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CROSS- REFERENCES TO RELATED APPLI CATI ONS [ 0001] This application clainms the
benefit oWoWofdo3Priovi si onal Patent Application No. 5 61pP8841s8@&9/0503bed

Sept ember 10, 2010, and titled "EMBEDDED CATALYST FOR ATOM C LAYER

DEPGOSI TION OF SILICON OXIDE," which is incorporated herein by reference in
its entirety for all purposes. BACKGROUND OF THE | NVENTI ON [0002] Silicon
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20  electrical devices.

[0003] In addition to lower substrate temperatures, thin films used in semiconductor
devices will increasingly require atomic layer control during deposition due to the
decreasing linewidths. These thin films will also be required to have excellent step
coverage and conformality. To satisfy the requirements, atomic layer deposition (ALD)

25  process have gained traction in semiconductor manufacturing.

[0004] ALD silicon oxide films have been deposited at a temperature of more than 600K
via the atomic layer deposition process using SiCls and H,O sources. In this exemplary
prior art process, a SiCly source is provided in a substrate processing region containing a
substrate having hydroxyl groups (--OH) on its surface. The SiCly source reacts with the

30  hydroxyl group in this first deposition step, and --SiCl; is adsorbed on the surface of the
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deposition rate. Concurrent exposure to multiple deposition precursors does not
significantly address the low growth and sacrifices the atomic layer control desired for most
ALD processes. Furthermore, the presence of chlorine and ammonia in the effluents

20  produces undesirable salts which can incorporate into the depositing film in addition to
requiring specialized deposition chamber cleaning procedures. Alternative silicon
precursors which do not contain chlorine address the production of undesirable salts but do

not address the low growth rates.

[0007] Thus, there remains a need for new atomic layer deposition processes and
25  materials to form relatively pure dielectric materials at low temperatures but increased

growth rates. This and other needs are addressed in the present application.

BRIEF SUMMARY OF THE INVENTION
[0008] Catalyzed atomic layer deposition from a reduced number of precursors is
described. A deposition precursor contains silicon, oxygen and a catalytic ligand. A
30  hydroxyl-terminated substrate is exposed to the deposition precursor to form a silicon

bridge bond between two surface-bound oxygens. The surface-bound oxygens were part of
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hydr oxyieygreaghes @ twgat Hechamss.t o chemically bind to the cleaved site of the

bri dge-bonded silicon atom [0011] Additional enbodinents and features are

set f orfob10]rERBSdimeiits ol thed Beition inddidetihethodsodfl fomsing antlicon opRietiaysk bh abecome

apparent to those skilled in the art upon exam nation of the 5

speci fi ltyémwrte‘m%%ﬂ yeface gf ﬁé*doswtetvrfénwéebﬁtrée RIPCESHBE &} oshd

emgadi ”Eﬁ% gﬁgté ?gritf%’rérg ﬁ%grdgéé‘@i’ %%rﬁ?ﬁlzelo&e BBﬁox‘E‘hérﬁW%ﬁ%th%@@@%ﬁﬁm S hay

be reaI|ze ans o trunenta I nati ons,
and netdigds (ﬁ)sﬂ@\mngad;ﬂldmntdmd-cs:pg@i-éérﬂaihlrxgrprecursor containing silicon-and-

oxygen-containing molecules into the substrate processing region to form a bridge bonded
silicon atom bridging between two surface-bound oxygen adatoms, wherein the two
surface-bound oxygen adatoms originated within separate hydroxyl termination groups, and

30  then (2) flowing H,O into the substrate processing region to bind hydroxyl groups to each of
the two remaining sites of the bridge-bonded silicon atom. The silicon-and-oxygen-

containing molecules further include a catalytic ligand, which enables the H,O to cleave the
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15 such multiple similar components.

[0013] FIG. 1 is a flowchart illustrating selected steps for forming silicon oxide dielectric

layers according to disclosed embodiments.

[0014] FIG. 2A is a chemical schematic of a silicon-and-oxygen-containing molecule for

use in atomic layer deposition according to disclosed embodiments.

20  [0015] FIG. 2B is a chemical schematic of a silicon-and-oxygen-containing molecule for

use in atomic layer deposition according to disclosed embodiments.

[0016] FIG. 2C is a chemical schematic of a step in an atomic layer deposition process

according to disclosed embodiments.

[0017] FIG. 2D is a chemical schematic of a termination step in an atomic layer

25  deposition process according to disclosed embodiments.

[0018] FIG. 3A is a chemical schematic of catalytic ligands and optional hydrocarbon
chains in silicon-and-oxygen-containing molecules for use in atomic layer deposition

according to disclosed embodiments.
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pyrimidine is a nitrogen-containing catalytic ligand, in disclosed embodiments, and an

alternative representation of pyrimidine siloxane is shown in FIG. 2B. Generally speaking,

a silicon-and-oxygen-containing precursor may be used for this step and the silicon-and-

30  oxygen-containing precufsor may be pyrimidine siloxane in disclosed embodiments. The
silicon-and-oxygen-containing molecules of the silicon-and-oxygen-containing precursor

may each contain four oxygen atoms chemically-bound to one silicon atom. Three of the
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application of the four sequential steps Elr od%%es a silicon 100xi de |ayer

on t he BEfbSRTUT IO eDBEFIEn PR CEHING SRR Pl @ggceﬁ%éfjge?ﬁt%@w IPRe | ast
hydr 0Xyhe pRIEIAREOAUNIRERISAN d?t LoRBhRbE heGliBsSs bifiknd itayaeygens and

| i berate Eydrogen step 110) his can be done 'in a variety of ways
i ncl udi mnpedaay ghronglex posipmg ronteto laypdimping sytstenni nat ed surface to an
oxygen-pl asma. The cross-linking is depicted schematically in FIG 2D.

20 [0023] At this point, a catalytic exposure would have been needed if catalytic ligands
were not present in the deposition precursor. Instead, moisture (H,O) is flowed into the
substrate processing region (step 106) to perform the next step in atomic layer deposition.
A water molecule (H,O) impacting the surface interacts with a nitrogen in the pyrimidine
adsorbed on the surface of the substrate (see FIG. 2C). The interaction allows the water to

25  cleave the Si-O bond of below the hydrocarbon chain (the one without the catalytic ligand
attached). Cleavage of the Si-O bond liberates a hydrocarbon chain having an attached
hydroxyl group. The reaction forms a bond between the silicon bridge atom and the oxygen
of the water. Meanwhile a second water molecule interacts with one or both of the nitrogen
atoms in the catalytic ligand, resulting in cleavage of the Si-O bond affiliated with the same

30  catalytic ligand which enabled the reaction. The interaction liberates the catalytic ligand
and its hydrocarbon chain as a process effluent. The open bonding site created by the

liberation is then occupied by a hydroxyl group from the second water molecule. Exposing



15[ 0026] The atom c | ayer deposition process discussed in conjunction with
FIGS 1-2 results in high efficiency since the catalytic agent is

i ncor por avecdo3shie deposition precursor. This greatly PpPoTrisasie®sishe
probability that a catalytic agent will be nearby (available) to facilitate
t he chem cal incorporation of a hydroxyl group fromthe noisture (H20).

Thi s i ribe aubstrafesd mogsten dsa satblimiting stapen eg&@étm@tt% megnipe fethar e5pasHes to

pressur ri . i t .
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t he noi stureeéSZO). Reduced pressure not only decreases the amount of
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is below 10 nmflorr .duri,ng one or hoth of. . 30.the ste of flow ng the
1 S orr et R rS b e e Mop e gt e g Segbr il sihes e Ao

di 59l osgdierPadnBEbbstrdfde substrate tenperature may be |ess than 200C
during both of the steps of flowi ng the silicon-and-oxygen-contai ni ng

ooe7) TheSthenare e Mat e RReIL oich s S SERRI RPNk O WV 2"

wi der vigdakeRltty cessSink itlgOhy@btk eyl dRit€ Bydrabdh 3@pAN % UTEOts bd@mepy ai M di ne
sil oxane. Exenplary catalytic 5ligands are represented al ong with opti onal
hydr oca¥di6t ivsaisdnglydiag beatiwglor seprsiig: the bydraxdrtgminated swidsssitiapy catal ytic
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carbon-nitrogen ring. A carbon-nifrogen ring may facilitate the catalysis
of the 1Seewsdyordhisodreatlyeinbrehsty ¢hdypnbidulityithataonatalyticsagopt wirlieret reaxbyex anpl e

i | vi the.inm.d | tal.ytic |i di in FI.G 3B. Th it
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is broken - not necessarily the case). C eavage 15 of the Si-0 bond
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cat al yt A ah AR RSB RISl a8
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cat al yt $TEUPRty ERY beRemp v from Singsiae Brasessyiaiseiong A4ttt atomic layer

deposition (steps 102-108) lasts less than 2 seconds in disclosed embodiments. The
25  increased efficiency also allows additional material to be deposited within each cycle
compared to atomic layer deposition cycles performed without an embedded catalyst. A
cycle of atomic layer deposition (four sequential steps 102-108) deposits more than 1A, less
than 6A or between 1A and 6A of silicon oxide on the substrate in disclosed embodiments.
The pressure within the substrate processing region is below 10 mTorr during one or both of
30  the steps of flowing the silicon-and-oxygen-containing precursor and flowing the moisture

(H,O) in disclosed embodiments. The substrate temperature may be less than 200°C during



20bridge site. Each of the catalytic |ligands provide varying kinetic rates
of reaction but all offer favorable deposition rates conpared to the use of
a separ atwocat2isyner due to the enbedded nature of the eatralsgeilosdspgand.

[ 0028] Hydrocarbon chains may or nmay not be present on each of the four
oxygens of a self-catalyzing silicon-and-oxygen-containing precursor

accor dibath afdhestprsdiffondag B stliren2pdionygsn¢antainiag @rﬂympyamgﬂ@\@@aﬂ%n chai ns
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ol uad HEE B R SR G SR BT Cehe R G R ThE i deelin e SR iGgen

hydr ogeasbogafildesenaitg dnliblel bk BxcomihgSwarer @oladle1® blesve Gid dfaBnSORIbdadeconsi st's
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gas" refers to any gas whi does not form Chem cal bonds when etching or
bei ng imtogepdran ed imitazola citalytic ligaehgiearsaliyrenund gas asighberingdexygeb| e gases
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embedded nature of the catalytic ligand.

[0028] Hydrocarbon chains may or may not be present on each of the four oxygens of a
self-catalyzing silicon-and-oxygen-containing precursor according to embodiments of the
25  invention. Exemplary hydrocarbon chains include H(H,C), with n being any positive
integer or zero. Therefore, the hydrocarbon chains may include H, CHjz, C,Hs, CsH; and so
on. The hydrocarbon chains may have only single bonds and n may range from 0 to 5 in
embodiments of the invention. As indicated previously, the catalytic ligand may be
attached to a siloxane directly or by way of a hydrocarbon chain of the form (H,C),. The
30  hydrocarbon chain, in cases where n is greater than zero, is not included as part of catalytic
ligand (“R”) for the purposes of describing the chemical reaction. The hydrocarbon chain

attaching the oxygen to the catalytic ligand may be referred to herein as a hydrocarbon



has a | arge horizontal aspect ratio. Viewed from above the surface,
trenches may appear circular, oval, polygonal, rectangular, or a variety of
ot her shapexoi1zlizg7iverm "via" is used to refer to a | ow aspastomasi3eltrench
(as viewed from above) which nmay or may not be filled with metal to forma
vertical electrical connection. As used herein, a confoanal |ayer refers
25t 0 a eyéameioalang mayialsorrangeayem 030 Sraembpdiments of theinverton: s weh.ghere shape

as the,surfage, i.e.. the surface of the n he .surface being
cover e dFistBnenehriont iy LIRS Blontidh GBY G ISRl TT Tn the art
will recognize that the deposited material |ikely cannot be 100% conf or mal
and t hU§0#He féppad-heesieraibptyate ampy e a sepposcbpitad Methios vathanclaers [ 0031]
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20 [0030] The term "trench" is used throughout with no implication that the etched geometry

has a large horizontal aspect ratio. Viewed from above the surface, trenches may appear
circular, oval, polygonal, rectangular, or a variety of other shapes. The term “via” is used to
refer to a low aspect ratio trench (as viewed from above) which may or may not be filled
with metal to form a vertical electrical connection. As used herein, a conformal layer refers
25  to a generally uniform layer of material on a surface in the same shape as the surface, i.e.,
the surface of the layer and the surface being covered are generally parallel. A person
having ordinary skill in the art will recognize that the deposited material likely cannot be

100% conformal and thus the term "generally" allows for acceptable tolerances.

[0031] Having described several embodiments, it will be recognized by those of skill in
30  the art that various modifications, alternative constructions, and equivalents may be used
without departing from the spirit of the invention. Additionally, a number of well-known

processes and elements have not been described in order to avoid unnecessarily obscuring



20 presence of stated features, integers, conponents, or steps, but they do
not preclude the presence or addition of one or nore other features,

i nt eger s,woanpossnys, steps, acts, or groups. WO PCT/US2011/050391

2012/ 033717PCT/ US2011/ 050391 WHAT IS CLAIMED I'S:  11. A nethod of forming a
silicon oxide |layer on a hydroxyl-term nated 2surface of a substrate

posi t i dhepresent anveptien. r Aeergpnglyethsiahgye dagraptiontsheuldmonbritakemps limiting:  3at

| east f t.ial ..steps conprising: 4(i) exposing the
hydroxﬁﬁy%ﬁiggﬁggéﬁ%?HPgace to a silicon-and-oxygen- 5containing precursor
conprising a siloxane and a nitrogen-containing 6catalytic |igand by
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the llsubstrate processjng region, and 12(iv) repoving process effluents
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| ayer reaches "a
smaller ranges may independently be included or excluded in the range, and each range

where either, neither or both limits are included in the smaller ranges is also encompassed
10  within the invention, subject to any specifically excluded limit in the stated range. Where
the stated range includes one or both of the limits, ranges excluding either or both of those

included limits are also included.

[0033] As used herein and in the appended claims, the singular forms "a", "an", and "the"
include plural referents unless the context clearly dictates otherwise. Thus, for example,

15  reference to "a process" includes a plurality of such processes and reference to "the
precursor” includes reference to one or more precursor and equivalents thereof known to

those skilled in the art, and so forth.

[0034] Also, the words "comprise," "comprising," "include," "including," and "includes"
when used in this specification and in the following claims are intended to specify the

20  presence of stated features, integers, components, or steps, but they do not preclude the
presence or addition of one or more other features, integers, components, steps, acts, or

groups.

10



15t arget thickness. 12. The nethod of claim 1, wherein each iteration of
steps (i)-(iv) 2deposits between 1 A and 6A of silicon oxide on the

subst r at evo2812fi3s71met hod of claim 1, wherein the nitrogeaTasaeiaionn3ny

catal ytic 2ligand conprises a carbon-nitrogen ring. 14.The nethod of claim
1, wherein the silicon-and-oxygen-containing 2 nolecul es each contain four
oxygen WHAEISGEAIMED - bound to one silicon atom wherein 3 three of the
oxygen atons are each chenically-bound to a separate hydrocarbon chain and
4 the remaini ng oxygen i ' - Lyiic Jjgand.
15, The mothod of 5 i it DetuHt S5iARH A3licks BOMBeP ol A8y S bk Ralch
2capbonufthéd sfgesubstrg posiffonEddn ABhbsddteqfroedssihgrdgionytiey method bempadiad:yt i C
ligand is chemcally- 2 bound to a hydrocarbon extension and the

hydPocar bon #XagneroearetishEapTIMBIsHind to an 3oxygen atomin the

sil gxane. WO 20 T ] im1,

Wnergei n the catal tegggﬁ%%{}%{y%??inggg%ﬁis@zﬁ ??o%%%ﬁg%gﬁxg%%?ei ther 4 or
5 carbon at awatagringpgedksomcomn @ siponsi loixhmicogedr witrogen-containing

6 catalytic ligand by flowing the silicon-and-oxygen-containing precursor into
7 the substrate processing region,
8 (i) removing process effluents including unreacted silicon-and-
9 oxygen-containing precursor from the substrate processing region,
10 (iii) exposing the surface of the substrate by flowing H,O into the
11 substrate processing region, and
12 (iv) removing process effluents including unreacted H,O from the
13 substrate processing region; and
14 repeating the at least four sequential steps until the silicon oxide layer reaches a

15 target thickness.

1 2. The method of claim 1, wherein each iteration of steps (i)-(iv)

2 deposits between 1A and 6A of silicon oxide on the substrate.

3. The method of claim 1, wherein the nitrogen-containing catalytic

ligand comprises a carbon-nitrogen ring.

1 4. The method of claim 1, wherein the silicon-and-oxygen-containing
2 molecules each contain four oxygen atoms chemicaily-bound to one silicon atom, wherein
3 three of the oxygen atoms are each chemically-bound to a separate hydrocarbon chain and
4  the remaining oxygen atom is chemically-bound to the catalytic ligand.

1 5. The method of claim 1, wherein the catalytic ligand comprises a

2 carbon-nitrogen ring.

1 6. The method of claim 1, wherein the catalytic ligand is chemically-
2 bound to a hydrocarbon extension and the hydrocarbon extension is chemically-bound to an

3 oxygen atom in the siloxane.

11



18. The nethod of claim1, wherein the catalytic [igand conprises two 2
nitrogen atons and either 3 or 4 carbon atons arranged in a carbon-nitrogen
ring. 19.wbeorasbud of claim 1, wherein the silicon-andPoxyusendos03dai ni ng 2
precursor conprises pyrimdine-al koxysilane. 110. The nethod of claim1,
wherein the catalytic |igand conprises one of 2Pyrimdine, |Imdazole,

Am ne, Al kyl Pyridine, Pyridine, Pyrrolidine, Pyrrole or Pyrazole. 111. The
met hod of claim 1+ wherhsimethodokglaims Lrehappin fhercaf i cligrad camerisesyngcessi ng

reghon I aorr ri ' TAN - and- oxygen-
Soont abrorm R i BHRE s e A b g B Bl R S,
wherein a tenperature of the substrate is 2 bel ow 200C during each of

fl ow ng the sili dn- artheangthehotdaitai nvingeiptieceatadwic hgaid bmprikesgwohe H20.
113, The .met hod of@_gc{ al m,J;L, wherein one of the plurality of cycles of

2at &mi AirosrBrAteRh Y qithsh3 Phd Carbpp AtOMSALRBRSINGY CaF RUSNITRGEN gt hod of

formng a silicon oxide |layer on a hydroxyl-term nated 2surface of a

subgtrate wi thin @ subsidatiBoPbPASSS | NOhdrEid tRNsiliddMealtes REn-COMRmiY NY:
3performing a plurality of cycles of atom c |ayer deposi'tion, each of the
pl ulal ifrgeusor gompribespydepdiveaikogysikbneeen | A and 6A of silicon oxide on the
substrate by:

1 10.  The method of claim 1, wherein the catalytic ligand comprises one of

2 Pyrimidine, Imidazole, Amine, Alkyl Pyridine, Pyridine, Pyrrolidine, Pyrrole or Pyrazole.

1 11.  The method of claim 1, wherein the pressure within the substrate
2 processing region is below 10 mTorr during one of flowing the silicon-and-oxygen-

3 containing precursor and flowing the H,O.

1 12.  The method of claim 1, wherein a temperature of the substrate is

2 below 200°C during each of flowing the silicon-and-oxygen-containing precursor and
3  flowing the H;O.

1 13.  The method of claim 1, wherein one of the plurality of cycles of

2 atomic layer deposition lasts for 2 seconds or less.

1 14. A method of forming a silicon oxide layer on a hydroxyl-terminated

2 surface of a substrate within a substrate processing region, the method comprising:

3 performing a plurality of cycles of atomic layer deposition, each of the plurality of

4  cycles depositing between 1A and 6A of silicon oxide on the substrate by:

5 (1) flowing a silicon-and-oxygen-containing precursor containing silicon-and-

6  oxygen-containing molecules into the substrate processing region to form a bridge bonded

7  silicon atom bridging between two surface-bound oxygen atoms, wherein the two surface-

8  bound oxygen adatoms originated within separate hydroxyl termination groups, and then

9 (2) flowing H,O into the substrate processing region to bind hydroxyl groups to each
10 of the two remaining sites of the bridge-bonded silicon atom,

12



5(1) flow ng a silicon-and-oxygen-containing precursor containing
silicon-and- 6oxygen-containing nolecules into the substrate processing
regi on t owbaenmv@3tiri dge bonded 7 silicon atom bridgi ng [PeTwsSen 1096391

sur face-bound oxygen atons, wherein the two surface- 8 bound oxygen adat ons
originated wi thin separate hydroxyl teim nation groups, and then 9(2)

f1 W ng H20 wheren theesibesnsandsieygp-oomaisinggnelegilemiurtbersionprisg d catrpticgr oups t o

20131 odwric iy LRG3 15 YRR ol Ot R RaRP A 4 bR Bk o g

noligculfesn tHY HJ® o dRMNAlSDiIRl ©ahatlyived site of thedmidge bbhddd stiivahlagsnt he H20 to
cleave the Si-0 bond and further enables a hydroxyl group 13fromthe H20 to
chemcally bind to the cleaved site of the bridge-bonded silicon atom
1151The net hod of!3l aithemacthed ok dhaim bhApithesicagrasiag §1ass-Hrking thelast ast 2

ot 1 B oL B R R RTee
3 plasma to produce a bridge bonded oxygen.
1
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