketoi m nates, diketiimnates, Cl- Co al koxy, -NeRs, and -C(R9) 3,

wherein each QfpeRhact K'm Aﬁamlﬁdeg&e&m@aé&en f&ﬁla%hgﬁ (f:r@rgméh,c?. 00
al kyl, C5-C10 cycl oal ky Cl )

wher ei n dagfrcloalkylsCi- ﬁdélﬁjeﬁ’épeﬁt@w %@%?@HR%¥W@2d@éy%ﬁlq@S¢é fromta-Ga i s
an integealf;rom0 to 3; cycl opentadi enyl (Cp) anti rmny conpounds
wherein the Cp noiety is of the faornmula ernejn eacq of RI,

R2, R3, R4 andaisX Eé’ﬁieb"é‘d‘fnl‘}éseé%?ﬁé from a&fOﬂ&an ety ﬁ%% tHeC her s,
and each wt&rdlMQp@mUeKFtah&'Réleirﬁeﬁeﬁ&nﬁi receiadg H)ydcpgrn, CSKE:,O @c%alﬁ&lkw ,

CL-C12 al an no, al k sl | yl -CL2
 kenyl - G ORKES -SRI o S PR e oo S o
different fronmomkt mndrtphellemarrsdleeabﬂmm &nmg@e@ﬁdmhmldnymsmse@dwﬁteﬁ e
Cl-C6 al k endant ngl udi ng.fsunct j aI roup(,s
provi di nngl?eton?tﬁéfl&goorm % |e(t)“rr1m§‘Ja ?eé arﬁi Ffrony ]{ g@{ J‘%{ aft gf
sel ected ¥ rlbmnaﬁf)mgndapﬂnd@ay batagted fimkit Gyl kikyll Cs- @ﬁ)yj/odna;kall CQSZlo,aryl -

i m doal kydireanfly 3oty \AlelefiVdach RAY 3G ehdifing QlebQ¥488 07 MhiA%a

n is an integer from 0 to 3;

cyclopentadienyl (Cp) antimony compounds wherein the Cp moiety is of the formulae:

wherein each of Ry, Ry, R3, Ry and R5 can be the same as or different from the others, and
each is independently selected from among hydrogen, C,-C;; alkyl, C-C,, alkylamino, C4-C g
aryl, C,-C, alkoxy, Cs-Cg alkylsilyl, C,-C;, alkenyl, R'R®NNR?, wherein R', R? and R® may be

the same as or different from one another and each is independently selected from C,-Cg4alkyl,



am noal kyl s wherein: the nethylene (-CH2-) noiety could alternatively
be anot her dival ent hydrocarbyl noiety; each of Rl-124 is the sanme as
or different fromone another, with each being independently sel ected
from anong hydrogen, Cl1-C6 al kyl and -Cl10 aryl; each of R5 and R6
is the sane as or different fromthe other, with each being

i ndependent|ly selected fromanong Cl-C6 al kyl; n and m are each

sel ected dﬁagaﬂaﬂdgﬁuk mcla&m@m\gbtwal@w@dsyﬁommg ﬁlﬁﬂarQoaraxnéhonw th@ar{tlhﬁ?y g
proviso that mand n c t be ar t el ecte
DT om 3t el SR S A el Rfon g, A o Sl S B B R g |

t he sane aaylakyldhdvingrietblldwinfomngaeanot her, wi th each bei ng
i ndependently sel ected from anong hydrogen, Cl1-C6 al kyl, and C6-00
aryl; R5 is selected fromanong Cl1-C6 al kyl, and C5-Cl10 aryl; and n
and m are sel ected i ndependently as having a value of fromO to 4,
with the proviso that mand n cannot be O at the sanme tine; 75 R1IR3
-(CHO CG=NR' |WIR$1R4 and R3 01.--N=C I R2l i m doal kyl s wherein
each of Rl, R2 he same as or different from one
another, with Chet -Bgy endently sel ected from anong hydrogen,
Cl-Co6 aIkyI, and - C10 amﬂ ch of RI', R2' is the sanme as or
different from onera ' each belng i ndependently sel ected
fromCl-C6 al kyl, and C6- C10 aryI and n and m are sel ected
i ndependent |y froggo tg 4, mntﬁ t he provi so that mand n cannot be O
at the sane tine, "

aminoalkyls

wherein: the methylene (-CH,-) moiety could alternatively be another divalent hydrocarbyl
moiety; each of R -Ry is the same as or different from one another, with each being independently
selected from among hydrogen, C,-C¢ alkyl and Cs-C ) aryl; each of Rs5 and Ry is the same as or
different from the other, with each being independently selected from among C;-Cs alkyl; n and m
are each selected independently as having a value of from 0 to 4, with the proviso that m and n

cannot be 0 at the same time, and x is selected from 1 to 5;

alkoxyalkyls and aryloxyalkyls

wherein each of R;-R4 is the same as or different from one another, with each being
independently selected from among hydrogen, C;-Cs alkyl, and C4-C ¢ aryl; Rs is selected from
among C,-Cg alkyl, and C¢-Cp aryl; and n and m are selected independently as having a value of

from 0 to 4, with the proviso that m and n cannot be 0 at the same time;



RR3 1 1111 4, -EC nm .jrC 11\R5 R2 R4 acetyl alkyls wher ei n
each of R1-R4 is the sane as or different fromone another, with each
bei ng i ndependently sel ected from anong hydrogen, Cl-C6 al kyl, and
C6-CLlO aryl; R5 is selected from anongs C1-05 al kyl, C5-C10 aryl, and
Cl- 05 al koxy; and n and m are sel ected i ndependently fromO to 4,
with the proviso that mand n cannot be O at the sane tine; 76
wherein non-Cp ligand(s) of theRantRgony Cp conpound can optionally
include ligands selected fromt fie grloup consisting of guanidinates,
am ni dates, isoureates, all Rr,di ket oi m nat es, and
di ketiim nates; and (I\/9 al kyl s, s and silyls with pendent

| i gands, of the formul ae: (O: R rerk(RI %g)N(CllZ)" C(R R7)13-ii 00:
R5nSbaRI R2) N(CH2) ,, Si (RIR2) 13-n @i i | 1Sb[ (2. 1R2) N(CH2), 11013-n
where each of 12.1 and 127 is |ndependently sel ected from anong H,
Cl-C6 al kyl, C5-00 cycl oal kyl, C6-C10 aryl, and -Si (R3)3 wherein each
R3 is independently selected from Cl-C6 al kyl ; each R5 is

i ndependently sel ected from anong guani di nat es, am ni dat es,

i soureates, betadi ket onates, diketoimnmgates, diketiimnates, Cl-C6

al koxy, -NR6R7, and -C(R8)3, wherein each of R6, R7 and Rs is

i ndependently selected fromH, Cl-C6 al kyl, C5-C10 cycloallcyl,

C6-Cl10 aryl, - Si(R3)3, and - Ge(fR3) Ravherein each R3 is independently
selected from Cl-C6 al kyl ; ni{s a |nteger/f ‘om0 to 3; inis
integer fromO to 4. {ClA{9g—N=—cC
| e
imidoalkyls

wherein each of R;, R, Rj, Ry, Rs is the same as or different from one another, with each being
independently selected from among hydrogen, C;-Cgalkyl, and Cs-Cy4 aryl; each of R;’, Ry’ is the
same as or different from one another, with each being independently selected from C,-C; alkyl,
and C4-Cjp aryl; and n and m are selected independently from 0 to 4, with the proviso that m and

n cannot be 0 at the same time;

acetylalkyls
wherein each of R;-R, is the same as or different from one another, with each being
independently selected from among hydrogen, C;-C alkyl, and C¢-C g aryl; Ry is selected from
among C;-Cs alkyl, C-C)p aryl, and C;-Cs alkoxy; and n and m are selected independently from 0

to 4, with the proviso that m and n cannot be 0 at the same time;



77 78 C[/-- m(HC) te N/ \ RRRI  bR5" 3-n R4 \Sr n(H20); e
/1\I\ R2Rl SbR5r, 3-n 0

76

wherein non-Cp ligand(s) of the antimony Cp compound can optionally include ligands
selected from the group consisting of guanidinates, aminidates, isoureates, allyls, beta-

diketonates, diketoiminates, and diketiiminates; and

(M) alkyls, alkoxides and silyls with pendent ligands, of the formulae:

(@ R%WSH[(R'R)N(CH)mCR R s

(ii): R’S[(R'RHN(CH,)mSi(R'R*) ]34

(iii): R%Sb[(R'RHN(CH,)nOls-n

where each of R' and R? is independently selected from among H, C,-C alkyl, Cs-Cio
cycloalkyl, C¢-Cyo aryl, and -Si(R’); wherein each R? is independently selected from C,-Cg alkyl;

each R’ is independently selected from among guanidinates, aminidates, isoureates, beta-
diketonates, diketoiminates, diketiiminates, C,-C alkoxy, —NR°R’, and -C(R8)3, wherein each of
RS R7 and R®is independently selected from H, C,-Cs alkyl, Cs-C), cycloalkyl, C4-Cy4 aryl, -
Si(R?);, and -Ge(R?); wherein each R® is independently selected from C,-Cg alkyl;

n is an integer from 0 to 3;

m is integer from 0 to 4.
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antinony (l111) alkyl/am no precursors of the fornulae: and stibenes
w th germani um ani ons, of the fornulae: 79 6. The net hod of
claim1, conprising combining the pregyrsor vapor with a conponent
selected fromthe group consisting of amroni a, hydrogen, helium
argon, and nitrogen. 7. The method of claim11l, wherein the substrate
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8. The method of claiml, wherein the filmis a snooth, anorphous
GeTe or a GeSbTe film 9. The nmethod of claim2, wherein the
tellurium precursor conprises a diallcyl tellurium conpound sel ected
fromanong di-tert-butyl tellurium andgdiisopropyl tellurium 10.
The met hod of claim1, wherein said fi?nlis deposited in a fil
trench or via structure on the substrate. 80 11. The net hod of
claim1l, conprighng;*orning a phase q@angé random access nenory

devi ce includi ng™/germani um and tel I um containing fidm of
snmoot h, anofphouy/ . Chgracter. 12.; The
conbating prexHgacte ohgeds pr ecur sjanHyy):i Bt
pre-reactiofp- conbat i agént sel ected Kro
(1) (0, N 93 or?H 0 LBemvi s base conpoun Bt free radic

i nhi bitors, andg{iiR) deuterium cont gini reagents. R3. Rhe nethod
of claiml1, for formng a snooth anorphous germaniumtelluride film
conpri si ng voIatiAjzing the germani um pregursor and a di akylc
telluriumprecursor to formthe precursor vapor and contacting the
precursor vapor with the substrate to formthe snoot h anor phous
germaniumtelluride filmon the substrate. 14. The nethod of claim
1, for formpjghdy RhRsSrakangRcandom access nenory device, conprising
forming a germaniumtelluride filmof snooth, anmorphous character

i ncl udi ng vapor deposition of germanium from said germani um
precursor, wherein said vapor deposition conprises use of a dialkyl
tellurium pr ‘ reaata onpri sing
amonia. 1 el lurium

d of cldgim1,/cONprising
w6i ng |tHsA d® pebREs a
he Yrodp consist] ng of

-n

tellurium an im1l,
wherein said 1 ubstrate in
manuf act uri 1 17. The
met hod of claiMe16 SF @ith vapor of

an antinony precursor conprising a trialkyl or triam do antinony
conpound. 18. The nethod of claim 17, wherein the trialkyl or
triam do anti nony conpound conpri ses trisﬂdinethylanino)antinDny. 81
19. The net H@opy (IH) ﬁ%@@?pfeﬁwﬁ%?f%fﬁm aing the use of a
pre-reaction-conbati ng agent selected fromthe group consisting of
(i) (0, N, S organo Lewi s base conpounds, (ii) free radical

i nhibitors, I el i i.ni nt . The net hod
of claim 16, } with said

SiMe,

and stibenes with germanium anions, of the formulae:
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6. The method of claim 1, comprising combining the precursor vapor with a component selected

from the group consisting of ammonia, hydrogen, helium, argon, and nitrogen.

7. The method of claim 1, wherein the substrate is also contacted with precursor vapor of an
antimony precursor and with precursor vapor of a tellurium precursor, so that the germanium-
containing film comprises a GeSbTe film, and wherein the method is carried out so as to combat

precursor pre-reaction of at least one of said germanium, antimony and tellurium precursors.

8. The method of claim 1, wherein the film is a smooth, amorphous GeTe or a GeSbTe film.

9. The method of claim 2, wherein the tellurium precursor comprises a dialkyl tellurium

compound selected from among di-tert-butyl tellurium and diisopropyl tellurium.

10. The method of claim 1, wherein said film is deposited in a fill trench or via structure on the

substrate.
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11. The method of claim 1, comprising forming a phase change random access memory device

including a germanium- and tellurium-containing film of smooth, amorphous character.

12. The method of claim 1, comprising combating pre-reaction of precursor by introducing to said
process a pre-reaction-combating agent selected from the group consisting of (i) (O, N, S) organo

Lewis base compounds, (ii) free radical inhibitors, and (iii) deuterium-containing reagents.

13. The method of claim 1, for forming a smooth amorphous germanium telluride film,
comprising volatilizing the germanium precursor and a diakyl tellurium precursor to form the
precursor vapor and contacting the precursor vapor with the substrate to form the smooth

amorphous germanium telluride film on the substrate.

14. The method of claim 1, for forming a phase change random access memory device,
comprising forming a germanium telluride film of smooth, amorphous character, including vapor
deposition of germanium from said germanium precursor, wherein said vapor deposition
comprises use of a dialkyl tellurium precursor, and is carried out with a co-reactant comprising

ammonia.

15. The method of claim 14, wherein said dialkyl tellurium precursor is selected from the group

consisting of di-tert-butyl tellurium and diisopropyl tellurium.

16. The method of claim 1, wherein said germanium precursor is contacted with said substrate in

manufacturing a phase change random access memory device.

17. The method of claim 16, comprising contacting the substrate with vapor of an antimony

precursor comprising a trialkyl or triamido antimony compound.

18. The method of claim 17, wherein the trialkyl or triamido antimony compound comprises

tris(dimethylamino)antimony.
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19. The method of claim 16, further comprising the use of a pre-reaction-combating agent
selected from the group consisting of (i) (O, N, S) organo Lewis base compounds, (ii) free radical

inhibitors, and (iii} deuterium-containing reagents.

20. The method of claim 16, wherein said germanium precursor is contacted with said substrate at

temperature not exceeding 350°C.



