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3 I n anot her aspect of the invention, a process for
crystallizing an anorphous GeTe filmto yield a relatively snooth
GeTe filmis described. Wiile deposition of Ge from Ge am di nate or
GeMis fast at |ow tenperatures, incorgoration of Te requires a
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5 of (i) heteroatom (0, N, S) organo Lewi s base conpounds, (ii) free
radi cal inhibitors, and (iii) deuteriumcontaining reagents.

Anot 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 filﬁlprecursor descri bed herein
that is undesirably pre-reactive in the vapor phase, such process
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A further aspect of the invention relates to a method of forming a smooth 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.



wher ei n: R, Rl and R2 nmay be the sanme as or different from one
anot her, and each is independently selected fromH, Cl-C6 al kyl,
C2-05 al kenyl, C5-C 0 cycloal kyl, C5-C10 aw, and -Si (R3)3 wherein
each 11.3 is independently selected fromCl-Co alkyl; and n is an
integer fromO to 4 inclusive; whereif: R, R, 123, R4, R5
and RP may be the sane as or different fromone another, and each is

| ndependent |y | ected fromkF Cl- a I - 05 al_kenyl , - C10
cyctoal kyl - CoTEaBeaRgT SR be W i Rys PKAM. TS EnaR e OST Bl on o
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wherein each R3 15 1 né)ependeﬁt y sel ect ed fromi- ) yf,
comprising introducing to said process a pre-reaction-combating agent selected from the group
consisting of (1) heteroatom (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 further 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 (1ii) 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, 8) organo Lewis base compounds, (ii) free radical inhibitors, and (iii)
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 H,, NH;,
plasma, H,O, hydrogen sulfide, hydrogen selenide, diorganoteilurides, 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



R 4R VII1 wherein: R, R, R3, R4, and R5 may be the sane as
or different fromone another, and each is independently sel ected
fromanmong H C-05 alkyl, silyl, -Si (R )3, C6-Cl0 cycloal kyl, C6-C10
aryl, -(CH),JNIRR', and - (CHZ)"CR' wherein x =1, 2 or 3, and R "',
R' and R,, may be the same as or diff@rent from one anot her, and
each is independently selected fromCl-05 al kyl; 8 wherein:
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from Cl - CalnabKy bubstrate 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:
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wherein;

R, and R; may be the same as or different from one another, and are independently selected from
H, Ci-C; alkyl, Cy-Cs alkenyl, Cs-Cyy cycloalkyl, Cs-Cip aryl, and -Si{R;); wherein each R; is
independently selected from C;-Cg alkyl;
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wherein:



wher ei n: R, R, R3 and RA may be 'the sane as or different
fromone another, and are independently selected fromanong H, Cl-C6
al kyl, C3-C10 cycloal kyl, C5-C10 aryl, and -Si (R3)3 wherein each R3
is i ndependent ly sel ect ed fromd-C6 al kyl; RI R2ZR3R4Ge XVI wherein:
R, R2, R3, and R4 may be the same as br different from one anot her,
and are mdependently sel ect ed from anong H, Cl1-C6 al kyl, C3-C10
cycl oal kyl , 06 I er each i -
i ndependent |y &e ec}?e‘ﬁa};‘ l?e Cs,_aLm aﬁ‘%‘ ﬁ%é’%f I%%‘g‘}’ﬂnﬁee-m} § and R’ is
Si Me3Si Me j1Sedda BBl MeBected GromGa.Ge) - (Nl\ﬂgy\ NEC2 alkenyWB3-C g cycloalkyl, Cs-Cyp aryl, and -

Si(R3); wherein each R; is independently selected from C,-C; alkyl;
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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-Cyp cycloalkyl, Cs-C)4 aryl, and -
Si(Rs); wherein each R; is independently selected from C,-C; alkyl;
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w
wherein:
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-Cyo cycloalkyl, C4-Cyp aryl, and -Si(R1); wherein
each Rj is independently selected from C,-Cy alkyl; and

n is an integer from 0 to 4 inclusive;
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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-Cyq cycloalkyl, Cs-C g aryl, and -
Si{R;): wherein each R, is independently selected from C,-Cg alkyl;



Ge(NMe2) 4, Ge(NEtMe)4, Ge(NEt2)4, iPr3GeCl, iPr3GeNwe2, i Pr3GeNEt M,

i Pr3GeNEt 2, Ge butylamdinate, and RnBuC(i PrN)212Ce]. Anot her
aspect of the invention relates to a gernani um precursor, selected
fromthe group consisting of the above- speC|f|ed ger mani um precur sor
speci es. A still further aspect’of the invention relates to a
snoot h anor phous germaniumtelluride or germanium antinony telluride
film as forned by the nethod descri bed above, using a gernani um
precur sor npr, i,.Si ng CGe lbutyl am di nate or HnBuC(i PrN)212Ce] .

O her asp§ ( and enbodi ments of the invention will be nore
fully appafe t from the jgensui ng disclosure and appended cl ai ns. BRI EF
DESCRI PTI ON OF THE DRAW NGS FIG 1 is a schematic
representation of a material storage and di spensi ng package
containingmaaprecursor of the present invention i n one enbodi nent

t her eof . ctr crograph of a
gernanlunltellufﬁﬁ C?gﬁ gﬁFérﬁ Wea gmép’&ﬁ hour in nitrogen
at nosphere, atx#&@QCor 2; FIG 3 is a cross-sectional elevation SEM

view of the germaniumtelluride filmof FIG 2, show ng the snooth
character of the germaniumtelluride filmdeposited 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 showrg its crystalline character after annealing at 400F.

FIG 5 is anSRD ploj~of a germaniumtelluride filmdeposited in a
CVD process with a nityogen co-reactant. FIG 6 is an XRD pl ot
of a germanfumtelluri®a filmdeposited in a CVD process using a

ni trogen co-reacggant. FIG 7 an XRD plot of a gernmanium
telluride filmdeposited in a CVD process using an anmoni a

Cco-r eact a@erein: FIG 8 is a scanning el ectron nicrograph of a

crystalline germaniumtel luride filmfornmed deposited in a
process using RydfoderfndRamyobs dhgctags as or differentpirem tye jotery;, §‘@a?ﬁ”r¥‘ A%
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in a ocess L n|tro e c ant . is a
scanni ng g&@@?Fﬁﬁ*ﬁf %Eﬁ?ﬂﬁﬁgéae f%ﬂﬁ?p ’gernanlun1tellur|de film
formed on a 50 nanoneter thickness of titaniumnitride. FIG 11 is a
cross-sectional elevation view of the germaniumtelluride film of

FIG 10. FIG ;12 is apn EDS spectra plot of germaniumtelluride and a

standard GST T 13 is a scanning electron mcrograph of a
i | uri de deposited on

Rs Ka
R 5 R 2
R 4 R 3
YIil
wherein:

Ri, Ry R3, 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”);, C¢-C o cycloalkyl, C4-Cq 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;



a mcroel ectronic device structure. FIG 14 is a scanning

el ectron mcrograph of a crystalline germaniumtelluride film
deposited at 340C. FIG 15 is an XRD plot for the germaniumtell uride

filmof FIG 14. FIG 16 is an XRD plot for various gernmani um

telluride films, including an anorphou8 film a filmanneal ed at 350C

for 10 mnutes, and a germaniumtelluride filmanneal ed at 350C

fol | oned by 400C exposure, for 10 m nutes. FIG 17 is a scanning
el ectron mcrograph of- an anorphous germaniumtelluride film FIG 18
IS a scanning eLﬁ tr n m crograph of a germaniumtelluride film

after 400C Qh@Q -3 FIG 19 is a scanning el ectron
nlcrograph of a crbg ectroni c device structure, as an exanple of an
"aggressive" substr at & on whi ch GeTe has been deposited by chem cal

vapor deposition, u%ing a germanium butyl am dinate precursor and a
di al kyl tellurium precursor. FIG 20 is a schematic

r epr esent at¢ren: of a vapor deposition system according to one

enbodi ment  of ?hg%dof{’e gtbe tl%vﬁglglag%r d%?erthgm olﬂgf?ﬁtﬁﬁél 8‘1@[ ; independently
pre-reaction o ursors I1s ach
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vapor depashddafedySHERA ok RETALLER DESCR PTI ON The present
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deposi tion gﬁocesses su i.n met hods f form

ger mani unf¥atEh hi-hy 2 |&Pﬁs SI(P‘S;/BPW@F eagh Beistindepqngently ﬁ‘?}@r‘ﬁdlf@ﬁl GléFaaaH@la
to filnms formed using the nethods, and m croel ectronic device
products incorporating such filns. The precursors descri bed
herein are usefully enployed, in chem cal vapor deposition and atomc
| ayer deposition frocesses, & form germani umcontaining filnms, such
as filnms of GeTe, -Gl t he | i ke. The GeTe films can be GexTel -
systens, as suchrare defi neth,i n Scharnhorst and Ri edl,

"Phot oconductivity in the anorphous Ge-rich GexTel, system" Journal
of Applied Physics, ka. 45, p.2971-2979 (1974), or GexSbyTez fil s,
as such are described, "for exanple, in Tsu, Journal of Vacuum Sci ence
& Technol agyeity Vacuum Surfaces, and Filns, Volume 17, Issue 4, July
1999, pp. 1854-1860 (1999), the contents_ of both of mhlch are hereb

i ncor por at ed b Refferd Be“miﬁ%“wwﬁﬁﬁré@%m53@5%9§bﬁﬁﬁﬁ$?mh%eFﬂﬂﬁ%@m y
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anor phous, m |, aye mnll be better understood with
referencemfﬁk?%@a%ﬁfﬁ%ﬁgﬁﬁﬁgéﬁ?ﬁhypo DEFI NI TI ONS As used

herein, the term"film refers to a Iayer of deposited materi al

havi ng a thi ckness bel ow 1000 m croneters, e.g., from such val ue down
to atomc nqgolayeﬁgthlckness val ues. In various enbodi nents, film

t hi cknesses ited material layers in the practice of the
invention may fdr exapple be below 100, 10, or 1 microneters, or in
various thin fillmregi nes below 200, 100, or 50 nanoneters,
dependi ng onr,t'he igecific application involved. As used herein, the
term"thin filnf gns a layer of a material having a thickness bel ow

1 mcroneter. Xt As used herein, the singular forns "a", "and",
and "the" include plural referents unless the context clearly
di ct at es BERERW se. As used herein, the identification of a

carbon nunber rangeRr;emd- R, Hay% @é%aﬁl:kaxlm azﬁfeﬂeﬂt ﬁ&ﬁ%et&o{he;clauﬂledre
each of the conponent carbon nunb thin such ran

es ge
t hat eachlﬂfi?ﬂe%f}cv@hﬁe}f@teéérpﬁowﬁ&#b& Caﬁlaylaﬁy%tch‘é‘?aﬂgfi oo Byl and SIR )

i nterveni Aler6aeRAR’ RURHREMmdMAl d@eckad flohat,-SladBd range, is enconpassed,
it being further understood that sub-ranges of carbon nunber within



carbon nunmber or nunbers are included in the invention, and
sub-ranges excluding either or both of carbon nunber limts of
specified ranges are also included in the invention. Accordingly, Cr
Cl2 al kyl is intended to include nmethyl, ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, nonyl, d%cyl undecyl and dodecyl,

i ncl udi ng straight chain as mell as branched groups of such types. It
therefore is to be appreciated that identification of a carbon nunber
range, e.g., Cl-CI as broadly applicable to a substituent noiety,
enabl es, in gpgcifiac enbodi nents of the invention, the carbon nunber
range to be fur her™ g@stricted, as a sub-group of noieties having a
car bon nunber agge/mnthrn t he broader specification of the
substrtuentg ietyy By way of exanple, the carbon nunber range e.g.,
Cl-C12 aIkyI may e nore restrictively specified, in particular
enbodi nent s of thari nvention, to enconpass sub-ranges such as Cl1-C4
al kyl, C2-C3 al kyl, C2-C4 al kyl, C3-05 al kyl, or any other sub-range
wi thin thenieigad carbon nunber range. The precursors of t he

i nventi on may he further specified in specific enbadi nents

provi sos or 1iftBe ifontnd e M3i By 18 pER 1 35 cO's GHETEPY oMt & @ri"g’tﬁbsand are
moi eti es Oidefghdeny sHlR&d foh arnetngtﬂ QO QikyiaCi- ctrs:ya@ﬂrasﬂf@ﬁcral; B9 SndUBAR ),

exenplrfrc ti.ons eof f the i nvention
contenpla?’?mpg§*&¥ 1?%@?@ %faﬁﬁgfgﬁwgdgﬁpwg a conposition
wherein is C1-Cl12 al kyl, wth the proviso that u CA aIkyI when 12.i
is silyl. GAlkyls" as used herein include, but are not limted
to, nethyl, g%%ﬁ% propyl, isopropyl, butyl, s-butyl, t-butyl, pentyl
and isopentyIXﬁhd the |ike. "Aryls" as used herein includes

hydr ocar bons derived from benzene or a benzene derivative that are
unsaturated aromatic carbocyclic groups of from6 to 10 carbon atons.
The arylswhﬁvﬂhave a single or nultiple rings. The term"aryl" as

used herein algo gn syhst ed.aryl c i
are not |im te% t%z’ qihe%tilﬁils,R #gagh?%]% Q§| %ngr d#fﬁ Fﬁ% gﬂr%e!aﬁéqt%r B are

subst i t ut BdenspeAYY se e§t§5§t@ﬁt4§tﬂél Hy Sofes AL, CsGbs?t}’@lt’?ﬂtlﬂécFe@b anfle and -Si(R%);
substi t ut eeriil ety IR thARBeraA iy kh&ddi dom C-Epdypal Kyl s” as used herein
include, but are not limted to cyclopropyl, cyclobutyl, cyclopentyl,
cycl ohexyl and the like. In all chem cal fornulae here|n a range of
carbon nunbers will be regarded as specifying a sequence of
consecutive alternative carbon-containing noieties, including al

noi eti es containing nunbers of carbon atons internediate the endpoint
val ues of _carbon nljnber in the specific range as well as nvieties
containin@“ﬁﬁﬁber of carbon atons equal to an endpoi nt val ue of the
specific range,Ge.g., Cl-C6, is inclusive of C, C, C3, ¢4, C5 and
C5, and each of sbgh-broader ranges may be further linmtingly
specified with reference to carbon nunbers w thin such ranges, as
sub-ranges thgreof. Thus, for exanple, the range Cl-C6 woul d be

i nclusive of and can be further limted by specification of
sub-ranges guch as Cl1-C3, C-Ca, C2-05, 4-05, etc. within the scope
of the bro ra 14 e, Tha@tnvenu%&p asqm@rlously

descri bed (herjgige-ind rgspect QL@%eatures aﬁp@ckg ghd enbodi nent s

t her eof , nuyth papticul ar #imp) emredtsat i ons ﬂ@aponsgyeyted as
conprising, consisting, or consisting essentially of, some or all of
such features, aspects and enbodi nents, as well as eIenents and
conponents thereof being aggregated to constitute various further

i npl enentations of the invention. The invention is described herein
in various enbodi ments, and with reference to various features and
aspects of the invention. The invention contenplates such features,
aspects and enbodi ments in various pernutations and conbi nations, as



R and R may be the same as or different fromone another, and each R
and R is independently selected fromH, Cl-C6 al kyl, C2-05 al kenyl,
C5- C10 cycl oal kyl, C6-C10 aryl, and -5i (R3)3 wherein each R3 is

i ndependent |y sel ected from Cl- C6 al kyl; wherein: RR R, R and R2
may be the sane as or different from otfe anot her, and each is

i ndependently selected fromH, Cl1-C6 al kyl, C2- 05 al kenyl, C5-C10
cycl oal kyl, C6-Cl10 aryl, and -Si (12.3)3 mherein each R3 is

i ndependently sgel ected from Cl- al kyl; (R 4-116¢c(1'RIR2)ft 1V

wherein: R, R @and may be the [same ps or different from one

anot her, an h i s)+ndepend sel d fromH C-C6 al kyl,

C2- 05 alkenyl - 210 cycl oal kyl, Cl0 aryl, and -Si (R3)3 mhereln
each 123 is |ndeF8 dently selected(? om Cl-C6 al kyl; and 16

wher ei n: Rde; RS an “may e, the sanme as or different

from one anothe;, and each is independently selected fromH Cl-C6
al kyl, C2-05 aI%enyI C5-C10 cyclloal I cyl, C6-C10 aryl, and - Si (R3)3
wherein each R3 is |ndependently sel ected from Cl- C6 aIkyI; CH h C
HR 2

A

o

———1* NMea m““1 \\T“““5M93
SiMez

Ge(NMe,),, Ge(NEtMe);, Ge(NEt,y)s, iPr;GeCl, iPriGeNMe,, iPr;GeNEtMe, iPryGeNEt,, Ge
butylamidinate, and [ {nBuC(@GPrN);}.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 invention 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: Ris selected fromH C-05 alkyl, and C5-C10 aryl; and xis
O, 1L or 2, /4 -Ce-1l \Rs wherein: R, R2, R3 and R4 may be the sane
as or different fromthe others, and each is independently sel ected
fromanong H Cl-05 al kyl, C5-Cl10 cycl oal kyl, C6-C10 aryl, and

-Si (R3) 3 wherein each R3 is independenit!l y sel ected from Cl - 06 al kyl ;
17 V111 wherein: R2, R3, R4, and R5 nay be the sane as or

di fferent fro e another and e

endently selected from
anong H, O - Ky angriRy dispergpn 566 e A e B e il
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aryl, and:mSpfiRa)yBagigiér ei n each R4 is i ndependently sel ect ed from

Cl- 06 al kyl ; _ ReyG. %a@%ar@ﬂg 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 {ilm 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 telluride 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.



RiR3 18 wherein: R, R2, R3 and R4 may be sane as or different from
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 wherein each R3

i s independently selected fromCl-C6 al kyl; X wherein: R, R, R3
and 114 may be the sane as or different fromone another, and are

I ndependent|ly selected fromanong H Cl1-C6 al kyl, C5-C10 cycloallcyl,
C6-Cl10 aryl, and -Si (R3)3 wherein each 12.3 is independently sel ected
fromCl-C6 alkyl; X I wherein: R, R2, R3 and R4 may be the sane as
or different from one anot her, DERLED@HESOREMHONent | y sel ected from
anong H, Cl1-C6 al kyl, C5-C10 cycl oal kyl, C6-Cl113 aryl, and -Si (R3)3
wherein each R3 is independently selected from Cl-C6 al kyl ;

Rl R2RR3R4Ge XVI ThshgeenrinveRiign 1RRtes R3the asecof Rériova gedpaninine teaniven, asd astimony
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each R3 i tenipadeprefrdP’Cl vapet dettositiorf pones@s-s@8 ad kYD, and1 81D, in methods for

forming germanium-containing films. In other aspects, the invention relates to films formed

using the methods, and microelectronic device products 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(-C), 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



The synthesis of the above-descri bed germani um precursors can
variously be carried out in a ready manner, utilizing synthetic
preparations of the types variously shown below In each instance
RvgCl, RwBr, Rwl, RLi, and RNa can be used as alternative reagents.
Further, GeBr4 can be used in place of!3GeC14; LiNR2 can be repl aced
by NaNR2 or KNR2; and Na(C5R5) can be used as an alternative to

K(C5R5). Moreover, a nulti-step synthetic. approach nay be. enp]oyed to
Gonrate FRBTUTP U 8 e RpEh e oe G 4 Sudres e e
conpl ex t of gene namhber Gafth V) sppdifeiutmes ¢ alds inshosinin el iowhtids. AcceGhdly, 1C -
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sel ected ﬂecahmﬂtflecsﬁiind)dbdaiykyﬂcludfﬁgsfﬂﬂgi'ablhaien@slweli%bﬁﬁ&eﬁmh}?edf kl.)blh,types. It
C6- C10 aryl - S : r.ej h LS. in nden el ecte
rom C1- CLesf R 1o 2 chitiped P lin Ry AAGBPERECCE & CERE LR,
Precur sor epplicabledST silislitwent mofedy), chdbNBE specific emb@lifis ofBurinveglien, HheNaivby
or (c) ZHNM?Aer fé‘ﬁ& o' RRr xggt(iug?;)asdfa E{i_b-%.lp ﬁtmoiétfe)g havﬁn‘g aEf:ldrb%ﬁ number range

conbi nati ons o _
within the broader specification of the substituent moiety. By way of example, the carbon

number range e.g., C,-C; alkyl, may be more restrictively specified, in particular embodiments of
the invention, to encompass sub-ranges such as C,-C4 alkyl, C,-Cs alkyl, C,-C, alkyl, C;-Cs alkyl,
or any other sub-range within the bread carbon number range.

The precursors of the invention may be further specified in specific embodiments by
provisos or limitations excluding specific substituents, groups, moieties or structures, in relation
to various specifications and exemplifications thereof set forth herein. Thus, the invention
contemplates restrictively defined compositions, e.g., a composition wherein R'is C,-Cyy alkyl,
with the proviso that R' # C,alkyl 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
carbocyclic 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 cyclopropyi, 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-C,, is inclusive of Cy, C;, Cs, Cy, 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;-C;, C-Cs, Cp-Cq, Cs-Cs, etc. within the scope of the

broader range.



Me2NNVe 2 pe ?yie2l NlNMe2 20 CR R'i NMd3e(R)4-.004-. and
correspondi ngly a tetraallyl germani um conpl ex can be fornmed from such
tetrachl orogennanium starting material using a corresponding allyl

Gignard reagent R*MyCl, wherein R* isMaIIy' I? CjeCQ G/ N \R

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
clements 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.

1. 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-XVI:

R-R4M HRR
2!\ s e

Gé
RR¢H™ Ay RyRy

wherein:

R, and R, may be the same as or different from one another, and are independently selected from
H, Ci-Cq alkyl, C,-Cs alkenyl, Cs-Cyy cycloalkyl, Cs-Cyo aryl, and -Si(R;); wherein each R; is
independently selected from C,-C; alkyl;
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LI, Nigel 21 Ge Precursors for GST Films GeCll1-LLi Nt -Bu,

2Na(C5FI5) RN=C=NR + LiR + GeC 2-L GeCl4 C(C1-13); - NH NH
Et3N c(cH3), A\ ,cl Ge

15
1]
Y R
1 ] -
\ H/ 1
X/Ge\
i 41 -
P H i ol
B 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,-C; alkyl, C,-C; alkenyl, Cs-C)y cycloalkyl, C4-C)q aryl, and -Si(R3); wherein
each R; is independently selected from C;-C; alkyl;

R
R I'L " //FER1F€2
e
A 14/ \HR;RZ
fl HE

wherein:

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

R}z Ge( NR:Ra)y

v

wherein:

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

n is an integer from 0 to 4 inclusive;



CN '"No C(CH3); - Et $NHCI 2Li Ged 2-L GeCl2-L AiCH2J3 r.NLi NU N
LE (CH3),3 ?CU-13)3 c(cH2ls C(a-13)3
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2 R}
R ; FA
| R
N
Ge\
| w as
2 i 4
v °
wherein:

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

{CHz)
Ge% \\X_MMCHRE

VI

wherein:

R is selected from H, C,-C; alkyl, and Cs-Cq aryl; and

xisQ, 1 or2;
Rz\ R 4
£ SO —y
R| Ry
L3 H
wherein:

Ry, Rz, R; and R4 may be the same as or different from the others, and each is independently
selected from among H, C-C; alkyl, Cs-C,q cycloalkyl, Cg-Cyyg aryl, and -Si(Ra); wherein each R;
is independently selected from C,-C; alkyl;



\Ge N 3 9(CH3)3 )Ge: c(cH3)3 [Ilustrative Ge(ll) conpounds
that may be usefully enployed for CVD or ALD of gernmani um cont ai ni ng
films include the followng: Sityle3lSityleaSi M3l Si Mea

N-Ge-NH N, C-Ge-C-H si ne3S1Me3Stil es' Si Mea 22 I n various

enbodi ments of the invention, diallcyl™m noisopropyl ger mane
precursors are used for CVD/ ALD formation of GST thin filnms. Such
precursors may be synthesized by a reaction schene such as that shown
bel ow

¥

wherein:

Ry, Rz, R;, 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)q cycloalkyl, C4-Cy; 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-Cq alkyl, Cs-Cp cycloalkyl, C¢-Cyp aryl, and —Si(R3)3 wherein each R’ is
independently selected from C,-C; alkyl; and

each X is independently selected from among C,-Cs alkyl, C;-Cs alkoxy, ~NR'R?, and -C(R?)s,
wherein each of R', R? and R? is independently selected from H, C,-C; alkyl, C;s-C,y cycloalkyl,
CsCip aryl, and -Si(R4)3 wherein each R* is independently selected from C,-Cq alkyl;

Rgr:\ fR‘{-
/ilH»---' Ge~—CH
Ry R 3



to form germani um conpl exes such as: \Ge/ \NMen Ge NW eEt Pe
N-Sirvle3

18

wherein:

Ri, Ry, Ry and R, may be same as or different from one another, and are independently selected
from among H, C;-Cg alkyl, Cs-Cyp cycloalkyl, Cs-C)o aryl, and -Si(R%); wherein each R’ is
independently selected from C1-Cs alkyl;

wherein:

Ry, 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,p cycloalkyl, C-C 1y aryl, and —Si(R3)3 wherein each R®
is independently selected from C,-Cs alkyl;

f®
" 13
e M
N,
S
14
R . 1
Ra
X1t
wherein:

R, 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-Cyp cycloalkyl, C4-C,y aryl, and -Si(R3)3 wherein each R®
is independently selected from C,-Cy alkyl;

R|R2R3R4Ge
XVI

wherein:

Ry, Ry, R, and R4 may be the same as or different from one another, and are independently
selected from among H, C-Cy alkyl, Cs-Cyp cycloalkyl, Cs-Cyq aryl, and -Si(R*); wherein each R?
is independently selected from C,-C, alkyl.



23 triisopropylam nes useful for such applications and amenable to
transport with a heated bubbler include, for exanple, Ge(Nw2)4,

Gel NEt Mel 4, Ge(NEt2)4, iPr3CGd, iPr3GeNwe2, iPr3GeNEtM, and

i Pr3GeNEt2. The volatility of the germani um precursors of the
invention can be readily neasured by 4PA t her nogravi netric techni que
(e.g., by determning material transport under atnospheric pressure
in argon) and GC anal ysi s. In specific enbodi nents of

germani um precursors of the present invention containing alkyl
substituents, Tsogntbgs of shebbbietdgamibgl germaniim praysocase sarpudf be capdedower
met hyl - t s to
Under go bg‘g[l'lagr%?{ggl% égh&tg% %p)weay%@gar%@ﬁs dg%%i%{ép% ¥4rio§%i?§1gok~%§§\}%. frCeach
t enper at un@ta@@WSRMan RvdcBEs iangy Rdh Cﬁlhée geed maaltamtipe eweensor Further,
wi thout  PERAYELNG SLOR LA GALRAN APHI Hieod by Nak, Y KKRIER Na(C Ry
contai ni ng ger mani um pr ecursors ot the inventioh have t I'ntrinsic
benefit i fingnypedippin digmabvestodt(Cristli Moraegers o mmlti-Herofypdetin pprpaglf may be
ni trogen brﬁplgﬂfcae%b abrtehdI® midel it} SpebiSs BRGkN oﬁldatﬁi@Qdﬁ’#lgpreg Ggﬁﬂ_ complex to
materials have | ower reset currents, thereby enabling a | ower

t enper at uBBCPIRLEEVE REFGEO™S & Hewpelow: As an additional advantage,
various gernmane precursors of the invention undergo hydrogernol ysis
coupling reactions to form Ge-Ge bonds, R&a the reaction R3GeNR 2 +

R3GeH -> B3CB- GR3,RM ~ ———»  R,Ge ——m 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;-Cq alkyl, C,-C; alkenyl, Cs-Cq cycloalkyl, Cs-Cy aryl, and -Si{R;); wherein
each Rj is independently selected from C;-Cs alkyl, and M is Li, Na, MgCl, MgBr, or Mgl

Germanium (IV) Precursors for GST Films

o cl MeaN Nivie,
N S {a} LiNMey
Ge - Ge
of by nBuyli _ &
cr €l +HNMe, HigaN NMa,
of {¢} 2HNMe-

Gell, + LiNR,

¢

Ge(NRa)y

R =Me, &1, 1P, t-
Bu or combinations



to yield digermane CVD precursors enabling highly efficient
Ge-containing fil mdeposition to be achieved, in relation to
NDNO- ger mane precursors. The germani um precursors of the
invention can contain a wide variety of |igand species as noieties

t hereof. Such |ligands may for exanpl e 40nclude, without |imitation,
allyl, benzyl, t-butyl, cylopentadienyl, hydride, phenyl, and al kyl.
Bi dentate am nes (e.g. N, Ndial kyl et hyl enedi am ne) can al so be used.
The ger mani-um precursors can be delivered in solution or suspension
in a liquid delivery tewmbmi que, using suitabl eR§&¥ent nedia, or may
be delivered fé vapﬁT_bﬁa§€—déspo%%g? F50f GECUEE?Tﬂfnﬁkﬁtﬁﬁsxby
solid deliwefy thechni ques, e"%? . descri bed Héfeitnabove in respect
of the antinony precursors 8RRy i nve 1AGHA In use as CVD/ ALD
precursors, the Ge precursor be deposited separately or in

conbi nation with other precursors, e.g., with Sb and Te conpl exes
such as i Pr3sh, Sb(NBH'3:5PraTe andFEUNR2) 2 to form GST fil ns.

Onei | | ustrati veger mani unpr ecur sorof t hei nventi oni s
Ge(triisopropyl)(nmethylethylam de), referred to sonetinmes hereinafter
as GePNEM Thi s precursor can be enployed to deposit gernmaniumon a
substrate at suit,abl e deposition protess caonditions, e.g., deposition
tenperatureNn 4 rangefgcir om 300C o 450C ag at pressure 24

rangi ng from®ybat nospheric—to super erig€l(e.g., in a range of
from about 8.5 %»gn to 15 atnosphgrgg| or nnke;ﬁ et out in Table
belowis a’listing of filmdeposition rate, in ngstrons/ m nute, at
varying tenperature and pressure conditions, for deposition of

ger mani unmewgircogespsitdiratyestetaaliyigdrhaniee BMiléxpr ecur sor, del i vered to the
substrate in a carrier gas flow of hydrogen gas at 200 standard cubic
centineters per mpute. Table |I. Film Deposition Rate of Gernmani um
Deposited at Varyipg Tenperature and Pressure Conditions Tenperature
( C) Tengggg;gje /T (K) Pressure 0.8 torr Pressure 8 torr 300

G

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

Grignard reagent R*MgCl, wherein R* is allyl

| i i
ML N Ci i NR2
A N/ A4
GeCly  + — - Ge E— /{39\
N N// \\CI N NRz
|
2 ¢ R R R R-M R
7 Ff
M R
~_. N/ .
/Ge\ Ge M =11, MgCl
M N'/ R
I
| !



0. 001745201 0.14 A/mn 0.35 A/mn 320 0.001686341 0.45 A/m n 340
0.001631321 1.32 Almin 0.8 Almn 360 0.001579779 1.48 A/mn 1.28
A/mn 380 0.001531394 2.4 A’lmn 2.7 kmn

21
Ge Precursors for GST Films
. . -Bu /f—Bu
GeCl-L + LiNFBu, —— ‘N—Ge—N
#Bu *-Buy

GeCly-l + 2Na{CeHz) — = Ge(CcHsla + 2NaCl

R R

| N
RN=C=NR + LR + GeCh-l ——» x—<{ \Gg/ }X
\N;f \\

Y
A

CiCHals C(CHy)s
WNH Y

- EiN AN o

GeCl; L e T R <4

NH -Et.NHC N
1 3

C{CHa}3 C{CHa):z

lzu

ii?HE}B {I:{QHS}S
~ . N

GeCl-L =+ ;\ M%EL { \Ge'
NL: N

EieHals SiCHals

ii‘?‘%}s C{CHals
o N

GeCl-L  + fl/ A, %(I/ “ces
\P;JLE \N/

C{CHal C(CHals

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

germanium-containing films include the following:

: T SiMe;  SiMey SiMes  SiMes
N—GE—N\ N—Ge—N H_,:C—G-E‘“C\“‘H

SiMes ‘BiMeg SiMe, Sitvieg



400 0.001485884 3.4 Aimin 2.3 Almin 420 0.001443001 6.8 A/mn 10.5
Ahnin 440 0.001403 6.5 Aimn GePNEM deposi ion with 200 SCCM H2

I n anot her determ nation of filmthicknesses of germani um achi eved by
deposition fromthe GePNEM precursor, deposition carried out for a
period of 16 m nutes gave the foIIomnﬁ@ results: (i) tenperature =
400C, pressure = 800 mllitomreactant gas H2, f|In1thickness = 57 A
(i) tenperatu e = 4009} ressure .= 800 I|ton- ctant as NH3,
11 ¢ hi okness Fvgig sEmiagiient of [ s, QB a0 Hrass afare b0
m || itorr psedefacCEDIAIGA $ori2ionf dfl CESTt hircKIn8S sSueh Bfecdlsors iRg @e KRBikizal by a
evidence the. sui;tabil] tymmSh\mﬁ%FM'for form ng germani um or

ger mani um cont ar ni ng T on substrates by vapor deposition

t echni ques. In varlous speci fic enbodi ments, the invention
contenpl ates a precursor m xture including gernaniun1precursor,
antimony precursor and telluriun precpirsor, wherein at |east one of

t he gernanlunlprecursor and antijnony precursor includes a |precufsor
selected fro nmop e Aeta f { mul ae (A, (|B) (O,

(D) and (E)(1)- (g@’(\\‘ll)_ideéc#.b her nabove_--;... (R NIGe

Ie

or Cl a CI
3
\\\;fﬁﬁ
H,Ga— w<

to form germanium complexes such as:

SiMes

————Wﬁi NM&E? ———"1 ' T

SiMes

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

deposit germanium-containing films on  substrates. Tetrakisamidogermanes and



25 H Antinony Precursors To form antinony-containing filnms, one can
use antinony-containing precursors, for exanple, antinony precursors
of the followng fornulae (A), (B) and (O : Sb(NRLR2) ( R3N( CR5R6) n\NR4)
(A) wherein: 12', R2, R3, and 124 may be the sane as or different
from one anot her, and are i ndependent |32 sel ected from C1-C6 al kyl,
C3-C6 cycloalkyl C2-C6 al kenyl (e.g., vinyl, allyl, etc.), C3-C6

al | cyl si

Cl0 a each of, 12.3 d may be the. s
Loyl ol YL ouCh0 Ay 12800 0 122 a0 £y {7 \aBtnaE Wl o egieg bubbler
hydr ogen, inchd€6 fal kydample3- GENOg),,0 abd(WEMeR2 - m(thgngPr3(Gﬁ:1,g iPr;@ENME,,
al |yl et and mi.§ an |nte er
from 1 ¢ oaaenEREaud e BEipl Yo ot PP soretbin s BiRa et T Hen
and R3 nmaye badilymeagsamiy®d Achergipdrinémetrit teEhmbyme Gne, taniotch@ning a]ia(drzamnspon

depend | C3-06 cycl oal kyl, C2- 06
:aunkgﬁiln (egﬁdeyat%gipﬂ&fc%g‘“’s% ré)ﬂ]a%%?)%ﬁl%é%k& Al Kyl silyl . and GB.CLO

aryl; each of Inespagitic ¢Rb@immis dezctmraivgapreciasorsor! thé pfesane mverftion nprisng

an ogg egygsngg'sﬁgsm@&pq%ggggl s}ﬂbs%irfxlex?g::gr%qn REAPLIN YRR v b e gue to
al kyl si | ythe aaikity o’e“:ew@mroarlwbsn@mus e pefligesn dbpian, fsichy eliaing

i ncl usive lonsméreﬁ ﬁ&@%ﬁ%)tzon ( &%cess & the %rrﬁa@ﬂm; %regurg(ﬁ'y wWitRouk tl)?odﬁaﬁéa

as or different fromone another and are independently selected from
hydr ogen, Signfieast arhepresides. cs5 cycl oal kyl, C2-C6 al kenyl (e.g., vinyl,

allyl, etc.), Hiogn cob@mfsl @hkelusd ;Lrydurso@@f@;bqn@w&n 108 the NRAHRR benefit i in
V\/nerel n each of .12. 4O?nd R5 is selected from am)n%\?H and Cl-C4: and n

s an i nt BBPPHGHIE of Gedaiingspys fgerporation of hitrpaen in Aipgiiilmy dn i TSRS
aspect r ehmit BSiobed GST mRARYLs At Sivkrylesed Rk BN YheRbE CRULERY & 1OFer te@fifftihie
(D): (R4) 2l ELRRER3L 3 (D)

As an additional advantage, various germane precursors of the invention undergo
hydrogermolysis coupling reactions to form Ge-Ge bonds, via the reaction
R3GeNR’; + R3GeH — R;Ge-GeR,;,
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, cylopentadienyl, 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,
iPryTe 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
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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 NH;, film thickness = 94 A; and

(iii) temperature = 400°C, pressure = 8000 millitorr, reactant gas IH,, 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 formuilae (A), (B}, (C), (D) and (E)}I)-(XVTI) described hereinabove.



can for exanple be synthesized according to the foll ow ng reaction
schenme (A): Sb-N-R4 R3-N 28 and the antinony precursor of
the general formula (B): W Sb-N-R3 R2-N can be synthesi zed
according to the follow ng reaction schene (B): SbX3 + RIMgX +

Li (RRN(CR4125).NIV) R1 Sb-N R3 R2-N &5 by the following reaction
schenme (C): SbX3 + nR2(CR4le) R3NSi M3 X Sb-N-R3 R2-N 29

I1. Antimony Precursors
To form antimony-containing films, one can use antimony-containing precursors, for
example, antimony precursors of the following formulae (A), (B) and (C):
Sh(NR'R*)R’N(CR’R%),,NRY) (A)

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;-Cg cycloalkyl, C,-Cs alkenyl (e.g., vinyl,
allyl, etc.), C3-Cg alkylsilyl, C¢-C)g aryl,

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

m is an integer from 1 to 4 inclusive;

Sb(R'}R*N(CR'R%),,NR?) (B)

wherein:

R', R?, and R® may be the same as or different from one another, and are independently selected
from C,-Cg alkyl, C3-Cs cycloalkyl, C,-Cs alkenyl (e.g., vinyl, allyl, etc.), C;3-Cy alkylsilyl, and
Cg-Cyg aryl;

each of R* and R® may be the same as or different from one another and is independently selected
from hydrogen, C;-C; alkyl, C;-C; cycloalkyl, C,-Cs alkenyl (e.g., vinyl, allyl, etc.), C5-C;

alkylsilyl, and C4-C g aryl; and

m is an integer from 1 to 4 inclusive;

Shb(R")1..(NR’R?), ©

wherein:



+ RRMJX RL Sb-N R3 R2-N (CR4RS)n, The antinony precursor of
the general formula (C) can be fornmed by synthesis in a correspondi ng
manner. The antinony precursor of the general formula (D), having the
followi ng structure: n(R4) (ERL RRR3)(3-n)/2 Sb ERL R2R3)(3-n)/2 E =
Ge or Si can for exanple be synthesize® according to the follow ng
reaction schenes (D), when n is zero, or (E), when nis 2: E = Ge or
Si 30 wherein X is halo (fluorine, bromne, chlorine, iodine).

In the foregoing synthetic exanples, RWX and RLi can be used as

al t er nat i v& Rynd Résiag be hagamt &.or different from one another and are independently selected

from hydrogen, C,-Cs alkyl, C;-C4 cycloalkyl, C;-Cy alkenyl (e.g., vinyl, allyl, etc.), silyl, C3-Cgq
alkylsilyl, Cs-Cyo aryl and -NR'R®, wherein each of R* and R’ is selected from among H and C,-
C4; and

n is an integer from 0 to 3 inclusive.

The invention in another aspect relates to germanyl and silyl antimony precursors of

formula (D):
(RYSHERRRY);., (D)

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;-Cq cycloalkyl, C;-Cs alylsilyl, C4s-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.

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



As specific exanples illustrative of precursors of the invention, the
precursors Sb(NMeEt)3, Sb(CH=Cwe2)3, Sb(CH2CH=CH2)3 and Sb(Nwe2) 3
wer e synt hesi zed and characteri zed. The precursors Sb(Nwe2)3 and
Sb(NMeEt )3 were determ ned to exhibit 2ghot osensitivity and therefore
to require storage in a container prot€cted fromlight exposure or in
ot her photo-resi stant packaging, to avoid |ight-induced deconposition

t her eof Sl m | onsi der.ations. are applicable to S CMVe2 nd

b O 2Oy s e MRS B i € o7 R iBrscie Bughers PosohufEEes

spectrum mfdeﬁb(le\/bEt ) 3 and FIG 2 shows the nuclear magnetic

resonance speciy u mul t aneous

t hermal anal ysjlfhs tsé Sﬁjeclvﬁ %D§VenttCﬁ@g%mfoﬁgorﬁrpé'gwlg ?‘nzlmo’é‘}b]frﬁﬁ%séf grfor

be( N{\/_EZ) 3$§emﬁc WthIDhY plectc@mfla@mbmlamrmgrtahﬁr getoayiuf ) tell&x]ni px'fctxﬂdrsama;a
unction ition

cl asses O? rae%?gprr%%e%ﬁ{%(g “Glhgloglggﬂlﬁ of ¢ l%eg'r Eg‘ @%ﬁ éhe (gsclcr:';ure l’%g to s€ ect an

pr ecur sor eppsapgaty Lﬁlltgéﬁb kemfopent g emiltiple ocrompnlg:nGSGTvm | meljum rforc bﬂl}ldj rfetiveon

with the rsors.

Such addi {Tonal oL LaTpe: PARTBRHR ol S iTRREL" Ph0se of

formlae (F), Ja@priong epnbodimgnts, prhgre Eh@ I"(D‘tlmf(ﬂlz)ﬂ‘ea?fépl‘(lﬂv}i a splgd stpsd, ia pelid dolétenv.

(F) am ni dafgsm RﬁQMlhgé%lt e d@rﬂgrylﬁ QY e@zﬂﬁﬁl%' Rﬂ%mﬁ'&%@ sha¥ MUbRexample the ProE-

| enSb[ RI N wher ei n; where each and I's 1 ndependently
sel ected V# %ﬁﬂﬁ@vw andy vapgyizgy Rytem cesmerfeﬂﬂwzfaikaélp Wipm AGsU.dro. By,
and -Si (%br&emja@trgsg each R3 is independently sel ect ed fromCl -Co

al kyl; each X is independent|ly selected fromanong C1-C6 al koxy
-NRARG, and - IOV ImONNRIFRTHSSAdIF 'BYenpap capde afige 'F%Bedi i Ch‘a‘é“p%fn’a%rﬁ?‘l“‘}ﬁ
sel (ect )Ed idbﬁtmlelnks ﬁﬂnme&kdﬁy lfqnngﬁc Eéleut(h)éf‘elrﬁﬁdvlkytb ,prcfjﬁﬁi;e@&@rediﬁhékactcﬁfﬁgs Iof
-Si(R3)3 nde ent sel ecte rom Cl- C6. a
B SR AT et T e S

- NR8R9, amhpoﬁﬁ(naar):nﬁlrsomt}eﬂeml n each of R8, R9 and RI is |ndependently
selected from : C10 cycl oal k

S (1293, anditeciroy oo E RR R R saliald) § Yhnaferayes
fromCl -Omclaﬂlkglihosea}n@rlbpdlbsloafn integer fromO to 3 (G) tetra-al kyl
guani dat es of R4)N) 13-ii wherein: each
of R' and R2 ?%%Pﬁﬁgﬁk%%rﬁ(?%g%g%%ﬂa@ﬁ%gﬁgarmng H C-Co al kyl,
C5-00 cycl oal kyl, C6- C10 aryl, and -Si (R9)3 wherein each RI is

i ndependent |y sel ﬁngz fromCl -Co al kyl ; each of 125 and R4 is

i ndependently sel gct ed fromH C-Co alkyl, C3-G 0 cycloal kyl, Co-C o
aryl, and -Si (R9)B wherein each R9 is independently selected from
Cl-Co al ky| ; Sb_N._R4

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

NR'R?)

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



each R5 is independently selected fromanong Cl-C6 al koxy, -NR6R7,
and -C(R8)3, wherein each of R, |le and R8 is independently sel ected
fromH C-Co alkyl, C5-Cl10 cycloalkyl, C6-00 aryl, - Si(R9)3, and

- Ge(R9) 3 wherein each RO is i ndependently selected fromCl -Co al kyl;
and n is an integer fromO to 3. (F1) 28arbamates and t hi ocar banat es
of the fornula: 12.4"SbREC(X)E]3." wherein: each Xi s independently
sel ected from anong Cl1-C6 al koxy, -NRIR2, and -C(123)3, wherein each
of RI, R2 and R 3 is independently selected fromH, C-Co alkyl,
C3-C10 cycl oal kyl, C6-C10 aryl, and -Si (R5)3 wherein each R5 is

i ndependently selected fromCl -Co al kyl; 32 each R4 is independently
sel ected fr Cl- C6 Ikox N12 and -C(12.3)3, wherein
each of ﬁﬂ%nalﬂgr%o cPrﬁgrsFrsoln %%arlld)er P]Ia seI ected fromH, Cl-C6

al kyl, C5-C10 cycl oal kyl, C6-Co aryl, and -Si(R5)3, -Ge(R5)3 wherein
each R5 is independently selected fromCl-C6 alkyl; Eis either 0 or
S; and nis an integer fromO to 3; (1) beta-diketonates,

di ket oi m nat es, d diketiimnates, of the formul ae:

[ OC(123) C( X) C(R2) P13, nSb(R8),, [OC(R3)C(X)C(122) N(R1) 13.,, Sb(R5) 11
[12. 41\ I C(R3) C( X 313, Sb(R5)"

[ (12.3) 0C(=0) C( ¥ U R2yS13, Sb(R8) " where each of RI,R2, 123 and R4 is
i ndependen3~—pel ected fromanong H, Cl1-C6 al kyl, C5-C10 cycl oal kyl,
C6- C10 aryl, and - dp@ﬁ)ﬁ wherein each R6 is |ndependently sel ected
fromCl-C6 al kyl; each I's i ndependently sel ected from anong Cl-C6

al koxy, -NR612.9, and -C(12.8)3, wherein each of R6, 12.2 and R8 is

i ndependently selected fromH, Cl-C6 al kyl, C5-Cl10 cycl oal kyl, C6-C10
aryl, and -Si (R6)3 wherein each 12.6 is independently selected from
C1-C6 al ki be SREHAsi R ab&)rdd]gq@%rfgﬁ)mﬂg}fea%ﬂmes@ﬁ&& (Bj.om anong

guani di nate, am nidate, isoureate, allyl, C-C6 al koxy, -NR91219, and
-C(1211) 3, wherein each of RO, Rua and 12.'' is independently
selected fromH, Cl-05 al kyl, C5-Cl10 cycloal kyl, C6-C10 aryl,

- Si (R6) 3, swnd r'SRERE)IGRWER'RI)INRACh R6 is independently selected from
Cl-C6 alkyl; and nis an integer fromO to 3.

R1
/Sb“""“‘“*l‘\l——R3
R2'—'N\ /
(CR'R%)m

or by the following reaction scheme (C):

SbX; + mR*(CR'R’) R’NSiMe; —

i
/Sb_N—"‘R3
RQ__N\(cé‘*RS)m



33 (i): RA"Sb[RINC(X)C(R2R3)]3.,, (ii): RASb[(1240)NC(X)C(R2R3))] 3,
(iii): RA"SbRRI R5) NC(X) C(R2R3)) 13, (iv): R4ASBRONC(X)C(R2R3))] where
each 124, R2, R3 and R5 is independently selected fromanong El, Cl-C6
al kyl, C5-C10 cycl oal kyl, C6-Cl10 aryl, and -Si (126)3 wherein each R6
is independently selected fromCl-C6 a%yl; each X is independently
selected fromanong Cl -Co al koxy, -NRIR2, and -C(R3)3, wherein each
of 12', Rgr algd R3 is independently selected fromH, Cl-Co alkyl,

C3- C10 cydlRo¥fRy” ©B8-C10 aryl, and -Si (R6)3 wherein each Ris

i ndependent|y sel ected fromCl-Co al kyl; each R4 is independently
selected from armﬁg guani di nat es, am ni dates, isoureates,

bet adi ket onat es, di ket oi m nates, diketiim nates, Cl-C6 al koxy,
-NR7128, and -C( 3, whepgin each of R7, R8 and R9 is independently
sel ected fromH, - al kyl, C3-d o cycloal kyl, C6-C10 aryl, -

Si (R6)3, apel = R6) 3/ wherein each R6 is independently selected from
Cl-C6 al kyl; and Lé integer fromO to 3. (L) cycl opentadi enyl
(Cp) antinony conpotinds \)/%erein the Cp noiety is of the fornul ae:

wherein each of R, R2, R3, R4 and R5 can be the sane as or different

fromthe other nd each is independently selected fromanong . .
yar ogen, G - O R Bikebr 57 I EPRE e ® L EHGR PG & Bihasi in o
al koxy, Cgoer@€spoaflikgmgiey| , C2-Cl2 al kenyl, RLR2NNR3, wherein |'24, R2
and R3 may be Lf.f . ther .an his
i ndependent |y h%} HE%F%CP? %Hgg’rrogl%{eé%e@%oé{“&lg @fgaﬁl(ﬂ%g%n%gon"flg% slqrélgtﬁ%s

i ncludi ng functional group(s) providing further coordination to the
antinmony central atom and sel egéﬁdRi,{{%m anong am noal kyl ,

al koxyal kyl , aryl oxyal kyl, im doalkyl', ’8f¥2acetyl al kyl, having the
foll owi ng fornul ae: am noal kyl $ wherein: the nethylene (-CH2-)

moi ety could alternatively be argy her dival ent hydrocarbyl noiety;
each of R1-124 is the sane a;@’r N ferent fromone another, with
each being independently cted fr ydr ogen, C1-05 al kyl
and C6-Cl10 aryl; each ofn(%g'gand R6 is tﬁng[qg;ga '”g or different from
the other, with each being independently selected fromanong G -C6
alkyl; n and m are each sel ect B¢ Gadepiendent | y as having a val ue of
fromO to 4, with the proviso that mand n cannot be 0 at the sane
time, andca forsxsadlebd sathésizednctotdmg g the following reaction schemes (D), when n is zero,

or (E), whennis 2
(ER'RZR®)3.)2

Sb

NasSb /(LisSb) + (3-n)E(R'R?R®)X —> / \
ER'R?R?
(nis 0) (R ( enz
(D)
(RY)

E(R'RZR3)X l
Sb(R%); +2Li — = Sh(R*),Li - Sb\
@is2) (R4)/ (ER'R?R?)

E=GeorSi
(E)



al koxyal kyl s and aryl oxyal kyl s wherein each of Rl-R4 is the sane as
or different fromone another, with each being independently sel ected
from anong hydrogen, Cl-C6 al kyl, and C6-Cl0 aryl; R5 is selected
from anong Cl-C6 al kyl, and C6-Cl10 aryl; and n and m are sel ected

i ndependently as having a value of frc#® 0 to 4, with the proviso that
m and n cannot be 0 at the same tinme; 35 R3 d-410111 R2 R4 and R1R3

-(eni-B (B RS %is halo (il SOBLKYYe. 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=CMe,);, Sb(CH,CH=CH,); and Sb(NMe,;); were synthesized and
characterized. The precursors Sh{NMe,); and Sb(NMeEt); were determined to exhibit photo-
sensitivity and therefore to require storage in a container profected from light exposure or in other
photo-resistant packaging, to avoid light-induced decomposition thereof. Similar considerations
are applicable to Sh(CH=CMe,); and Sh(CH,CH=CHj)s.

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 simultaneous thermal analysis (STA) graph for these two precursors,
Sb(NMeEt); and Sb(NMe,); in which percentage thermogravimetry (TG) is plotted as a function

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),
D), (1), (K), (L) and (M), as defined below:

(Fy aminidates, guanidates and isoureates of the formula:
R7,Sb[R'NCONRY ;..

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

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;-Cs alkyl, Cs-Cyo cycloalkyl, C4-Cyp aryl,
and -Si(R*); wherein each R is independently selected from C;-Cg alkyl;



wherein each of RI, R2, R3) R4, R5 is the sane as or different from
one another, wi th each being independently selected from anong
hydr ogen, Cl-Co al kyl, and C6-Cl0 aryl; each of Rl', R2' is the sane
as or different fromone another, with each being |ndependently
selected fromdC -Co al kyl, and CB- C10 3éryl and n and mare sel ected
i ndependently fromO to 4, with the proviso that mand n cannot be O
at the sane tine; acetylalkyls wherein each of 12.1-R4 is the sane
as or different fromone another, with each being independently
sel ect ed &acb®’ armﬁ&genldwly@gmn:d ot DEong kg alkm&}ﬂ]ﬁ‘ﬁ{mﬂd ar(yl”j;, \Rﬁrehm‘each

selected f 9 0

and n and® jfn}gaf’:‘}r{eangie elétle md%‘eﬁse%}éeﬁtﬁio% (r)ﬁ@h%'i C&%“’V\ny% nyflffe@¢<

t hat m an8i(k’)£ amin6t(Rbe wherein each®’ Samependently selbnezdeiom Gedy-2Bpyl; Iancgand( s)
of the antinony Cp compound can optionally include Iigands sel ected
fromthe group consisting of guani di nates, am ni dates, isoureates,

al lyl's, beisandittest oomafés3; di ket oi mi nates, and diketiimnates; and (M
al kyl s, al koxi des and silyls with pendent |igands, of the fornmnul ae:
(i): R50Sh (11. 1IR2) N(C112) , X(RIR2)]13-. (ii): R50Sb'122)N(CH2)S i (R
IR2)13-0 {4 )lf?tﬁﬁ'allﬁéﬂ%ﬁbﬁtm@bﬁrﬁ?@q@) A 3-. where each of R and R2 is
i ndependent I y seI ected from anong H Cl-Co al kyl, C5-C10 cycl oal kyl,
Co6- C10 ar Q‘S:H?S)S wherein each 123 is |ndependently sel ect ed
from Cl - (&R NIRRT | ndependent |y sel ected from anong

guani di nat es, am ni dates, isoureates, betadi ketonates,

di ketoi m nates, diketiimnates, Cl -Co al koxy, -NR612. 7 and - C(R8) 3,
wherein e¥BHEBf RP, R7 and RS is i ndependent |y sel ect ed fromH C-06
al kyl , CbhedcH Of Rﬂ/ﬂ{d@ﬁ1k§bﬂepeﬁn@ﬁle@tﬁd{fmmamﬁigm 255 aRRIgCs- a%@ﬁﬁ)aﬁcyl Cs-

wh i h iS.i d | i
e er b SRR, GRLRY s SRraRagly R Fom QR 1 omy ' 2"

precursors of a general type within the foreg0| ng cl asses (F) (M

var i ous + HEELSRER R HoBRadcHEy 1L, B BN o BB R B

i n exact mﬂr—ﬁé&pwﬂldenmcw tlhmtidivendsutmiect@rémm ﬁuﬁ?békylngs |n t he above
formul ae, but nonethel ess reflect the substituted positions in

general fashion, which will be understood in reference to the above
def i ni ti ofpsh Bf istrndepesdesdy pelagtedl fromamophie:- CelhospsNROR ', aridoRER" bf whersin each

associ at egk {roRBHHRES- independently selected from H, C,-Cy alkyl, C5-C,q cycloalkyl, C4-Cyo aryl, -
Si(R%);, and -Ge(R®); wherein each R’ is independently selected from C;-Cy alkyl; and

n is an integer from 0 to 3.

(H) carbamates and thiocarbamates of the formula;
R4|ISb[(EC(X)E]3-n

wherein:

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



37 R3 AR Aincluding the following illustrative conpl exes:
N(CH2C Sh

32

each R*is independently selected from among C,-Cs alkoxy, -NR'R?, and -C(R?)s, wherein each
of R, R? and R? is independently selected from H, C;-C; alkyl, Cs-Cy cycloalkyl, C4-Cig aryl,
and -Si(R);, -Ge(R5 Y1 wherein each R’is independently selected from C,-C; alkyl;

E is either O or S; and

n is an integer from 0 to 3;

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

[OCRMC(X)C(R)OL.,SHR),
[OCRHC(K)CRINR)]3..Sb(RY),
[RNC(R*)C(X)CR*N(R)15..8b(R),
[(R)OC(=0)CX)C(R?)S]1Sb(R),

where each of RI,RZ, R*and R* is independently selected from among H, C,-Cq alkyl, Cs-Cyq
cycloalkyl, C¢-Cyg aryl, and -Si(R); wherein each R® is independently selected from C;-C alkyl;

each X is independently selected from among C,-C; alkoxy, -=NR°R’, and -C(R8)3, wherein each
of Rﬁ, R7and R%is independently selected from H, C,-Cy alkyl, Cs-Cyq cycloalkyl, Cs-C;p aryl,
and -8i(R®); wherein each R® is independently selected from C,-Cg alkyl;

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

n is an integer from @ to 3.

(J) allyls of the formulae:



(H2Cr - - HCH2C) 2NN' N N( CH2CH=CH2) 2 anti nony am des of the formul ae
antinony (l111) alkyl/am no precursors of the fornulae: 39 and
stibenes with gernmani um ani ons, of the fornul ae: The
antinmony precursors of classes (F)-(M are usefully enpl oyed for
deposition of antinony at |ow tenperatd¥re with reduci ng co-reactants,
e.g., reactants such as hydrogen, 112/plasma, am nes, im nes,
hydr azi nes, silanes, silyl chal cogeni des such as (Nb3802Te, ger manes
such as GeH4, ammoni a, al kanes, al kenes, and al kynes. The

ant i nony pyéﬁﬂbﬁﬁmeoﬁﬁgﬁhbhgelivered for such deposition via liquid
delivery e precursors that are liquids may be used
i n neat §qgghﬁ§‘ﬁﬁng fsors that are solids or |iquids may be
deI|vered@nhRéswﬁlR@N@G@CG§E§M&nS|ons in conbination with suitable
sol vent s, ﬁ%?p | vents (e.g., hexane, heptane, octane, and
pent ane), (§V§$bgéﬁ%§% F@ﬂ , benzene or toluene), amnes (e.g.
triethylamne, tert-butylamne), imnes and hydrazines. The utility
of specific solvent conpositions for particular antinony precursors

can be reggit YacRMPRF, m@@hd g lgiﬁlh@femeﬂ@,dseleh@d §§[h%bn@@ @}Ri% aﬁk?lf b?&%

single conponent or. mul tlcoqg onent ol vent nedi um for
del ivery ©4pBivzartoaaded % ﬂsﬁ@?@nﬁﬁhﬁhﬁ“§b@@ﬁ?ﬁ%sﬁﬁﬁﬂﬁ@ﬁyclCﬁﬂhﬂ
precursor that is enployed. In another aspect of the

S0l  d pr obtsE Sof AT I SO S0y e oo TROr oo sl CYEgE I e
del i ver edot R, R’r@d@éﬁmpdnmug E’bﬂéf&ﬂl’frofn(l{ d.ax mkﬂgcaomamdaf@nwé-gro aryl, o
anti nony- con tr _precursor may be
packaged P8I g@% ‘{’}%Eeé“ Taﬁrﬂg P ‘Fpﬁ “ﬂ:@ 8‘?%%%?# %@ai tkage of suitable
character, such as the ProE-Vap SO|Id delivery and vaporizer unit
?8?28{)?Ing‘up%_{ggu%dlesé%d&tlggcl)x{eae@-sﬁelgl ualn}ong gja(l%%ates a¥ﬁnl &/ﬁ%%%t Eﬁa of S-tl;he
Sb/ Ge, Shfikgomtrd, didSPithinktas diketiiminates, Wfr@malkwmlﬂi & pncbfﬂﬂRs)aowheran eachpf a
l'iquid st ﬁt ®# Kfcn@{s Hgéf;e@ntﬂﬁsgﬁctg@ﬁorh '— a dj %r(}/c Elealﬁﬁ Ié:}?ld or

form ternativ en suc precursors ar

sol i d st aBiéR")s ey Gey)s b{éef@ﬁmcb%edimd@@d@tﬂabﬂ@t@dtme@nt%ﬁ alkyrk aai sol ution
or suspension of the precursor. In specific applications, suitable
sol vents for such pur ose i ncl ude al kanes (e.g., hexane, heptane,

oct ane anﬂmﬁéﬁﬂﬁﬁég fad solvents (e.g., benzene, toluene), anines
(e.qg., triethylam ne, tert-butylam ne), |nines, hydr azi nes and

et hers.
(L} cyclopentadienyl (Cp} antimony compounds wherein the Cp moiety is of the formulae:

wherein each of Ry, Ro, R3, R4 and R can be the same as or different from the others, and
each is independently selected from among hydrogen, C;-Cy; alkyl, C,-C, alkylamino,
Cs-Cyg aryl, C-C\; alkoxy, C3-Cy 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



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 approp4 ate singl e conmponent or
mul ti pl e conponent sol vent nedlun1for liquid delivery vaporization

and transport of t ) fic cursor onent nyol ve -
The anti nony p?e(l:e&?Egr(S’Pjgg 4: ar“ﬂ'é ﬁ\?gﬁf’?‘[d}gmﬁgﬁn n q?‘%f’ oTalYJﬁE’BP( oviding
choi ce of apprﬁmmmabad&mhﬁnbumaﬂmﬁmwwmﬁhlmmhhmdbﬂaﬁﬂﬂﬁ@mmm&@an&ehmﬂut

h b t de .d d f t |. bility,
Dol oty e B O SRI C R RARO R S ek TGt g B MRS B |

a mul ti-conmponent precursor system The antinony precursors of
the invention are readily synthesized, by synthetic routes including
t hose described bel owy hq%gntlnnny precursor of the general formula
(A): 41 INRLIR2) Sb- s),, can for exanple be synthesized
according to the foI ion scheme (A): (NR1LR2) Sb-N R4 /
(CR*R6), SbX3 + Li N(C125119), "NR4) -> and the anti nony
precursor of the gene aI rnula m: W Sb-N R3 R2- N
% H 2

F T’s /C‘;\{ .

LT \ "

C ot FoH

b | Mk | dim !’ \ Hf _’;‘; 3;}3‘:

Rz Fa o

aminoalkyls

wherein: the methylene (-CH,-) moiety could alternatively be another divalent hydrocarbyl
moiety; each of R,-R, is the same as or different from one another, with each being independently
selected from among hydrogen, C-Cg alkyl and Cy-Cyg aryl; each of Rs and R is the same as or
different from the other, with each being independently selected from among C;-Cgy alkyl; n and m
are cach 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 ! to 5;

O—n

o
=}
ol

Flas i

hn—
] —{ 3——1)
Q
a

= L

alkoxyalkyls and aryloxyalkyls

wherein each of Ry-Ry is the same as or different from one another, with each being
independently selected from among hydrogen, C,-Cq alkyl, and C4-Cq aryl; R; is selected from
among C,-Cs 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;



can be synthesized according to the follow ng reaction schene (B):
42 R1 Sb-N-R3 R2-N or by the follow ng reaction schene (C): SbX3 +
MR2( CRAR3) R3NSi Me3 -4 X Sb-N-R3 / / (CR4R5),, + 1231\4gX -> Rl
Sb-N-R3 R2- N The antinony precursor of the general fornula
(C) can be fornmed by synthesis in a cd¥respondi ng manner.

{Chs (T}ncl: N—R;’
R, Ry Rs
and
Ry R
1 3 Ry

imidoalkyl
wherein each of R, Ra 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,’, R, is the
same as or different from one another, with each being independently selected from C,-Cg alkyl,
and C¢-Cyg aryl; and n and m are selected independently from 0 to 4, with the proviso that m and

n cannot be ¢ at the same time;

Ry Rs

Loy
\C/m\|n C

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-Cs alkyl, and C4-Ciy aryl; Rs is selected from



The antinony precursor of the general fornula (D), having the
follow ng structure: 43 (ER1L R2R3)(3-n)/2 Sb (ERIR2R3)(3-n)/2 E =
Ge or Si can for exanple be synthesized according to the foll ow ng
reaction schenes (D), when n is zero, or (E), when nis 2:

(ERLR2R3) (3-n)/2 Na3Sb /(Li3Sb) + (3-mPE(RIR2R3)X (nis 0) Sb
-NN(ERIR2R3) (3.)/2 (D)

among C,-Cg alkyl, C4-Cy aryl, and C,-C;s 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:

(i): R%Sb[(R'R)N(CH)mC R 'R)]5n
(ii): R*.SH[(R'RO)N(CHy)nSHR'RH;.0
(iii): R%Sb{(R'RHN(CH2)nOTsn

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

each R’ is independently selected from among gnanidinates, aminidates, isoureates, beta-
diketonates, diketoiminates, diketiiminates, C,;-Cg alkoxy, -NRR’, and "C(R8)3, wherein each of
R® R and R® is independently selected from H, C,-Cs alkyl, Cs-Ciq cycloalkyl, Ce-Co aryl, -
Si(R%);, and -Ge(R"); wherein each R’ is independently selected from C,-Cy alkyl;

n is an integer from 0 to 3;

m is integer from 0 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,



E=C or S (E) wherein Xis halo (fluorine, brom ne, chlorine,

i odi ne). In the foregoing synthetic exanples, RWX and RU can
be used as alternative synthesis reagents. As specific
exanples illustrative of precursors of the invention, the precursors

Sb(NMeEt ) 3, Sbh(CH=CMe2)3, Sb(CH2CH=C1#7)3 and Sb(NMe2)3 were
synt hesi zed and characterized. The precursors Sb(Nwe2)3 and
Sb( NMeEt ) 3 were de&ern‘i ned to exhibit photosensitivity and therefore
to require storage ikn a container protect®d fromlight exposure or in

ot her photo-re istap‘tzhp* ckaging, to |avoid Ifhght i nduced peconposijti on
thereof. Simlar eofysiderations are |applicaple-jo Sb(CH= Boarnt.q 4
% 441:&_ %EI“G 1 sho ’R&h%nu edrn magnet i ¢\ . *

.the nuclear® 3=

Sb( CH2CH=CH2) 3

resonance spectrum dgf~ Sb{NMVeEt)3 and FIG 2%, 5

magneti c resonance’®*spectrum of Sb(NWe2) 3. FIG 3 is a

si mul t aneous thermal analysis (STA) graph for these two precursors,
Sb(NMeEt ) 3 and Sb(NMe2) 3, in which percentage thernogravinetry (TG
is plotted as a fungtion of tenperatureys in degrees Centigrade. IgHl.
Tel [urium Precuysors 0 The fol |l owing are representati /
tellurium precursors/that™ can be used in/the nethods descr ;PEETN-\‘
herei n: RETel ti |1 vher g PRI and ey be| R, samdy r o SRS,
different fromlone anathef), zgnd are i ndepen L}é sel ecgt ed fi\f‘am ng
H, Cl-C6 al kyl, C5-G10 cycl oal kyl C5-C(]% aryl, dnd -Si (R3)3 &t ei 10
each R3 is i ndepenopént |y seII{Bect ed fromEC1-C6 ®l kyl ; Rl Te(NR2R3) X1V
wher ei n:

P O'.
:_‘ j;swn
- 3-n
R? R1O\ ‘5R5RN\ o\e
N
[x (o [sbRY, [x R {x ]SbR“n x—{e | sore
S 3.n 2 130 x__Rz 3 - 3-n
R3 R3 R3 R3
A B C D
Pl

[
E o=
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R, R2 and R3 may be the sane as or different fromone another, and
are independently selected fromanong H, Cl-05 al kyl, C5-C10
cycloallcyl, C5-C10 aryl, and -Si (R3)3 wherein each R3 is

i ndependently selected fromCl-C6 al kyl; R Te-ffeRz XV wherein: Rl
and R2 may be the sane as or different3%rom one another, and are

i ndependently selected fromanong H, Cl1-C6 al kyl, C5-C10 cycl oal kyl,
C5-C10 aryl, and -Si (R3)3 wherein each R3 is,independently sel ected

from Cl- C6 al kyl ; R?{Sﬁ Q her tell Lﬁ‘ﬁuﬁ conpl exes inclyde those
wi t h bet a-di keti m nate_ligands, which ov;ré% me the prabl ens many
tellurium prectr US i n depositfi on appli™Ngations 3re, 5
oxygen-sensi ti ?5’?@& ‘Ité hI;[slensi ti ve{,:”(gh h8veSaR unpl engs hodet PR By
base stabilization w et adi ketimiinate [y s, atelluri

3-n
precursor is obtaingd\of "a hi ghly stabl ezchsar]a Ter with iﬁp’r ed
handl i ng and shel fRTi fR characteristicsRrediced odor, an& suf¥icient
vol atility for deposition applications. The tellurium
di keti mi nate conpl ex#ts described herein can e used for CvD AL 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-Sb-Te filnms in varied conpositions. A general procedure to
synt hesi ze di keti m nate |igands has been described in the literature,
but such pr OCGQUlEﬁnéﬁle?dug@/ng%ﬂk@ﬁQ%n &kpce very bul ky aryl
substituents on the coordinating mtr&jgen atons are required.

In contrast, we have djscayvered that smallr abkyl |igands as

i so-propyl, n-butyl, teifbutyl or am ne-subs¥ituted al kyl groups, as
for exanpl e ethyl ene-di rfet hyl am ne, can be advantageously used to
produce superior tellurbBum di ketimnate pr sors for CVD/ ALD
applications. Smaller~substituents on th nit%‘g n _donor atons

provi de sufficiede~yol atilitly o forfirgdod films’at™ | ow tenperature.
The ligands L can b& used as¥the lithiufisalt or"fn a free imne form
to synthesize the desired Te conplexes. The lithiumsalt of the

| i gand can be reacted with TeX4 (wherein X = C, Br, |) to generate
LTeX3 by salt elimnation, whicgh-gan,then be reacted with either a
lithiumor a Gignard reagen}' técgfig-idﬁfce LTeR3 (wherein R = al kyl,
aryl, amde, silyl). ternatively the free imne formof the
| igand L can be reacted wn/t/h telluriumorgani c conpound such as
TeMed to produ&g@%@g@ red Te spmeieschfieMe3 by net hane
elimnation. The diketimnate |igands provide very effective base

st abi | i zat i on wkimopeamidesef hedormleal center tellurium The invention
therefore provides a new class of Te conpl exes that provide greater
stability and shelf life while retaining sufficient volatility to
formsuperior T M i onal
tellurium conpk (r):
46 k7 R3 Rry &

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



wherein RI, R, and R3 they be the sane as or different from one

anot her, and each is independently selected fromCl-Cs al kyl, C6-C10
aryl, silyl and Cl1-Cl12 al kyl am ne (which includes both nonoal kyl am ne
as well as diallcylamne); and wherein RI, R2 and R3 they be
the sane as or different fromone anot3er, and each is independently
selected fromCl-Cs al kyl, C6-Cl10 aryl, silyl and Cl-Cl12 al kyl am ne
(whi ch includes both.nonoal kyl amine as wel | as dial kyl ani ne).

The bet a-di ket i .

fol l ow ng proce

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,
H,/plasma, amines, imines, hydrazines, silanes, silyl chalcogenides such as (Me;Si),Te, germanes
such as GeH,4, 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 foluene), 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



+2 RNH2 1. HO 2. Na2CC3 HN
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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 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
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):



with R= alkyl, aw, silyl, alkylamne /11(-BulLi The tellurium

conpl exes then can be synthesized by the foll ow ng reaction:
alternatively by the follow ng synthesis reaction: , R2, R3
awl, silyl, alkylam ne 48 or Qy the foll owi ng synthesis
1

al kyl ,

reaction: R 2

NR'R?)
Sh——N—R*
R3 N
TNCRRY,,

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

(NR'R?)
Sh——N—R?*
o/
(CR°R®)p,

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

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

R1
/Sb—N——R3
R2_—N\ /
(CR*R%)nm

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

SbX; + R'MgX + Li(R*N(CR'R*),.NR}) —

or



IDp, R R, RI, NHNR3 = allcyl, RR -2 R ..", R3\ + TeR I, NI

Tefi/ / \ 11 N112 1 | " ..... t.) R2
42
R1
/Sb—N—-RS
R2"_"N\ /
(CR'R%)n

or by the following reaction scheme (C):

SbX; + mR*(CR*R’) R*NSiMe; —»

X
Sh——N—R?
R? N/
TNCRR),
+R'MgX —
R1
/Sb—N-—R3
RZ__N\ /
(CR*R%)n,

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:



N--....... - R3 ... "RBR1. --...".. aryl, silyl, alkylam ne
AR %...". NR2............. ' The tellurium conpl exes
descri bed herein can be enployed as CVD/ ALD precursors for deposition
of telluriumcontaining thin filnms, e.g., by liquid injection of neat
precursor material, or in organic solv@nt or by direct evaporation.
V. Film Formation The precursors described herein can be used
to form anmor phous gernani umcontaining,films, as well as crystalline
germani um containing filnms, dep r&mMe process conditions,
deposi ti on chanber conflguratlon substrate conposition, etc. The
determ nati on of these process variables can readily be nade by those
of ordinary skill in the art, w ut undue experinentation, based on
t he di scl osure herein and ap opri at effort involving
varyi ng process conditi opR*nd characﬁE§?§|$§GHWé resulting films, to
establish a process condition envel ope appropriate to a specific
filmformng application. E=G¢B6r §£r mani um conpounds descri bed
herein nmay be used with appropriate co-reactants in a continuous
deposi t i 0B, B AHYE syRihcdith 3QH M rRYEE réé@n%%bﬁe&rfagl(ﬂj‘)ﬂ?en&/’z!{@} to
deposit filns of superior character. For oxides, preferred
co-react aft &i"Er u¥e" 02 and N20 for CVD, and nore aggressive
oxi di zers for pul sed deposition, e.g., H20, ozone, and 02 plasna. For
metal -like films, reducing atnospheres are advantqggﬁ % %

For CVD nodes of filmformation, reducing agents syc Sl and NH3
are preferred, and plasmas of these co-reactants nmy be used in

e R e i P S M
osure ne

within the skill of the art, based on the dh§8 ERH?FNQ@QQ
aggr essi venhigguci ng agents can
(R%)
E(R'RZR®)X |
Sb(R%); +2Li — = Sh(R*),Li \
4 / (ER'R?R?)
(n is 2) (R%)
E=GeorSi

(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=CMe;);, Sb(CH,CH=CH,); and Sb(NMe,); were synthesized and
characterized. The precursors Sb{NMe,); and Sb(NMeEf); 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=CH,)..



49 al so be used in a digital or ALD node 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-limting behavior in one type of atnosphere (e.g.,

inert or weakly reducing/oxidizing gas*envi ronments) and exhibits
rapi d deconposition to forma desired filmin another type of

at nosphere (e.?. p#as , strongly_reducing/oxidiziagﬂenvironnents).
Anal ogous et af \EASPOH P Bl ERRetC AFTopRC SRR GSHTR SBRYYSE s AR G etisholy
CVD; whglﬁwdha&&ﬁhggﬁcﬁﬁﬁﬁhﬁsmt&mﬁofaﬂNmkggent Iiganddspecigsé ﬁan be
enpl oyed in pu eposi tion. The p ursors scri be erein
can be utili zehﬁgg3 o YBH3ET4t dli’eém?:}e%g'f”f i(gﬁg)prg@%rfgroﬁfsevvf“fonprecursors’
reduci ng SbANMEECE amit SSSMe,, aswiighdreagange thi2hpdrasw@ry (@) asotted 18 afsction
hydrazine% %jéaQ%%hdgi&¥bm%p%hgogenides such as (Me3S02Te, germanes
such as Geiﬁ,pannnhlafga anes, 'al kenes and al kynes. Liquid delivery
formul ati ons can be enployed in which precursors that are |iquids may
be used i pynea| rl}%ﬁﬂiegmfc%m or liquid or solid precursors may be
enpl oyed in sultapl e sorvents, i ncluding for exanpl e al kane sol vents
(e.g., hexane, Thepilamog arcepmentatyedelhanmapedrsorrtidt cgoby eyl gn (fe. pthods
benzene op.}lol.HEAE), amnes (e.g., triethylamne, tert-butylam ne),

i mnes an hygrazines. The utility of specific solvent conpositions
for particular Ge precursors may be readily enpirically determ ned,
to select an appropriate single conponent or nultiple conponent

sol vent medi um f dhithe liquid delivery vaporization and transport of
t he specific germax#ium precursor that is enployed. In the case of
solid precursors of the invention, a solid delivery system may be
utilized, for BR&fPl e, using the ProE-Vap solid delivery and

vapori zer unitR(eaREmEY 8t ine Amaiak abldgtefen® P ik ,andthét; andDaO HAEPEndcily

USA) . In . general, th hi,.cknes of t al - cont ai nj | ayers
in the practi c%‘ﬂeg?e ?rﬂ@ W%%n@l"%@@'ﬁﬁigﬁ“ %’gﬁg%@’ %ﬁf&&ﬁry’ﬂd %gﬁl)b herein
val ue. I n a speehRi & iekiadinme nilecefi fibhes,iqyuigt i on, the thickness of
the netal -containing |layer can be in a range of from5 nmto 500 nm
or nore. FIG 1 is a schematic representation of a materia
storage and di spede@R:.BRackage 100 contai ning a gernmani um precursor,
according to one engﬁ@inent of the present invention. The

mat eri al storage and di spensi ng package 100 includes a vessel 102
that may for ewbatphe be of generally cylindrical shape as

il U_St r at ed, d_ﬁ}c, iRQ iaﬁlgRama)i e @E .Eé?ﬁe z}éQ)k Uitere §0nt| Ia% ﬁ‘jo e, Iax'?d e;rg' &n%e endently
speci fic enbodi nent, the precursor is a solid at anbrent te drature

condi tions, ant¥lesige ropreects Bof - herfrb&sSippeiptlisd. GrlCis vk aveSi(BO: wivesin
trays 106 di spesgd, isfhdef8ddni} §lideRl Rl e 1kPd of the vessel, with the

)

trays having fl ow passage conduits 108 associated therewith, for flow
of vapor upwardly in the vessel to the val ve head assenbly, for

di spensing in use Qt,th ~vessel . The solid precursor can be
coated on interior gﬁﬂfgées in the interior volunme of the vessel

e.g., on the surfacgg of the trays 106 and conduits 108. Such coating
may be affected by introduction of the precursor into the vessel in a
vapor formfromwhich the solid precursor is 50 condensed in a film
on the surfaceshdréint he vessel. Alternatively, the precursor solid nmay

be di ssol yed su nded in a..solvent nedium and deposite n
our aces. Frpits Tt BRRRGT b MG Fitbobachti B “eGrbameal v ioon.
I n yet anandmgr Hyed i dalkihe CpLac eyeolkylma-the ami| ireld -SifRd), poherad eadit B° tihe
surfaces in_ the jinteri vol | f the vessel. For such purpose, the
vessel nagﬁggﬁE%?%ﬁgﬁﬁgpgggé%gggﬁbles or elenents that provide

addi tional surface area in the vessel for support of the precursor
filmthereon. As a still further alternative, the solid



51 trademarks SDS, SAGE, VAC, VACSorb, and ProE-Vap, as nay be
appropriate in a given storage and di spensing application for a
particul ar precursor of the invention. The precursors of the

i nvention thus may be enployed to form precursor vapor for contacting
with a substrate to deposit a germani 4 containing thin filmthereon
In a preferred aspect, the invention utilizes the precursors to
conduct atomc Iayﬁﬁ osifion, yielding ALD filns of super.ior

confonnal ity tR4E oprgleRsylsis sk ¥ ?%dlgﬁﬁg?afﬁ’dfgé“% Vichvgrgome
st ep coven@geotddich tﬁﬁlﬁﬁ@@ﬁ&lﬂhﬁm PR8LaR00 Misddi ig me@tﬁmeﬁtapmiaﬁﬂoas Sile B VRS

Accor di ngl t he urs rocesses descri her ei.n ena

o e var + ety S TEESERS oif Beffeth et g BapEnHRLce Bhea
product s, dikktatingahghdda Seﬂihla;ts preefr@r js dbaineé of allighi ¢ atitee chatakfer with improved
ger mani u ain S eri,or cur sor
dorpounds " il 3salie oSG Faber B Y e 1ol B GRS
filnms in eepbitieati on with any suitabl e germani um and anti mony
precursors, e. i s
PoRAM devi co. ot SR DA ERrLaUAR il AR 2 LPCYIINED 8
out deposiaingly wfleShateining &irpd. ﬁgeSfJ comppundsrraip be p&?é@h tcynhmtletr witn6¢- and/or
Wi thin theyshbddudhio bRBUA.AY, 108 31 BRIE10MEC R P BLEGHT X Bhibre
varying the delivery and deposition process conditions d

char act er PEFiiyret Resyridesidet dikgyinfipatarigantp hafebash csraibechin e ditwatgre, but such
condi ti ongrogdavel i@ Fa%acmaﬁtﬁge%p'élﬁ&r 1@} BulkPbryR sk i¥Ght:IGP B8 | chbBRatin nitrogen
application. I n sonme enbodi nent's, anti nony-cont ai ni ng

are forne@oﬁﬁm§&5@¥?btes and can be, for exanpl e, GST fil ns,

?rmr phous SbTenf édnfist, v&f havt )ﬂﬁst:carlelleii gt SdiRr fal'ki'}LDan@snﬂ 1?‘16315}09#' @&n&u el
or exanple,, using atomic ositjon or chenical . vapor
deposi t i o' "ééﬁl?‘?f‘ﬁ‘ﬁ?ésaal@u@ﬂ“ pTe fple SpmPl, Sthlsye-fimethlamine sans be
be enpl oy edlantagebingyr ndl @CpHroiee bRYdrDe Sellurium  diketibtinate btdzﬁﬂrhﬁsl’ f@sgeomm

Lor 1 uri i BHi ot ettt of B ORF cobor i B bG ol B °

di-t- buty&mmghMUﬂnmaM0WGmmmmmd:annrphous GeTe by chenlcal vapor
deposi tion or hou

at any surt abl Soieadt ARG QRS ATRIRIBLE pid e BB b Syt
specific é%u@tb"é@coowifdm Mgmisthiwinl sralt béthvagandbhrebwwackﬁdm@lm (wigrein X = Cl,
part! cul ag, 30Rlebeakd b9@ﬂtéhwan¥@wh?cﬂc£m &P HARAH b RRATBEL S

may be enp o e ofmati on of the anDr ous e f| m usi ng e
gernanlunﬁb@ﬁvhﬁaﬁﬂﬁpW@@@eéﬁéédwﬁﬁﬂHBf @ﬁéaﬁﬁW@h¢$@HD For exanple

vapor depOS't'ﬂﬂaﬁ£w8§ﬁﬁ&Qbﬂﬁh£hﬁﬂ%&hﬁlﬁﬁﬁﬁﬁﬁh%gh%hQY%nﬁHEQMH%S&gﬁﬁy

be conducted at tenperature in a range of from about 200C to about

400C, and°%tPopresehreTrvedo PEye BF dfsl’*fé%T aprsgies bTaMespyapgiane zhiminafipn.

In one il irhlesalkahmme BHAGOHORAE ver Q&e@qwmtacgtasm%xﬁ of $hef @I NRImbIGH Reter

gewmmum ﬁ$ m. di nate and t- é talmlwnm a tenperature of
ohe et

320C and 5@ JL{GREn PFCPE AT §45not ITh CAmRERe et Prolile ety e
enbodi menktabikie dadtspblf aife, diiRt Rtaditg buffdidny lvolaglidy U1 fofm RUREF Fer Simel@a
utilized §ﬁg§§%a te erature of 350C and 0.8 ton pressure, with an
amoni a ¢§ QHT” P8 a GeTe film Deposi tion of Ge
from Ge butyl adidinaiatlerius compliexks athich omi Heapgaehbed the Byrmmhd () aad (11):
deposition rate exceeding 50 Angstrons/ m nute. The GeTe deposition
rate, when the Te precursor is delivered by bubbler technique,
depends strongly on the Te bubbler carrier flow, with higher carrier
flows yielding thicker GeTe filns of higher Te content. Nonethel ess,
incorporation of Te requires a relatively high deposition tenperature
and pressure, which tends to result in the formation of crystalline
GeTe. By appropriately controlling tenperature and pressure,

stoi chionetric anorphous GeTe filnms can be attai ned, which remain



Tenp (C) Bubbler carrier flow (sccm At% Ge At % Te Dep Rate (A/ min)
1170 350 25 81.4 18.3 34.4 1171 350 20 86.9 13.1 37.1
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wherein R;, Ry and Rj they be the same as or different from one another, and each is
independently selected from C,-Cy alkyl, C4-Cyy aryl, silyl and C,-C), alkylamine (which includes

both monocalkylamine as well as dialkylamine); and

D

wherein R, R; and R; they be the same as or different from one another, and each is
independently selected from C,-Cs alkyl, C4-Cg arvl, silyl and C,-C), alkylamine (which includes

both monoalkylamine as well as dialkylamine).

The beta-diketiminate ligands may for example be synthesized by the following

procedure;



1173 350 15 88.1 11.6 29.4 1174 350 10 91.1 8.9 36.1 53 1167 320 35
86.5 13.4
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A AN
—_—
+2IRNH, (g |
s 0 2. N32C03 /N HN\

with R = alkyl, aryl, silyl, alkylamine

R4 22 Ro R4 AN Ra2
S . SR
ST e e T

N N N N

R3/ \L/ \Rs Rs/ \ / \R3

i /Te\
with X = CI, Br, T x| x
X

Rz
A or R4MgBr

~
N4 Ry, Ry, Ry, Ry = alkyl, aryl, silyl, alkylamine

or alternatively by the following synthesis reaction:

Ry \ R»
\”/\l/ -

N HN

R3/ \R3

Ry, Ry, Ry = alkyl, aryl, silyl, alkylamine



25.8 1166 320 25 86.8 13.2 27.2 1168 280 35 90.8 9.0 30.5

data in Table 1 show that high tenperature inproved tellurium

I ncorporation in the resulting filns, which were anorphous.

The

Tabl e 2 bel ow shows data for anneal ed GeTe filns that were deposited
at 8 Tor pressure after one hour anne#@Bi ng under nitrogen atnosphere

at 400C, as conpared to the as-deposited film Table 2 Film

Thi ckness (A)

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
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501.6 55.8 44.2 The data in Table 2 show that the film

t hi ckness and conpositional characteristics of the anneal ed and

as-deposited GeTe material were consistent w th one-another.

FIG 2 is a scanning electron mcrogr#$h (SEM of the anneal ed GeTe

film after annealing one hour under nitrogen atnosphere at 400C, and
in elevation, of the

FIG 3 is a mcrograph of the cross-section,
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crystalliggag rehbcﬁngaJEQ‘EanﬂgH §uc§%;rﬁydrogen, Ha/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 seclid 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 ATMI, 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. I 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



Next, deposition was carried out to determne the effects of
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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 vapor 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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trademarks SDS, SAGE, VAC, VACSorb, and ProE-Vap, as may be appropriate in a given
storage and dispensing application for a particular precursor of the invention.

The precursors of the invention thus may be employed to form precursor vapor for
contacting with a substrate to deposit a germanium-containing thin film thereon.

In a preferred aspect, the invention utilizes the precursors to conduct atomic layer
deposition, yielding ALD films of superior conformality that are uniformly coated on the
substrate with high step coverage and conformality even on high aspect ratio structures.

Accordingly, the precursors and processes 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
maost appropriate for a given deposition application.

In some embediments, 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. Sb,Te,) 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 vield
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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Crystalli He!:htvgre& %g%ubb}er 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), emploved 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 eo-reactant flow was
maintained at 200 standard cubic centimeters per minute. Pressure in the system was 300
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 81.4 18.3 34.4
1171 350 20 86.9 13.1 37.1
1173 350 15 88.1 11.6 294
1174 350 10 91.1 8.9 36.1
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38. 4 Anor phous FIGS. 6 and 7 are x-ray dispersion plots for
films produced in these depositions. The fil mwhose plot is shown in
FIG 6 utilized nitrogen as the co-reactant and FIG 7 is the plot
for deposition using an amoni a co-re®St ant . FIG 8is a
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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 Si0; 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 8 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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were 8 and 16 minutes. 50 nanometer thick TiN coated silicon substrates were used for the

deposition. The data are set out in Table 3 below.

Table 3
Run # Temp (°C) Bubbler Ge dep rate Te dep rate Crystallinity
carrier flow (A/min) (A/min)
{sccm)

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 telluriam bubbler carrier flow rate at 23

standard cubic centimeters per minute.

As shown in Table 4, only ammonia as a co-reactant vielded 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-reactant.

FIG. 8 is a scanning clectron 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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Table 5
Ge Sb Te
Sample % Wt Atomic% YWt Atomic% YWt Atomic%
GST _standard 13.99 22,00 2345 22.00 62.57 56.00
GT 1132 17.71 61.64 0 0 19.38 38.37

For creation of the Ge,Sb,Te;s 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 68.4% 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
[(9)) {(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




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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These data in Table 6 show that the efficiency of tellurium incorporation decreases at low
temperatures, falling to 16.6% tellurium 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 amorphous germanium telluride films, as formed at
320°C and pressure of § torr, 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 28 = 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 §
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 (run #1144). The data show that increasing the tellurium bubbler carrier

flow reduces the germanium telluride deposition rate and tellurium incorporation.
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Table 8
Run # Te carrier flow Deposition rate AT% Ge AT% Te
(sccm) {A/min)
1143 25 26.4 75.6 244
1144 40 23.0 68.7 31.2

Table 9 below shows data reflecting the effects of tellurium delivery rate on germanium

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 40 285 72.9 26.9
1141 50 24.2 78.3 215

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 bhe
used with other dialkyl tellurium precursors, e.g., TeR, wherein R is Cs;-Cs.  Diisopropyl
tellurium is a suitable alternative dialkyl tellurium precursor to di-tert-butyl tellurium as a Te
source reagent. The germanium precursor can advantageously be [ {nBuC(iPrN),},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 useful 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
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350 C, 10pwgsspre of 7 torr, 5 mlcrornoles/mmute of GeBAMDN 20 sccm carrier ﬂow through a Te(tBu)z
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 scem 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@APrN);},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, (i1) 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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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 reagenis are subsequently added for flow to
the deposition chamber, co-reactant feed stream(s) flowed to the deposition chamber, and/or any
other siream{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 oceur 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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respective phases of the materials involved, and their compatibility/solubility.

As a still further approach, the suppressant, free radical inhibitor and/or deuterium source
can 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, 8) 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,O, hydrogen sulfide,
hydrogen selenide, diorganotellurides, diorganosulfides, diorganoselenides, efc.), thereby
carrying out passivation/retardation followed by reactivation steps, ¢.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, (i) free

radical inhibitors, and (ili) deuterium-containing reagents, suitable pre-reaction-combating
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reagents for specific applications may be readily determined within the skill of the art, based on
the disclosure herein,

Heteroatom (O, N, S) organo Lewis base compounds may be of varied type, e.g.,
containing an oxo {-0-) moiety, a nitrogen ring atom or pendant amino or amide substituent, a
sulfur ring atom or pendant sulfide, sulfonate or thio group, as effective to at least partially lessen
pre-reaction of the precursor and other organo metal reagents in the process system. Illustrative
examples of heteroatom (O, N, S) organo Lewis base compounds having utility in specific
applications of the invention include, without limitation, 1,4-dioxane, thioxane, ethers,
polyethers, triethylamine, triazine, diamines, N,N,N’,.N’-tetramethylethylenediamine, N,NN’-
trimethylethylenediamine, amines, imines, pyridine, and the like.

The heteroatom organo Lewis base compound in various specific embodiments of the
invention may include a guanidinate compound, e.g., (Me;N},C=NH.

One preferred class of heteroatom organo Lewis base compounds for such purpose
includes RN, R,NH, RNH,, R;N(CH;),NR,, R,NH(CH;),NR;, R;N(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;-Csg
alkoxy, C,-Cs alkene, C,-Cg alkyne, and C,-Cy carboxyl, and wherein x is an integer having a
value of from 1 to 6.

The hetercatom 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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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 interaction. As a still
further alternative, the pre-reaction-onbati ng agent nmay be used as
a prelimnary surface treatnent foll ow ng which the precursor and
co-reactants (e,g., H2, NH3, plasm, H20, hydraogen sulfide, hydrogen
sel eni de, °ﬂW§P@%notePFﬁrrde§ d|&Fﬁﬁﬁ@?ulfr6%§“mﬁlorgéﬁﬁ§%lenﬂéé§“m

etc.) arevrplisivMee@dsitydahhe]eubsh bﬁéiﬁbr&g@lr{o&@lﬁxrﬁiﬁl ®mb&el, deposition on
such surface. lllEor such r%gse, t he E reacti on-conbati ng agent may
be introduced i Bregrgiygre ?télgo"‘l‘ge?tht erelPEs AR Hreddeds to, 156 SEagHm;
process aaldmidn@vunﬁfor ttémanmrhﬁécnﬁbxe iiinhdé hepdaposGli'Gn 408 0Te S&sehama ehe
prior tornrtra pr ecur sor.s @fter ite

period of CUBACAE g ﬁa 61Pe(f)h§iﬂc% g‘%}‘Bé’PP&ieé“% }Fiﬁe O ﬁontrorlvaive 9 otﬁer flow-

pre-react nmmlﬂmgbarmbqngnta@anm has been conpl et ed, the flow of t he
prereaction-cogb C and norna
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precur sor lith 1ithe vepdrst t12Hn Is yiet werizer, the hquh peeaersas i draranst profeattivg-
i nventi Oncoﬁaﬁ%nt‘ﬂ%ﬁu%@%fohﬁ QBreéifﬁﬁ' @alpof St h@%?gcﬁ‘galv%o‘?%n flows in line
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gas- phase, wi th ecursors in the absence of a pre-reaction
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triam do anti nbimysystenpbandin HGC20 asploysiliguidydelieent ofmbaysspdctivd geqrsopy |1t
anti mony, WEI"{] {egqg[:@écp %Ltaiﬁcﬁ%) %Qsetli groegl}éso(r)sr argferrllrgl?ye%r gl%ltl] goh% (}el veé)( ﬁecl'lmi%_res

COI’TpOUﬂd. uritum precursor -1 n
ani do t el may baampl@®d, in whlch solid precursor is volatlhzed e.g., by subhmatlon of the sohd starting

conpound, guchasdi i sopropyl tel luriumdibutyltellurium




bi s[bis(trimethylsilyflam no]telluriumor 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" vessels, via the correspondi ng
flow line(s), which for such purpose M8y have flow control valves or
ot her fl ow nodul ati ng conponents therein. In the specific

process enbodi At shown, e _germani u antinony and.telluriyum
precursors ar eﬂfllq%lmcgd’ TR c%elgtﬁlia%]gf ¢ elgr}] 5 rr{ﬁef REF RS mg%g',g a%?g “bﬂ“a FiG20
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pre-react pepAgEmbit whigh dgdmgenasubstitedntst ¢f] {hz edzano hoetn lmvpbeaurepbred with
vapor. Thg.preeursor vapor then flows in line 130 to the showerhead
di sperser 134 I n vapor deposition chanber 132, for discharge of
precur sor mi xt &% psAeastienompatingr reaaghis trpayt ke a3@oyvd Uintteel bivad Presiespefothe
138 in t herGapPRsinibPR S&m@ﬁ{proved films for'thE mBRBEHS O seABRGuLPRLARL 9
t he wafer substrate 136 serves to deposit the germanium antinony and
tel | uri umBtREteh| §e gric-eRdionGpabating acagerss fdgicrbel hIPiA may e gftilized in various

ger mani umcaHdinaBityih 8pdeiic iappNchifand o BipbREd &lelimfa@- pre-fedtioNBAHE Jekitid? aRd
a phase change randon1accessﬁg§q§%y devi ce. The cont act ed
t

pr ecur sor PPYIBFPCHE BRetaEer 37 doPFHtent , is di scharged fromthe
vgpor deposi ti w%ze hﬁ:iibﬁﬁt;]o]af}ﬁ? I;cae:’&n |hhsﬂ%e%é&cribam ﬁer%ih@ﬁ\fﬁe{egglcé ttﬁsp@cfiiﬁ& Abpdtts,
abat emrent _uni t 2. Int uent abatenment unit 142, t .

i 2char gelr B iRy iscmp St Stbe vt 1 ) bE eI et Dapdityef e
oxi dat i onjnvelties iy e hesiinatd, botcatherstendsab ahdie@biipdsseamnmenys dtiter Whrgltiohsa
Lo e i S SR ISL RIS ERTSIEN s A 0uli
of the vapothedeposi the amesen stentianh dvged ion thd @sclgird Berafi. afvrickdonditglytthey e
charact er inv gn Emgeir;}'ﬁgecﬁa%%?d { 'ill?&xlaecfatrc) rb@'@%gﬂg@&n%tr&e%%lﬁ? 'npe?pragc%, laé i%glgmﬁfg r
depl oynent and use of the pre-reaction-conbating agen{, 1 ncl’udi ng

t hose pr edl $gk variajipnsymedifiaiians pyd diewetivs setodimendd, withiedts spvtampbape. t he
pre-reaction-conbati ng agent could be introduced directly to the

m xi ng chanmber 124, for blending therein with the respective GST
precursors. Alternatively, the pre-reaction-conbating agent could be
introduced into manifold 118, or other m xi ng chanber, blender, etc.,
for conbination with the precursor that is being transported to the
deposition | ocus. The system shown in FIG 20 enploys liquid
delivery of the respective precursors. It will be recognized that if
sol i d- phased precursors are enpl oyed, then solid delivery techniques
may be enpl oyed, in which solid precursor is volatilized, e.g., by
sublimation of the solid starting nmaterial. 66 In lieu of
using a deuterating agent as the pre-reaction-conbating agent in the
FI G 20 system one or nore of the germanium antinony 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



wherein: RI and R2 may be the sane as or different from one anot her,
and are independently selected fromH, Cl1-C6 al kyl, C2-05 al kenyl,
C5- C10 cycl oal kyl, C6-C10 aryl, and -Si (123)3 wherein each R3 is

i ndependent |y sel ected from Cl-05 al kyl ;  wherein: R and R
may be the same as or different from &e anot her, and each R and R
i s independently selected fromH, Cl-C6 al kyl, C2- 05 al kenyl, C5-C10
cycl oal kyl, C6-Cl10 aryl, and - Si (R3 Wﬂ?r n each R3 is
|ndependently sel ected from Cl- C6 alﬁ§¥——iﬂ§L1l wher ei n: R,
R, R and R2 may be the sane as or different fromone another, and
each is i Ndependmetiisy sel ected fromH C-C6 alkyl, C2-C3 aIkenyI
C3-C10 cycl oal kyl, C6-Cl10 aryl, and - Si(R3)3 mhereln each R3 is

i ndependently sel ected from Cl- 06 alkyl; gt).4-n O<N-it:RAl |v

wher ei n: R, Rl and R2 nay be the sanme as or different from one
anot her, ang gasdy bﬁfohﬂ@@@%ﬁ%ﬁdn&ﬁc&@ﬁ Igét gth Bﬁ Qngubbirafelss f@ glokxaleposmon
C2-C3 alkenyl C3-C10 cl.oal kyl , , and -Si wher ei n
each R3 i EFOF?%aéﬁ’é'ﬁ%Fél}&‘f%atf&@%étgef&lafl%lrﬁr@frseiemafpmﬁ SCTHRHUR Qrecusgpr vapor,

i nteger f pEBnAl1stcOmBining ElelpSdcMi€or vapi @it iaRomponent seledd Fn thR@r,ouﬁbnsxﬁﬁxg@ﬂd
12. may be the sage as.,or different fron1oge anotheF and each is

[ ndependeﬁ‘PT”f}mg’elTy TO8Yh helys agoncqndaptragep, 4nd qestagune fhe gisgyrsor vgpergth 2
cycl oal kykybstéte ﬁﬂﬁhpalr @ebosua)ﬂdaf the &M)lﬁ cohein@ e &ekol3vhe®in the germanium

i ndependent | om Cl-

prec SOT 1s s&1 ecte%dﬁ' &2 group cons:gtlng olf the following germanium compositions:
RaRyH NRyRp
™,
6d_
RRHT  HR4R,

wherein:

R, and R; may be the same as or different from one another, and are independently selected from
H, C,-C; alkyl, C,-Cs alkenyl, Cs-C,p cycloalkyl, Cs-C)o aryl, and -Si(Rs); wherein each Ry is
independently selected from C,-Cy alkyl;

[
R’ 7’
Iu . /n,ji
<71
AN
R" gg i T -
B 0 H

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;-Cq alkyl, C,-Cs alkenyl, Cs-Ciq cycloalkyl, C4-C)q aryl, and -
Si{R;); wherein each R; is independently selected from C,-C; alkyl;



vi wherein: Ris selected fromH Cl1-C6 al kyl, and C6-Cl10 aryl; and x
is 0 lor 2 /IR4f -G -11 \R 3 Rl 111 wherein: 121, R2, R3
and R4 may be the sane as or different fromthe others, and each is

i ndependently selected fromanong H, Cl-C6 al kyl, C5-Cl0cycl oal kyl
C6-C10 aryl, and -Si (R3)3 wherein eacH®3 is independently sel ected
from Cl-C6 al kyl; wherein: R, R2, R3, R4, and R5 may be the
sane as or different fromone another, and each is independently
selected fromanong H, Cl1-C6 al kyl, silyl, -Si (R )3, C6-Cl0

cycl oal kyl, C6-ClOjaryl, -(CH2)xNR R', and -(CH2)"OR', wherein x = 1,

2 or 3, andR, R pand R',\;R y be the same as or different from one
anot her, and e SN r}d’ependent ly selected fromCl-C6 al kyl; 70
wher ei n: R an® R’ may be the sane as or different from one
anot her, and epe}g{é@nﬁl y selected fromanong H C-Co al kyl,

C5- C10 cycl’%al kyl , 106-C10 aryl, and -Si (R3)3 wherein each 12.3 is
i ndependent |y sel eét eﬂlf rom Cl-Co al kyl; and

wherein:

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

R)apnGe( MR Ra)y

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-C)4 cycloalkyl, C4-Cp aryl, and -Si(Ri); wherein
each Rj is independently selected from C(-Cq alkyl; and

n is an integer from 0 to 4 inclusive;

2 7
R N, ab
t v\ /
Ge‘
.
W t-r’j 75
R 1
pd
‘r
wherein:

RY, 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-Cyq cycloalkyl, Ce-Ciq aryl, and -
Si(R;); wherein each R, is independently selected from C;-Cyg alkyl;



each X is independently selected fromanong Cl1-C6 al kyl, Cl1-C6

al koxy, -NRIR2, and - C(R3)3, wherein each of 12], R2 and R3 is

i ndependently selected fromH, Cl1-05 alkyl, C5-00 cycloal kyl, C6-C10
aryl, and -Si (R4)3 wherein each R4 is independently selected from
C1-05 al kyl ; CH Ge-CH RI 143 wherein: 689 R, R2, R3 and 12.4 may
be same as or different fromone another, and are independently

sel ected fromanong H, Cl1-C6 al kyl, C5-Cl10 cycl oal kyl, C6-Cl10 aryl,
and -Si (R3) 3 wherein eagh R3 is independently selected from Cl-C6

al kyl ;  wher Tﬁﬁ?ﬁ_&uc R, R2, R3 and R4 may be the same as or

di fferent rjom oné anéi'qr, and are independently selected from anong
H Cl-Co al kyl, .£5-C10 cycl oal kyl, Co-Caryl, and -Si (R3)3 wherein
each R3 is independently selected fromCl-Co alkyl; 71 wherein:

R, R2, R3hasd: R4 may be the sane as or different from one another,

and are indepepdentl el ected fromanong H, Cl-C6 al kyl, C5-C10

cycl oal kyl , Cﬁﬁéfﬁkg%@ ?“ghé“8§ﬂ%é%§gﬁﬁgWéﬂﬁa@ﬁch R3 is independently
sel ected from £k-0C60&d;kyl ; Rl RRR3R4Ge XVI wher ei n: R, 122,

R3, and R4 may be the sane as or different fromone another, and are
i ndependently selected fromanong H Cl-C6 al kyl, Cs-C cycl oal kyl,

C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is independently sel ected
fromCl-C6 al kyl, N Ge-N

R R
b\ﬁmﬁe-—nﬁ *
e N
! Rq
R% H
wherein:

Ri, Ry, Ry and R, may be the same as or different from the others, and each is
independently selected from among H, C-C; alkyl, Cs-Cyy cycloalkyl, C-Cig aryl, and -Si(Rj);

wherein each R; is independently selected from C;-C; alkyi;

R, Ra

Rs @,
R
&

Rs' g 2

R 4 R’ 32

VI
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,-Cs alkyl, silyl, -Si(R");, C5-Cyo cycloalkyl, C4-Cg aryl,
-(CH,)xNR'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,-Cs alkyl;



Sits,| esMesSi Me3 14, G Ge- CTH Si Me3Si Me3Si Me3Sitv 72 j\\ Ge NEt,
Ge(NMe2) 4, Ge(NEtMe)4, Ge(NEt2)4, iPr3Ged, iPr3GeNwe2, i Pr3GeNEt M,

i Pr3GeNEt2, Ge butylam dinate, and HnBuC(i PrN)2 2Gel. 2. The nethod
of claim1l, wherein the gernmani umcontaining Elmfurther conprises
tellurium said nethod conprising volatlilizing a tellurium precursor
to forma tellurium precursor vapor, and contacting the tellurium
precursor vapor with the substrate for vapor deposition of the film
thereon. 3. The pethgod of claim2, wherein the tellurium precursor
is selected fromuithe group consisting of telluriumconpositions of
the fornul ag. R Te rein: R and R2 may be the sane as or
different from one” another, and are independently sel ected from anong
H, Cl-C6 al kyl, @5- Cl@”cycl oallcyl, C6-Cl0 aryl, and -Si (R3)3 wherein
each IV is independgntly selected fromCl-C6 al kyl; R Te(1WR2R3) XV

wherein;

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

each X is independently selected from among C,-Cs alkyl, C,-Cs alkoxy, ~NR'R?, and -
C(R%),, wherein each of R', R? and R? is independently selected from H, C,-C4 alkyl, Cs-Cyq
cycloalkyl, Cg-Cyp aryl, and -Si(R*); wherein each R* is independently selected from C;-Cy alkyl;

R

A

N e +
3 H o (G g £

R; R

wherein:

Ry, Ry, R; and R, may be same as or different from one another, and are independently
selected from among H, C,-C; alkyl, Cs-Co cycloalkyl, C4-Cyy aryl, and -Si(R*); wherein each R®
is independently selected from C,-C; alkyl;

B
R E
) 1
. .
Ge,
", Hf}’,
R""J i
Rq
X!
wherein:

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



73 wherein: RI, R2 and R3 may be the sane 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; RlTe-TeR2 XV wherein:

Rl and R2 may be the sane as or differdnt from one another, and are

i ndependently selected fromanong H Cl-C6 al kyl, C5-C10 cycl oal kyl,
C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is independently sel ected
fromCl-C6 glkyl; Bl lurium conpl exes with beta-diketininate |igands,
R TeR3 RAR4™ 1 wherein RI, R2 and R3 they be the sane as or

di fferent fron1one‘é@ ther, and each is independently selected from

Cl-05 al kyl, Ce:Cl0-aryl, silyl and Cl-Cl2 al kyl ani ne (which includes
both nonoal kytam g as wel | as dial kylamne); and 74 wher ei n
R, R2 and t hey®pbe the sane as or different fromone another, and

each is independently selected fromCl -C6 al kyl, C6-C10 aryl, silyl
and Cl-Cu al kyl am ne (which includes both nonoal kyl am ne as well as
di al kyl amp&kin:. 4. The nethod of claim 2, wherein the germanium and
telluriumcontaining filmfurther conprises antinony, said nethod
conpri si ng vol &tifs Zbngdal &K boHy PREr Yolitlesnt Govh aif siotheromy are
precur sor indapadent! @ Ekleca HoaCinhdd@ H, 18- RBKLITONY  RIyEI6AIES 00 VARST, aid 1SRN

substrate for. vapqr,.deposition of the fi t her eon.
wLerem eac%?{“" ISqncPependent]y selected from (t.‘,—éﬁnallkyn

R] R2R3R4Ge
XVl

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

independently selected from among H, C,-Cy alkyl, Cs-Cyp cycloalkyl, Cs-C g aryl, and -Si(R*);
wherein each R? is independently selected from C;-Cg alkyl,

\‘ H‘?’[— SiMesy Siviey Siken Sildes
M—Ge—N MN—Ge—N H‘:C—GE—CE—H

SiMe; Sihey SiMe, SiMe,



5. The method of claim4, wherein the antinony precursor is selected
fromthe group consisting of antinony conpositions of the fornul ae:
Sb(NRI 112) ( R3N( CR6R6) 6, NR6) wher ei n: 12', R2, le, and R 4 may
be the sane as or different fromone another, and are independently
sel ected from C1-C6 al kyl, C3-C6 cyclo® Icyl, C2-C6 al kenyl, C3-C6
al kyl'silyl, C6-C10 aryl, each of R5 and R6 may be the sane as
or different fromone another and are independently selected from
hydr ogen, Cl-C6; al kyk, C3-C6 cycloal ky], C2-C6 al kenyl (e.g., vinyl,
allyl, etc.), | kyl silyl, gnd C6f C10 awl; and mis an integer

froml to 4 usi ves—Sb( R1) Cr4 - NR3) wher ei n: 12",
R2, and R3 may be the same as or different from one another, and are
i ndependent |y sel.ésted from Cl-C6 atkyl, C3-0s cycl oal kyl C2- C6

aryl ; h of R4 and y be the sane as or different from
one another and is i ndependent |y isel ected from hydrogen, Cl-C6 al kyl,
C3-C6 cycl oal kyl , C2 C6 al kenyl (e.g., vinyl, allyl, etc.), C3- C6

al kylsilyl, and -C10 aw ; and mis an integer fron11 to 4

i nclusive; Sh( 3 6(NR2123)" 75 wher ei n: It', R2 and R3 may
be the sane as di fif erent f Lone er and are independently
sel ect ed fron1hy ogen, Cl-C6 alkyl C3-C6 cycl oal kyl, C2-C6 al kenyl
(e.g., vinyl, allyk etc ), silyl,. -C6 al kylsilyl, CB- C10 aryl and
-N124125, wher ei.fi e b 0f 124man$ R5 wS—se&lect ed fron1annng H and
Cl-C4; and n isjan |nteger fromQ to ? i ncl usi ve.
(R4)"Sb(E(122122R3)) 3. n wherein

al kenyl (e. g———ilny nal 1yl eLG%H iﬁ al kylsilyl, and C6-Cl10
R5

Sildes

Ge(NMe,);, Ge(NEtMe),, Ge(NEty)y, 1Pr;GeCl, iPr;GeNMe,, iPr;GeNEtMe, iPriGeNEt,,
Ge butylamidinate, and [ {nBuC(iPrN), },Ge].

2. The method of claim 1, wherein the germanium-containing film further comprises tellurium,
said method comprising volatilizing a tellurinm precursor to form a tellurium precursor vapor,
and contacting the tellurium precursor vapor with the substrate for vapor deposition of the film

thereon.

3. The method of claim 2, wherein the tellurium precursor is selected from the group consisting of
teflurium compositions of the formulae:
R;yTeR:
xm

wherein:

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

selected from among H, C,-C; alkyl, Cs-Cyo cycloalkyl, C4-C)q aryl, and -Si(R*); wherein

each R? is independently selected from C,-C alkyl;

R Te(NR;R3)
x1v



124, R2, R3, and 124 may be the sane as or different from one

anot her, and are independently selected fromCl-C6 al kyl, C3-C6
cycloal kyl, C3-C6 alylsilyl, C6-Cl10 aryl, and al kylam no of the

formul a - NRBR6 wherein each of R5 and R6 is independently sel ected

fromH and C1-C4 alkyl; Eis silicon (&) or germanium (Ge); and n is
an integer fromO to 3 inclusive; am nidates, guani dates and

i sour eat es of tlﬁe formul a: R 2" Sb[ RI NC( X) NR2] 3," wher e each
12" and R2 is i ggﬁendently sel ected fromanong H, Cl1-C6 al kyl,

Cs- C10 cycl oal RyIR; a@GSRCHBy aey:b,samﬁ or Siffe3) Bomboas moﬂ'leeaﬁ(harRﬁldleﬁendently
i ndependent |y dfra

i ndependent | y gez‘lr"%g;ﬁgal afmn I%il%'()c'%ﬁyﬁloalVI 8%&&?@'1 aid Lo Rey ey en

wher ei n each ofacR&; lsmﬁlemmderﬂ@mls:tqdrmeI@ﬁeﬂm y sel ected from H C-C6
al kyl, C3-C10 cycl oal kyl, C6-Cl10 aryl, and -Si (R3)3 wherein each R3

i s independently selected fromCl-C6 al kyl; each 122 is

i ndependent |y sel egli&frefzt om anong Cl - C6 al koxy -N12. 8129, and
-C(121)3, wherein each of Rs, RO and Rl is independently selected

fromH, Cl-C6 al kyl XVC3-C10 cycl oal kyl, C6-Cl10 aryl, -Si(123)3, and
-Ge(R3)3 wherein each R3 is i ndependently sel ected from Cl-C6 al kyl;
and 76 nis an integer fromO to 3; tetra-al kyl guanidates of the

fornul a: R5Sb[ PREFR2) NC(NR3R4) N)] 3, " wherein: each of 124 and R2 is

l ndependent Iy Rebeckesha) bOMATRAGS tr d@er&ﬁﬁaﬂnkaﬁb,an@er% &Y Glaoghkenlly
C6- Clt, ¥I and -Si (R9)3 wherein each I.s i ndependent |y sel ect egl

from O - Ciflestegyiom among H, CiaGetlkgbCorao %Yﬁ‘aalhﬂ FeCip ﬁfdbﬁ’éqqééﬁth ‘yheéfév ech &d
fromH, Cts-lﬂﬁpaid&mlyselgéed@ﬂo@l cyc]#al:kyl , C6- Cl0 aryl, and -Si(R9)3
wher ei n each i s i ndependent.| el.ected. fromCl-05 al kyl;

each R5 is i nd@B'érHJ&?a?ﬂ’T "%Se"l"gb eéodskfepﬂlfﬂaﬁﬂjﬁﬁ’éls’CI - 06 al koxy, -NR6127,
and -C(123)3, wherein each of R6, R7 and le is independently selected
fromH Cl1-C6 al kyl, C5-Cl10 cycloal kyl, C6-Cl10 aryl, -Si(R9)3, and
-Ge(R9) 3 wherein each R9 is indepeff ~sel eeted from O -06 al kyl ;
and nis an integer fromO to 3;

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

both monealkylamine as well as dialkylamine); and




carbamat es and thi ocarbamates of the formula: 12. 4SbREC(X)E] 3_,,

wher ei n: each Xi s independently selected from anong Cl-C6

al koxy, -NRIR2, and -C(R3)3, wherein each of R, R2 and R3 is

i ndependently selected fromH, C-C6 al kyl, C3-Cl0 cycl oal kyl, C6-C10
aryl, and -Si (R5)3 wherein each R5 is #ndependently selected from
C1-05 al kyl; each R4 is i ndependent |y selected from armng

Cl- C6 al koxy gl , and - p;@ wherein each of R, R2 and IS

i ndependent I y SBTER RagRs g Bsiheyie e sagredy | or d@?”@i@"’ﬂfé? G%HtWIandGSChCﬂO
aryl, and mdﬁie(lﬁﬁblfﬂseiecﬁefraﬁ)@ oelemylecpcea@n s ahSCJ-Od epameRB tdich includes

selected rom i r Oor S, and n is an integer
from 0 to];“fs’t,8 I?angglf“énecf%ll‘?@][l 6%146@1923“ ?ket oi m nates, and

di ketiimnates, of the forrmulae: [OC(R 3)C(X)C(R2)0]3Sb(R5)n

[ OC(125C( X) C(R2) N(12. 5] 3Sb(R5) n [ RANC(12. 3) C( X) COON(R1) ] 3" Sb(R5) "

[ (100C( =0}CIH aemkey Sif. clagh (R5yherein the gemvm‘enealehﬁﬁum -RintaRiing $1PQ fanlgr
Ra I's i ndenghdennose! &al ladd OMAATRGokhiife S0atoh) prelsdrlf form an
cycl oal kyl, Cl0 aryl, and - I£6 erel eac s

[ ndependeﬁ%tlﬂvns @Feé‘t‘;r'é‘ed’ﬂl’qfo?ﬂd@}lom%maIﬂP@yﬁlﬂﬂmOHY precurgos ¥ppox Wity the substrate for
|ndependengﬂoyd%eglteﬁtoedlefﬁ[@meﬁgpng Cl- C6 al koxy, -NR6R7, and -C(R8)3,
wher ei n each and R8 is independently sel ect ed fromH,
C-05 alkyl, C3-C10 cycI oal kyl, C5-C10 aryI and Si (R6) 3 wherein

each R6 i nde e t lected from Cl- each R5 is
ndependent |5 TERRE e B SHeiiG HTRnY HeRE : S i de 8B Pures
al lyl, Clefﬁnmbrkyoaomposaﬁ\dagmhemnﬂﬂae(:( R11) 3, wherein each of RO, Rl and
R11 is independently selected fromH, Cl-C6 al kyl, C3-Cl10 cycl oal kyl,
C6- C10 aryl, -Si(R6)3, r each R6 is independently
sel ected from Cl- 06 al kﬁ%andﬂ@@ﬁ;ﬁﬁ I“Fili{:gger fromO to 3. allyls of
the formulag.. (i): IenSb[RI NC(X) C(R2R3) 13, (ii):

| e1Sb[ (1210

NCﬁX) C( R2, c? R’ may be the same as or different from one another, and are
independently selected from C,-Cg alkyl, C;-Cg cycloalkyl, C;-Cy alkenyl, Ci-Cq alkylsilyl, C4-Cip
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,-Cy alkeny! (e.g., vinyl,
allyl, etc.}, C3-C; alkylsilyl, and Cs-Cyy aryl; and

m is an integer from 1 (o 4 inclusive;

Sb(RHR’N(CR’R%),,NR?)

wherein;

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

cach of R* and R’ may be the same as or different from one another and is independently
selected from hydrogen, C,-C; alkyl, C;-C; cycloalkyl, C,-Cy alkenyl (e.g., vinyl, allyl, etc.), Ca-
C; alkylsilyl, and C¢-Cyy aryl; and

m is an integer from 1 to 4 inclusive;

Sb(R")3..(NR’R),



(iii): RA"Sb[ (RIONC(X) C(R2R3)))3.,, (iv): RASbRONC(X)C(12.2123))]
where each 121, R2, R3 and R5 is independently sel ected from anong H,
Cl-C6 al kyl, C5- C10 cycloal kyl, C4-Cl10 aryl, and -Si (R6)3 wherein
each R6 is independently selected from Cl-C6 al kyl ; each Xi s

i ndependently selected fromanong Cl - @ al koxy, -NRLR2, and -C(03,
wherein each of Rl, R2 and R 3 is independently selected fromH,
Cl-C6 al kyl, C5-Cl o cycloal kyl, C5-C10 aryl, and -Si (R6)3 wherein
each R6 is independently selected from Cl-05 al kyl ; each R4 is
i ndependent|y sel ected from anong guani di nates, am ni dates,

I sour eat esherbiet adi ket onat es, di ketoi mi nates, diketiimnates, Cl-C6

al koxy, -NR7128, Land. -=£(R9) 3, wherein ch of 12.17, R8 and. i

i ndependent | y géll(eg%de%%'%%ﬁ e Saﬂe-aéé)rg%%ﬁnf g‘&%-oﬁiﬁma?’é%gﬁri’(ﬁ?pe@pg 0
aryl, - Scdde@) Fromahgirogts (RE)Zlmhelalncyeladhyl R6,-Cs alkarge e demntl | ailyl, ete.),
sel ect ed f{. - . s and aPs .S _an i nteger Om 3:

cycl opent ?igge@ﬁﬁﬁ al%%g?yll’lgﬁci”%ﬁfn%bnpgdn gre&]ﬁ%%eoﬁ% £ lﬁizaﬁ Se%ﬁ%@? ymiegog
the fornuHaed Ci-Cs;and  wherein each of RI, R2, R3, R4 and R5 can be

t he sane as Orngiamne{%%oniéf?a@i&é}%e%? hers, and each is independently

sel ected from anong ogen, CIl-Ci12 al kyl, C1-Ci12 allcyl am no,

C6-Ci 0 aryl, Ci1-Ci12 al koxy, C3-C6 al kylsilyl, C2-Cl2 al kenyl,

RI R2NNR3, wherein R, 12.2 and R3 may be the sane as or different
from one another and each,is indepgndently selected from Cl-C6 al kyl,
and pendant |igands inclBhHWERRE Denal group(s) providing further
coordination to the antinony central atom and sel ected from anong
am noal kyl , al koxyal kyl, aryl oxyal kyl, im doal kyl, and acetyl al kyl,
havi ng t hEPEEM owi ng fornul ae: am no al kyl s wherein: the nethyl ene
(-CH2-) noi et yrRG@H ®*abieRhaky vl e Remaneot dredifistematrent oldysdomearhy are

noi ety; eacgh o 2"1-1t4 i s e sa or. different fromone
oot her - Rt Tl g Geerilah <SP EUE BT b MG it gt
Cl- C6 al kylkylanido 6bthEidmaln yNR R adterenf eaBb o R CanRR ¢ iissintidpendsatiyesc@stedfrom 7O
and C-C, alkyl;
E is silicon (Si) or germanium (Ge); and

n is an integer from 0 to 3 inclusive;
aminidates, guanidates and isoureates of the formula:
RTHSb[R!NC(X)NRz]}H

where each R' and R? is independently selected from among H, C,-Cy alkyl, Cs-C)p
cycloalkyl, C4-Cyq aryl, and -Si(R*); wherein each R? is independently selected from C,-Cg 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;-Cy alkyl, Cs-C o cycloalkyl,
Cs-C o aryl, and -Si(R*); wherein each R? is independently selected from C,-Cy alkyl;

each R’ is independently selected from among C,-Cs 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,
Cs-Cro aryl, -Si(R%), and -Ge(R?); wherein each R’ is independently selected from C,-Cg alkyl;

and



different fromthe other, with each being i ndependently selected from
anmong C1-C6 al kyl; n and mare each sel ected i ndependently as having
a value of fromO to 4, with the proviso that mand n cannot be 0 at
the sane tinme, and x is selected from1l to 5; al koxyal kyls and

aryl oxyal kyl s wherein each of RL-R4 i g6the sanme as or different from
one another, with each being independently selected from anong
hydrogen, Cl1-C6.al kyl, and C6-Cl0 aryl; R5 is selected from anong

Cl- C6 al kyl, aﬁﬁa&ﬁ¥@T6%§?9P;=and n and mare sel ected i ndependently
as having a value of fromO to 4, with the proviso that mand n

t be 0 at_th time; RIR3 (Chl R2 R4 C=N-Rl' R5 d
RIRA \ 2R 1 KOGy A Bl Ry "

R*,SB[(R'RINC(NR’RYN) ..,

wherein:

each of R'and R? is independently selected from among H, C,-C; alkyl, Cs-C,
cycloatkyl, C4-Cyparyl, 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-Cq cycloalkyl, Cg-
Coaryl, and -Si(R"); wherein each R’ is independently selected from C,-Cy alkyl;

each R’ is independently selected from among C,-Cy alkoxy, -NR®R’, and -C(RY),,
wherein each of RS, R7 and R® is independently selected from H, C,-C; alkyl, Cs-Cyq cycloalkyl,
Cs-Cyp aryl, —Si(R9)3, and —Ge(R9)3 wherein each R’ is independently selected from C,-C; alkyl,

and
n is an integer from 0 to 3;
carbamates and thiocarbamates of the formula;
R4nSb[(EC(X)E}3-n

wherein:

each X is independently selected from among C;-Cg alkoxy, -NR'R?, and -C(R%)s,
wherein each of R!, R and R? is independently selected from H, C,-Cq alkyl, Cs-Cyy cycloalkyi,
Cs-Cig aryl, and —Si(R5)3 wherein each R’ is independently selected from C,-C; alkyl;

each R*is independently selected from among C,-Cs alkoxy, wNRle, and —C(R3)3,
wherein each of R', R? and R® is independently selected from H, C,-C, alkyl, C;5-C,p cycloalkyl,
Cs-C o aryl, and -Si(R%);, -Ge(R?); wherein each R is independently selected from C;-Cg alkyl;

E is either O or §; and

n is an integer from 0 to 3;



wherein each of Rl, R R3, R4, R5 is the same as or different from
one another, wi th each being independently selected from anong

hydr ogen, Cl- Co al kyl, and C6-Cl10 aryl; each of RI', R2' is the sane
as or different fromone another, with each being i ndependently

sel ected from Cl-C6 al kyl, 80 and C6-/@10 aryl; and n and mare

sel ected independently fromO to 4, with the proviso that mand n
cannot be 0 at

sanme tine; ch-r-c II R5 R4
acetyl al kyl s bem&k&t%@?é} ﬁ?tog’?iﬂﬂeso?nglglkg&?“?aéestq;ﬁéhesf%fmél %s or different

fromone another, with each being i ndependently sel ected from anong
hydr ogen, sC6-C10 aryl; R5 is selected from anong

Cl-Co al k&cﬁ(R%(%kf@iQ]? 8{a}‘id Cl- 05 al ko xy; and n and mare sel ected
|ndependef@@(y)C{}meﬁ)w(ﬁm,nSMRi)h the proviso that mand n cannot be 0

at the sa non-Cp |igand(s) of the antinony Cp
conmpound €ah Q{Efcl %C(FI)N(R &l u@‘ "l'i gands sel ected fromthe group

consi st i nﬂROGC@mﬁ(mEﬂﬁISéﬁSb(aﬁm ni dates, isoureates, allyls,
bet adi ket onat es, di ketoi m nates, and di keti i ni nat es; and (M aI kyl s,

al koxi des and gjd: yéa%h B! fk!ﬁ@@ﬂ@ﬁ* is lh&gaﬁém Qe 6 P @-ﬁc alkyl
R. 5SbRRI R2) N( CH2) ( R2) N(CH2) Si (

(iii): R 5*ShFyga), ﬂéé@)ﬂ@pé Si(R%);s wherem\mérRe lseaieneqéﬁntmsela%@} frRpn €:<Co
i ndependegnd,ly selected fromanong H, Cl1-C6 al kyl, Cs-Cm cycloallcyl,

C6- C10 aryl, and Si(R3)3 wherein each R3 is |ndepend6eqtla/ sel ect ed
from Cl- Cb a| kVF XTs independently selected from among C,-Cg alkoxy, -NR*R -C(R 3

wherein each of RS, R and R% is independently selected from H, C,-Cq alkyl, Cs-C\y cycloalkyl,
Cs-Cyp aryl, and -Si(R%); wherein each R® is independently selected from C-Cj 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,-C; alkyl, Cs-Cyy cycloalkyl, Ce-Cq aryl, —Si(R6 3, and -Ge(R6)3 wherein each R%is
independently selected from C,-Cg alkyl; and

n is an integer from 0 to 3.

allyls of the formulae:

(i): R*:.Sb[R'NCEOCRRY;.0

(ii): R4 SB[(R'OINCX)CRR)) s
(ii): R%Sb[(R'RINC()CRR)) 50
(iv): R*SO[(ONC(X)C(R’RY))]

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

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-Cyq cvcloalkyl,
Cg-C o aryl, and -Si(R%); wherein each R®is independently selected from C,-Cg alkyl;

each R" is independently selected from among gnanidinates, aminidates, isourcates, beta-
diketonates, diketoiminates, diketiiminates, C,-Cs alkoxy, -NR'R®, and -C(R9)3, wherein each of
R” R®andR’is independently selected from H, C,-Cs alkyl, Cs-Cyo cycloalkyl, Ce-Cyg aryl, -
Si(R%),, and -Ge(R®%); wherein each R® is independently selected from C,-C; alkyl; and



each 125 is independently selected from anong guani di nat es,

am ni dat es, isoureates, betadi ketonates, diketoim nates,

di ketiimnates, Cl-C6 al koxy, -NR6R7, and -C(R8)3, wherein each of
R6, R7 and 12.8 is independently selected fromH, Cl-C6 al kyl, C5-C10
cycloal kyl, ©6-C10 aryl, - Si(R3)3, an® -Ge(R3)3 wherein each R3 is
independently sel ected from Cl-C6 alkyl; nis an integer fromO to 3;
mis integer from 0.t 2I8,2 I\/(H2C); 9 DSbR5SNM H2C) ? e SbRS5r,
V- N3-nN3-n R2 ﬁlaﬁémﬁferfﬁ?mgﬁ(} ‘mony ami des of the fornulae antinony
(11r1) alkyl/amno precursors of the fornulae: and stibenes with

ger mani um ani Ogy%lopgrftadgerﬁ% (El%raglyxlng‘l% compounds wherein the Cp moiety is of the formulae:

wherein each of R, R,, Ri, 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-Cyq
aryl, C,-C,, alkoxy, C;-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 selected from C;-Cs alkyl,
and pendant ligands including functional group(s) providing further coordination to the antimony
central atom, and selected from among aminoalkyl, alkoxyalkyl, aryloxyalkyl, imidoalkyl, and

acetylalkyl, having the following formulae:

Fy Hs
P
.fl‘; { | k) .f/
Lo L = dm N’aw
“Ra
Rz Ha
rp R
Lof-C—ah / \!{
) [N | ni \\ A
R, R Fa

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-Cg alkyl and Cs-C)g aryl; each of R; and R4 is the same as or



83 and 6. The nethod of claim1l1l, wherein the germani um precursor
conprises Ge butylamdinate. 7. The nethod of claim1l1, wherein the
ger mani um precursor conprises {nBuC(i PrN)2}2CGe. 8. The nethod of
claim1l1, wherein the filmis an anorphous GeTe or a GeSbTe film 9.
The met hod of claim 2, wherein the tel®urium precursor conprises a
dial kyl tellurium conpound sel ected fromanong di-tert-butyl
tellurium i sopropyl tellurium 10. The nethod of claim

wher ei n sﬂ‘?fgref“i 95 §h8 Ot('i‘gfp?ﬁ’él? faglybsing ‘HdePF‘}dF“ﬂtyrSElﬁ?f‘FﬁqumW%{'g&tcﬁélmr%a“&ﬁ“
t he subst a@tegch selbdted fﬁb@eﬂi&hﬂ}oﬁ nadingh aama af fr@i)mﬂj’& S#ithghd SHWkdIGatan PRBSE
change random a((‘)cetﬁ mory. devic % a germani um and

tel | uri unf¥BMt°s 58#’}6 “of" érﬁﬂﬁﬁﬁ% org é? cter. 12. The method of
claiml, conprising conbating pre-reaction of precursor by
introducing to said process a pre-reaction-combating agent selected
fromthe group c n5|s |ng of (i) (0, N, S organo Lew s base
conmpounds, (u_)_fgr abi bitors, and (iii)

deut eri um cont ai edfents. “13. The nethod of claim1, for
formng a snmooth armr hous germaniumtel luride film conprising

vol atilizing ger Mani unt butyl am dinate and a dialcyl tellurium
precur sor r.m rsor vapor and contacting the precursor
vapor wit# ?Xﬁ/él%%] B‘E‘?af%@gelgﬁ form the snooth anorphous ger mani um

t el | uri dewhérbim @nh tdfieR,sSRybst that eme B4or ﬂmfﬁreﬂ'hﬁomebﬁbodndﬁfer C{vB]il readh, béing
form ng a, phas random acc r Y Hev

f or mi ng alnge em%n& e[%%fl PGP en % (%O%P n@n@ Wgﬁg“h @ﬁgf" i€ 5 ' S%%te&cffoﬁ'b
vapor dep@mqar@l(bec,@ﬂ(ylgerdn%,fﬂ]uwlf aru!m aldgeamadcmlmeg@uerslaras h:omgral wlungf
ger mani umerﬁ‘letL4Wthl{}:§$\ﬁso%at ﬁ%ﬁh‘ﬁ(ﬂ.ﬁ Me%}aﬁg‘glame%r ein said vapor
deposition conprises use of a diallcyl telluriumprécursor, and is
carried out wwth a co-reactant corrpri sing amonia. 15. The nethod of
claim 14, wherein said dialkyl tmll| ugj um precursor is selected from
the group consisting of di-tert-puty|] telluriumand diisopropyl

tellurium 16. A germaniu . selecyed gromthe group
consi sting of R2l-ZI NNRLR2 I m l n —
Rz Ry Rsg
and
Ry R
LT ya
——CAG—N=C
| ey
R: Ru
imidoalkyls

wherein each of R, Ry Ri, Ry, Rs is the same as or different from one another, with each being
independently selected from among hydrogen, C,-Cgalkyl, and C4-Cyp aryl; each of R;’, R,’ is the

same as or different from one another, with cach being independently selected from C,-C; alkyl,



Ge FIRIR2 wherein: RI and R2 nay be the sanme as or different from one
anot her, and are independently selected fromH, Cl-C6 al kyl, C2-05

al kenyl , C5-C10 cycl oal kyl, C5-C113 aryl, and -Si (113)3 wherein each
R3 is independently selected fromCl-C6 al kyl; wherein: R and
R may be the same as or different frd® one another, and each R and
R is independently selected fromH, Cl1-C6 al kyl, C2-05 al kenyl,

C5-C10 cyclpal lcyl, C6-Cl0 aryl, and - Si(123)3 wherejn each R3 is

i ndependeftd (?ﬁ'é‘é &l P ?“}Jdﬁ?réi‘ilﬁée%é?q?ﬁn, bt P 19, with the ppgvispyihat gjand
and R2 may cheotta® asdeengsinet di fferent from one another, and each is
i ndependently selected fromH, Cl1-C6 al kyl, C2-05 al kenyl, C5-C10
cycloallcyl, C6-Cl0 aryl, and - Si(123)3 wherein each R3 is

i ndependently selected from Cl-C6 &ikylRs (R)4-nGe(NRI R2),z wherein
R, R and R2 may be the sane as or |difflerent #Tom one another, and

each i s independently selected—i44&3ﬁ+§ al kyl, C2-05 al kenyl,
C5-00 cycl oal kyl, C6-C10 aryl, andgjg' )3‘vherein each 12.3 is

C6
RI

|
i ndependently selected from Cl - kth and Msis an integer fromO
to 4 inclusive; wherein: ,°R2, "R3, R4, R5 and R6 mmy be the
same as or different fromone another, and each is independently
selected fromH C1-05 al kyl, C2-Qa.gdikgayl, C5-Cl0 cycloal kyl,

C6-C10 aryl, and - Si%R%)S wherein each R3 is independently sel ected
from Cl-Cs al kqurem gpch of Ry-Ry is the same as or different from one another, with each being

independently selected from among hydrogen, C,-Cg alkyl, and C¢-Cyy aryl; Rs is selected from
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 opticnally 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 RIN(CH)WCR 'R s

(i)): R%SH[(R'R*N(CHz)nSi(R'R*) 5.0

(ii): R%Sb[(R'R)N(CH2)xOl;.n

where each of R' and R? is independently selected from among H, C,-Cg alkyl, Cs-Cio
cycloalkyl, C4-C)g 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,-Cs alkoxy, ~NR°R’, and -C(R®);, wherein each of
RS R7 and R%is independently selected from H, C,-C; alkyl, Cs-Cq cycloalkyl, C4-C,p 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 0 to 4.



wher ei n: is selected fromH, Cl1-C6 al kyl, and C5-C10 aryl; and x is
O, 1or 2, /RA -1 NRR vu wherein: R, R, R3 and R4 may be
the sanme as or different fromthe others, and each is independently
selected fromanong H, Cl1-C6 al kyl, C5-Cl10 cycl oal kyl, C6-C10 aryl,
and -Si (R3)3 wherein each R3 is indepdildently selected fromCl-C6

al kyl; VIl wherein: R, R2, R35 R4, and R5 may be the sane
as or different fégm one anot her and each is independently sel ected
fromanong H Cl - al kyl, silyl, -Si (R )8Br C6-C10 cycl oal kyI C6- C10

aryl, -(CH2)"1\yIR R"N and - (CHZ)XO wherekp x]=1, 2 o nd R
R and R’ may be i{ sor difflerent fyom.pne anoth rK acgbRA
i s i ndependent Iy seLeg,L. rd’m Cl-Of aRrkgpI-%, F‘fé“%n

R' may be the sanme @5 of3different fromone other, and are

i ndependently sel e€ted fromanong H, Cl-C6 al kyl, C5-Cl10 cycl oal I cyI,
C6-Cl10 aryl, and -Si (R3)3 wherein each R3 is independently sel ected
fromdC-C6 al kyl; and each X is independently selected from
anong Cl-C6 al kyl, 31-C6 al koxy, -NR , and - C(R3)3, whepein Qach
of R, R2 and ndently sel ected from H Cl-C5 alfkyl

C5- C10 cycl oal Kyl , G6-<TL10{ar L, -Si (B4 erein egch R4 LSN
i ndependent |y s/ ecP f r on¥ ‘Re. R CGe- % SoR3,
3 N\ 3-n 1‘?\ 3
2 2
R3 B R} R Rl
—of-
{;{: : 1‘;5@3&1
S &
-0
R1 1 1@5 =]
L R'O RSRN 0
N N
{X (o |soRY, [X {o ]SbR“ [X (o |sorY, = | sor
e R2 3-n S R2 3-n g2 3-n ey R2 3-n
R3 R3 R3 R3
A B C D
F’l



wher ei n: R1, R2, R3 and R4 may be sane as or different from
one anot her, and are independently selected fromanong H, Cl-C6

al kyl, C5-C10 cycloal kyl, C6-C10 aryl, and -Si (R3)3 wherein each R3
is |ndependently sel ected from Cl- C6 aIkyI wher ei n: R, Rz,
R3 and R 4 may be the same as or diffd#ent fromone another, and are
i ndependently selected fromanong H, Cl1-C6 al kyl, C5-C10 cycloalkyl
C6-Cl10 aryl, and -Si( 3 wherein each RS iI's |ndependently sel ected
from Cl- C6 al kyl ; Réﬁ wher ei n: R, R3 and R4 nay be the
same as or differentChy om one anot her, ' re |ndepe dent ected

from anong H, /ET Cm cy Io - 0 a d 5
-Si (R3) 3 where W“gg Eéfndepen & F xk%ﬁ (i? bR
Rl RRR3Ri Ge XVI where . RI, , R4 nay be they nas
or different fromao ¥e\%£oﬁher and arel 3ht|y seleﬁge& firom
anong H, Cl1-C6 alk§ C10 cycl oal kyl R 10 aryI and SIFR3)3

wherein each R3 is independently selected fron1C1 C6 al kyl, 4-CGe-N
,Sitvie3le3Sihies A B C

antimony amides of the formulae

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

SiMe

and stibenes with germanium anions, of the formulae:
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6. The method of claim 1, wherein the germanium precursor comprises Ge butylamidinate.

7. The method of claim 1, wherein the germanium precursor comprises {nBuC(iPrN),},Ge.

8. The method of claim 1, wherein the film is an 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.

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

including a germanium- and tellurium-containing film of 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 germanium butyl amidinate 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.
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14. The method of claim 1, for forming a phase change random access memory device,
comprising forming a germanium telluride film of amorphous character, including vapor
deposition of germanium from a germanium precursor comprising germanium butyl amidinate or
[{nBuC(iPrN),},Ge], 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 teflurium precursor is selected from the group

consisting of di-tert-buty! tellurium and diisopropyl tellurium.

16. A germanium precursor, selected from the group consisting of

RN MRy Ry
Z N /
24

RaR4H ¢ MR4R 7

wherein:

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

1? R
& ¥
R, H N /:-a R

FoT

{ 1 ‘/ \“t-é
R "E ot

R O 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,-C; alkyl, C,-C; alkenyl, Cs-C,q cycloalkyl, C4-Cy aryl, and -
Si(R;); wherein each R, is independently selected from C,-Cs alkyl,



\pet- N-Sirvle3 Si M2 Ge(NMe2) 4, Ge(NEt Me) 4, Ge(NEt2)4,

i Pr3Ged, i1iPr3GeNMe2, iPr3GeNEtMe, iPr3CGeNEt2, Ge butylamdinate, and
NnBuC(i PrN) 212CGe]. 17. The germani um precursor of claim 16,
conprising Ge butylam dinate. 18. The gernmani um precursor of claim
16, conprising UnBuC(i PrN)212Ge]. 19.85The ger mani um precursor of
claim 16, further conprising a pre-reaction-conbating agent sel ected
fromthe group consisting of (i) (0, N, S) organo Lew s base
compounds, (ii) frge radical inhibitors, and (iii)

deuteriumcontaini fng reagents. 20. A snooth anorphous germani um
telluride &f~germapi um agki,{mny telluride film as forned by the

nmet hod of cl ai , using a jermani um precursor conprising Ge
but yl am di nat e jor [{ C(i PrN)2}2Ce] .
[ Il HR4Rs
R HI
wherein:

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

R Gel NR1RS),

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-Cyq cycloalkyl, Cs-Cp aryl, and -Si(R,); wherein
each Rj is independently selected from C,;-C; alkyl; and

n is an integer from 0 to 4 inclusive;

7 ®
1
R Ho Re
N
/Ge\
.,
gl gy 5
14
‘.’
wherein:

RY, R?, R?, R, R® and R® may be the same as or different from one another, and each is
independently selected from H, C-Cq alkyl, C,-Cs alkenyl, Cs-Cyy cycloalkyl, Cs-C)y aryl, and -
Si(R;): wherein each R; is independently selected from C,-Cy alkyl;
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wherein:
R is selected from H, C-C; alkyl, and C¢-C g aryl; and

xis 0, l or2;

Tid mommioms (3 8 e |
Ry Ry
Ry ¢
wherein:

Ry, Ry, Ry and R, may be the same as or different from the others, and each is
independently selected from among H, C;-C; alkyl, Cs-C\4 cycloalkyl, Cs-Cyp aryl, and -Si(R3):
wherein each R; is independently selected from C;-Cg alkyl;

¥1H

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,-Cs alkyl, silyl, -Si(R’)s, C4-C)q cycloalkyl, Cg-C g 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;
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R’ R’

H (]
X—QE \Géf‘ ;Z\)-*-—i‘f
WaNE4
AT
X
wherein;

R’ and R” may be the same as or different from cne another, and are independently
selected from among H, C,-C; alkyl, Cs-Cyp cycloalkyl, Cs-C)p aryl, and —Si(R3)3 wherein each R?
is independently selected from C,-C; alkyl; and

each X is independently selected from among C,-Cy alkyl, C;~Cy alkoxy, -NR'R?, and -
C(R?);, wherein each of R', R and R? is independently selected from H, C,-C4 alkyl, Cs-Cyq

cycloalkyl, C¢-Cq aryl, and -Si(R*); wherein each R* is independently selected from C,-Cg alkyl;

Qz"\ ,-"R“'
,{:HmGe”Ci"f\\
/,
R} Ry

»

wherein:

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

3
R~ T
N
,G e,
o Hff
F&i i
Rq
X1
wherein:

Ri;, Ry, Ry and Ry may be the same as or different from one another, and are
independently selected from among H, C,-Cs alkyl, Cs-Cq cycloalkyl, C4-C)g aryl, and -Si(R?);
wherein each R? is independently selected from C,-Cg alkyi;
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R
R?. ¥g‘ :
o JN\
Ges
b
23 q 1
Ra
Xit
wherein:

R;, 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-Cyq cycloalkyl, Ce-C g aryl, and -Si(R%);
wherein each R? is independently selected from C,-Cg alkyl;

R] R2R3R4Ge
XVl

wherein:

R;, Rz, Rs, and R; may be the same as or different from one another, and are
independently selected from among H, C,-Cs alkyl, Cs5-C)q cycloalkyl, Cg-C o aryl, and -Si(R%);
wherein each R? is independently selected from C,-Cg alkyl,

"L L™ ! . "
{ b SiMe; Silieg Sitea Siles
N—Ge—N ) MN—Ce—N H-C—Ge—C—H
A SiMe; Sikles Sihte, Sitde,
1
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D 'e

__f NMes —l NEt,
b

5e |
EEAN

Ge

TN
< NMeE: j T—Si!‘v1ea
Siltes

Ge(NMey)y, Ge{NEtMe)a, Ge(NEty)y, 1Pr;GeCl, iPriGeNMe;, iPr;GeNEtMe, iPryGeNEt,,
Ge butylamidinate, and [ {nBuC(iPrN),},Gel.

17. The germanium precursor of claim 16, comprising Ge butylamidinate.
18. The germanium precursor of claim 16, comprising [ {sBuC(®PrN),},Ge].

19. The germanium precursor of claim 16, further comprising a pre-reaction-combating agent
selected from the group consisting of (i) (O, N, S) organo Lewis base compounds, (i) free radical

inhibitors, and (iii) deuterium-containing reagents.

20. A smooth amorphous germanium telluride or germanium antimony telluride film, as formed
by the method of claim 2, using a germanium precursor comprising Ge butylamidinate or

[{nBuC(iPrN),},Ge).



