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BACKGROUND
[0003] Various thin film layers for semiconductor devices may be deposited with. atomic
layer deposition (ALD) processes. Under some conditions, some ALD processes may be unable
to saturate the wafer, leading to incomplete film deposition on the wafer, film islanding, and film
thickness variation. Some approaches to address incomplete film deposition may include longer
dosing times to saturate the wafer surface with film precursor. However, extended dosing time
may waste valuabie precursor during film nucleation phases. The additive effect of extending
processing time may diminish process tool throughput, requiring the installation and
maintenance of addifional process tools to support a production line. Further, films produced by
such approaches may have physical, chemical, or electrical characteristics that provide

inadeguate device performance.



SUMMARY
[0004] A method of depositing & film on a substrate surface includes providing a substrate
in a reaction chambér; selecting a silicon-containing reactant from a precursor group consisting
of - . di-tert-butyl diazidosilane, tris(dimethylamido)silylazide, and bis(tert-
butylhydrazido)diethylsilane; introducing the silicon-confaining reactant in vapor phase into the
reaction chamber; and introducing a second reactant in vapor phase into the reaction chamber.
[0605] In other featurss, the method includes introducing the silicon-containing reactant
under conditions allowing the silicon-containing reactant to adsorb onto the substrate surface and
exposing the substrate surface to plasma to drive a reaction between the silicon-containing
reactant and the second reactant on the substrate surface to form the fim.
[0006] In other features, the method includes introducing the second reactant into the
reaction chamber while the silicon-contaiping reactant is adsorbed on the substrate surface and
without first sweeping the silicon-containing reactant oat of the reaction chamber. The second
reactarnit flows to the substrate surface at one of a constant flow rate, a non-constant flow rate and
an intermittent flow rate.
[00G7)] In other features, the fiim comprises SiN, the film forms a conformal stmacture, and
deposition of the film is performed at a temperature less than or equal to 400°C.
[GO0B] A method of depositing a film on a substrate surface includes (a) providing a
substrate in & reaction chamber; {(b) selecting a silicor-contaiming reactant from a precursor
group consisting of  di-text-butyl diazidosilane, bis(ethylmethylamido)silane,
bis(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane, tris(dimethylamido)silylazide,

tris(dimethyiamido)silylamide, ethyisilicon triazide, diisopropylaminosilane, and



hexakis(dimethylamido)disilazane; (c) imtroducing the silicon-confaining reactant in vapor
phase into the reaction chamber under conditions allowing the silicon-containing reactant to
adsorb onto the substrate surface; (4} infroducing a second reactant in vapor phase into the
reaction chamber while the silicop-containing reactant is adsorbed on the substrate surface
without first sweeping the silicon-containing reactant out of the reaction chamber; and (e)
" exposing the substrate surface to plasma to drive a reaction between the silicon-containing
reactant and the second reactant on the substrate surface to form the film.
[0008] Tn other features, the method includes igniting the plasma while at least one of the
silicon-containing reactant and the second reactant is in 2 gas phase while being exposed to the
subsirate. The silicon-contzining reactant and the second reactant do not react with one another
in the vapor phase.
[0010] In other features, the film comprises SIN film and deposition is performed at a
temperature less than or equal to 400°C. The second reactant flows to the substrate surface at a
" non-constant flow rate during (d). The method further includes sweeping out the second reactant
in vapor phase pror to (). The method includes exposing the substrate surface to the second
reactant after the sweep phase but prior to (2).
[0011] In other features, the silicon-containing reactant and the second reactant co-exist in
vapor phase. The silicop-containing reactant and the second reactant do not appreciably react
with one another until exposuwre to plagma in (e). The film formed in {e) forms a confornal
structure. After (e}, the method includes depositing additional film directty on a portion of the
filn by chemical vapor deposition. The second reactant flows to the substrate surface at onz of a

censtant flow rate, a non-constant flow rate and an intermittent flow rate.



[0012] An apparatus for depositing a film on a substrate includes a reaction chamber and an
inlet port that delivers gas phase reactanfs to the reaction chamber. A plasma generator provides
plasma fo the reaction chamber. A controller initates flowing a silicon-containing reactant in
vapor phase into the reaction chamber under conditions aliowing the silicon-containing reactant
to adsorb onto 2 substrate surface. The silicon containing resctant is selected from 2 precorsor
group congsisting of di-tert-butyl diazidosilane, bis(ethylmethylamido)silane,
his(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane, tris(dimethylamido)silylazide,
tris{(dimethylamido)silylamide, ethvisilicon triazide, diisopropylaminosilane, and
hexakis(dimethylamido)disilazane. The controller initiates flowing z second reactant in vapor
phase into the reaction chamber while the silicon-containing reactant is adsorbed on the substrate
surface and without first sweeping the silicon-containing reactant out of the reaction chamber.
The controller causes the plasma generator to generate the plasma in the reaction chamber to
drive a reaction between the silicon-containing reactant and the second reactant to form the film.
[0013] In other features, the controller initiates chemical vapor deposition directly on a
portion of the film. The costroller initiates etching the film and depositing additional film on the
etched film.

[6614] In other features, the fikm comprises SiN film, the film forms a conformal strmeture,
and deposition of the film is perforined at a temperature iess than or equal to 400°C.

FOO15] These and other features will be described in more detai] below with reference to the

associated drawings.



BRIEF DESCRIPTION OF THE DRAWINGS
10016] FIG. 1 schematically shows a timing diagram for an sxample conformal film
deposition (CFD) process according to an example of the present disclosure.
[0017] FIG. 2 schematically shows a timing diagram for another example CFD process
according 1o an example of the present disclosure.
[001.8] FIG. 3 schematically shows a timing diagram for another example CFD process
according to an example of the present disclosvre.
[06019] FIG. 4 schematically shows a timing diagram for an example CFD process including
a plasma treatment cycle according to an exampie of the present disclosure.
[0026] FIG. 5 shows an example correlation between a wet ctch rate ratio and a deposition
temperature for films deposited according to an example of the present disclosure.
foo21} FIG. 6 shows an exampie correlation between a wel etch rate ratic and a film stress
for films deposited according to an example the present disclosure.
[0022] FIG. 7 shows an example correlation between film contaminant concentration and
deposition temperature for films deposited according to an example of the present disclosure.
100231 FIG. 8 schematically shows an example cross-section of & non-planar gubstrate
comprising a phurality of gaps.
[6024] FIG. 9 schematically shows a timing diagram for an example CFD process including
a trapsition to a PECVD process according 1o an example of the present disclosure.
[0025] FIG. 10 schematically shows an example cross-section of a gap fill including a
keyhole void.
[0026] FIG. i1 schematically shows a timing diagram for an example CFD process

inchuding an in-sifu etch according to an exampie of the present disclosure.



(00271 FIG. 12A schematically shows an example cross-section of a re-entrant gap fill
profile.

(06281 FIG. 12B schematically shows an example cross-section of the re-entrant gap fiil
profile of FIG. 12A during an in-situ efch process according to an example of the present
disclosure.

[0029] FIG. 12C schematically shows an example cross-section of the gap fill profile of
FIG. 12B during a deposition process after an in-situ eich according to an example of the present
disclosure.

10030] FIG. 13 schematically shows an example process station according to an example of
the present disclosurs.

[GO31] FIG. 14 shows a permspective view of an example reactant disn-ibuﬁoz} system
including 2 mixing vessel and a plurality of mixing vessel outlet velves according to an exarmple
of the present disclosure. |

f0032] FIG. 15 shows a side view of the reactant distribution system example depicted in
FIG. 14

[0833] FIG. 16 schematically shows an example timing diagram for an example reactant
distribution system according to an exampie of the present disclosure.

fo034] FIG. 17 schematically shows example travel and sweep time delays for a reactant
delivery system.

[0035] FIG. 18 schematically shows an sxample skirt enclosure for & microvelume of a
process station according to an example of the present disclosure.

f0036] FIG. 19 schematically shows an example showerhead including a plurality of

microvolumes for 2 process station according to an example of the present disclosure.



[6037] FIG. 20 schematicaily shows another example of a plurality of microvolumes
inciuded in a process station accor&ing to an example of the present disclosurs.

[0035] FIG. 21 schematically shows exampie correlations between a sweep time and a
sweep flow rate of a dual-zone showerhead at various pressures according to an example of the
present disclosure,

[0039] FIG. 22 schematically shows an example comelation between signal strength and
time for plasma initiation according to an example of the present disclosure.

[00407] FIG. 23 schematically shows another example comelation between signal strength
znd time for piasma initiation control according to an example of the present disclosure.

(0041} FIG. 24 schematically shows an example process tool including a pluzality of process
stations and a controller according to an example of the present disclosure.

{0642] FIG. 25 schematically shows an example cross-sectional view of a through-silicon
via during 2 CFD process inclnding an in-situ etch according to an example of the present
disclosure.

[0043] FIG. 26 schematically shows an example cross-section of a2 non-pianar sabstrate
comprising a gap fill deposited in accordance with an example of the present disclosure.

{0044} FIG. 27 schematically shows another timing diagram for an example CFD process
including 2 trapsition to 2 PECVD .process according o an example of the present disclosure.
{6045} FIG. 28 shows a graph depicting an example deposition rate correlation and also
shows examplg scanning electron microscope (SEM) images of non-planar substrates processed
by two example CFD processes including in-sitn transitions to PECVD processes according to an

example of the present disclosure.



[0046] FIG. 29 schematically shows a timing diagram for another example CFD process
including concurrent PECVD and CFD deposition processes and including a sweep phase having
a positive time duration between discontinuing a supply of reactant B to the process station and
plasmna activation according to an example of the present disclosure,

10047} FIG. 30 schematically shows a timing diagram for another example CFD process
including concwrent PECVD and CFD deposition processes and excluding a2 sweep phase
between discontinuing a supply of reactant B and plasma activation according to an example of
the present disclosure.

[6048] FIG. 31 schematically shows a timing diagram for another example CFD process
inchuiding concurrent PECVD and CFD deposition processes and including an overlap between a

supply of reactant B to the process station and plasma activation according to an sxample of the

present disclosure.

DETAILED DESCRIPTION

[0049] Manufacture of semiconductor devices typically involves depositing one or more
thin films on a non-planar substrate in 2n infegrated fabrication process. In some aspects of the
integrated process it may be useful to deposit thin filins that conform to substrate topography.
For example, a silicon nitride film may be deposited on top of an elevated gate stack to act as a
spacer layer for protecting lightty-doped source and drain regions from subsequent ion
implantation processes.

[0030] In specer layer deposition processes, chemical vapor deposition (CVD) processes
may be used to formn a silicon nitride film on the non-planar substrate, which is then

snisotropically etched to form the spacer structure. However, as a distance between gate stacks



decreases, mass transport limitations of CVD gas phase reactions mey ceause “bread-loafing”
deposition effects. Such effects typically exhibit thicker deposition at top surfaces of gate stacks
and thinner deposition af the bottom comers of gate stacks. Purther, because some die may have
egions of differing device density, mass transport effects across the wafer surface may result in
within-die and within-wafer film thickness varation. These thickness variations may result in
over-etching of some regions and under-efiching of other regions. This may degrade devics
performance and/or die yield.

{0051] Some approaches to addressing these issues involve atomic layer depositioﬁ (ALD).
In confrast with 2 CVD process, where thermally activated gas phase reactions are used to
deposit films, ALD processes use surface-mediated deposition reactions to deposit films on &
layer-by-laver basis. In one example ALD process, a substrate surface, including 2 population of
surface active sites, is exposed to 2 gas phase distribution of a fizst film precursor (P1). Some
molecules of P1 may form a condensed phase atop the substrate sorface, including chemisorbed
species and physisorbed molecules of P1. The reactor is then evacuated to remove gas phase and
physisorbed P1 so that only chemisorbed species remain. A second film precursor (P2) is then
introduced to the reactor so that some molecuies of P2 adsorb to the substrate surface. The
reactor may again be evacuated, this time to remove unbound P2, Subsequently, thermal energy
provided to the substrate activates surface reactions between adsorbed molecules of P1 and P2,
forming a film layer. Finally, the reactor is evacuated to remove reaction by-products and
possibly unreacted Pl and PZ, ending the ALD cycle. Additiopal ALD cycles may be included
to build filma thickness.

f0052] Depending on the exposure time of the precursor dosing sieps and the sticking

coefficients of the precursers, each ALD cycle may deposit a film layer of, in one example,



between one-half and three angstroms thick Thus, ALD processes may be time consuming
when depositing films more then a few nanomeiers thick. PFurther, some precursors mey have
long exposure times to deposit a conformal film, which may also reduce wafer thronghput time.
{00531 Conformal films may also be deposited on planar substrates. For example,
antireflective layers for lithographic patterning applications may be formed from planar stacks
comprising alternating film types. Such antireflective layers may be approximately 100 to 1000
angstroms'thickﬂ making ATD processes lese attraciive than CVD processes. However, such
anti-reflective lavers may alsp have a lower tolerance folr within-wafer thickness variation than
many CVD processes may provide. For example, 2 600-angstrom thick antireflective layer may
tolerate 2 thickness range of less than 3 angstroms. |

[0054] Accordingly, various exampies ars provided herein providing processes and
equipment for plasma-activated conformal film deposition (CFD) on non-planar and planar
subsirates. These examples incorporate variouns features employed in some but not all CED
processes. Among these features are (1) eliminating or reducing the time reguired to “sweep”
one or both reactants from the reaction chamber, (2) providing a continuous flow of at least cne
reactant while a different reactant is intermittently flowed into the reaction chamber, (3) igniting
plasma while one of the reactapts is present in the gas phase, rather than when all reactants are
cleared from the reaction chamber, (4) treating deposited CFD films with a plasma to modify the
film properties, (5) depositing a portion of a film by PECVD after depositing a first portion of
the film by CFD, typically in the same reaction chamber, (6) etching a partially deposited film
between CFD stages, and (7} doping the CFD film by interspersing dopant delivery cycles with
film only deposition cycles. Of course, this Iist 1s not exhaustive. Various other CFD feamres

will be apparent when considering the remainder of the specification.
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10655] The concept of & CFD “cycle” is relevant to the discnssion of varions examples
berein. Generally a cycle is the minimum set of operations reguired to perform a surface
deposition reaction one time. The result of one cycle is production of at least a partial film layer
on a substrate surface. Typically, 2 CFD cycle will include only those steps necessary to deliver
and adsorb each reactant to the substrate surface, and then react those adsorbed reactants to form
the partial layer of film. Of course, the cycle may include certain ancillary steps such as
sweeping one of the reactants or byproducts and/or treating the partial film as deposited.
Generally, a cycle contains only one instance of 2 unigue sequence of operations. As an
axam;pla, a cycle may include the following operations: (i) delivery/adsorption of reactant A, (i)
delivery/adsorption of reactant B, (iii) sweep B out of the reaction chamber, and (iv) apply
plasma to drive a surface reaction of A and B to form the partial film layer on the surface.

[0056] The seven above-mentioned features will now be discnssed further. In the foliowing
descri.ptioﬁs, cansider a CFD reaction in which one more reactanis adsorb to the substrate surface
and then react to form a film on the surface by interaction with plasraa.

(00571 Feature I {Continnous flow of a reactant) — Reactant A continues to flow to a
reaction chamber during oae or more portions of a CFD cycle when the reactant would not
normalljlf flow in conventional ALD. In conventional ALD, reactant A flows only for the
purpose of baving the reactant adsorb onto the substrafe surface. At other phases of an ALD
cycle, reactant A does not flow. In accordance with certain CED examples described herein,
however, reactant A flows not only during phases associated with its adsorption but also during
phases of a CFD cycle that perform operations other than adsorption of A. For example, in many
examples, reactant A flows into the reactor while the apparatus is dosing a second reactamt

(reactant B herein). Thus, during at least a porfion of a CFD cycle, reactants A and B coexist in
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the gas phase. Purther, reactant A may flow while plasma is applied to drive a reaction at the
substrate surface. Note that the continnously flowing reactant may be delivered to the reaction
chamber in conjunction with a carrier gas— e.g., argon.

{0058] One advantage of the continnous flow example is that the established flow avoids the
delays and flow variafions caused by transient initialization and stabilization of flow associated
with turning the flow on and off.

{00593 As a specific example, an oxide film may be deposited by a conformal film
dep{}sitioﬁ process using a principal reactant (sometimes referred o as a “solid component”
precursor or, it this example, simply “reactant B”). Bis(tert-butylamino)silane (BTBAS) is one
such principal reactant. In this example, the oxide deposiiion process involves delivery of an
oxidant such as oxygen or nitrous oxide, which flows initially and continuously during delivery
of the principal reactant in distinct exposure phases. The oxidant also coﬁt‘muas fo flow during
distinct plasma exposure phases. See for example the sequence depicted in FIG. 1. For
comparison, in a conventional ALD process, the flow of oxidant would stop when the solid
component precursor is delivered to the reactor. For example, the flow of reactant A would stop
when reactant B is delivered.

[0060] In some specific examples, the reactant that flows continuously 18 an “auxiliary”
reactant. As used herein, an “auxiliary” reactant is any reactant that is not a principal reactant.
As suggested above, a principal reactant contains an element that is solid at room temperature,
which element is contribuied to the film formed by CFD. Examples of such elements are roetals
{e.g., aluminum and titanium), semiconductors (e.g., silicon and germanium), and non;metals or
metalloids (e.g., boron). Exampies of auxiliary reactants include oxygen, ozone, hydrogen,

carbon mongexice, nitrous oxide, ammonia, atky! amines, and the like.
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{0061 ] The continuousiv flowing reactant may be provided af a constant flow rate or at
varied but c;ontm]_’[ed fiow rate. In the latter case, 25 an example, the flow rate of an auxiliary
reactant mey drop during an exposure phase when the primary reactant is delivered. For
example, in oxide deposition, the oxidant (e.g., oxygen or nitrous oxide) may flow continuously
during the entire deposition sequence, but its flow rate may drop when the primary reactant (e.g.,
BTBAS) is delivered. This increases the partial pressure of BTBAS during #ts dosing, thereby
reducing the exposure time needed to saturate the substrate surface. Shorily before igniting the
plasma, the flow of oxidant may be increased to reduce the likelihood that BTBAS is present
during the plasma exposure phase.  In some examples, the continuously flowing reactant flows
at a varied flow rate over the course of two or more deposition cycles. For exampie, the reac:rtant
may flow at 2 first fiow rate during a first CFD cycle and at a2 second flow rate during 2 second
CFD cycle.
[D062] When multiple reactants are employed and the flow of one of them is continuous, at
east two of them will co-exist in the gas phase during a portion of the CFD cycle. Similarly,
when no purge step is performed after delivery of the first reactant, two reactants will co-exist.
Therefore, it may be important to employ reactants that do not aporeciably react with one another
in the gas phase absent application of activation energy. Typically, the reactants should not react
until present on the substrate surface and exposed to plasma or another appropriate non-thermal
activation condition. Choosing such reactants involves considerations of at least (1) the
thermodynamic favorability (Gibb’s free energy <0) of the desired reaction, and {(2) the
a_ctivﬁtion energy for the reaction, which should be sufficiently great so ihat thers is negligible

reaction at the desired deposition termperature.
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[06a3] Feature 2 (Reduce or chiminate a sweep step) — In certain examples, the process
dispenses with or reduces the time associated wiih a sweep step that wounld normally be
performed in conventional ALD. In conventional ALD, a separate sweep step is performed after
each reactant is delivered and adsorbed onto the subgirate surface. Little or no adsorpiion or
reaction occurs in a conventional ALD sweep step. In a CFD cycle, the sweep step is reduced or
eliminated after delivery of at least one of the reactants. An example of 2 process sequence in
which a sweep step is removed is presented in FIG. 1. No sweep step is performed to sweep
reactant A from the reaction chamber. In some cases, no sweep siep is performed after defivery
of the first reactant in & CFD cycle but a sweep step is optionally performed after delivery of the
second or last delivered reactant.

10064] The.concépt of a CPD “sweep” step or phase appears in the discussion various
examples herein. Generaily, a sweep phase removes or purges one of the vapor phase reactant
from 2 reaction chamber and typicaﬂy oécurs only after delivery of such reactant is completed.
in other words, that reactant is no longer delivered to the reaction chamber during sweep phase.
However, the reactant remains adsorbed on the substrate sorface during the sweep phase.
Typically. the sweep serves to remove any residual vapor phase reactant in the chamber afier the
reactant is adsorbed on the substrate surface o the desired k:vd,l A sweep phase may also
remove weakly adsorbed species {e.g., certain precursor ligands or reaction by-products) from
the substrate surface. In ALD, the sweep phase has been viewed as necessary to prevent gas
phase interaction of fwo reactants or interaction of one reactant with a thermal, plasma or other
driving force for the surface reaction. In general, and unless otherwise specified herein, a sweep
phase may be accomplished by (i) evacuating a reaction chamber, and/or (i) flowing gas not

containing the species to be swept out through the reaction chamber. In the case of (i), such gas

14



may be, for example, an inert gas or an auxiliary reactant such as a continoously flowing
auxiliary reactant.

[0D65] Elimination of the sweep phase may be accomplished with or without continuous
fiow of the other reactant. In fhe example depicted in FIG. 1, reactant A is not swept away but
rather continues fo flow after its adsorption onto the subsirate surface is completed (illustrated by
reference number 130 in the figure).

{0066] In various examples where two or more reactants are employed, the reactant which
has its sweep step eliminated or reduced is an auxiliary reactant. As an example, anxiliary
reactant 15 an oxidant or a nitrogen source and the primary reactant is a silicon, boron, or
germanivm containing precursor. Of course, & sweep of the principal reactant may also be
reduced or eliminated. In some examples, no sweep step is performed after delivery of an
auxiliary reactant but a sweep step is optionally performed after delivery of a principal reactant.
(00671 As mentioned, the sweep phase need not be fully eliminated but simply reduced in
duration in comparison fo sweep phases in conventional ALD processes. For example, the
sweep phase of a reactant such as an auxiliary reactant during a CED cycle may be performed for

gbout 0.2 seconds or less, e.g., for about 0.001 to 0.1 seconds.

[0068] Feature 3 (Igniting plasma while one of the reactants is present in the gas phase) —
With this feature, a plasma is ignited before all reactants have been cleared from the reactfion
chamber. This is contrary to conventional ALD, where the plasma activation or other reaction
driving operation is provided only after the vapor pbase reactants are no longer present in the
reaction chamber. Note that this feature would necessarily occur when reactant A flows

continuously during the plasma portion of a CFD cycle as depicted in FIG. 1. However, the



disciosed examples are not limited in this manner. One or more reactants may flow during the
plasma phase of a CFD cycle but need not flow continnously during a CFD cycle. Furtber, the
reactant present in vapor phase during plasma activation may be 2 principal reactent or an
auxiliary reactant {(when two more reactants are employed in a CFD cycle).

[0669] For example, a sequence might be (i) introduce reactant A, () purge A, (i)
introduce reactant B and while B is flowing strike a plasma, and (jv) purge. In such examples,
the process employs z plasia activated reactant species from the gas phase. This is a general
example where CFD is not constraine& 0 a sequence of sequental steps.

[6070] If the activation plasma is provided during the time when the solid component
precursor (primary reactant) is supplied to the reactor, the step coverage may become less
conformal, but the deposition rate will typically increase. However if plasma activation occurs
only during delivery of one an svxiliary reactant this is not necessarily the case. The plasma can
activate the vapor phase auxiliary component to render it more reactive and thereby increase its
reactivity in the conformal film deposition reaction. In certain examples, this feature is

employed when depositing a silicon containing film such as an oxide, nitride, or carbide.

[0071] Feature 4 {Plasma treatment of deposited CFD films) — In these examples, the
plasma may serve two or moze roles in the conformal film deposition process. One of its roles is
to activate or drive the film formation reaction during each CED cycle. Its other role is to treat
the film after the CFD film has been partially or fully deposited following one of more CFD
cycles, The plasma (reatment is intended to modify one or more film properties. Typically,
though not necessarily, the plasma treatment phase is conducted under conditions that are

different from those employed to activate the film formation reaction (ie., to drive the film



formation reaction). As an example, the plasma treatment may be performed in the pressnce of a
reducing or oxidizing environment {e.g., in the presence of hydrogen or oxvgen), while this need
not be the case during the activation portion of a CFD cycle.

[0072] The plasma treatment operation may be performed during every cycle of the CFD
process, during every other cycle, or on some less frequent basis. The treatment may be
performed on regular intervals, tied to a fixed number of CFD cycles, or it may be performed
variably (e.g., at varying intervals of CFD cycles) or even randomly. Tn & typical example, film
deposition is performed for 2 few CFD cycles, to reach appropriate film thickness, and then the
plasma treatment is employed. Thereafter, film deposifion is again performed for 2 number of
CFD cycles without plasma treatment before the treatment is again performed. mg SupeT-
sequence of x number of CFD cycles, followed by plasma treatment (film modification) may be
repeated until the film is completely formed by CFD.

[0073] In certain examples, the plasme treatment may be performed before initiation of CFD
cycling to modify one or more properties of the surface on which the CFD film is deposited. In
varions examples, the surface is made from silicon (doped or undoped) or a silicon containing
material. The meodified swface may be betier able to produce a high guality interface with the
subsequently deposited CFD film. The interface may provide, e.g., good adhesion, reliable
electrical properties through, e.g., defect reduction, etc.

{06074] The pretreatment of the substraie prior to CEFD is not limited to any pasticnlar plasma
treatment. In cerfain examples, the pre-treatment involves exposure to hydrogen-plasma,
nitrogen-plasma, nitrogen/hydrogen-plasma, ammonia-plasma, argon-plasma, helium-plasma,
helizm anneal, hydrogen-anneal, ammonia-anneal, and UV-cure in the presence of heliom,

hydrogen, argon, nifrogen, hydrogen/nitrogen-forming gas, and/or ammonia. Plasma processing
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may be ensbled with various plasma generators including, though pot limited to, microwave,
ICP-remote, direct and others known o those in the att.

[B075] Overall, the treatment may occur before, during and after CFD cycling. When
occurring during CFD cycling, the frequency of treatment mey be chosen for the appropriate
deposition conditions. Typically, the freatment will occur not more often than once per cycle.
[6076] As an example, consider a process for forming silicon nitride from precursors baving
some carbon present. Examples of such precursors include BTBAS. As a consequence of the
carbon present in the precursor, the as deposited nitride film includes some carbon impurity,
which may degrade the electrical properties of the nitride. To counteract this problem, after a
few CED cycles with the carbon-containing precursor, the partially deposited film is exposed to
hydrogen in the presence of plasma to reduce and ultimaiely remove the carbon impurity.

[0077] The plasma conditions employed to modify the film surface may be chosen to effect
a desired change in film properties and/or composition. Among the plasma conditions that can
be selected and/or tailored for the desired modificaiion are oxidizing conditions, reducing
conditions, etching coaditions, power used to generate the plasma, frequency used fo generate
the plasma, use of two or more frequencies to generate the plasma, plasmea density, the distance
b;ctwccn the plasma and the substrate, etc. Examples of CFD film properties that can be
modified by plasme treatment include, infemal film stress, etch resistance, density, hardness,
optical properties (refractive index, reflectivity, optical density, etc.), dielectric constant, carbon

content, electrical properties (Vb spread, efc.), and the Like.

(6078} In some examples, a treatment other than 2 plasma treatment is employed to modify

the properties of the as deposited film. Such treatments include electromeguetic radiation
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treatments, thermal treatments (e.g., anneals or high temperature puises), and the Iike. Any of
these treatments may be performed alone or in combination with another treatment, including a
plasma treatment. Any such treasment can be employed as a gubstitute for any of the above-
described plasma treatments. In a specific example, the treatment involves exposing the film to
ultraviolet radiation. As described below, in a specific example, the method involves the
application of UV-rediation to an oxide CFD fllm in situ (i.e., during formation of the film} or
post deposition of the oxide. Such treatment serves to reduce or eliminate defect structure and
provide improved eie;:trical performance.

[60793 In certain specific examples, & UV freatment can be coupled with a plasma treaiment.
These two operations can be performed concwrently or sequentially. In the sequential option,
the UV operation opticnally takes place firgt. In the concurrent option, the two treatments may
be provided from separate sources (e.g., an RF power source for the plasma and a lamp for the

UV) or from a single source such as a helium plasma that produces UV radiation as a byproduct.

[o080} Featuwre 5 (Depositing by CFD and then transiffioning to PECVD) — In such
examﬁies, the completed film is generated in part by CFD and in part by a CVb process such as
PECVD. Typicelly, the CFD portion of the deposition process if performed first and the PECVD
portion is performed second, afthough this need not be the case. Mixed CFD/CVD processes can
improve the step coverage over that seen with CVD alone and additionally improve the
deposition rate over that seen with CFD alone. In some cases, plasma or other activation is
applied while ope CFD reactant is flowing in order to preduce parasitic CVD operations and

thereby achieve higher deposition rates, a different class of films, etc.
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[0D81] In certain examples, two or more CFD phases may be employed and/or two or more
CVD phases may be employed. For example, an inifial portion of the flm may be deposited by
CFD, followed by an intermediate portion of the film being deposited by CVD, and & final
portion of the film deposiied by.CFD. In such exampies, it may be desirable to modify the CVD
portion of the film, as by plasma treatment or etching, prior to depositing the later portion of the
film by CFD.

[6082] A transition phase may be employed betwsen the CFD and CVD phases. The
conditions employed during such transition phase different from those employad in either the
CFD or the CVD phases. Typically, though not necessarily, the conditions permit simultaneous
CFD surface reactions and CVD type gas phase reaction. The transifion phase typically involves
exposure to a plasma, which may be pulsed for example. Further, the transition phase may
involve delivery of one or more reactants a low flow rate, i.e., a rate that is significantly lower

than that employed in the corzesponding CFD phase of the process.

[0083] Fegture 6 (Deposit by CFD, etch, and then further deposit by CFD) — In such
examples, CFD deposition is performed for one or more cycles (typically a number of cycles)
and then the resulting film is etched to remove, for example, some excess film at or near a réc&ss
entrance (a cusp), followed by forther cycles of CFD deposition. Other examples of structural
features in the deposited flim that may be etchad in a similar manner. The etchant chosen for
this process will depend on the material to be etched. in some cases, the etch operation may be
performed with a fluorine containing etchant (e.g., NF3) or hydrogen.

[0054] In certain examples, a remote plasma is employved to produce the etchant. Generally,

a remote plasma etches in a more isotropic fashion than a direct plasma. A remote plasma
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generally provides a relatively high fraction of radicals to the substrate. The reactivity of these
radicals may vary with the vertical position within the recess. At the top of the feature, the
radicals are more concentrated and consequently will etch at a higher rate, while further down
the recess and at the bottom, some radicals will have been lost and therefore they will etch 2t a
lower rate. This is of course a desirable reactivity profile for addressing the problem of too much
deposition occurring at the recess opening. An additional benefit of vsing a remote plasma in
etching is that the plasma is relatively gentle and hence unlikely to damage the substrate layer.

This can be particularty beneficial when the underlying substrate layer is sensitive oxidation or

other damage,

[0085] Feature 7 {Tailoring the film composition with additional reactant) — Many of the
examples presented herein concern CFD processes employing one or two reactants. Further,
many of the examples employ the same reactants in every CED cycle. However, this need not be
the case. First, many CFD processes may employ three or more reactants. Examples include (i)
CFD of tungsten using as reactants diborane, tungsten hexafivoride, and hydrogen, and (i) CFD
of silicon oxide using as reactants diborane, BTBAS, and oxygen. The diborane can be removed
from the growing film or it can be incorporated into the film if appropriate.

[0086] Farther, some exarnples may employ additional reactants in only some CFD cycles.
In such examples, 2 basic CFD process cycle employs only the reactants o create the base film
composition (¢.g., silicon oxide or silicon carbide). This basic process is performed in all or
nearly all CFD cycles. However, some of the CFD cycles are executed as variant cycles and

they deviate from the conditions of the normal deposition cycles. For example, they may employ
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one or more additional reactants. These variant cycles may also employ the same reactants
employed in the basic CFD process, although this need not be the case.

[00873 Such CFD processes are particularly beneficial in preparing doped oxides or other
doped materials as CFD films. In some implementations, dopant precursors are included as the
“additional” reactant in only & small fraction of the CFD cycies. The frequency of zdding the
dopant is dictated by the desired concentration of dopant. For example, the dopant precursor

may be incloded in every 10th cycle of the base material deposition.

[B08E] Unlike many other deposition processes, particularly those requiring thermal
activation, the CFD process may be conducted at a relatively low temperature. Generally, the
CFD temperature will be between about 20 and 400 C. In some cases, temperatures between
400-480C are preferted. Such temperature may be chosen to permit deposition in the context of
a temperature sensitive process siich as deposition on & photoresist core. In a specific example, a
temperature of between about 20 and 100 C is used for double patierning apphications (using,
e.g., photoresist cores). In another example, a femperature of between about 200 and 350 C is
etuployed for memory fabrication processing.

[0089] Asg suggested above, CFD is well suited for depositing films in advanced technology
nodes. Thus, for example, CFD processing may be integrated in processe§ at the 32 pm node,
the 22 nm node, the 16 nm node, the 11 mm node, and beyond any of these. These nodes are
described in the International Technology Readmap for Semiconductors (ITRS), the industry
consensus on microelectronic technology requirements for many vears. Generally they reference
one-half pitch of 2 memory cell. In a specific example, the CFD processing is applied to “2X”

devices (having device features in the realm of 20-29 nm) and beyond.
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[00940] While most examples of CFD films presented herein concern silicon based
microglectronic devices, the films may also find application in other areas. Microelectronics or
optoelectronics using non-silicon semiconductors such as GaAs and other [11-V semiconductors,
as well as 0-VI materials such ag HgCdTe may profit from using the CFD processes disclosed
herein.  Applications for conformal dielectric films in the solar enerpy field, such as

photovoltaic devices, in the electrochromics field, and other fields are possible.

[0091] FIG. 1 schematically shows a timing diagram 100 for an example example of z
plasma-activated CFD process. Two full CFD cycles are depicted. As shown, each includes an
exposure to reactant A phase 120, directly followed by an exposure to reactant B phase 140, a
sweep of reactant B phase 160, and finally a plasma activation phase 180. Plasma energy
provided during plasma activation phases 180A and 180B activates a reaction between surface
adsorbed reactant species A and B. In the depicted examples, no sweep phase is performed after
one reactant (reactant A) is delivered. In fact, this reactant flows continuously during the film
deposition process. Thus, plasma is ignited while reactant A is in the gas phase. Features 1-3
above are embodied in the example of FIG. 1.

[0092] In the depicted example, reactant gases A and B may co-exist in the gas phase
without reacting. Accordingly, one or more of the process steps described in the ALD process
may be shortened or elirninated in this example CFD process. For example, sweep steps after A

Exposure Phases 120A and 120B may be eliminated.

(0093} The CFD process may be employed to deposit any of 2 number of different types of

film. While most of the examples presented herein, concern dieleciric materials, the disclosed
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CFD processes may be employed to form films of conductive and semiconductor materials as
well. Nitrides and oxides are featured dieiectric materials, but carbides, oxynitrides, carbon-
doped oxides, borides, etc. may also be formed Oxides include a wide range of materials
including undoped silicate glass (USG), doped silicate glass. Examples of doped glasses
included boron doped silicate glass (BSG), phosphorus doped silicate glass (PSG), and boron
phosphorus doped silicate glass (BPSG).

[0094] In some examples, a silicon nitride filrmn may be formed by reaction of a silicon-
containing reactant and one or more of a npitrogen-containing reactant and/or a nitrogen-
containing reactant blend. Example silicon-containing reactants include, but are not lmited to,
big(tertiarybutylaminoisilane (SiH(NHC(CHs)s): or BTBAS), dichlorosilane (SiH,Cl), and
chlorosilane (SiHsCI)., Example nifrogen-containing reactants include, but are not limited to,
ammonia, nitrogen, and tert-butyl amine {{CH;)»3CNEL or t-butyl amine}. An example nitrogen-
containing reactant blend, inclades, but is not limited to, a blend of nitrogen and hydrogen.
[0095] Selection of one or more reactants may be drven by various film and/or hardware
considerations. For example, in some examples, a sificon nitnide film may be formed from
reaction of dichlorositane and plasma-activated nitrogen. Chemisorption of dichklorosilane to 2
silicon niiride surface may creafe a siﬁcon»hydrogen terminated swface, liberating hydrogen
chioride (HCI). An exampls of this chemisorption reaction is schematically depicted in Reaction
1.

[00961 Reaction 1:
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NN NN
(60971 The cyclic intermediate shown in Reaction 1 may then be transformed into a silicon

amine terminafed surface via rezcfion with plasma-activated nitrogen.

[0098] However, some moiecules of dichlorosilane may chemisordb by altemative
mechanisms. For example, surface morphology may hinder the formation of the cyclic
intermediate depicted in Reaction 1. An example of another chemisorption mechanism is shown
schematically in Reaction 2.

100963 Reaction Z:

NH2 NHy HN NHg
] + BiH:Cl i }
% g Si

| .
/‘D?i i “HCl

WVANEAYA
{0100] During subsequent plasma activation of nitrogen, the remaining chlorine atom of the
intermediate species shown in Reaction 2 may be liberated and may become acfivated by the
plasma. This may cause etching of the silicon nitride surface, potentially causing the silicon
nitride film to become rough or hazy, Further, the residual! chlorine atom may readsorb,
physically and/or chemically, potentially contaminating the deposited film. This contamination

may alter physical and/or electrical properties of the gilicon nitride film. Further still, the
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activated chlorine atomn may cause etch damage to portions of the process station hardware,
potentially reducing the service life of portions of the process station.

[0101] Thus, in some examples, chiorosilane may be substitzted for dichlorosilane. This
may reduce film contamination, film damage, and/or process station damage. An example of the
chemisorption of chlorosilane is schematically shown in Reaction 3.

101023 Reaction 3;

l-}! H
!
H—Sii  He— SiH

NH» NH NH NH
: | 28 l 1
St Si St Si
NN
{0103] While the example depicted in Reaction 3 uses chlorosilane as the silicon-containing

reactant, it will be appreciated that any suitable mono-substituted halosilane may be vsed.

(0104} Asg explained above, the 'depicted intermediate structures may react with a nitrogen
source to form & silicon amine terminated surface of silicon pitride. For example, ammonia may
be activated by a plasma, forming various ammonia radical gpecies. The radical species react
with the intermediate, forming the silicon amine terminated surface.

(01651 However, ammonia may physisord strongly to surfaces of the reactart delivery lines,
process station, and exhaust plumbing, which may iead to extended purge and evacuation tirnes.
Further, ammonia may have a high reactivity with some gas phase silicon-containing reactants.
For example gas-phase mixtures of dichlorosilane (SiH,Clh) and ammonia may create unstable
species such as diaminosilane (SiF(NHi)). Such species may decompose in the gas phase,

nucleating small particles. Small particles may also be formed if ammonia reacts with hydrogen
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chloride generated during chemisorption of a halosilane. Such particles may accumulate in the
process station where they may contaminate substrate surfaces, potentially leading o integrated
device defects, and where they may contaminate process station hardware, potentially leading to
tool down fime and cleaning. The small particles may also accumnlate in exhaust plumbing. may
clog pumps and blowers, and may create a need for special environmental exhaust scrubbers
and/or cold fraps.

[0106] Thus, in some examples, a substituied amine may be used as a nitrogen-containing
reactant. For example, various radicals formed from plasma activation of an alkyl substituted
amine, such as t-butyl amine, may be supplied fo the process stetion. Substituied amines such ag
t-butyl amine may have a lower sticking coefficient on process hardware than ammonda, which
may resnlt in comparatively lower phyisorbption rates and comparatively lower process purge
time.

[0107] Larther, such nitrogen-containing reactanfs may form halogenated salts that are
comparatively more volatile than ammonium chioride. For example, t-butylammonium chloride
may be more volatile than ammonism chioride. This may reduce tool down time, device defect
creation, and epvironmental abatement expense.

[0108] Further still, such nitrogen-containing reactants may form other amine precursors via
various byproduct reactions. For example, the reaction of tmbméyl amine with dichlorosilane may
form BTBAS. Thus, the side products may provide alternate routes to fomm silicon nitride,
potentially increasing film yield. In another example, substituied amines may provide low
ternperature thermally activated routes to silicon nitride films. For example, t-butyl amine

cecomposes thermally at temperatures above 300 °C to form isobutylene and ammonia.
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{01093 While the i#lustrative example provided above describes silicon nitride film
formation using t-butyl amine, it will be appreciated that any suitable substituted amine may be
employed within the scope of the present disclosure. Suiteble substituted amines may be
selected, in some exampies, based on thernodynamic characteristics and/or reactivity
characteristics of the reactant. For example, the relative volatility of halogenated salts formed
from the reactant may be considered, as may the existence and selectivity of various thermal
decomposition paths at relevant temperatares.

[6110] Purther, while the examples provided above describe the deposition of sificon nitride
films, it will be appreciated that the principles discussed above apply generally fo the. deposition
of other films. For example, some examples may use suitable halosilanes in combination with a
suitable oxygen-containing reactant species, such as an oxygen plasma, to deposit silicon oxides.

[0111} A non-limiting list of reactants, product films, and fiim and process property ranges

are provided in Table 1.

Table 1
Reactant Reactant | Temp. | Press. Ref.
Bilm A Reactant B C © | (o) | index
S0, BTBAS o - 50400 | 14 | 145147
SIN STHLCI 0, . 50400 | 14
S0, | SiH (MN(CH Oy . 50400 | 14 | 145-1.47
SiN BTBAS NH, N 50400 | 14 T 180205
ST BTEAS ; Nt | 50400 | 14 | 1.80-2.05
SN | BIBAS NH; N/H, | 50400 | 14 | 1.80-2.05
SiN SiELCL NH; O%i.“;“;ny 50-400 | 14
A Lin
B . t-butyl Optionaily
SN SiHLCl o ey
SiN SiH,Ch N, o;;?%?uy 50400 | 1-4 | 1.80-2.05
2 2
. . t-butyl Optionally
SiN SiELChL -, oy
. StH(CH;)- Optionalty
SiN N 50-400 802,
N eNCHD), : Ny/H, N B
SIN | SIH(CH:)(Cly) NH, Oﬁl‘;ﬁm 50400 | 14 | 1.80-2.05
212
) Sk Dptionally
SiN NH 50400 | 14 | 1.80-2.05
il B GTC=A : NfH, 0
5N | (5{CH.NE), NH, | Optonally | 50400 | 14 | 180-2.05 |
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[0112]
phases for various CFD process parameters. FIG. 1 depicts two example deposition cycles 110A.
and 1108, though it will be appreciated that any suitable number of depogition cycles may be
included in a CFD process to deposit a desired film thickness. Example CFD process parameters
include, but are not limited to, flow rates for inert and reactant species, plasma power and
frequency, substrate temperature, and process station pressure. Non-limiting parameter ranges

for an example silicon dioxide deposition cycle using BTBAS and oxygen are provided in Table

2.

[0113]

“exposure phase,” a reactant is delivered to 2 process chamber to cause adsorption of the reactant
on the substrate surface. Typically, at the beginning of an exposure phase, the substrate surface

doss not have any apprecisble amount of the reactant adsorbed. In FIG. 1, at reactant A

[ N./H,

!

FIG. 1 also shows an example of a temporal progression of example CFD process

Table 2
Reactant A | Reactaut B 5 Plasma
weep A

Phase eXposure eXposure hase aclivation

phase phuse P phase

Time ..

- . i

(sec) continung 0.25-10 0.25-10 0.25-10
BTBAS a 055.0 0 0

{scem)

G,

(i) 1-20 1-20 1-20 1-20
Ar (5lm) 1-20 1-20 1-20 1-20
Pressure 14 14 1-4 14

(torr}

Temp (C) | 50400 50-400 50400 | 50400 |
HE Power
G 0 0 30-2500

W) .

L¥ Power
] 0 0 6-2500
(W)
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exposure phases 120A and B, reactant A is supplied at a controlled flow rate to & process station
to saturate exposed sorfaces of a substrate. Reactant A may be any suitable deposgition reactant;
e.g., 2 principal resctant or an auxiliary reactant. In one exampie where CFD produces a silicon
dioxide film, reactant A may be oxygen. In the example shown in FIG. 1, reactant A flows
contipuousty throughout deposition cycles 110A and 110B. TUnlike a typical ALD process,
where film precursor exposures are separated to prevent gas phase reaction,. reactants A and B
are aliowed to mingle in the gas phase of some examples of a CFD process. As indicated above,
in some examples reactants A and B are chosen so that they can co-existence in the gas phase
without appreciably reacting with one another under conditions encouniered in the reactor prior
to application of plasma energy or the activation of the surface reaction. In some cases, the
reactants are chosen such that (1) a reaction between them is thermodynamically favorable (i.e.,
Gibb’s free energy <0) and (2) the reaction has a sufficiently bigh activation energy that there is
negligible reaction at the desired deposition temperature. Various reactant combinations meeting
these criteria are identified at other locations in this disclosure. Many such combinations include
a primary reactant, which contributes an element that is solid at room temperature, and an
auxiliary- reactant, which does not. Examples of auxiliary reactants used in some combinations
include oxygen, nitrogen, alkyl amines, and hydrogen.

[0114] Continuously supplying reactant A to the process station may reduce or eliminate a
reactant A flow rate turn-on and stabilization time compared to an ALD process where reactant
A is first turpned on, then stabilized and exposed to the substrate, then turned off, and finally
removed from a reactor. While the example shown in FIG, 1 depicts reactant A exposure phases
120A and B as having a constant flow rate, it will be appreciated that any suitable flow of

reactant A, including a variable flow, may be emploved within the scope of the present
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disciosure. Further, while FIG. ! shows reactant A having & constant flow rate during the entire
CFD cycle (deposition cycle 110A), this need not be the case. For example, the flow rate of
reactant A may decrease during B exposure phases 140A and 140B. This may increase the
partial pressure of B and thersby increase the driving force of reactant B adsorbing on the
subsirate surface.

{0115] In some examples, reactant A exposure phase 120A may have a duration that
exceeds a subsirate sﬁrface saturation time for reactant A. For example, the example of FIG. 1
includes a reactant A post-saturation exposure time 130 in reactant A exposure phase 120A.
Optionally, reactant A exposure phase 120A includes a controlled flow rate of an inert gas.
Example inert gases include, but are not limited to, nifrogen, argon, and helium. The inert gas
may be provided to assist with pressure and/or femperature contro) of the process station,
evaporation of 2 liquid precursor, more rapid delivery of the precursor and/or as a sweep gas for
removing process gases from the process station andfor process station piumbing.

[0116] At Reactant B exposurs phase 140A of the example shown in FIG. 1, reactant B is
supplied at a controlled flow rate to the process station to saturate the exposed substrate surface.
In one exarople silicon dioxide film, reactant B may be BTBAS. While the exampie of FIG. 1
depicts reactant B exposure phase 140A as having z constant flow rate, if will be appreciated that
any suitable flow of reactant B, including a variable flow, may be employed within the scope of
the present disclosure. Further, it will be appreciated that reactant B exposure phase 140A may
have any suiteble duration. In some examples, reactant B exposure phase 140A may have a
duration exceeding a substrate surface saturation time for reactant B. For example, the example
shown in FIG. 1 depicts z reactant B post-saturation exposure time 150 included in reactant B

exposure phase 140A. Optionally, reactant B exposure phase 140A may include a controlled
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flow of a snitable inert gas, which, as described above, may assist with pressure and/or
temperature control of the process station, evaporation of 2 liquid precursor, more rapid delivery
of the precursor and may prevent back-diffusion of process station gases. In the example shown

in FIG. 11, an inert gas is continually supplied fo the process station throughout reactant B

exposure phase 140A.

f0117} In some cxamples, plasma activation of deposition reactions may result in lower
deposition temperatures than in thermally-activated reactions, potentially reducing consurnption
of the available thermal budget of an integrated process. For example, in some examples, a
piasma activated CFD process may occur at 1oom temperaure.

[0118] While the CFD process example depicted in FIG. 1 is plasma activated, it will be
appreciated that ofher non-thermal energy sources may be used within the scope of the present
disclosure. Nop-limiting examples of non-thermal energy sources include, but are not Himited to,
ultraviolet lamps, downstream or remote piasma sources, inductively-coupled plasmas, and
microwave surface wave plasmas.

[0119] Further, while many examples discussed herein include two 'reactants (A and B), it
will be appreciated that any suitabie number of reactants may be employed within the scope of
the present disclosure. In some examples, a single reactant and an inert gas used to supply
plasma energy for a surface decomposition reaction of the reactant may be used. Alternatively,

as discussed above in the context of feature 7, some examples may nse three or more reactants o

deposit & film.
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{0120] In sorme scenarios, surface adsorbed B species may exist as disconfinuons islands on
" the substrate surface, making it difficult to achieve surface saturation of reactant B. Various
surface conditions may delay nucleation and saturation of reactant B on the substrate surface.
For example, ligands released on adsorption of reactapts A and/or B may block some surface
active sites, preventing further adsorpfion of reactant B. Accordingly, in some exampies,
continuons adiayers of reactant B may be provided by modulating a flow of and/or discretely
palsing reactant B into the process station during reactant B exposure phase 140A. This may
provide extra time for surface adsorption and desorption processes while conserving reactant B
compared to a constant flow scenario.

[0121] Additionally or alternatively, in some examples, one or more sweep phases may be
included between consecutive exposures of reactant B. For exampie, the example of FIG. 2
schematically shows an example CFD process timing diagram 200 for a deposition cycle 210,
At reactant B exposure phase 240A, reactant B is exposed to the substrate surface.
Subsequently, at sweep phase 2604, reactant B is turned off, and gas phase species of reactant B
are removed from the process station. In one scenario, gas phase reactant B may be displaced by
& contimious flow of reactant A and/or the inert gas. In another scenario, gas phase reactant B
may be removed by evacuating the process station. Removal of gas phease reactant B may shift
an adsorption/desorption process equilibrium, desorbing .ligands, promoting  surface
| rearrangement of adsorbed B to merge discontinuous islands of adsorbed B. At reactant B
exposure phase 2408, reactant B is again exposed to the substrate surface. While the example
shown in FIG. 2 include one instance of a reactant B sweep and exposure cvcle, it will bc‘
appreciated that any suitable number of iterations of alternating sweep and exposure cycles may

be employed within the scope of the present disclosure.
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[0122] Retirming to the example of FIG. 1, prior to activation by the plasma at 180A, gas
phase reactant B may be removed from the process station in sweep phase 160A in some
examples. A CFD cycie may include one or more sweep phases in addition to the above-
described exposure phasa_s. Sweeping the process station may aveid gas phase reactions where
reactant B is susceptible to plasma activation. Further, sweeping the process station may remove
surface edgorbed ligands that may otherwise remain and contaminate the film. Examples sweep
gases include, but are not limited to, argon, helinm, and nitrogen. In the example shown in FIG.
1, sweep gas for sweep phase 160A is supplied by the inert gas stream. In some examples,
sweep phase 160A zﬁay incinde one or more evacuation sﬁbphasr:s for evacuating the process
station. Alternatively, it will be appreciated that sweep phase 160A may be omitted in some
examples.

f0123] Sweep phase 150A may bave any suitable duration. In some examples, increasing a
flow rate of a one or more sweep gases may decrease the duration of sweep phase 160A. For
example, a sweep gas flow rate may be adiusted according to various reactant thermodynamic
characteristics and/or geometric characteristics of the process station and/or process station
plumbing for modifying the duration of sweep phase 160A. In one pomn-limiting example, the
duration of a sweep phase may be optimized by adjustment of the sweep gas flow rate. This may
reduce deposition cycle time, which may improve substrate throughput.

[0124] A CFD cycle, typically includes an “activation phase” in addition to the exposure
and optional sweep phases described above. The activation phase serves to drive the reaction of
the one or more reaciants adsorbed on the substrate surface. At plasma activation phase 180A of
the example shown in FIG. I, plasma energy is provided to activate surface reactions between

surface adsarbed reactants A and B. For example, the plasma may direcfly or indirectly activate
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gas phase molecules of reactant A to form reactant A radicals. These radicals may then interact
with surface adsorbed reactant B, resulting in film-forming surface reactions. Plasma activation
phase 1804 concludes deposition cycle 110A, which in the example of FIG:. 1 is followed by
deposition cycle 110B, commencing with reactant A exposure phase 120B.

[0125] In some examples, the plasma ignited in plasma activation phase 180A may be
formed directly above the substrate surface. This may provide a greater piasmé. density and
enhanced surface reaction rate between reactants A and B. For example, plasmas for CFD
processes may be generated by applying a radio frequency (R¥) field to a low-pressure gas using
two capacitively coupled plates. In alternative examples, a remotely generated plasma may be
generated outside of the main reaction chamber.

[0126] Any suitable gas may be used to form the plasma. In a first example, and inert gas
such as argon or helium or nitrogen may be used to form the plasma. In a second exampie, 2
reactant gas such as oxygen or ammonia may be used to form the plasma. In a third exarmsple, &
sweep gas such as nitrogen may be used to form the plasma. Of course, combinations of these
categories of gases may be employed. Ionization of the gas between the plates by the RF field
ignites the plasma, creating free electrons in the plasma discharge region. These elsctrons are
accelerated by the RF field and may collide with gas phase reactant molecules. Collision of
these electrons with reactant molecules may form radical species that participate in the
deposition process. It will be appreciated that the RF field may be coupled via any suitabie
electrodes. Non-limiting examples of electrodes include process gas distribution showerheads
and substrate support pedestals. It will be appreciated that plasmas ‘for CFD processes may be

forroed by one or more suitable methods other than capacitive coupling of an RF field to & gas.
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[0127] Plasma activation phase 180A may have any suitable duration. In some examples,
plasmez activation phase 180A may have a duration that exceeds a time for plasma-activated
radicals to interact with all exposed substrate surfaces and adsorbates, forming a continuous film
atop the substrate surface. For example, the example shown in FIG. 1 inciudes a plasma post-

saturation exposure time 190 in plasma activation phase 180A.

[6128] As axp_lained more fully below, and as suggested in the discussion of feature 4
above., extending a plasma exposure time and/or providing a plurality of plasma exposure phases
may provide a post-reaction treatment of bulk and/or near-surface portions of the deposited film.
In one scenario, decreasing surface contamination by plasma treatment may prepare the surface
for adsorption of reactant A. For example, & silicon nitride film formed from reaction of 2
silicon-contzining reactant and a nitrogen-coniaining reactant may have a surface that resists
adsorption of subsequent reactants. Treafing the silicon nifride surface with a plasma may creaie
hydrogen bonds for facilitating subsequent adsorption and reaction events.

[01297 In some exampies, film properties, such as film stress, dielectric constant, refractive
index, etch rate may be adjusted by varving plasma parameters, which will be discussed in more
detail below. Table 3 provides an example list of various film properties for three example CFD
silicon dioxide films deposited at 400 degrees Celsius. For reference purposes, Table 3 also

inclndes film information for an example PECVD silicon dioxide film deposited at 400 degrees

(Celsius.
{— Table 3 J}
l -
810, Dep.rate | NU; NU ! Ref. Fiim Dielecic 1 Wetetch
Process {(ang./cycle) ((max-min)/ (1o J Index siress constant rate ratic
JEYEE average) ] {(MP3)
1 gec. 0.9 5% 2% | 1456 | -165 66 | 187 |
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200W
02 Plasma
{HF oply)
10 sec.
1000w
0, plasina
{H¥ only)
10 sec.
1000W
O;g plasma
(HELT

P%EOVD 600 3% 1% | 147 238 4z 5.28

0.6 5% 29 1.466 -138 39 1.59

0.6 12% 5% 1472 -264 3.5 1.55

[0130] For example, FIG. 3 schematically shows an example ot; & CFD process timing
diagram 300 including a deposition phase 310 followed by a plasma treatment phase 390, It will
.be appreciated that any suvitabie plasma may be used during a plasma freatment phase. In a first
scepario, a first plasma gas may be use{i during activation in the deposition cycle and a second,
different plasma gas may be used duering 2 plasma treatment phase. In 2 second scenario, a
second, different plasma gas may supplement a first plasma gas during the plasma treatment

phase. Non-limiting parameter ranges for an example in-sifu plasma treatment cycle are

provided in Table 4.
Table 4
Plasma Plasma
" treatment | treatment
Phase A
sweep activation
phase phase
Time {sec) 0.25-10.0 § 0.25-10.0
Ar (scom) | 120 1-20
Pregsure {torr) 1-4 -4
Temp (C) 50-400 50-400
EF Power (W) 53-2500 50-25G0
LF Power (W) (-2500 0-2500

[01311 At plasma activation phase 380 shown in FIG. 3, the substrate surface is exposed to a
plasma to activate a film deposition reaction. As depicted in the example shown in FIG. 3, the

process stafion is provided with a continuous flow of reactant A, which may be, e.g., &n auxiliary



reactant such as oxygen, and an inert gas at plasma treatment sweep phase 390A. Sweeping the
process station may remmove volatile contaminants from the process station. While a sweep gas is
shown in FIG. 3, it will be appreciated that any Suitablt;: reactant removal method may be used
~ within the scope of the present disciosure. At plasma treatment activation phase 390B, a plasma
is ignited to treat the bulk and/or near-surface region of the newly deposited film.

{01323 | While the example of FIG. 3 inclodes one instance of a CFD cycle including a
plasma treatment phase, it will be zppreciated that any suitable number of iterations may be
employed within the scope of the present disclosure. Further, it will be appreciated that one or
morte plasma treatment cycles may be inserted at intervals (regular or otherwise) between normal
deposition cycles. For example, FIG. 4 shows an example of a CFD process timing diagram 400
inclading a plasma treatment phase inserted between two deposition cycles. While the example
of FIG. 4 includes a plasma treatment cycle inserted between two deposition cycles, it will be
appreciated that any suitable number of deposition cycles may precede or follow one or more
plasma treataent cyclas, For example, in a scenario where a plasma treatment is used to alter a
film density, a plasma treatment cycle may be inserted after every tenth depositioﬁ cycle. Ina
scenaric where a plasma ireatment is used to prepare a sﬁrface for adsorption and reaction
events, a plasma treatment phase may be incorporated in every CFD cycle, e.g., after each CFD
deposition phase.

[0133] Plasma treatment of the deposited film may alter one or more physical characteristics
of the film. In one scenario, a plasmea treatment may densify a newly deposited film. Densified
films may be more etch-resistant than non-densified films. For exampie, FIG. 5 shows an
example of a comparison 500 of etch rates for example CFD processed silicon dioxide films

relative o thermally grown silicon dioxide films. The example film examples of FIG. 5 were
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deposited over a range of temperafizes fom 50 to 400 degrees Celsius by CFD processes 502
and 504. For reference, relative etch rates for undoped silicate glass {USG) and silicon dioxide
spacer layers deposited by plasma-enhanced CVD processes are displayed in FIG. 5. Films
produced by process 502, which included 2 ope-second high-frequency oxygen plasma activation
phase in each deposition cycle, were approximately one-half as resistant to a dilute hydrofluoric
acid wet etch (100:1 H20:HF) as film 504, which included a ten-second high-frequency oxygen
plasma activation phase in each deposition cycle. Accordingly, it will be appreciated that
varying one or more aspects of the plasma activation phase and/or including one or more plasma
{reatment cycles may vary an etch rate of a deposited film.

(01343 In another scenario, plasma treatment of a ﬁlrﬁ may vary the stresg characteristics of
the film. For example, FIG. 6 shows an example of a correlation 500 between wet eich rate ratio
and film stress for example CFD silicon dioxide films. In the example shown in FIG. 6,
decreases in the wet efch rate ratio by, for example, extending a plasma exposure time, may
increase a compressive film stress.

[0135] In another scenatio, plasma treatment of 2 deposited film may provide transient
differential removal of trace film contaminants {e.g., hydrogen, nifrogen and/or carbon in an
example silicon dioxide film) relative to other film constituents (e.g., silicon and/or oxygen in an
example silicon dioxide film). For example, FIG. 7 shows an example of 2 correlation 700
between deposition temperature, plasma exposure fime, and film contaminant concentrations. In
the example shown in FIG. 7, & CFD silicon diexide film 704 deposited at 50 degrees Celsius
and having a ten-second oxygen plasma activation phase exhibifs lower concenirations of
hydrogen and carbon than a2 CFD silicon dioxide film 702 deposited at the same terperature but

having a one-second oxygen plasma activation phase. Modifying contaminant concentrations in
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& filtn mey modify electrical and/or physical properties of the film. For example, modulating
carbon and/or hydrogen content may modulate a film dielectric constant and/or 2 film etch rate.
Accordingly, it will be appreciated that varying one or more aspects of the plasma activation
phase and/or inciuding one or more plasma treatment cycles may provide an approach for
varying film composition.

{0136] ‘While the plasma treatment discussed above relates to an oxygen plasma ireatment, it
will be appreciated that any suitable plasma treatment may be employed without departing from
the scope of the present example. For example, in some examples a subgtituted amine may be
employed as a nifrogen-containing reactant in a suitable CFD process in place of NHa. Although
replacement of NH; with a substituted amine (e.g., an alkyl amine like t-butyl amine) for
conformal SiN deposition may provide a number of benefits, in some instances, the deposiied
film may include carbon r-esidue originating from the alky! amine reactant (e.g,, carbon residue
from the three methyl groups included each t-butyl amine molecule (NHz-(CHs)a)). This in-film
cerbon may result in electrical leakage and may render the film unusable for some dielectric
barrier applications.

61371 Thus, in some examples, igniting & bydrogen plasma during SiN film deposition may
reduce carbon residue in the SiIN film, which may comparatively improve the insulating
character of the film. In some exampies, the reduction in carbon residue may be readily
observable in FTIR spectra. Tor exampie, the SiN:C-H levels may be reduced from
approximately 10% atomic to approximately 1% atomic.

[0138&] Therefore, in some examples, & silicon nitride film may be deposited with 2 CFD
process uging an alkyl amine or a mixture of alkyl amines included in the nitrogen-containing

reactant and one or more Instances of a hydrogen plasma treatment. It will be appreciated that
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any suitable hydrogen plasma may be employed without departing from the scope of the present
disciosure. Thus, in some examples, an admixture of H, with a gas such as He or Ar, oz other H-
containing gases, or ective H atoms produced by 2 remote piasma source, may be used to ireat
the deposited film. Purther, in some examples, the carbon content of the film may be taned to
any suitable concentration by varying one or more of the number of treatment pulses and their
duration, the intensity of the treatment plasma, the substrate temperature, and the freatment gas
composition.

[0139] While the hydrogeﬁ plasma treatment discussed above relates to a silicon nitride
film, it will be appreciated that application of a suitable hydrogen plasma treatment may be used

to adjust the carbon content of other CFD deposited films, inclnding, but not Hmited to, Si0x,

GeOx, and SiOxNy.

[0144] Certzin examples disclosed herein pertain to uliraviolet treatment {with or without
plasma treatment) of oxide CFD films. The treatment may mitigate defects in the oxide and
improve electrical properties such as CV characteristics of a gate dielectric. Device and package
applications employing CFD oxides that can benefit from such treatment include thru-silicon
vias, logic technélogy emploving gate oxides, shallow trench isolation (STI), thin thermal
oxidation formed after STI-photoresist strip, sacrificial oxide (e.g., ~60A) before a P-well
implant, post “well” thermal oxide growth, gate/channel oxide, DRAM PMD PECVD Oxide..

101471] In some cases, untreated CFD oxide films have been observed to have relatively poor
electrical performance due to, it is believed, fixed charge in the as deposited film. For example,
some films have been found to have significant within-wafer Vib vadations. Such problems

have been resolved by using a post-deposition treatment with UV-radiation andfor a thermal
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anneal in the presence of hydrogen. It is believed that this process passivates and/or zlleviates
defects related to fixed charge at the () oxide to silicon interface or (2) within the deposited
dielectric film or (3) at the air {0 oxide surface (surface charge). Using such treatment, the Vib
spread for as deposited oxide has been tightened from 8.3V to about 1.5V after UV cure.

[0142] Wﬁile the these examples are prirnarily concerned with improving oxide films, the
disclosed method may be applied generally io the growth of dielectrics, metals, metal to
dielectric interface engineering. Specific dielectric materials include, for example, silicon
oxides, including doped silicon oxides, silicon carbides, silicon oxycarbides, silicon nitrides,
silicon oxynitrides, and ashable hard mask materials.

[0143] Examples of treatments that may be applied to improve dieleciric properties include
the following:

[0144] (A) Post deposition treatment of dielectric films synthesized by CFD with UV cure
and then hydrogen-annezl. In the simplest example_, UV treatment may be used alone to reduce
fixed charge.

(0145} (B) Pre-treatment of the substrate prior to CFD-dielectric film deposition with
treatrnents incinding: Hy-plasma, No-plasma, NZ/I{Q.-plasma, NH;-plasma, Az-plasma, He-plasma,
He anneal, H,-anneal, NHz-anneal, ar;d UV cure in the presence of He, Ha, Az, Np, Ho/Nsp-
forming gas, NHs. Plasma processing may be enabled with vatious plasma generators including,
though not limited to, microwave, ICP-remote, direct and the like.

[0146] (C) Concurrent treatment (curing during deposition) with treatments including: Hp-
plasma, Nj-plasma, Nu/Hz-plasma, NHz-plasma, Ar-plasma, He-plasma, He anneal, Hp-anneal,
NHj3-anneal, and UV cure in the presence of He, Hy, Ar, N, Ho/No-forming gas, NH;. Plasma

processing may be implernented with various plasma generators including, though not limited to,



microwave, ICP-remote, direct 2nd others known to those in the art. Isotropic and directional
processing may be applied including, though not himited to, remote plasma, UV exposure, direct
plasmsa, and microwave plasma, An example method includes intermittent ireatment of the fitm
between groups of CFD cycles. A group of CFD cycles may vary from about 1 to 10000cycles.
A typical scenario includes; (1) 5 cycles of CFD oxide growth followed by (2) one or more film
treatments with any of the metheds described above (e.g., He-plasma, UV-treatment), followed
by (3) Scycles of CFD oxide growth. This method may be used to grow a film of any desired
thickness.

(0147} (D) UV treatment imparted as byproduct by any plasma listed above (e.g., a helinm
plasma emits UV radiation).

10148} One example of a procedure for in sitn “cure” during the CFD cycling involves the

following operations:

(D UV treatment via He-plasma

{2) BTBAS dose

(3) Purge

(4 O2/Av-RF plasma activation

(5) Purge

(6) Repeat steps 1-5 to vield a film of desired thickness.

{01491 A range of UV cure conditions may be employed in any of the Iisted contexts.
Generally, the pedestal temperature will be maintained between about 250 and 500C during the
cure. Hor many device fabrication applications, the upper temperature will be limited to 450C or
even 400C. The ambient employed during the cure may be inert or reactive. Examples of gases

that may be present during the cure include helium, argon, nifrogen, forming gas, and ammonia.
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The flow rate of such gases may be about 2 to 20,000 scem, preferably about 4000 to 18,000
sccin.  The power of the UV lamp may, for example, sbout 2-10 kW, and preferably between
about 3.5 and 7 kW. An appropriate duration of exposure to UV from such source is between
zbout 20 and 200 seconds (e.g., about 30 seconds). Finally, the pressure may be held at a level
between 0 Torr and about 40 Torr.

[6150] In a specific example, an effective treatment of CFD oxide was obtained nsing the
following condifions:

1. Pedestal terperature = 400C

2. Ambient = He

3. Pressure = 40 Torr He

4. Flow rate = 10,000 scem

[03511 In some examples, a thermal anneal of the oxide is performed after the UV cure
operation. In one example, the following conditions were used in the anneal:

1. Ped T = 400C ’

2. Ambient = H2 + N2

3. Pressure = 2.5 Torr

4. Flow rates = 750 scem H2 ; 3000 scom N2

[0152] The physical and electrical characteristics of the deposited film may 2lso be altered
by adjusting other process parameters, such as deposition temperature. For example, comelation
700 of the example depicted in FIG. 7 also shows an example relationship between CFD film
deposition temperature and film contaminants concenfration. As filin deposition temperature

increages, incorporation of film contaminents decreases. In another example, the example shown



in FIG. 5 illustrates that 2 wet etch rate ratio of exarnple silicon dioxide CF’D films decreases as
deposition femperature increases, as described above. Other deposition parameters that may be
adjusted 1o tune the fﬂm.propartics incinde RI power, RF frequency, pressure, and flow raes.
Further, in some examples, film characteristics may be altered by altering a reactant selection.
For example, a hydrogen content of a silicon dioxide film may be reduced by using tetra
isocyanate silane (TICS) as a silicon-containing reactant and oxygen and/or nitrous oxide as an
oxXygen-containing reactant.

[6153) it will be appreciated that variation of physical and/or electrical film characteristics,
like those discussed above, may provide opportunities to adjust device performance and yield, as
well as opportunities to modify aspects of device manufacturing process intsgration. As one
non-limiting example, the ability to tune etch rafe characteristics of a CFD silicon dioxide film
may make the film a candidate for eich stop, hard mask, and other process integration
applications. Accordingly, various examples of CFD-produced films are provided herein for

application throughout an integrated semiconductor device fabrication process.

10154] In one scenario, a CFD process may deposit a conformal silicon dioxide film on a
non-planar substrate. For example, a CFD silicon dioxide film may be used for gap fill of
structures, such as a french fill of shellow trench isolation (STT) structures. While the various
examples described below relate to a gap fill application, it will be appreciated that this is merely
& nop-lmiting, illustrative application, and that cther suitable é.ppiications, utilizing other
suitable film materials, may be within the scope of the present disclosure: Other applications for
CED silicon dioxide films include, but are not limited to, interfayer dielectric (JLD) applications,

intermetal dielectric (IMD) applications, pre-metal dielectric (PMD) applications, dielectric
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Imers for through-silicon via (TSV) applications, resistixfe RAM (ReRAM) applications, and/or
stacked capacitor fabrication in DRAM applications.

[0155] Doped silicon oxide may be used as a diffusion source for boron, phosphorus, or even
arsenic dopants. For example, a boron doped silicate glass (BSG), a phosphorus doped silicate
glass (PSG), or even = boron phosphorus doped silicaie glass (BPSG) could be used. Doped
CFD layers can be employed to provide conformal doping in, for example, three-dimensional
trangisior structures such as mult-gate FinFET’s and three-dimensional memory devices.
Conventional ion implanters cannot easily dope sidewalls, especially in high aspect rafio
structures, CFD doped oxides as diffusion sources have various advantages. First, they provide
high conformality at Jow temperature. In comparison, low-pressure CVD produced doped TEOS
(tetracthylorthosilicate) is known but requires deposition at high temperature, and sub-
atmospheric CVD and PECVD doped oxide films are possible at lower temperature but have
inadequate conformality. Conformality of doping is important, but so is conformality of the film
itself, since the film typicaily is 2 sacrificial application and will then need to be removed. A
non-conformal film typically faces more challenges in removal, ie. some areas can be
overetched. Additionally, CFD provides extremely well controlied doping concentration. As
mentioned, 2 CFD process can provide from a few layers of undoped oxide followed by a single
layer of doping. The level of doping can be tightly controlied by the frequency with which the
doped layer is deposited and the conditions of the doping cycle. In certain examples, the doping
cycle is controlled by for instance using a dopant source with significant steric hindrance. In
addition to conventional silicon-based microelectronics, other applications of CFD doping

include microelectronics and optoelectronics based on -V semiconductors such as GaAs and
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[i-V1 semiconductors such as HgCdTe, photovoltaics, flat panel displays, and electrochromic

technology.

[0156] Some gap fill processes involve two film deposition steps performed on different
deposition tools, fequjrihg a vacuum break and air exposure between deposition processes. FIG.
8 schematically shows an example non-planar substrate 800 including a plurality of gaps 802.
As depicted in FIG. 8, gaps 802 may have varying aspect ratios, which may be defined as 2 ratio
of gap depth (H) to gap width (W) for each gap 802. For example, a logic area of an infegrated
semiconductor device may have varying gap aspect ratios corresponding to different logic device
structures.

[0157] As depicted in FIG. 8, non-pianar substrate 800 is coversd by a thin, conformal film
804. While conformal film 804 has completely filled gap BOZA, gaps B02B and 802C remain
open. Closing gaps 802B and 832C with 2 conformal film may lead to extended process times.
Thus, in some approaches, a thicker film mey be deposited ex-situ by & higher deposition rate
process, such as a CVD and/or PECVD method. However, ex-sifu deposition of gap fill films
may reduce wafer throughput in a production line. For example, substrate handling and transfer
time between 2 deposition tools may reduce a pumber of substrate processing activities during a
production period. This may diminish production Lne throughput and may require the
instaliation and maintenance of additional process tools in the production line.

[0158] " Purther, while gap 802C may have an aspect ratio suitable for a gas-phase deposition
process, 802B may have an aspect ratio that may lead to incomplete filling by a higher
deposition rafe process and may form a keyhole void. For example, FIG. 10 shows an example

high aspect ratio structure 1000 formed in subsirate 1002, As depicted in FIG. 10, bread loafing
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effects during the deposition of thicker film 1006 bave produced keyhole void 1008. Keyhole
voids may be re-opened and filled with conductive films in subseguent processes, which may
lead to device shorting,

[0159] Some approaches to addressing high aspect ratic gaps such as gap 802]3 include
providing device design rules that avoid creation of such gaps. However, such design rules may
require additional masking steps, may make device design difficuit, and/or may lead to increased
integrated sermiconductor device area, which may increase manufacturing cost. Thus, in some
examples, 8 CFD process may include an in-sit: transition from a CFD process to a CVD and/or
a }?ECVD‘ process. For example, FIG. © shows an exampie of a CFD process timing diagram
000 that has been divided into fhree phases. CFD process phase 902 depicts an example CFD
process cycle. For clarity, a single CFD process cycle is shown in the example depicted in FIG.
9, though it will be appreciated that any suitable number of CFD process cycles and plasma
treatment cycles may be included in CFD process phase 902, A fransition phase 904 follows
CFD process phase 802. As depicted in the example of FIG. 9, transition phase 904 includes
aspects of both a CFD process and 2 PECVD process. Specifically, reactant B is provided to the
process station past the end of reactant B exposure phase 904A so that reactants A and B are both
present in the gag phase' during plasma activation phase 904B. This mey provide PECVD-type
gas phase reactions concurrently with CFD-type surface reactions. While transition phase 904
mcludes only one iteration of reactant B exposure phase 904A and plasmpa activation phase
004B, it will be appreciated that any suitable number of iterations may be incladed within 2
fransition phase.

[0160] In some sxamples, a plasma generator may be controlied to provide intermittent

pulses of plasma energy during plasma activation phase 904B. For example, the plasma may be
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puised at one or more fequencies including, but not limited to, frequencies between of 10 Hz
and 150 Hz. This may enhance step coverage by reducing a directionality of ion bombardment
in comparison fo 2 continuous plasma. Further, this may reduce ion bombardment damage fo the
substrate. For example, photoresist substrates may be eroded by ion bombardment during a
continuoug plasma. Pulsing the plasma energy may redoce photoresist erosion.

[0161] In the example shown in FIG. 9, the flow rate of reactant B during plasma activation
phase 3048 is less than the flow rate of reactant B during reactant B exposufc phase S04A.
Thus, reactant B may be “trickied” into the process station during plasma activation phase 904B.
This may provide a gas-phase PECVD reaction supplementing the CFD-type sufface reactions.
However, it will be appreciated that, in some examples, flow rate of reactant B may be varied
during a single plasma activation phase or over the course of a transition phase. For example, in
a fransition phase including two iterations of reactant B exposwre and plasma activation, a flow
rate of reactant B during a first plagma activation phase may be lower than a flow rate of reactant
B during the second plasma activation phase. Varying a flow rate of reactant B during plasma
activation phase 904B may provide a smooth fransition from the step-coverage characteristics of
CFD process phase 802 to the deposition rate characteristics of PECVD process phase 906.
[0162] FIG. 26 depicts an example cross-section 2600 of a non-planar substrate 2602
exhibiting various layers deposited by an example of the in-site trapsition process described
above. Conformal film 2604 may be deposited in an example of & CFD process phase. First
trangition film 2606 and second transition film 2608 may be deposited in an example of a
transition phase [ike the example described above. For example, first transition film 2606 may
be deposited at a first, lower flow rate of reactant B dumng the transition phase, and second

transition film 2608 may be deposited at 2 second, higher flow rate of reactant B later in the
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transition phase. This may provide an increase in deposition rate during the tramsition phase,
which may reduce a cycle time of the tool and increase tool throughput. FIG. 28 shows an
example correlation 2800 between deposition rate and a transition from a CFD surface reaction
phase 2802 to e PECVD phase 2804 according to an example of the present disclosure. FIG. 28
also shows exampie scanning electron microscope (SEM) images 2806 and 2808 corresponding
to the CFD surface reaction phase 2802 and to the PECVD phase 2804, respectively.

[0163] Alternatively or additicnally, in some examples, a flow rate of reactant B may be
constant during a piasma activation phase of a transition phase. FIG. 27 depicts an example of &
CFD procéss timing diagram 2700 wherein the flow rate of reactant B is constant during 2

plasma activation phase 2704B of iransition phase 2704.

10164} In some examples, concurrent PECVD-type gas phase reactions and CFD-type
surface reactions may be employed throughout a film deposition process. For example, a
dielectric liner for a through-silicon via (TSV) may be filled with a semi-conformal film by
concurrent CFD-type and PECVD-type reactions.

[0165] Concurrent PECVD-type and CFD-type reactions may occur where reactant B co-
exists with reactant A in a piasme environment. In soroe examples, co-existence of reactants in a
plasma environment may result from a persistence of reactant B in a process station after a
supply of reactant B has been disconiinued, continuing an exposure of reactant B to the substrate.
For example, FIG. 29 shows a timing diagram 2900 for an example of 2 CFD process including &
sweep phase having a positive time duration between discontinuing a supply of reactant B 1o the

process stztion and plasma activation. As another example, FIG. 30 shows another timing
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diagram 3000 for an example of a CFD process excluding a sweep phase (e.g., having 2 sweep
time = () between discontinuing a supply of reactant B and plasma activation.

[0166] In some examples, co-existence of reactants in a plasma epvironment may result
from concurrent supply of reactant B fo the process station and plasma sctivation. For example,
FIG. 31 shows a timing diagram 3100 for an example of a CFD process having ap overlap

(indicated by a “negative” sweep time) between a supply of reactant B 1o the process station and

plasma activation.

[0167] In some examples, a CFD process may include an in-situ efch for selectively
rernoving a re-zntrant portion of deposited film. Non-limiting parameter ranges for an example

silicon dioxide deposition process including an in-situ etch for a gap fill CFD process are

provided in Table 5.

! Table 5
Reactant A Reactant B Swee Plasma
Phase eXposure exposure P acdvation | Hich phase
phase
phase phase phase
2;; f comtinuing | 0.25-10.0 | 0.25-10.0 { 0.25-10.0 | 0.25-108
BIBAS . 0520 0 0 0
(sccmmy -
O,
- -2 - -
(sln) 1-20 1-20 1-20 1-20 0
NFs 0 0 0 0 115
{sccm)
Ar (slm} 1-20 1-20 1-20 1-20 1-20
Pressure 1-4 14 14 14 1-4
{torz)
Temp (C) 30-400 50-400 30400 50-400 50-400
HF Power
0 0 0 . 50.2300 50-2500
(W3
LF Power
0 0 o 0-2300 (-2560
W) |
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[0168] FiG. 11 shows an axmple of a CEFD process timing diagram 1100 including a
deposition phase 1102, an etch phase 1104, and a subseguent deposition phase 1106, At
deposition phase 1102 of the example shown in FIG.. 11, film is deposited onto the exposed
surfaces of the substrate. For example, deposition phase 1102 may include one or more CFD
process deposition cycles.

[0169] At etch phase 1104 of the example of FIG. 11, reactants A and B are tumed off and
an efch gas is introduced to the process station. One nop-limiting example of an etch gas is
nitrogen irifluoride (NF3). In the example depicted In FIG. 11, the etch gas is sctivated by 2
plasma ignited during etch phase 1104. Various process parameters, such as process station
pressure, substrate temperafure, etch gas flow rate, may be adjusted during etch phase 1104 for
selectively removing a re-enfrant portion of a deposited film on a non-planar substrate. Any
suitable eich process may be employed within the scope of the present disclosure. Other
example etch processes include, but are not limited to, reactive jon etching, non-plasma vapor
phase etching, éolid phase sublimation, and adsorption and directions! activation (e.g., by ion
bombardment) of the eich species.

[0170] In some examples, incompatible gas phase species may be removed from the process
station before and after etching the film. For example, the example of FIG. 11 includes &
continuous flow of an ineri gas after reactants A and B have been tumed off and after the etch
gas hag been turned off during etch phase 1104.

[0171] At the conclusion of etch phase 1104, a deposition phase 1106 begins, further filling
gaps on the non-planar substrate. Deposifion phase 1106 may be any suitable deﬁcsi.tion process.
For example, deposition phase 1106 may include one or more of a CFD process, a CVD process,

a PECVD process, etc. While the example of FIG. 11 shows a single etch phase 1104, it will be
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appreciated that a plurality of in-sitit etch processes may be inserted at ix;tervals among multiple
deposition phases of any suitable type during 2 gap fill process.

[0172] FIGS. 12A-C depict example cross-sections of a . non-planar substrate at various
phases of an example of the in-gitu deposition and etch processes described above. FIG. 12A
shows a cross-section of an example non-planar substrate 1200, including & gap 1202, Gap 1202
is covered with a thin film 1204. Thin film 1204 is nearly conformal with gap 1202, but thin
film 1204 includes a re-entrant portion 1206 near the top of gap 1202.

{01731 In the example depicted in FIG. 12B, re-entrant portion 1206 of thin film 1204 has
been selectively removed and that an upper region 1204A of thin film 1204 is thinner than a
lower region 1204B. Selective removal of the re-eatrant portion and/or sidewall angle
adjustment may be achieved by imposing mass transfer Hmitations and/or lifetime Hmitations on
the active etch species. In some examples, selective etching at the top of gap 1202 may also
adjust a sidewzl] angle of gap 1202, so that gap 1202 is wider at the top than at the bottom. This
may further reduce bread loafing effects in subsequent deposition phasss. In the example shown
in FIG. 12C, after a subseguent deposition phase, gap 1202 is nearly filled and exhibits no voids.

0174] Another example of an in-situ etch process is shown in FIG. 25, which depicts a
through-silicon via (TSV) 2500 for a copper electrode. Some example TSVs have depths of
approximately 105 microns and diameters of approximately € microns, giving an approximately
17.5:1 aspect ratio, and may have a thermal budget ceiling of approximately 200 degrees Celsius.
As shown in the example of FIG. 25, through-silicon via 2500 18 covered by a dielectric isolation
layer 2502 to electrically isolate a silicon substrate from a metal-filled via. Example dielectric
isolation laver materials inciude, but are not limited to, silicon oxide, silicon nitride, & low-k

dielectrdc material. In some examples, the example etch processes described above may be



supplemented with physical sputtering of the re-enirant portion using a suitable sputter gas, such
as argon.

[0175] Other example applications for CFD films incinde, but are not limited to conformal
low-k films (e.g., k approximately 3.0 or lower in some por-limiting examples) for back-end-of-
line interconnect isolation applications, conformal silicon nitride films for etch stop and spacer
layer applications, conformal antireflective layers, and copper adhesion and barrier layers. Many
different compositions of low-k dielectrics for BEOL processing can be fabricated using CFD.
Examples include silicon oxides, oxygen doped carbides, carbon doped oxides, oxynitrides, and
the like.

10176] In another exampie, in one integrated process scenario, a silicon dioxide spacer layer
may be deposited over a photoresist “core.” Use of a photoresist core instead of an alternative
core material (such as a silicon carbide layer) may eliminate a patterning step in the integrated
process. The process may involve patterning photoresist nsing normal lthographic techniques
and then depositing a thin layer of CFD oxide directly over that core. A directional dry etch
process may be then nsed to remove the CFD oxide film at the top of the patterned photoresist
and at the bottom leaving only matenial zlong the sidewall of the péttern&d photoresist (consider
wenches). At this stage, simple ashing can be used to remove the exposed core leaving behind
the CFD oxide. Where once there was 2 single photoresist line, now there ars two CFD-oxide
lines. In this manner the process doubles the pattern density; hence it is sometimes referred to 2s
“double patterning”. Unfortunately, use of a photoresist core may limit a spacer layer deposition
temperature to less than 70 degrees Celsins, which may be less than dspogition temperatures for
conventional CVD, PECVD, and/ar ALIY processes. Thus, in some examples, a low temperature

CFD silicon dioxide film may be deposited at temperatures below 70 degrees Celsius. It will be
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appreciated that other potential integrated process applications exist for suitable CFD-generated
films within the scope of the present disclosure. Additionally, in varions examples, a nitride
such as a silicon nitride deposited as above may be employed as a conformal diffusion barrier
layer and/or etch stop in various stages of semiconductor device manufacture.

[0177] While the varions CFD deposition processes described above have been directed at
depositing, treating, and/or etching single film types, it will be appreciated that some CFD
processes within the scope of the present disclosure may include in-sita deposition of a plurality
of film types. For example, alternating layers of film types may be deposited in-gitu. In a first
scenario, a double spacer for a gate device may be fabricated by in-situ deposition of a silicon
nitride/silicon oxide spacer stack. This may reduce cycle time and increase process station
ihroughput, and may avoid interlayer defects formed by potential film layer incompatibility. In a
second scenario, an antireflective layer for lithographic patteming applications may be deposited
as a stack of SION or amorphous silicon and Si0C with tunable optical properties.

[0178] It will be appreciated that any suitable process station may be ernployed with one or
more of the examples described above. For example, FIG. 13 schematically shows zn example of
a CED process station 1300, For simplicity, CFD process station 1300 is depicted as a standalone
process station having a process chamber body 1302 for maintaining a low-pressure
environment. However, it will be appreciated that a plurality of CFD process stations 1300 may
be incinded in 2 common low-pressure process tool environment. While the example depicted in
FIG. 13 shows one process station, it will be appreciated that, in some examples, & plurality of
process stations may be included in a2 processing tool. For example, FIG. 24 depicts an example

of & multi~station processing tool 2400. Further, it will be appreciated that, in some examples,
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one or more hardware parameters of CFD process station 1300, including those discussed in
detail below, may be adjusted programmatically by one or more computer controllers.

[0179] CFD process station 1300 fluidly communicates with reactant delivery system 1301

for delivering process gases to a distribution showerhead 1306, Reactant dejivery system 1301

includes & mixing vessel 1304 for blending and/or conditioning process gases for delivery io
showerhead 1306. One or more mixing vessel inlet valves 1320 may conirol introdunction of
process gases fo mixing vessel 1304,

[OISO] Some reactants, like ]éTBAS, may be stored in liquid form prior to vaporization at
and subseguent delivery to the process station. For example, the example of FIG. 13 includes a
vaporization point 1303 for vaporizing liguid reactant to be supplied to mixing vessel 1304, In
some examples, vaporization point 1303 may be 2 heated vaporizer. The saturated reactant vapor
produced from such v‘aporlzers may condense in downstream delivery piping. Exposure of
incompatible gases to the condensed reactant may create smell particles. These small particies

may clog piping, lmpede valve operation, contaminate substrates, eic. Some approaches {0

addressing these issues involve sweeping and/or evacuating the delivery piping to remove

residual reactant. However, sweeping the delivery piping may increase process station cycle

time, degrading process station thronghput. Thus, in some examples, delivery piping downstream

of vaporization point 1303 maly be heat traced. In some examples, mixing vessel 1304 may also

be heat raced. In one ﬁon—limiting exampile, piping downstream of vaporization point 1303 has |
an increasing temperature profile exfending from approximately 100 degrees Celsius to

ap;_:}mximataly 150 degrees Celsius at mixing vessel 1304.

[0181} In some examples, reactant Hquid may be vaporized at a liguid injector. For example,

a [iguid injector may inject pulses of a liguid reactant into a carmer gas stream upstream of the
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mixing vessel. In one scenatio, a liquid injector may vaporize reactant by flashing the liquid
from e higher pressure to a lower pressure. In another scenario, e liguid injector may atomize the
liguid into dispersed microdroplets that are subsequently vaporized in a heated delivery pipe. It
will be appreciated that smaller droplets may vaporize faster than larger droplets, reducing a
delay between Lguid injection and compilete vaporization. Faster vaporization may reduce a
length of piping downstream from vaporization point 1303. In one scenario, a liquid injector may
be mounted directly to mixing vessel 1304, In another scenario, a lignid injecior may be mounted
directly to showerhead 1306.

{01823 In some examples, fow T.‘mough a Bguid injector may be controlled by an actuator,
such as 2 controlled plunger, pintle valve, piezo valve, etc. Additionally, in some examples, the
liquid injector may have little or no volume between the actuator and an exit aperture of the
liquid injector, For example, the actuator may directly seal the exit aperture of the Liguid injector.
This may reduce an amount of liguid retained by capillary or other forces downstream of the
actuator. Such lguid might continue to evaporate after injection stops, causing & liguid reactant
pulse to taper off gradually instead of ending abruptly, potentially causing small particles on
interaction with incompatible process gases and/or causing an ﬁacontroﬂ&d exposuré of Nquid
reactant.

[0183] In some examples, & liquid imjector mey be controlled to generate an injection
profile. For example, a liguid injector may e instructed to inject a plurality of smaller aﬁposuras
rather than & single large exposure to extend exposure time, improve safuration coverage, efc,

Further, one or more of the constituent smaller exposures may be modulated to further address

one of more of these issues.
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[0184] It will be appreciated that any suifable Iiguid injector may be employed within the
scope of the present disclosure. For example, in a first scenario, an autometive fuel injector
including & pintle valve may be used as a liguid inmjector. Example droplets provided by an
automotive fuel injector mey be, but are not limited to, droplets sized from 5 microns to 40
microns. Example injection pulse widths may include, but are not limited to, widths from 1 ms to
50 ms.

[0185] In a second scemario, one or more micro-eleciromechanical systems (MEMS)
injectors inclnding piezoelectric purmps may be used as liquid injectors. For example, a plurality
of MEMS injectors may be aranged in a stack at ont or more showerheads, providing hgnid
injection capability for & plurality of liguid reactants. Example MEMS injector droplets may
include, but are not lmited to, droplets sized from 10 microns fo 30 microns. Example MEMS
injection pulse widths may include, but are not limited fo, widths from 1 ms to 500 ms.

{0186] In a third scepario, Hall-effect injectors may be vsed as a liguid injector. This may
provide liquid injection control that is resistant fo R¥ interference. Example Hall-effect injector
droplets may include, but ére not limited to, droplets sized from 5 microns to 50 microns.
Example Hall-effect injection pulse widths may include, but are not imited to, widths from 1 ms
to 500 ms. Thus, it will be appreciated that any suitable liquid injector may be included at a
vaporization point in some examples, including ejector tubes, venture tubes, etc. Alternatively, in
some examples a ligmd injector may be omitted.

[0187] Liguid pressure upstream of the injector may be set at any suitable delivery pressure
to cause atornization and/or flashing of the liquid. In some examples, upstream pressure may be

provided by a push gas for pressurizing a liquid storage reservoir. Example pressure differentials
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across 4 liguid imjector may include, but are pot limited to, preswure differentials of
approximately 0.3 bar to 5 bar.

[5188] In some examples, & liquid flow controller upstream of vaporization point 1303 may
be provided for controlling 2 mass flow of liguid for vaporization and delivery to process station
1300. For example, the Iignid flow controller (LFC) may include a thermal mass flow meter
(MFM) located downstream of the LFC. A plunger valve of the LFC may then be adjusted
responsive to feedback control signals provided‘by a proporfional-integral-derivative (PID)
controller in slectrical communication with the MFM. However, it may take one second or more
to stabilize Hquid flow vsing feedback control. This may extend a time for dosing a lignid
reactant. Thus, in some examples, the LFC may be dynamically switched between a feedback
control mode and a direct control mode. In some examples, the LFC may be dynamically
switched from a feedback control mode to a direct control mode by disabling a sense tube of the
ILFC and the PID controller.

[0189] In the direct conirol mode, the plunger valve of the LFC mav be adjusted in
proportion to a supplied control voltage independently of 2 control signal provided by the PID
controler. Put another way, adjustment of the plunger valve in the direct control mode causes the
LFC to function as a controlied orifice for regulating liquid flow. In some examples, the LEC
may include one or more autocalibration modes for defining a proportional relationship between
a voltage and a plunger valve opeming amount.

[0190] In some examples, the plunger valve may be opened to a preset position prior to
opening a mixing vessel inlet valve 1320A. Upon opening mixing vessel liquid inlet valve
1320A, vaporized liquid reactant may imrnediately being flowing to mixing vessel 1304, After a

prescribed time, the control voltage for the LFC may be set to close the plunger valve, cansing
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liquid flow through the LFC to cease. In some examples, mixing vessel inlet valve 1320A may
bé closed concurrently with a closing of the plunger valve, which may provide an approximately
square-wave exposure of vaporized liquid reactant.

[0191] In some examples, a mixing vessel outlet valve 1305 may be located between mixing
vessel 1304 and a distribution showerhead 1306 for isolating mixing vessel 1304 from
showerhead 1306. FIG. 14 shows perspective view of an example of a mixing vessel 1404 and
four mixing vessel ouflet valves 1405 for supplying four process station showerheads {not
shown). FIG. 15 shows a side view of a portion of the example of the mixing vessel depicted in
FIG. 14. While FIGS. 14 and 15 depict an example of 2 mixing vessel configured to supply
process gases to four process stations, it will be appreciated that any suitable number of process
stations may be supplied process gases from any suitable number of mixing vessels using any
suitable number of mixing vessel outlet valves. Isolating mixing vessel 1304 may provide a
confined space of known volume for collecting, conditioning, and/or blending various gases
prior to deiivery to showerhead 1306. Monitoring the pressure and/or temperature of mixing
vessel 1304 may provide a basis from which to calculate and/or conirol mass delivery of various
process gases to showerhead 1306. In one non-limiting example, a number of moles of a reactant
vapor exposure may be celenlated from a pressure measurement taken from an isothermal
mixing vesgel using the ideal gas equation, though it will be appreciated that any suitable
equation of state may be used in other scenarios. For example, in one specific example, a
pressure of approximately 400 Torr in an approximaiely 1 liter mixing vessel may provide up to

40 exposure equivalents of process gas to & 50 liter volume distributed over one or more process

stations.
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[0192] In some examples, a pre-determined exposure of a reactant may be stored during a
mixing vessel filling phase for later delivery to showerhead 1306. For exampie, FIG. 16 shows
an example of a mixing vessel timing diagram 1600. As depicted in the example of FIG. 16,
mixing vessel 1604 is filled with reactant gas vapor duzing a fill phase 1606, which is concurrent
with gweep and plasma activation phases of a CFD process in an associated process station. A
mixing vessel pressure is monitored during fill phase 1606. Upon reaching a mixing vessel
pressure set point corzesponding to a pre-determined exposure of the reactant gas, reactant gas -
flows are tumed off. The reactant gas is then stored in mixing vessel 1604 until the end of
storage phase 1608, which coincides with the end of tha.sweep and plasma activation phases of
the associated CFD process.

{0193] Mixing vessel ontlet vaive 1605 opens at the beginning of exposure phase 1610,
supplying reactant gas to the associated process station. At the end of exposure phase 1610,
mixing vessel outlet valve 1605 closes, stopping reactant flow to the process station. In one
scenario, mixing vessel 1604 may be completely emptied of the reactant gas during exposure
phase 1610. In another scenaric, exposure phase 1610 may end before mixing vessel 1604 is
completely emptied; the remaining reactant gas in mixing vessel 1604 may be removed through a
process station bypass line (not shown) or may be stored in mixing vessel 1604 for later delivery
to the process station.

[0194] For some reactant gases, there may be a travel delay time associated with a length of
delivery pipe between mixing vessel outiet valve 1305 and showerhead 1306. Further, a similar
delay time may be associated with removing process gases from delivery pipes upstream of
showerhead 1306. For example, FIG. 17 shows example travel delay times for example reactant

BTBAS and example sweep gas argon. Locating mixing vessel outlet valve 1305 closer 1o
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showerhead 1306 may produce more discrete reactant exposure znd sweep polses than those
produced wher mixing vessel outlet valve 1305 is located farther from showerhead 1306. This
may reduce a time needed to complete a reactant and/or sweep phase of a CFD process. Thus, in
one non-limiting example, mixing vessel outlet valve 1305 may be located immediately
upstream of showerhead 1306.

[01953 Showerhead 1306 distributes process gases toward substrate 1312, In the exampie
shown in FIG. 13, substrate 1312 is located beneath showerhead 1306, and is shown resting on &
pedestal 1308. It will be appreciated that showerhead 1306 may have any suitable shape, and
may have any suitable number and arrangement of ports for distributing processes gases to
substrate 1312

{0196} In some examples, a microvolume 1307 is located bepeath showerhead 1306.
Performing a CFD process in a microvolume rather than in the entire volume of & process station
may reduce reactant exposure and sweep times, may reduce times for altering CFD process
conditions {e.g., pressuie, temperature, etc.), may limit an exposure of process station robotics to
process gases, etc. FIG. 21 shows examples of comelations between a sweep flow rate of a
microvolume and 2 sweep time for the microvolume for different microvolume pressure
conditions. Example microvolwme sizes include, but are not Iimited to, volumes between 0.1 liter
and 2 liters.

[0157] In some examples, pedestal 1308 may be raised or lowered to expose substrate 1312
to microvolume 1307 and/or to vary a volume of microvolume 1307. For example, in a substrate
transfer phase, pedestal 1308 may be lowered to allow substrate 1312 to be loaded onto pedestal
1308. During & CFD process phase, pedestal 1308 may be raised to position substrate 1312

within microvolume 1307. In some examples, microvolume 1307 may completely enclose
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substrate 1312 as well as a portion of pedestal 1308 to create a region of high flow impedance
during a CFD-process.

[6G198] Optionally, pedestal 1308 may be lowered and/or raised during portions the CFD
process 10 modulate process pressure, reactant concentration, etc., within microvolume 1307, In
one scenario where process chamber body 1302 remesins at a base pressure during the CFD
process, lowering pedestal 1308 may allow microvolume 1307 to be evacuated. Example rafios
of microvolume {0 process chamber volume include, but are not lirnited o, volume ratios
between 1:500 and 1:10. It will be appreciated that, in some examples, pedestal height may be
adjusted programmatically by a suitable computer controlier.

[0199] In another scenario, adjusting a height of pedestal 1308 may allow a plasma density
to be varied during plasma activation and/or ireatment cycles inciuded in the CFD process. At
the conclusion of the CFD process phase, pedestal 1308 may be lowered during another substrate
transfer phase to aliow removal of substrate 1312 from pedestal 1303,

(02001 While the exemple microveleme variations described herein refer to a height-
adjustable pedestal, it will be appreciated that, in some examples, a position of showerhead 1306
may be adjusted relafive to pedestal 1308 to vary a volume of microvolume 1307. Further, it will
be appreciated that a vertical position of pedestal 1308 and/or showerhead 1306 may be varied
by any suitable mechanism within the scope of the present disclosure. In some examples,
pedestal 1308 may include a rotational axis for rotating an orentation of substrate 1312. Tt will
be appreciated that, in some examples, one or more of these exampie adjustments may be
performed programmatically by one or more suitable computer controliers.

102013 In one example, microvolume 1307 is partially enclosed at the top and along a

perimeter by showerhead 1306. For example, FIG. 18 schematically shows an example of a skirt
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1809 for a microvolume of a process station. As ilinstrated in the example of FIG. 18, pedestal
1808 is raised in a first pedestal position 1808A, positioning 2 portion of pedestal 1808 and an
entire substrate support surface 1810 within a circumferential space cl;f skirt 1809, Pedestal 1808
may alsc be lowered to a second pedestal position 1808B for, amonyg other things, facilitating
substrate transfer by one or more substrate handling robots (not shown), In some examples, skirt
1809 may not form a seal with pedestal 1808 and/or a substrate to avoid generating small
particies during pedestal movements.

[0202}. . In the example of FIG. 18, skirt 1809 and showerhead 1806 are depicted as separate
elements. In one non-Bmiting example, skirt 1809 may be made of a non-conducting material,
such as 2 ceramic, electrically isolating showerhead 1806 from other portions of the process
station. However, it will be appreciated that, in some examples, 2 skirt and showerhead may be a
unitary element. It will be alse appreciated that, in some examples, one or more openings may be
included within a sidewall of skirt 1809 for differentially pumping the microvolime, and that
one or more of such openings may be dynamically controlled.

[0203] Additionally or altermatively, in some examples, & plurality of microvolumes may be
formed within 2 skist For example, FIG. 19 shows an example of a skirt 1909 including a first
microvolume Z-1 above substrate 1912 and a second microvolume Z-1I circumferentially
surrounding & portion of pedestal 1908. In some examples, flow in microvolume Z-1 may be non-
uniform. Additionally or alternatively, in some examples, pressiure in microvolume Z-I may be
non-upiform. Example volumes of microvolume Z-1 include, but are not limited to, volumes in a
range from about 0.1 L to 2 1. Exampie volumes of microvolume Z-I include, but are not

limited to, volemes in a range from about 10 L to 50 L.
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102041 In some examples, a pressure gradient between microvolumes Z-1 and Z-T may be
formed suck that a pressure in Z-II exceeds s pressure in Z-1. Such a pressure gradient may
prevent fugitive emissions of process gases from microvolume Z-I, conserving process reactants,
avoiding particle-penerating processes in the process stafion, etc. In some examples,
microvolume Z-I may heve an independent sweep gas supply. Non-limiting examples of swee
gases for Z-TI inclade nifrogen, argon, heliom, eic.

[0205] While the example' of FIG. 19 depicts 2 pinrglity of microvolumes formed within a2
skirt, it will be appreciated that, in some examples, a portion of a first microvoiume may be
separated from a portion of a second microvolume by a portion of a skirt. For example, FIG. 20
shows a perspective view of an example of a showerhead 2002. As depicted in the example of
FIG. 20, first microvolome Z-TI is circumferentially separated from a second microvolume Z-IV
in part by skirt 2004. Sweep gas for microvolume Z-IV is provided via plate 2006. Thus, it will
be appreciated that any suitable arrangement of a plurality of microvolumes within the process
station may be employed within the scope of the present disclosure.

[0206] Retumning to the example shown in FIG. 13, showerhead 1306 and pedestal 1308
electrically communicate with RF power supply 1314 and matching network 1316 for powering
a plasma. In some examples, the plasma epergy may be controlled by contrelling one or more of
a process station pressure, a gas concentration, an RF source power, an RF source freéuency, and
a plasma power pulse timing. For example, R power supply 1314 and matching network 1316
may be operated at any suitable power to form a plasma having a desired composition of radical
species. Examples of suitable powers include, but are not limited to, powers between 100W and
5000 W for a 300 mm wafer. Likewise, RF power supply 1314 may provide RF power of any

suitable frequency. In some examples, RF power supply 1314 may be configured to control high-
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and low-frequency RF power sources independently of one another. Example low-frequency RF
frequencies may include, but are not limited to, frequencies between 50 kHr and 500 kHz
Example high-frequency RF frequencies may include, but are not linited to, frequencies between
1.8 MHz and 2.45 GHz. It will be appreciated that any suitable parameters may be modulated
discretely or continuously to provide plasma energy for the surface reactions. In one non-iimiting
example, the plasma power may be intermittently pulsed to reduce jon bombardment with the
substrate surface relative to continuously powered plasmas.

[0207] In some examples, the plasma may be monitored in-situ by one or more plasma
monitors. In one scenario, plasma power may be monitored by one or more voltage, current
sensors (e.g., VI probes). In another scenario, plasma density and/or process gas concentration
mey be measured by one or more optical emission spectroscopy semsors (OES). In some
examples, one or more plasma parameters inay be programmatically adjusted based on
measurements from such in-gitu plasma monitors. For example, an OES sensor may be used in a
feedback loop for providing programmatic control of plasma power. It will be appreciated that,
in some examples, other monitors may be used to monitor the plasma and other process
characteristics. Such monitors may include, but are not limited to, infrarsd (IR) monitors,

acoustic moeniiors, and pressire wansducers.

[6208] In some examples, the plasma may be comtrolled via inpuYoutput control (I0C)
sequencing instructions. The CFD processes described herein may employ precise timing of
valves, plasma ignition, mass flow centrollers (MFCs), among others, during CFD cycles. In
one way to make this possible, valve and other commands are delivered to digital input-output

controllers (10C), soretimes in discrefe packets of information, containing instructions for time-
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critical commands. These commands may direct operation of all or a part of a CFD cycle’s
sequence. An JOC translates the information in a packetized seguence and delivers digital or
analog command signals directly to the appropriate hardware component. This implementation
reduces delays in commend execotion at the valve, MFC, plasma source, etc.

[0209) The IOCs can be physically located at various points in the apparatus; e.g., within the
process module or on 2 stand-alone power rack sitanding some distance away from the process
module. There may be multiple I0Cs in each module (e.g., 3 per modunle}. With respect o the
actual ingtructions included in a sequence, all commands for controliing valves, plasma sources,
etc. may be included in a single I0C sequence. This assures that the timing of all the devices is
tightly controlled from an absolute standpoint and also relative to each other. Alternatively,
there may be multiple IOC sequences running at any given time. This allows for different
aspects of a CFD cycle to run in paraliel. FPor exampie, it allows the plasma ignition aspects of a
cycle to run in paralie] with the precursor delivery aspects of a éycle. Additionally, it allows
multiple operations to nun at various stations in a reactor. For example, one sequence may run
for stations 1-2 with all timing controlled for 2l the hardware components needed to deposit
oxide at those stations, and 2 second sequence may run concurrently fo deposit CFD nitride at
stations 3-4. Examples of IOC architectures and implementations may be found in US Patents
7,477,948 {(filed November 6, 2000), and 7,725,205 (filed September 21, 2006), both
incorporated herein by reference in their entireties.

102101 In one example, the instructions for setting plasma conditions for a plasma process
phase may be included in & comesponding plasma activation recipe phase of a CFD process
recipe. In soms cases, process recipe phases may be sequentially arranged, so that all instractions

for a CED process phase are executed concurrently with that process phase. It will be appreciated
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that some aspects of plasma generatior may have well-characterized (ransient and/or
stabilization times that may prcjiong & plasma process phase, Put another way, such time delays
may be predictable. Such time delays may include a time to strike the plasma and a time to
stabilize the plasma at the indicted power setting. For example, FIG. 22 illustrates an example
frangient delay 2204 between a plasme ignition command signal 2202 and a forward power
response 2206 for a plasma. Thus, in some examples, instructions for setting one or more plasma
parameters may be included in a recipe phase preceding a plasma process phase. For example, a
first recipe phase may include instructions for setting a flow rate of an inert and/or a reactant gas,
instructions for seting a plasma generator to a power set point, and time delay instructions for
the first recipe phase. A second, subsequent recipe phase may include instructions for enabling
the plasma generator and time aalay'instructions for the second recipe phase. A third recipe
phase may include instructions for disabling the plasma generator and time delay instructions for
the third recipe phase. It will be appreciated that these recipe phases may be further subdivided
and/or iterated in any suitable way within the scope of the present disclosure.

f0211] In some exampies, the above-described approach may allow an RF generator
coniroller to stabilize at the indicated power setfing before the plasma process phase begins. In
some éxampies, a time to activate and stabilize a plasma may be reduced from approximately
200 ms fo approximately 20 ms. For example, FIG. 23 illustrates an example plasma ignition
command signal 2302, a plasma power setfing 2304, and a forward power response 2306 for 2
plasma according to an example of the present disclosure. While the s'peciﬁc example described
above relates to plasma ignition, it will be appreciated that, in some exampies, one or more other
time delays may be predictable, such that various control schemnes and/or process recipes may be

adapted to compensate for the time delay. Example time defays include, but are not limited to,
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time delays associated with stabilizing a liguid or ges flow rate, time delaye associated with
stabilizing & substrate and/or process station temperature, and time delays assoclated with
stabilizing a process chamber and/or mixing vessel pressure.

[0212] Normally, an IOC mmplements a sequence of events and then awaits further instroctions.
In certain aspects described herein, the I0C is programmed so that it can loop over 2 seqoence of
instructions repeatedly. In one example, the sequence of instructions defines a set of operations
associated with a single cycie of a CFD process. This might involve applying a command
sequence for broviding a plasma in the reaction chamber for 2 defined phase of the CFD cycle.
The relevant IOC sequence of events might involve a particular delay period during which the
plasma is not activated, then 2 very steep ramip up 10 2z particular izvel of applied RF power,
followed by holding that level applied power for a particular period of time, then dropping the
power back to zero or some other predefined level, again for a defined period of time. When a
sequence of events such as this is programmed into the IOC, it need not be resent for each cycle.
Rather, the IOC maintains the sequence of instructions in some form of persistent memory and
re-executes them repeatedly, cycia«by—bycle, over the course of a CFD deposition process. For
example, 20 cycles of CFD may be performed over the course of a film deposition process. The
plasma coﬁtroﬂed sequence of events would be delivered and instailed once in the I0C, which
would then loop over that sequence of events repeatedly, 20 cycles in this example, until the
complete CFD film was deposited.

[02131 Another aspect of the 10C control implemented in accordance with this disclosure is the
ability to repeatedly tum off and turn on the flow of a particular precursor or other process gas
over the-course of a CFD process. This allows the precursor or other valuable material to be

conserved, which is not always the case in conventional deposition processes employing
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continual flow and intermittent divert of precursors. In addition to preservi:;g material, there
may be other benefits to stop and start flow of a reactant. For example, it is frequently necessary
to purge excess precursor from over the wafer before striking an RF plasma for a CFD process.
Furthermore, certain examples require the use of two (or more) precursors which should not be
allowed to meet in the chamber. So 2 typical flow may proceed ag follows: (a) Flow Precursor
 A; (b) Purge Precursor A; (c) Flow Precursor B, (d) Purge Precursor B, and (e) Repeat steps () —
{b) as needed.

[0i14] In one exampie, the I0C may be programmed to repeatedly turn off and fwm on the flow
of a valuable precursor in & looping, cycle-by-cycle, fashion over the course of CFD process. In
"‘tuming on" the flow of precursor from ifs source, the sequence of instrictions may account for a
line charge delay associated with providing the precursor from its source to the showerhead or
other inlet to the reaction chamber. This meang that the timing of the initiation or execution of
the precursor delivery cperation must occur at some defined period of time prior to the acmal
required delivery of the precursor to the reaction chamber. Thus, the TOC sequence of events
associated with delivery of the precursor may be execuied in parallel with a different IOC's
sequence of events associated with, for example, triggering a purge of a different reactant or
ignition of a plasma in the reactor. In another example, if it is desired that the flow a particular
reactant to the reactor terminate prior to igniting a plasma intended to drive a reaction between
reactants on the surface of the water, the I0C events programmed to ignite the plasma may begin
t0 execute prior to the expected termination of flow of the second reactants to the reaction
chamber. More specifically, the initial execution of the command to ignite the plasma may occur
af 2 time sarlier than the expected termination of the flow of the second reactant, which fime

equals the dejay associated with plasma power being delivered to the reactor after receipt of the
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plasma ignition command.

[0215] I conventional deposition processes, plasma strikes last on the order of a few seconds or
more in duration. In various implementations desczibed herein, much shorter plasma strikes are
applied during 2 CFD cycle. These may be on the order of 10 ms to 1 second, typically, about 20
to 80 ms, with 50 ms being a specific example. Such very short RF plasma strikes require
extrernely quick stabilization of the plasma. To accomplish this, the plasma generator may be
configured such that the impedance match is set preset to a particular voltage, while the
frequency is allowed to float. Conventionally, high-frequency plasmas are generated at an RF
frequency at about 13.56 MHz. In various examples discliosed herein, the frequency is allowed
to float to 2 value that is different from this standard value. By permitting the freguency to float
while fixing the impedance match to a predetermined voltage, the plasma can stabilize much
more quickly, a result which may be important when using the very short plasma strikes
associated with CFD cycles.

[0216] Another aspect of event programming for CFD cycles involves &n emror recovery
mechanism which treats each CFD cycle as a binary e\}ant. In other words, any given cycle
either occurred or did not occur. A partially completed cycle is treated such that it did not occur
{or vice versa). In one example, if & malfunction takes place during & cycle, the cycle is treated
as having not occurred, Thus, for example, if a given CFD film formation process is designed to
Tequire 26 discrete CFD cycles, and on the 15th of these 20 cycles a malfunction occurs, bui the
malfunction is promptly repaired, the partially completed 15 cycle is not connted. Thus, another
five cycies are performed until the fiim formation process is complete, Various malfunctions can
occur and will be understood to those of skill the art. As cne example, a mass flow controller for

delivering precursor or oxidant to the reaction chamber may be designed to operate at a delivery
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rate of 10 L per second, but during a malfunction it operates at only 4 L per second.

[0217] In some examples, pedestal 1308 may be temperature controlled via heater 1310
Further, in some examples, pressure control for CFD process station 1300 may be provided by
butterfly valve 1318. As shown in the example of FIG. 13, butterfly vaive 1318 throtiles a
vacuum provided by a downstream vacuurm pump (pot shown). However, in some examples,
pressure control of process station 1300 may alse be adjusted by varying a flow rate of one or
more gases infroduced to CFD process station 1300.

[0218] As described above, one or more process stations may be included in a muiti-station
processing tool. FIG. 24 shows a schematic view of an example of a multi-station processing tool
2400 with an inbound load lock 2402 and an outbound load lock 2404, either or both of which
may comprise a remote plasma source. A robot 2406, at atmospheric pressure, is configured to
move wafers from & cagsetie loaded through a pod 2408 into inbound load lock 2402 via an
atmospheric port 2410, A wafer is placed by the robot 2406 on a pedestal 2412 ix the inbound
load lock 2402, the atmospheric port 2410 is closed, and the load lock is pumeped down. Where
the irbound load lock 2402 comprises 2 remote plasma source, the wafer may be exposed to a
remote plasma treatment in the load lock prior to being introduced into 2 processing chamber
2414. Further, the wafer also may be heated in the inbound load lock 2402 as well, for example,
to remove moisture and adsorbed gases. Next, a chamber transport port 2416 to processing
chamber 2414 is opened, and another robot (not shown) places the wafer into the reactor on a
pedestal of a first station shown in the reactor for processing. While the example depicted in FIG.
24 includes load locks, it will be appreciated that, in some examples, direct entry of a wafer into

a process station may be provided.
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102193 The depicted processing chamber 2414 comprises four process stations, numbered
from 1 to 4 in the example shown in FIG. 24. Bach station has a heated pedestal (shown at 2418
for station 1), and gas Line infets. It will be appreciated that in some examples, each process
station may have different or mnltiple purposes. For example, in some examples, a process
station may be switchable between a CFD and PECVD process mode. Additionslly or
alternatively, in some examples, processing chamber 2414 may incivde one or more matched
pairs of CFD and PECVD process stations. While the d‘cpicted processing chamber 2414
comprises four stations, it will Be understood that a processing chamber according to the present
discipsure may have any suitable number of stations. For example, in some examples, a
processing chamber may have five or more stations, while in other examples 2 processing
chamber may have three or fewer stations.

[0220] FIG. 24 also depicts an example of a wafer handling system 2490 for transferring
wafers within processing chamber 2414. In some examples, wafer handling system 2490 may
transfer wafers between various process stations and/or between a process station and a load
lock. It will be appreciated that any suitable wafer handiing system may be employed. Noo-
limiting examples include wafer carpusels and wafer handling robots. FIG. 24 also depicts an
example of a systern controller 2450 employed to contro] pméess conditions and hardware states
of process tool 2400. System controller 2450 may include one or more memory devices 2456,
one Or more mass siorage devices 2454, and one or more processors 2452. Processor 2452 may
include & CPU or computer, analog and/or digital input/output connections, stepper motor
controller boards, etc.

102217 I some examples, system controller 2450 controls all of the activities of process tool

2400, Systemm confroller 2450 executes sysiem control software 2458 stored in mass storage
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device 2454, loaded into memory device 2456, and executed on processor 24572, System control
software 2458 may incinde instructions for controlling the timing, mixture of gases, chamber
and/or station pressure, chamber and/or station temperature, wafer temperature, target power
levels, RF power levels, substrate pedestal, chuck andfor susceptor position, and other
parameters of a particular process performed by process tool 2400. System control software 2458
may be configured in any suitable way., For example, various process ool component
subroutines or control objects may De writien to control operation of the process fool components
necessary to carry out various process tool processes. System control software 2458 may be
coded in any suitable computer readable programming lanpuage.

062221 In some cxemples, system control soffiware 2458 may include input/ontput control
(10C) sequencing instructions for controlling the varous parameters deseribed ghove. For
example, each phase of a CFD process may include one or more instructions for execution by
system controller 2450. The instructions for setting process conditions for a CFD process phase
may be included in a comesponding CFD recipe phase. In some examples, the CFD recipe phases
may be sequentially arranged, so that all instroctions for a CFD process phase are executed
concurrently with that process phase.

(02233 Other computer software and/or programs stored on mass storage device 2454 and/or
memory device 2456 associated with system controller 2450 may be emploved in some
- examples. BExamples of programs or sections of programs for this purpose include a substrate
positioning program, a process gas control program, a pressure control program, 2 heater control

program, and & plasma conirol program.
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[0224] A substrate positioping program may include program code for process tool
components that are used to load the substrate onto pedestal 2418 and to comtrol the spacing
betweern the substrate and other parts of process tool 2400

[0225] A process gas control program may include code for controlling gas composition and
flow rates and optionally for flowing gas into one or more process stations prior to deposition in
order to stabilize the pressure in the process station. A pressure control prograrn may include
code for controlling the pressure in the process station by regulating, for example, a throttle
valve in the exhanst system of the process station, a gas flow info the process station, etc.

[0226] A heater control program may include code for controlling the cument to 2 heating
unit that is used to beat the substrate. Alternatively, th; heater control program may conirol
delivery of a heat transfer gas (such as helium) to the substrate.

(0227} A plasma coniggl program may inciude code for setting RF power levels applied to

the process elecirodes in ;Jne or more. process stations.

[0228] In some examples, there may be a user interface associated with system controller
2450, The user interface may incinde a display screen, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices, keyboards,
touch screens, microphones, etc.

[0228] In some examples, parameters adjusted by sysiem controller 2450 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions (such as RF bias power levels), pressure, temperature,

etc. These parameters may be provided to the user in the form of a recipe, which may be entered

utilizing the user interface.
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(02301 Signais for monitoring the process may be provided by analog andfor digits] input
connections of system controller 2450 from various process tool semsors. The signals for
controiling the process may be output on the analog and digital output connections of process
tool 2400. Non-limiting examples of process tool sensors that may be monitored include mass
flow controliers, pressure sensors (such as manometers), thermocouples, etc. Appropoately
programmed feedback and control algorithms may be used with daia f{om these sensors to
maintain process conditions.

{0231} System controller 2450 may provide program instroctions for implementing the
aﬁove—described deposition processes. The program instructions may control a variety of process
parameters, such as DC power level, RF bias power level, pressure, temperature, eic. The
instructions may control the parameters to operate in-sitv deposition of film stacks according to
various examples described herein.

{0232]. The apparatus/process described hereinabove may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or manufacture of
semicondnctor devices, displays, LEDs, photovoltaic panels and the ke, Typically, though not
necgssarﬂy, such tools/processes will be used or conducted together in 2 common fabrication
facility. Lithographic patterning of a film typically includes some or all of the following
operations, each operation enabled with 2 number of possible tools: (1) application of photoresist
on a workpiece, i.e., subsirate, using a gpin»on or spray-on tool; (2) curing of photoresist using a
hot plate or furnace or UV curing tool; (3) exposing the photoresist to visible or UV or z-ray
light with 2 tool such as a wafer stepper; (4) developing the resist so as o selectively remove

resist and thereby pattern it using a tool such as a wet bench; (5) transferring the resist pattern

76



into an underlying film or workpiece by using a dry or plesma-assisted etching tool; and (6)

rernoving the resist using 2 tool such as an RF or microwave plasme resist stripper.

[0233] It is to be understood that the configurations and/or approaches described herein are
exemplary in nature, and that these specific examples or examples are not to be considered in 2
limiting sense, beczuse numerous variations are possible. The specific routines or methods
described herein may represent one or more of any number of processing strategies. As such,
varicus acts illustrated may be performed in the sequence ilustrated, in other sequences, in
parallel, or in some cases omitted. Likewise, the order of the above-described processes may be
changed.

{02347 According to the present disclosure, the methods described for depositing a film such
ag silicon carho-nitride (SiCN), silicon oxide (SiQ)) znd silicon nitride (SiN) films can use a
silicon-containing reactant selected from a precursor group including di-tert-buty! diazidosilane,
bis(ethylmethylamido)silane, bis(diisopropylamino)silane, bis{tert-butylhydrazido)diethylsilane,
tris(dimethylamido)silylazide,  tris(dimethylamido}  silylamide,  ethylsilicon  triazide,
diisopropylaminosilans, and hexakis(dimethylamido)disilazane. The chemical SﬁTJCtUIES and

example synthetic protocols are set forth below:

Chemical Structure and Example Synthetic Protocol
for Di-fert-butyl diazidosilane

[0235] Di-tert-butyl diazidosilane has the following chemical structuze:
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-Bu

|

SiratNg

tBu N

{0236} One suitable synthetic protocol for di-tert-butyl diazidosilane is set forth below:

R X R Ny
::Si:: + MN; ——— >5< + MX
R X R Ny
M = alkali metal
X = halide
R = alkyl

{0237} A 12 L round botiom flask is equipped with stir shaft with Teflon paddle, refiux
condensez, thermowell and pressure equalizing addition funnel and flushed with inert gés for 1
hour. To the flask is added the metal azide, which is slurried in reaction solvent. To the addition
funmel is added the silicon halide. The silicon halide is added at room temperature over a period
of 30 minutes to the meial azide. After addition is complete, the reaction is allowead to stir for 24
hours.

[0238] The mixture is tested for completeness. Complete disappearance of the silicon halide
starter indicafes the end of the stir period. Once this is defermined, the reaction mixture is
filtered through a porous glass, steinless steel or Teflon filter medium. The solids are washed
with hydrocarbon solvent and filtered into the same vessel as the original mother liquor. The
solvent is then stripped off vnder vacuum to yield crude final prodect. The final product is
fractionally distilled to yield pure silicon azide compound. This synthetic protocol is similar to

that described in: Welsh, .M., Michl, J., West, R. JACS, 1988, 110, 6689, which is hereby

incorporatzd by reference in itg entirety.
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Chemical Sirocture and Example Svothetfic Protocol for Bis(ethyimethylamidoisilane,
Bis(diisopropyviaminoe)silane and Bis(tert-butvihvdrazido)diethylsilane.

(02391 Bis(ethylmethylamido)silane has the following chemical structure:

H

SinliNMekEt
H
NMeEf
[0240] Bis(tert-butythydrazido)diethylsilane has the following chemical structure;
Si

- wNHNHtBu

EtA NHNHtBu

[6241] Bis(diisopropylamino)silane has the following chemical strocture:

H

|

/Sj-ii!liEN(iPr)z

H N(iPr),

[0242] The  following  example  synthetic  protocol can  be  used  for
bis(ethylmethylamido)silane, his(diisopropylamino)silane and bis(tert-

butylbydrazido)diethylsilane.
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R /X R\_\ /NR'H"
N 4 4HNRRY ————= g + RR"NH,X
N 7N
R X R NR'R"
X = halide
R= H or alkyl
R'= H or alky!

R"= alkyl or NHalkyi

[0243] A 12 L round botiom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, fiermowell and pressore equalizing addition funpel and flushed with inert gas for 1
hour. To the fiagk is added the silicon halide in reaction sclvent. To the addition funnel is added
the amine or hydrazine derivative and this is added to the silicon halide at 0-10 C over a period
of 1 hour. After addition is complete, the reaction is allowed to stir for 24 hours as it warms to
room temperature. The mixture 1s tested for completeness.

[0244] Complete disappearance of the silicon halide starter indicates the end of the stir period.
Once this is determined, the reaction mixture is filtered through a porous glass, stainless steel or
Teflon filter medium. The solids are washed with hydrocarbon solvent and fltered into the same
| vessel as the original mother liguor. The solvent is then stripped off under vacuum to yield crude

final product. The final product is fractionally distilied to yield pure silylamide.

Chemical Siructore and Example Synthetic Protocol for Ethvisilicon Triazide.

10245] Ethyisilicon triazide has the following chemical structure:

Ef

|

Si'”lf”Ng

N3 N,
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[0246] The following example synihetic protocol can be used for ethylsilicon triazide:

X X R N
N/ g
/Si\ + MNy —m \5.;/ + MX
RS X NS/ 't

X = halide

R= alkyl

M = alkali

[6247] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funmel and flushed with inert gas for 1
hour. To the flask is added the metal azide, which is slummied in reaction selvent. To the addition
funne] is added the silicon halide. The silicon halide is added at room temperature over a period
of 30 minutes to the metal azide. After addition is complete, the reaction is allowed to stir for 24
hours. The mixtore is tested for completeness.

0248} Complete disappearance of the silicon halide starter indicates the end of the stir
period. Once this is determined, the reaction mixture is filtered through a porous glass, stainless
stee] or Teflon filter medium. The solids are washed with bydrocarbon solvent and filtered into
the same vessel as the original mother liquor. The solvent is then stripped off under vacuum to

yield crude final prodoct. The final product is fractionally distilled to yield pure silicon azide

compound.

Chemical Structure and Example Svnthetic Protocol for Dilsopropvlaminosilane.

[0249] Diisopropyiaminosilane has the following chemical structure:
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NGiPT),

St H

H H

102501 Onue suitable synthetic protocol for diisopropylaminosilane can be found in US

Patent Publcation Mo. US2006/0258173, which is hereby incorporated by reference in its

enirety.

Chemical Structure and Exampie Svntheﬁc Protocol for
Hexakis{dimethvlamido)disilazane.

[6251] Hexakis(dimethylamido)disiiazane has the following chemical structure:

NM@QNM@Z

Mep,N——8i—Si—NMe,

NM@ZNMEZ
[0252] The reaction is performed similar to those hexakis(dialkylamido)disilanes

synthesized in US Patent Publication No. US2004/096582 A, which is hereby incorporated by

reference in its entirety,

Chemical Structare apd Example Synthetic Protocol for Tris(dimethvliamido)silylazide and
Tris(dimethviamidoe)silviamide.

[6253] Tris(dimethylamido)silylazide has the following chemical structure:
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N3

|
/Si"””NMEZ

('
M 5] N NM e
[0254] Tris(ethyimethylamido)silvamide has the following chemical structure:
NH-

Si””f”NMEE
MEQN NMBZ
[0255] One  suitzble symthetic protocol for tris(dimethylamido}silylazide and

tris{dimethylamido)silylamide i set forth below:

R R R B
N S N, S
) )
N—8i—X + MX ———— N—&i—X  + MX
A VA
S AN ' N
R/ R a R
R = alky!
X = halide
X' = NHp, N3

M - alkali metal

[0256] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funnel and fiushed with inert gas for 1
hour. To the flask is added the metal amide or azide and slurzied in reection solvent. To the
addition funnel is added the tris(dialkylarnido)silyl halide and this is added to the metal amide or

meta] azide shury over a period of 30 minutes.
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[0257] The reactior iz allowed to stir for 24-48 bowurs while monitoring the mixture for
completeness. Complete disappearance of wis(dialkylamido)silyl halide starter indicates the end
of the stir period. Once this is detsrmined, the reaction mixture is Altered through a porous glass,
stainiess steel or Teflon filter medium. The solids are washed with hydrocarbon solvent and
filtered into the same vessel as the original mother liguor. The solvent is then stripped off under

vacuum to yield crude final product. The final product is frectionally distilled to yield pure

silylamide or silylazide,

{02583 Using the silicon-containing reactant selected from the precursor group set forth
above enables deposition of conformal film at lower temperatures, For example, deposition can
be performed at temperatures less than or equal to 400°C. In some circumstances, using these
lower deposition terperatures resoives thermal budget and integration concerns. For example
only, the method may be used to deposit a SIN filn such as SizN, at 350°C. However, some of
the precursors in the precursor group described zbove may be used to deposit other films such as
SiCN and Si0.

10259] The silicon-containing reactants selected from the precursor group are Halogen-free,
which alleviates corrosion concerns and reduces toxicity with waste-streamn management. The
silicon-containing reactants in the precursor group are ligoids at room temperaiure. All of the
silicon-containing reactants in the precursor group are readily deliverable in semiconductor
processing systems. For example, the all of the silicon-containing reactants in the precursor
group may be used with conventional interlayer dielectric (JLD) systems such as the Vector

ILDS systems avaitable from Novellusg.
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162603 The method according to the present disclosure can be used to deposit a SisN, film
(chemical precursor(s) and process conditions) for semiconductor processing applications
capable of meeting step-coverage, fill, defect, reliability, and electrical requirements for the
nominal 1X nm memory and 22/16 nm generation logic nodes.

{0261] In a first example, the method was used to create a PEALD SiN film using the
precursors. Generalized conditions have been demonstrated to yield CFD SIN films with the
Tris(dimethylamido)silylazide precursor: the precursor [(MezN)?;SiNg] with NHs+5% Ha,
ATRP35 and NH; plagma, the subsirate temperature was 350°C, the bubbler temperature was
50°C and vapor draw was used. Plasma was 200W With refiected power average of
approximately 2W. The plasma composition was NHz+5% Hy, N, at 56.5 scem, Hp at 13.5 scem
and pulse length of 5.

[0262] The subject matter of the present disclosure includes all novel and nonobvious
combinations and subcombinations of the varlons processes, systems and configurations, and

other features, fumctions, acts, and/or properties disclosed herein, as well as any and all

equivalents thereof.
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CLAIMS

1. A method of depositing a film on a substrate surface, comprising:

providing a substrate in a reaction chamber;

selecting a silicon-containing reactant from a precursor group consisting of
di-tert-butyl  diazidosilane, tris(dimethylamido)silylazide, and  bis(tert-
butylhydrazido}diethylsilane;

introducing the silicon-containing reactant in vapor phase into the reaction
chamber; and

introducing a second reactant in vapor phase into the reaction chamber.,

2. The method of claim 1, further comprising:

introducing the silicon-containing reactant under conditions allowing the
silicon-containing reactant to adsorb onto the substrate surface; and

exposing the substrate surface to ptasma to drive a reaction between the
silicon-containing reactant and the second reactant on the substrate surface to

form the film.

3. The method of claim 1, further comprising introducing the second reactant
into the reaction chamber while the silicon-containing reactant is adsorbed on
the substrate surface and without first sweeping the silicon-containing reactant

out of the reaction chamber.

4. The method of claim 1, further comprising flowing the second reactant to
the substrate surface at one of a constant flow rate, a non-constant flow rate

and an intermittent flow rate.

5. The method of claim 1, wherein:
the film comprises SiN;

the film forms a conformal structure; and
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deposition of the film is performed at a temperature less than or equal to
400°C.

6. A method of depositing a film on a substrate surface, comprising:

(a) providing a substrate in a reaction chamber;

(b} selecting a silicon-containing reactant from a precursor group consisting
of di-tert-butyl diazidosilane, bis(ethylmethylamido)silane,
bis(diisopropylamino}silane, bis(tert-butylhydrazido)diethylsilane,
tris{dimethylamido)silylazide, tris(dimethylamido)silylamide, ethylsilicon triazide,
diisopropylaminosilane, and hexakis(dimethylamido)disilazane;

{c) introducing the silicon-containing reactant in vapor phase into the
reaction chamber under conditions allowing the silicon-containing reactant to
adsorb onto the substrate surface;

(d) introducing a second reactant in vapor phase into the reaction chamber
while the silicon-containing reactant is adsorbed on the substrate surface,
wherein the second reactant is introduced without first sweeping the silicon-
containing reactant out of the reaction chamber;

(e} exposing the substrate surface to plasma to drive a reaction between
the silicon-containing reactant and the second reactant on the substrate surface
to form the film; and

(f) sweeping out the second reactant in vapor phase prior to {e).

7. The method of claim 6, wherein the plasma is ignited while at least one of
the silicon-containing reactant and the second reactant is in a gas phase while

being exposed to the substrate.

8. The method of claim 6, wherein the silicon-containing reactant and the

second reactant do not react with one another in the vapor phase.
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9. The method of claim 6, wherein:

the film comprises SiN film; and

deposition of the film is performed at a temperature less than or equal to
400°C.

10. The method of claim 6, further comprising flowing the second reactant to

the substrate surface at a non-constant flow rate during {d}.

11. The method of claim 6, wherein the silicon-containing reactant and the
second reactant co-exist in vapor phase, and wherein the silicon-containing
reactant and the second reactant do not appreciably react with one another

until exposure to plasma in (e).

12. The method of claim 6, wherein the film formed in (e) forms a conformal

structure.

13. The method of claim 6, further comprising, after (e), depositing additional

film directly on a portion of the film by chemical vapor deposition.

14. The method of claim 6, further comprising flowing the second reactant to
the substrate surface at one of a constant flow rate, a non-constant flow rate

and an intermittent flow rate.

15. A method of depositing a film on a substrate surface, comprising:

(a) providing a substrate in a reaction chamber;

(b) selecting a silicon-containing reactant from a precursor group consisting
of di-tert-buty! diazidosilane, bis(ethylmethylamido)silane,
bis(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane,
tris(dimethylamido)silylazide, tris{dimethylamido)silylamide, ethylsilicon triazide,

diisopropylaminosilane, and hexakis(dimethylamido)disilazane;
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(c) introducing the silicon-containing reactant in vapor phase into the
reaction chamber under conditions allowing the silicon-containing reactant to
adsorb onto the substrate surface;

(d) introducing a second reactant in vapor phase into the reaction chamber
while the silicon-containing reactant is adsorbed on the substrate surface;

(e) exposing the substrate surface to plasma to drive a reaction between
the silicon-containing reactant and the second reactant on the substrate surface
to form the film; and

(f} exposing the substrate surface to the second reactant after sweeping the

silicon—containing reactant out of the reaction chamber but prior to (e).
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