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Provisional Patent Application Serial No. 61/382,468, titled "SMOOTH SILANE-BASED 
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61/394,707, titled "IN-SITU PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION 
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BACKGROUND 

[0002] Various thin film layers for semiconductor devices may be deposited by 

chemical vapor deposition (CVD) and/or plasma-enhanced chemical vapor deposition 

(PECVD) processes. Some deposition processes generate small gas phase particles during 

process, which may decorate a deposition surface, potentially contaminating the device. Such 

particles may cling to the device, potentially blocking subsequent etch and/or deposition 

events, which may ultimately lead to device failure. Further, particles may be knocked off the 

device downstream, potentially contaminating other process tools. 

[0003] Some approaches to addressing gas-phase particle generation may attempt to 

suppress particle generation by diluting reaction conditions. However, such approaches may 

diminish film deposition rates, requiring the installation and maintenance of additional 

process tools to support a production line. Further, films produced by such approaches may 

have physical or electrical characteristics that provide inadequate device performance. 

Further still, such approaches may not address particles formed in various exhaust hardware 

for the process tool, which may back-stream and contaminate the device. These particles may 

be delivered to the substrate surface during deposition. Once coated by additional film 

material, the small size of the particles may be magnified, causing ripples and distortions at 

the film surface. These ripples may make it difficult to pattern the resulting films. 
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[0004] Patterning problems may also be caused by rough films. Some traditional atomic 
layer deposition (ALD), chemical vapor deposition (CVD), high-density plasma chemical 
vapor deposition (HDP-CVD) and plasma-enhanced chemical vapor deposition (PECVD) 
processes for depositing film layers may produce unacceptably rough films, cause 
unacceptable interfacial mixing between film layers, and may have interfacial defects 
caused by vacuum breaks between successively deposited film layers. The resulting 
rough film interfaces and interfacial defects may be magnified by subsequently deposited 
layers as the film stack is built, so that the top surface of the film stack may be 
unacceptably rough for downstream patterning processes. Further, interfacial defects 
within the film stack may lead to structural and/or electrical defects in the resulting 
integrated device. 

SUMMARY 
[0005] Various embodiments are described herein related to depositing film stacks in a 
process tool in-situ (i.e., without a vacuum break or air exposure) using plasma-enhanced 
chemical vapor deposition (PECVD). 

One specific expression of the invention is a method for depositing, on a 
substrate, a film stack including films of different compositions in-situ in a process 
station using a plasma, the method comprising: 

in a first plasma-activated film deposition phase, depositing a first layer of film 
having a first film composition on the substrate; 

in a second plasma-activated deposition phase, depositing a second layer of film 
having a second film composition on the first layer of film; and 

sustaining the plasma while transitioning a composition of the plasma from a 
first plasma composition of the first plasma-activated film deposition phase to a second 
plasma composition of the second plasma-activated film deposition phase, wherein the 
first and second plasma compositions are formed using different reactant gases. 

Another specific expression of the invention is a plasma-enhanced chemical 
vapor deposition apparatus configured to deposit a plurality of film layers on a substrate 
without exposing the substrate to a vacuum break between film deposition phases, the 
apparatus comprising: 

a process station; 
a reactant feed fluidly coupled to the process station, the reactant feed 

configured to supply a particular reactant gas mixture to the process station during a 
particular film deposition phase; 

a plasma source configured to supply a plasma to the process station; and 
a controller configured to control the plasma source to: 

generate reactant radicals using the particular reactant gas mixture during 
the particular deposition phase, and 

sustain the plasma during a transition from the particular reactant gas 
mixture supplied during the particular deposition phase to a different reactant 
gas mixture supplied during a different deposition phase. 

[0006] This Summary is provided to introduce a selection of concepts in a simplified 
form that are further described below in the Detailed Description. This Summary is not 
intended to identify key features or essential features of the claimed subject matter, nor is 
it intended to be used to limit the scope of the claimed subject matter. Furthermore, the 
claimed subject matter is not limited to implementations that solve any or all 
disadvantages noted in any part of this disclosure. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 schematically shows an example embodiment of a film stack including 

alternating layers of a first film and a second film deposited on a substrate. 

[0008] FIG. 2 shows an atomic force microscopy (AFM) image of a surface of an 

example tetraethyl orthosilicate (TEOS)-based plasma-enhanced chemical vapor deposition 

(PECVD) Si02 film deposited at the top of a film stack including 11 pairs of alternating SiN/ 

SiC>2 layers. 

[0009] FIG. 3 shows an atomic force microscopy (AFM) image of a surface of an 

example conventional silane-based PECVD Si02 film deposited at the top of a film stack 

including 11 pairs of alternating SiN/ Si02 layers. 

[0010] FIG. 4 shows an atomic force microscopy (AFM) image of a surface of an 

example ultra-smooth PECVD SiC>2 film deposited according to an embodiment of the 

present disclosure at the top of a film stack including 14 pairs of alternating SiN/ Si02 layers. 

[0011] FIG. 5 graphically shows a comparison of absolute roughness between 

conventional PECVD and atomic layer deposition (ALD) SiC>2 films and example ultra-

smooth PECVD Si02 films deposited according to embodiments of the present disclosure. 

[0012] FIG. 6 schematically shows an embodiment of a film stack including example 

ultra-smooth PECVD Si02 films deposited according to an embodiment of the present 

disclosure, the ultra-smooth PECVD Si02 films interleaved with silicon nitride films. 

[0013] FIG. 7 schematically shows an ultra-smooth PECVD Si02 film deposited 

according to an embodiment of the present disclosure deposited on top of the film stack 

schematically depicted in FIG. 6. 

[0014] FIG. 8 shows an AFM image of a silicon nitride surface exposed at the top of 

the film stack schematically depicted in FIG. 6. 

[0015] FIG. 9 shows an AFM image of a surface of a 300 A-ultra-smooth PECVD 

SiC>2 film deposited according to an embodiment of the present disclosure at the top of the 

film stack schematically depicted in FIG. 7. 

[0016] FIG. 10 shows an AFM image of a surface of a 3000 A-ultra-smooth PECVD 

SiC>2 film deposited according to an embodiment of the present disclosure at the top of the 

film stack schematically depicted in FIG. 7. 
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[0017] FIG. 11 schematically shows another embodiment of a film stack including 

example ultra-smooth PECVD Si02 films deposited according to an embodiment of the 

present disclosure, the ultra-smooth PECVD SiC>2 films interleaved with silicon nitride films. 

[0018] FIG. 12 graphically shows an example relationship between the thickness of 

ultra-smooth PECVD SiC>2 films deposited according to an embodiment of the present 

disclosure, conventional TEOS-based PECVD SiC>2 films, and conventional silane-based 

PECVD Si02 films and absolute roughness measurements for those films. 

[0019] FIG. 13 schematically shows a silicon nitride film deposited on top of the film 

stack schematically depicted in FIG. 11. 

[0020] FIG. 14 graphically shows an example relationship between the thickness of 

ultra-smooth PECVD SiC>2 films deposited according to an embodiment of the present 

disclosure, conventional TEOS-based PECVD Si02 films, and conventional silane-based 

PECVD Si02 films and absolute roughness measurements for an 800 A-silicon nitride film 

deposited on each of those Si02films. 

[0021] FIG. 15 shows a flow chart illustrating a method of depositing an ultra-smooth 

PECVD silicon-containing film according to an embodiment of the present disclosure. 

[0022] FIG. 16 graphically shows an example relationship between surface roughness 

and silane flow rate for conventional PECVD Si02 films and ultra-smooth PECVD Si02 films 

deposited according to embodiments of the present disclosure. 

[0023] FIG. 17 graphically shows an example relationship between silane flow rate 

and Si02 film deposition rate for the example films shown in FIG. 7. 

[0024] FIG. 18 graphically shows relationships between process station pressure and 

Si02 film deposition rates for ultra-smooth PECVD Si02 films deposited according to 

embodiments of the present disclosure, the Si02 films being deposited from ultra-smooth 

PECVD processes having similar silane flow rates but different total gas flow rates. 

[0025] FIG. 19 graphically shows a relationship between film stress, Si02 film 

deposition rate, and silane flow rate for ultra-smooth PECVD Si02 films deposited according 

to embodiments of the present disclosure. 

[0026] FIG. 20 graphically shows relationships between film stress, substrate bow, 

and film thickness for an ultra-smooth PECVD Si02 film deposited according to an 

embodiment of the present disclosure. 
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[0027] FIG. 21 graphically shows a comparison of Fourier transform infrared spectra 

showing Si-0 bond-stretching mode data for a thermally-grown Si02 film, a TEOS-based 

PECVD Si02 film, and an ultra-smooth PECVD Si02 film deposited according to an 

embodiment of the present disclosure. 

[0028] FIG. 22 graphically shows a relationship between absolute roughness of ultra-

smooth PECVD Si02 films deposited according to embodiments of the present disclosure and 

the power level of a high-frequency plasma. 

[0029] FIG. 23 graphically illustrates the dependence of process station pressure for 

ultra-smooth PECVD Si02 films deposited according to embodiments of the present 

disclosure and absolute roughness. 

[0030] FIG. 24 graphically shows a relationship between within-substrate range non-

uniformity and process station pressure for ultra-smooth PECVD Si02 films deposited 

according to embodiments of the present disclosure. 

[0031] FIG. 25 graphically shows a relationship between deposition rate for ultra-

smooth PECVD Si02 films deposited according to embodiments of the present disclosure and 

an argon flow rate. 

[0032] FIG. 26 graphically shows a relationship between absolute roughness of ultra-

smooth PECVD Si02 films deposited according to embodiments of the present disclosure and 

an argon flow rate. 

[0033] FIG. 27 graphically shows another comparison of Fourier transform infrared 

spectra showing Si-0 bond-stretching mode data for example ultra-smooth PECVD silicon 

oxide and silicon oxynitride films deposited according embodiments of the present 

disclosure. 

[0034] FIG. 28 graphically shows a comparison of Fourier transform infrared spectra 

showing Si-N bond-stretching mode data for an example conventional silicon nitride film and 

for example ultra-smooth PECVD silicon nitride films deposited according embodiments of 

the present disclosure. 

[0035] FIG. 29 graphically shows another comparison of Fourier transform infrared 

spectra showing N-H bond-stretching mode data for an example conventional silicon nitride 

film and for example ultra-smooth PECVD silicon nitride films deposited according 

embodiments of the present disclosure. 
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[0036] FIG. 30 graphically shows another comparison of Fourier transform infrared 

spectra showing Si-H bond-stretching mode data for an example conventional silicon nitride 

film and for example ultra-smooth PECVD silicon nitride films deposited according 

embodiments of the present disclosure. 

[0037] FIG. 31 shows a flow chart illustrating a method of depositing a film stack in-

situ using a plurality of plasma-activated film deposition phases according to an embodiment 

of the present disclosure. 

[0038] FIG. 32 schematically shows a timing diagram for an example PECVD 
process according to an embodiment of the present disclosure. 

[0039] FIG. 33 schematically shows another timing diagram for an example PECVD 
process according to an embodiment of the present disclosure. 

[0040] FIG. 34 shows a flow chart illustrating a method of transitioning, in-situ, from 

a first film deposition process to a second film deposition process with an intervening purge 

step according to an embodiment of the present disclosure. 

[0041] FIG. 35A shows a flow chart illustrating a first portion of a method of purging 

one or more portions of a reactant delivery line shared by a process reactant of the first film 

deposition phase that is incompatible with a process reactant of a second film deposition 

phase according to an embodiment of the present disclosure. 

[0042] FIG. 35B shows a flow chart illustrating a second portion of the method of 

purging one or more portions of a reactant delivery line shared by a process reactant of the 

first film deposition phase that is incompatible with a process reactant of a second film 

deposition phase illustrated in FIG. 35A. 

[0043] FIG. 36 schematically shows an example PECVD process station according to 

an embodiment of the present disclosure. 

[0044] FIG. 37 schematically shows an example dual-plenum showerhead according 

to an embodiment of the present disclosure. 

[0045] FIG. 38 schematically shows an example of a multi-station process tool 

according to an embodiment of the present disclosure. 

[0046] FIG. 39 schematically shows another example of a multi-station process tool 

according to an embodiment of the present disclosure. 
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[0047] FIG. 40 schematically shows another example of a multi-station process tool 

according to an embodiment of the present disclosure. 

[0048] FIG. 41 schematically shows another example of a multi-station process tool 
according to an embodiment of the present disclosure. 

[0049] FIG. 42 schematically shows another example of a multi-station process tool 

according to an embodiment of the present disclosure. 

[0050] FIG. 43 schematically shows another example of a multi-station process tool 

according to an embodiment of the present disclosure. 

DETAILED DESCRIPTION 

[0051] Some memory devices, such as NAND flash memory, are arranged in two-

dimensional arrays. Because such memory devices are limited to a planar arrangement, die 

size and memory density parameters may constrain the total memory capacity of the device. 
In turn, moving to larger die sizes to expand memory capacity may comparatively increase 

the cost of the memory device, which may delay adoption of larger capacity memory devices. 

Recently, some approaches for arranging memory gates into three-dimensional (3D) arrays 

have been proposed. Some of these approaches incorporate of transistors formed by 

patterning stacks of alternating film composition. FIG. 1 schematically shows an example 

film stack 100 including alternating layers of first film 102 and second film 104 on a 

substrate 106. 

[0052] Patterning such film stacks can be difficult. For example, rough film surfaces 

caused during deposition and/or film cracks caused by vacuum breaks between deposition 

events may cause ripples in subsequently deposited layers. Further, ripples and surface 

irregularities can also be caused by particles included in the film as the film is being 

deposited. Such small particle defects may be generated from the interaction of incompatible 

processes gases during deposition, during an in-situ transition from one film deposition 

process to another, and/or during wafer handling operations in ex-situ deposition processes. 

As the film stack is built, these roughness- and defect-caused undulations may grow in size 

and may cause focus, exposure, and etch problems in downstream patterning operations. 

Thus, it is desirable for each layer to be highly smooth. 
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[0053] Accordingly, various embodiments are disclosed herein that are related to 

providing smooth film surfaces. For example, embodiments are described below related to 

ultra-smooth film deposition chemistries and processes, which may result in ultra-smooth 

film surfaces. Further, embodiments are also described below related to low defect tool 

hardware and processes for depositing film stacks without intervening vacuum breaks, which 

may also result in ultra-smooth film stack surfaces. 

[0054] While many plasma-enhanced chemical vapor deposition (PECVD) or 

chemical vapor deposition (CVD) processes may be used to deposit such thin films, building 

thick stacks of multiple layers may present manufacturing challenges. Some approaches for 

depositing such silicon dioxide films include using tetraethyl orthosilicate (Si(OC2H5)4, or 

TEOS)-based plasma-enhanced chemical vapor deposition (PECVD) processes or silane-

based PECVD processes. However, these conventional PECVD processes may produce 

unacceptably rough films. For example, a conventional silane-based PECVD process for 

depositing 3iC>2 exhibits an absolute roughness (Ra) of 7.2 A for a 1000 A film deposited on 

a bare silicon substrate while a conventional TEOS-based PECVD process for depositing 

SiC>2 exhibits an roughness of 4.5 A Ra for a 1000 A film deposited on a bare silicon 

substrate. 

[0055] The effect of stacking rough films can be cumulative, so that a top surface of 

the film stack may be rougher than the individual films. FIGS. 2 and 3 show surface 

roughness images for example SiN/SiC^ film stacks measured by atomic force microscopy 

(AFM). FIG. 2 depicts an AFM image 200 of a film stack having 11 pairs of SiN/Si02 films 

using a TEOS-based PECVD Si02 deposition process. For reference, the roughness of a 1000 

A silicon nitride film deposited on a bare silicon substrate is 5.1 A Ra. 

[0056] In the example shown in FIG. 2, the TEOS-based Si02 film at the top of the 

film stack exhibits a roughness of approximately 9.9-10.6 A Ra. FIG. 3 depicts an AFM 

image 300 of a film stack having 11 alternating pairs of SiN/Si02 films using a silane-based 

PECVD Si02 process (e.g., using silane at a flow rate of approximately 500-600 seem). In the 

example shown in FIG. 3, the Si02 film has a roughness of approximately 17 to 19 A Ra. 

Thus, it will be appreciated that the conventional PECVD Si02 processes may deposit films 

that are comparatively rougher than the underlying film. 

[0057] Some other approaches for depositing smooth silicon dioxide films employ 

high-density plasma chemical vapor deposition (HDP-CVD) processes. However, HDP-CVD 
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processes typically employ ion densities of greater than 2 x 1010 ions/cm3. Such high ion 

density deposition environments may unselectively sputter underlying films as the SiC>2 layer 

is deposited. This may lead to unacceptable interlayer oxidation, potentially leading to 

electrical defects or structural defects at the film interfaces. Further, HDP-CVD processes 

typically use inductively-coupled plasma sources, which are comparatively more expensive 

and are comparatively more likely to generate defects during process relative to the 

capacitively-coupled plasma sources used in PECVD processes. 

[0058] Further, because HDP-CVD process equipment may not be suitable for 

depositing more than one film composition in-situ, vacuum breaks may be required during 

processing, potentially leading to the inclusion of interlayer defects. For example, in one 

scenario, film cracking may result from vacuum break conditions as substrates are exchanged 

between separate tools. In another scenario, a film may absorb atmospheric moisture during a 

vacuum break. Building film stacks using ex-situ processes may also lead to additional 

processing equipment expense, because film-specific tools may be required and because 

added substrate handling times between film-specific tools may reduce fab throughput. 

[0059] Thus, various embodiments are disclosed herein that are related to plasma-

enhanced chemical vapor deposition (PECVD) processes and equipment used for depositing 

film stacks in-situ without intervening vacuum breaks. Further, various embodiments are 
described here for depositing ultra-smooth silicon-containing films, including dielectric films 

such as silicon oxides (e.g., SiC>2 and sub-oxides thereof), silicon oxynitrides, and silicon 

nitrides, and conductive films such as polycrystalline and amorphous silicon. Example film 

stacks that may be constructed in-situ using the embodiments described herein include, but 

are not limited to, alternating layers of silicon dioxide and silicon nitride, alternating layers of 

polycrystalline silicon and silicon dioxide, alternating layers of polycrystalline silicon and 

silicon nitride, and alternating layers of doped and undoped amorphous and/or polycrystalline 

silicon, which in some embodiments, may deposited in situ. Further still, various 

embodiments are described relating to novel in-situ PECVD processes and equipment that 

may comparatively reduce defect generation relative to conventional PECVD processes and 

equipment when depositing layers and film stacks such as the examples listed above. 

[0060] As an example, FIG. 4 shows an AFM image 400 of an example film stack 

having 14 alternating pairs of a silicon nitride film and an ultra-smooth silicon dioxide film 

deposited according to an example of an ultra-smooth PECVD process of the present 

disclosure. In the example shown in FIG. 4, the ultra-smooth PECVD SiC>2 top layer has a 
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roughness of approximately 4.6 A Ra, exhibiting a greater than two-fold improvement in 

surface roughness compared to the conventional PECVD SiC>2 processes described above and 

shown in FIGS. 2 and 3, though some ultra-smooth PECVD silicon dioxide films (discussed 

in more detail below) deposited on silicon nitride surfaces exhibit roughness values of 

approximately 3.6 A Ra. Further, as explained above, the roughness of a 1000 A silicon 

nitride film deposited on a bare silicon substrate is 5.1 A Ra. Thus, it will be appreciated that, 

in some embodiments, the ultra-smooth PECVD SiC>2 process may provide a top surface 

roughness that is less than a roughness of an underlying film. For example, in some 

embodiments, an ultra-smooth PECVD SiC>2 film may have an absolute roughness that is 

approximately 90% or less than the roughness of an underlying film. 

[0061] Without wishing to be bound by theory, it is believed that, in some 

embodiments, the ultra-smooth character of ultra-smooth PECVD films may result from 

conditions where surface adsorption, rearrangement and/or assembly reactions occur at a 

substantially faster rate and/or in greater abundance than gas-phase polymerization and 

adsorption reactions. Under such conditions, the radicals generated in the plasma may be 

relatively more likely to be adsorbed to the substrate and link on the substrate surface than 

they are to react in the gas phase above the substrate. 

[0062] Thus, an ultra-smooth PECVD process according to the present disclosure 

may provide a film that has an absolute roughness that is substantially independent of film 

thickness. For example, in some examples, an ultra-smooth PECVD Si02 film may exhibit a 

surface roughness of less than or equal to 4.5 A for film thicknesses of up to 3000 A as 

measured on a silicon substrate. For example, FIG. 5 shows a graph 500 comparing surface 

absolute roughness as a function of film thickness for silicon dioxide films deposited on bare 

silicon substrates by various example processes, including a conventional silane-based 

PECVD process example (points 502), a conventional TEOS-based PECVD process example 

(points 504), and an example ultra-smooth silicon dioxide film deposited by an example 

ultra-smooth PECVD process according to the present disclosure (points 506). The example 

films made by conventional PECVD processes shown in FIG. 5 may be characterized as 

having gas-phase polymerization reactions that occur at a faster rate than surface assembly 

and rearrangement reactions. Thus, points 502 and points 504 trend toward increasing 

absolute roughness with increasing film thickness. In contrast, the example ultra-smooth 

PECVD silicon dioxide film shown in FIG. 5 exhibits a surface roughness of approximately 
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2.5 A Ra for film thicknesses of up to 3000 A while having a substantially constant absolute 

roughness. 

[0063J FIG. 5 also shows a comparison between example silicon dioxide films 

deposited by high-density plasma chemical vapor deposition (HDP-CVD) processes and the 

ultra-smooth PECVD-deposited silicon dioxide film example discussed above. As shown in 

FIG. 5, the example ultra-smooth PECVD silicon dioxide film has approximately the same 

absolute surface roughness as the example HDP-CVD silicon dioxide film (points 508). 

However, as explained above, HDP-CVD processes may damage underlying films and may 

be unable to produce film stacks in-situ. In contrast, as explained in detail below, ultra-

smooth PECVD films may be deposited without using high ion densities (e.g., with ion 

densities of less than 2 x 1010 ions/cm3) and therefore may maintain a comparatively sharp 

interfacial composition boundary with an underlying film. Further, ultra-smooth PECVD 

films may be deposited in-situ with other film processes, potentially avoiding vacuum breaks 

when building a film stack. 

[0064] FIG. 5 also shows a comparison between an example SiC>2 film deposited by 

an atomic layer deposition (ALD) process (points 510) and the ultra-smooth PECVD film 

example described above. Like the conventional PECVD processes, the example film 

deposited by the ALD process exhibits a thickness-dependent increase in absolute roughness. 

While ALD processes theoretically deposit a monolayer of film at a time, differences in 

adsorption of the otherwise segregated deposition precursors may lead to the formation of 

condensed phase precursor domains (e.g., the surface may include both chemisorbed and 
physisorbed precursor). Such domains may lead to the creation of non-stoichiometric regions 

of the film, which may cause lattice defects and surface roughness in the film. Subsequently-

deposited layers may magnify the effect of the surface roughness. Moreover, the layer-by-

layer deposition process used in ALD may be comparatively more expensive than a PECVD 

process, both in throughput costs and in equipment costs. 

[0065] In contrast, and without wishing to be bound by theory, the comparatively 

lower surface energies of flatter surfaces (e.g., surfaces approaching the native roughness of a 

thermodynamically stable terminated surface) may provide a driving force that allows, via 

surface rearrangement and assembly reactions, self-planarization of the deposited film. Thus, 
in some embodiments, an ultra-smooth PECVD film that is deposited on a comparatively 

rougher film may still exhibit ultra-smooth characteristics. This may provide a highly smooth 
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surface for a film stack, even if the film stack comprises comparatively rougher underlying 

films. 

[0066] For example, Fig. 6 schematically shows an embodiment of a film stack 600 

including example ultra-smooth PECVD Si02 films having a deposition rate of 

approximately 2.3 A/sec. The example shown in Fig. 6 includes a plurality of 300 A ultra-

smooth PECVD SiC>2 films 604 interleaved with a plurality of 800 A silicon nitride films 602 

and a plurality of 1000 A ultra-smooth PECVD SiC>2 films 606. A final 800 A silicon nitride 

film (layer 602A) having a top surface 610 is deposited on top of film stack 600. Fig. 7 
schematically shows a top layer of ultra-smooth PECVD Si02 film (layer 702) deposited on 

top of film stack 600. 

[0067] Fig. 8 shows an AFM image 800 of silicon nitride surface 610 exposed at the 

top of film stack 600 schematically depicted in FIG. 6. As measured by AFM, silicon nitride 

surface 610 exhibits an absolute roughness of approximately 6.9 A. For comparative 

purposes, an 800 A silicon nitride film deposited on a film stack having an identical number 

of alternating layers of silicon dioxide and silicon nitride in which conventional TEOS-based 

PECVD Si02 films are substituted for ultra-smooth PECVD SiOi films has an absolute 

roughness of approximately 10 A. Thus, the ultra-smooth PECVD Si02 film yields a 

comparatively smoother surface at the top of an overlying silicon nitride relative to a TEOS-

based PECVD Si02 film. 

[0068] Subsequent deposition of ultra-smooth PECVD Si02 film layer on top of the 

silicon nitride layer may provide additional improvement in top surface roughness relative to 

the silicon nitride layer roughness. For example, Figs. 9 and 10 show AFM images 900 and 

1000, respectively, of top surface 710 of ultra-smooth PECVD Si02 film layer 702 

schematically depicted in Fig. 7. As measured by AFM, ultra-smooth PECVD Si02 top 

surface 710 has an absolute roughness of approximately 5.4 A when layer 702 is deposited at 

a 300 A thickness (as shown in Fig. 9), having a roughness approximately 80% of that 

exhibited by the underlying silicon nitride film. Further, comparatively thicker layers of 

ultra-smooth PECVD Si02 films may provide comparatively smoother top surfaces. For 

example, when layer 702 is deposited at a 3000 A thickness (as shown in Fig. 10), it exhibits 
an absolute roughness of approximately 3.6 A, having a roughness approximately 50% of that 
exhibited by the underlying silicon nitride film. In contrast, when conventional TEOS-based 
PECVD Si02 films are substituted for ultra-smooth PECVD Si02 films, there is no reduction 

in the surface roughness compared that exhibited by the silicon nitride film. Specifically, 
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each of a 300 A-thick and a 3000 A-thick TEOS-based PECVD Si02 film exhibits an 

absolute roughness of approximately 10 A. 

[0069] As described above, in some embodiments, ultra-smooth PECVD films may 

exhibit a decreasing surface roughness as the thickness of the ultra-smooth PECVD film 

increases. FIGS. 11 and 12 illustrate another example of such an embodiment. FIG. 11 

schematically shows an example of a film stack 1100 including a 1000 A-thick conventional 

silane-based PECVD Si02 film layer 1102 deposited on substrate 106. An 800 A-thick silicon 

nitride layer 1104 is deposited on top of layer 1102. For reference, the roughness of layer 

1104 is approximately 16.3 A Ra. FIG. 11 also shows a top surface 1108 of an example ultra-

smooth PECVD Si02 film layer 1106, layer 1106 being deposited on top of layer 1104. FIG. 

12 shows a graph 1200 illustrating an example relationship 1202 between the thickness of 

layer 1106 and the roughness of surface 1108 for an example ultra-smooth PECVD Si02 film 

deposited at approximately 2.3 A/sec. As shown in FIG. 12, the ultra-smooth PECVD Si02 

film exhibits an inverse relationship between thickness and surface roughness for ultra-

smooth PECVD Si02 film thickness up to approximately 3000 A. For comparison purposes, 

curves 1204 and 1206 do not depict an inverse relationship between thickness and surface 

roughness data for the conventional silane-based and TEOS-based PECVD. When viewed in 

the light of the direct relationship between thickness and roughness exhibited by the 

conventional PECVD films individually (shown in FIG. 5), the data shown in FIG. 12 

suggests that, unlike conventional PECVD films, increasing the thickness of some example 

ultra-smooth PECVD films may comparatively improve the surface of a film stack relative to 

the surface roughness of an underlying film. 

[0070] In some embodiments, increasing the thickness of an ultra-smooth PECVD 

film may decrease the roughness of a film deposited on top of the ultra-smooth PECVD film, 

as shown in the examples depicted in FIGS. 13 and 14. FIG. 13 schematically shows film 

stack 1100 of FIG. 11, including example ultra-smooth PECVD Si02 film layer 1106, on top 

of which an 800 A-thick silicon nitride layer 1304 is deposited. FIG. 14 shows a graph 1400 

illustrating an inverse relationship 1402 between the thickness of layer 1106 and the 
roughness of surface 1308 of silicon nitride layer 1304. For example, for a 1000 A thick 

ultra-smooth PECVD Si02 film layer 1106 underlying silicon nitride layer 1304, silicon 

nitride surface 1308 exhibits an absolute roughness of approximately 12.6 A, or 

approximately 77% as rough as silicon nitride layer 1104 and approximately the same 

roughness as ultra-smooth PECVD Si02 film layer 1106. For comparison, points 1404 and 
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1406 depict thickness-dependent roughness data for the conventional silane-based and TEOS-

based PECVD processes, respectively, which are approximately 92% and 89% as rough as 

layer 1304. 

[0071] FIG. 15 shows a flow chart illustrating an example embodiment of a method 

1500 for depositing an ultra-smooth PECVD silicon-containing film. Method 1500 includes, 

at 1502, supplying a reactant gas or reactant gas mixture to a process station. At 1504, 

method 1500 includes maintaining a capacitively-coupled plasma to generate radicals and 

active species of the reactant gas and/or of inert gases included in the reactant gas mixture. At 

1506, method 1500 includes, while depositing a film on the substrate surface, controlling a 

process parameter to control an absolute roughness of the film surface, as explained in more 

detail below. For example, in some embodiments, one or more process parameters may be 

controlled during a film deposition phase so that the absolute roughness of the film decreases 

with increasing thickness of the film. In another example, in some embodiments, one or more 

process parameters may be controlled during a film deposition phase so that the absolute 

roughness is controlled to below a predetermined threshold. In one scenario, for example, the 

absolute roughness of an ultra-smooth PECVD silicon-containing film having a refractive 

index of between approximately 1.4 and 2.1 may be controlled to below 4.5 A as measured 

on a bare silicon substrate. It will be appreciated that process parameter control may be 

performed by any suitable controller included in a process tool. Example controllers are 

described in more detail below. 

[0072] While method 1500 refers to a method of depositing a single layer of ultra-

smooth PECVD film, it will be appreciated that, in some embodiments, method 1500 may 

represent an ultra-smooth PECVD film deposition phase of an in-situ film stack deposition 

process. Thus, in some embodiments, a suitable number of instances of method 1500 may be 

performed to build a film stack. In one example, layers of ultra-smooth PECVD undoped 

silicon films (discussed in more detail below) may be alternated with layers of ultra-smooth 

PECVD doped silicon films to build an ultra-smooth alternating undoped silicon/doped 

silicon film stack. In another example, layers of ultra-smooth PECVD undoped silicon films 

may be alternated with layers of ultra-smooth PECVD silicon dioxide films. Thus, in some 

embodiments, suitable ultra-smooth PECVD processes may be used to deposit each layer in a 

film stack. In one scenario, for example, layers of ultra-smooth silicon oxide may be 

alternated with layers of ultra-smooth silicon nitride. In another scenario, layers of ultra-

smooth silicon oxide may be alternated with layers of conventional silicon nitride film. 
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[0073] Alternatively, in other embodiments, a suitable number of instances of method 

1500 may be included, at one or more suitable intervals, with other suitable deposition 

processes (e.g., PECVD, CVD, or ALD processes) to build a film stack in-situ. In one 

example, an ultra-smooth PECVD silicon dioxide film may be alternated with a PECVD 

silicon nitride film to form an alternating silicon dioxide/silicon nitride film stack similar to 

that shown in FIG. 4. In another example, a conventionally-deposited film stack may be 

capped with a suitable thickness of an ultra-smooth PECVD film. 

[0074] Further, it will be appreciated that, in some embodiments, adjusting the film 

stack deposition scheme may provide, on an in-situ basis, approaches to tune bulk properties 

of the film stack (e.g., wafer bow) while still providing an acceptable top surface roughness, 

and, in some embodiments, to provide ultra-smooth patterning surfaces while realizing faster 

deposition rates for underlying layers. 

[0075] Continuing with FIG. 15, various examples of approaches to control one or 

more process parameters to control an absolute roughness of the film surface are described 

below with respect to an example ultra-smooth PECVD silicon dioxide film process. For 

example, an ultra-smooth silicon dioxide film may be deposited using silane and nitrous 

oxide (N2O) in one or more process stations of a process tool. Non-limiting examples of 

process conditions for depositing ultra-smooth PECVD silicon dioxide films using an 

example four-station process tool (an embodiment of which is described in more detail 

below) are provided in Table 1. 

Table 1 

Parameter Range 

Pressure (torr) 0.5-8.0 

Temperature (°C) 300-600 

He flow rate (seem) 0-10000 

Ar flow rate (seem) 0-10000 

Silane flow rate (seem) 10-200 

N2O flow rate (seem) 1000-30000 
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Nitrogen flow rate (seem) 0-20000 

High-frequency plasma power (W) 500-5000 

Low-frequency plasma power (W) 0-2500 

Time between beginning of silane flow 

and plasma ignition (sec) 

-3 to +3 

Time between end of silane flow and 

plasma extinction (sec) 

-3 to 10 

[0076] In some embodiments, controlling a process parameter to control an absolute 

roughness of the film surface may include, at 1508, supplying process gases, including one or 

more co-reactants and/or one or more diluents, to the process station at a concentration of at 

least 150 times a concentration of a silicon-containing reactant included in the reactant gas 

mixture. In such embodiments, oversupplying the co-reactant may create a plasma that is lean 

in silicon radicals, potentially reducing the deposition rate. By controlling the deposition rate 

to less than a threshold deposition rate, an ultra-smooth PECVD film may result. 

[0077] For example, in the case of a silicon oxide film deposited using the example 

process parameters described above, N20 may be fed at a flow rate of from approximately 5 

times an amount of the silane flow rate to approximately 3000 times an amount of the silane 

flow rate. Assuming other process parameters are held constant, the greater flow rate of N2O 

may control the deposition rate of the silicon dioxide film to less than 10 A/sec. Such 

deposition rates may have surface rearrangement and assembly reactions at suitable rates to 

produce an ultra-smooth silicon oxide film having a roughness of less than or equal to 4.5 A 

Ra for films of up to 3000 A thickness or more as measured on a silicon substrate. 

[0078] Previously, it was believed that reducing the flow rate of silane in 

conventional silane-based PECVD silicon dioxide deposition processes would not result in a 

similar reduction in silicon dioxide film roughness. Instead, the surface of the deposited film 

was believed to become rougher as the silane flow rate was reduced. FIG. 16 shows an 

example relationship 1600 between surface roughness as measured by AFM and silane flow 

rate. FIG. 17 shows an example relationship 1700 between silane flow rate and silicon 

dioxide film deposition rate for relationship 1600 shown in FIG. 16. For comparative 

purposes, an example film deposited by the conventional silane-based PECVD process is 
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indicated (points 1602 and 1702), FIGS. 16 and 17 graphically illustrate that roughness 

increases as the silane flow rate and the deposition rate decrease from the conventional 

silane-based PECVD process. 

[0079] However, referring to the left-most portion of FIG. 16, it has been found that 

controlling the deposition rate below a threshold level may actually decrease surface 

roughness, which may allow ultra-smooth silicon-containing surfaces to be obtained. Thus, 

FIGS. 16 and 17 show that, in the embodiment depicted, reducing the flow rate of silane 

below 100 seem reduces the silicon dioxide deposition rate to below 10 A/sec, in turn 

reducing the surface roughness of the silicon dioxide film deposited. As shown in FIGS. 16 

and 17, in some embodiments, processes providing a silicon dioxide deposition rate of less 

than 6 A/sec may produce films having a roughness of less than or equal to 4.5 A Ra for films 

of up to 3000 A thickness or more as measured on a silicon substrate. 

[0080] While the example described above refers to controlling the deposition rate by 

controlling a flow and/or concentration of silane, it will be appreciated that such effects may 

be achieved by controlling the flow and/or concentration of any suitable silicon-containing 

reactant. Non-limiting examples of suitable silicon-containing reactants that may produce 

ultra-smooth silicon-containing films include silanes (e.g., SixHy, such as silane and disilane), 

halogen-substituted silanes (e.g., SixCly), and alkyl-substituted silanes (e.g., SixRy). 

[0081] It will be appreciated that, in some embodiments, controlling the flows and/or 

concentrations of other process gases (e.g., co-reactants, such as N2O, CO, and CO2, and 

inerts, such as nitrogen, argon, and helium) may be used to control the deposition rate of the 

film to less than a threshold amount. For example, FIG. 18 shows a relationship 1800 

between process station pressure and deposition rate for example ultra-smooth PECVD Si02 

films deposited at a constant 100% SiH4 flow rate of 40 seem (though it will be appreciated 

that suitably dilute silane feed sources may have a greater flow rate without departing from 

the scope of the present disclosure) but having different total gas flow rates. Specifically, 

points 1802 shows a deposition rate trend for an example where the flow rates of all gases 

except silane are half the corresponding flow rates for the example shown in points 1804. 

Despite effectively increasing the concentration of silane, in the example shown in FIG. 18, 

reducing the flow rate of inert and non-inert gases leads to a decrease in deposition rate and a 

reduction in film roughness of up to 0.3 A Ra (not shown) from the conditions of points 1804 

to the conditions of points 1802. In another example, substituting CO or CO2 for N2O, each 

of which may have a different ionization cross-section relative to N2O, may reduce the 
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concentration of oxygen radicals in the plasma, potentially reducing the deposition rate of the 

silicon dioxide film. 

[0082] As explained above, in some embodiments, and without wishing to be bound 

by theory, it is believed that decreasing the silane flow may provide additional time for 

surface migration and cross-linking of various silane radical species. Increasing the time for 

such processes may provide structurally dense lattices with comparatively fewer defects, 

potentially resulting in a smoother surface topography. 

[0083] For example, FIG. 19 illustrates a relationship 1900 between film stress, 
deposition rate, and silane flow rate for an example silicon dioxide film. As the deposition 

rate declines in the example shown in FIG. 19, the film stress becomes comparatively more 

compressive, suggesting that the film is structurally denser. FIG. 20 shows a relationship 

2000 between film stress, substrate bow, and film thickness for an example ultra-smooth 

PECVD SiC>2 film deposited at approximately 2.3A/sec. The example film shown in FIG. 20 

exhibits a linear dependence 2002 of substrate bow on film thickness. The example film 

shown in FIG. 20 also exhibits a non-linear relationship 2004 between film stress and film 

thickness. As shown in FIG. 20, the film stress for the example film rapidly approaches the 

bulk film stress level within the first 1000 A of deposition. Thus, the example ultra-smooth 

PECVD silicon dioxide film shown in FIG. 20 may rapidly achieve structural stability as the 
film is deposited. 

[0084] Other structural analyses provide additional support for the suggestion that 

increasing the time for surface rearrangement and assembly reactions may provide 

structurally dense lattices with comparatively fewer defects, potentially resulting in a 

smoother surface topography. For example, FIG. 21 shows a comparison of Fourier transform 

infrared (FTIR) spectra for an example thermally grown Si02 film (spectrum 2102) 

(sometimes called thermal oxide), an example ultra-smooth PECVD Si02 film having a 

deposition rate of approximately 2.3 A/sec (spectrum 2104), and an example conventional 

TEOS-based PECVD Si02 film (spectrum 2106). As shown in FIG. 21, the example ultra-
smooth PECVD film has a structure and composition that is more like that of the thermal 

oxide than the TEOS-based film is like that of the thermal oxide. For example, the peak 

height of the Si-0 bond stretch mode for an example ultra-smooth PECVD film is higher and 

narrower than the peak height of the Si-0 bond stretch mode for the TEOS-based film for 

comparable film thicknesses. This may suggest that there is a comparatively narrower 

distribution of bond types within the example ultra-smooth PECVD film relative to the 
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TEOS-based film. Further, the position of the Si-0 bond stretch mode for the ultra-smooth 

PECVD film shown in FIG. 21 (1071 cm"1) is closer to the Si-0 bond stretch mode position 

for the thermal oxide (1078 cm"1) than is the Si-0 bond stretch mode for the TEOS-based 

film (1063 cm"1). 

[0085] As further support for the suggestion that increasing the time for surface 
rearrangement and assembly reactions may provide structurally dense lattices with 

comparatively fewer defects, potentially resulting in a smoother surface topography, the wet 

etch characteristics of some ultra-smooth PECVD Si02 films approaches those of thermal 

oxides. Table 2 includes wet etch rate ratio (WERR, defined as 1 for thermal oxide) data for 

various PECVD Si02 films in a dilute hydrofluoric acid bath (100:1 H20:HF). For 

comparison, WERR data for conventional silane-based and TEOS-based PECVD processes 

and for a conventional HDP-CVD process are also included in Table 2. As shown in Table 2, 

the WERR for several ultra-smooth PECVD Si02 films is between 1.2 and 2.0. 

Table 2 

Film Process Deposition 
Rate 

WERR 

Ultra-smooth 
PECVD 

2.3 A/sec 1.2 

Ultra-smooth 
PECVD 

6.1 A/sec 2.0 

Conventional 
TEOS-Based 

PECVD 

1.7 

Conventional 
silane-based 

PECVD 

4.0 

Conventional 
HDP-CVD 

- 1.4 

Thermally 
grown oxide " 

1.0 

[0086] Returning to FIG. 15, in some embodiments, controlling a process parameter 

to control an absolute roughness of the film surface may include, at 1510, generating the 

plasma with a power density of 0.35 W/in2 or more. In some embodiments, such power 

densities may be generated by a high-frequency plasma source operated at 250 W or more. 
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As used herein, "high-frequency plasma" refers to a plasma operated at a frequency of 13.56 

MHz or more. Additionally or alternatively, in some embodiments, a low frequency (e.g., 

frequencies below 13.56 MHz) power source may be used. In some other embodiments, a 

dual-frequency plasma may be used. 

[0087] Table 3 provides example silicon dioxide film deposition and topography data 

for a plurality of ultra-smooth PECVD Si02 films deposited at 550°C using various high-

frequency (HF) plasma powers on silicon substrates. While the example described herein 

refers to a high-frequency plasma, it will be appreciated that any suitable plasma and/or 

power may be employed without departing from the scope of the present disclosure. 

Table 3 

HF Power 100% Si02 Dep. Rate Stress Ra 

(W) SiH4 flow Thickness (A) (A /sec) (MPa) (ran) 

(seem) 

1000 40 1031 3.26 -254 -*> r\ A w.3u^ 

1500 40 1019 2.76 -258 0.278 

2000 40 1024 2.49 -268 0.275 

2500 40 1030 2.34 -268 0.263 

3000 40 1023 2.24 -265 0.256 

3500 40 1034 2.20 -267 0.252 

4000 40 1015 2.19 -249 0.245 

4500 40 1025 2.27 -267 0.245 

[0088] FIG. 22 graphically illustrates a relationship 2200 between high-frequency 

plasma power and absolute roughness for the example ultra-smooth PECVD silicon dioxide 

films provided in Table 3. As shown in FIG. 22, at low deposition rates, such as those 

corresponding to low silane flow rates, increasing the power of a high-frequency plasma may 

reduce the absolute roughness of ultra-smooth PECVD Si02 films. In the example shown in 

FIG. 22, the surface roughness of some ultra-smooth PECVD silicon dioxide films may be 
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less than 2.5 A as measured on a silicon substrate. As the native surface roughness of a 

typical silicon substrate approaches 2.5 A, this may further suggest that such films are 

capable of self-planarization. 

[0089] Additionally or alternatively, in some embodiments, the plasma conditions 

may be selected to control the ion density of the plasma. Continuing with FIG. 15, controlling 

a process parameter to control an absolute roughness of the film surface may include, at 
10 3 1512, maintaining an ion density of less than 2x10 ions/cm . For example, a plasma for 

depositing an ultra-smooth PECVD silicon oxide film may be supplied at a plasma power of 

between 250 and 5000' watts and at a process station pressure of between 0.5 and 8 torr. In 

some embodiments, such plasma powers may generate a plasma density of between 

approximately 0.35 W/in2 and 7.1 W/in2 at four 15-inch showerheads powered by a shared 

plasma generator. This may avoid potential sputter-induced interlayer mixing in film stack 

applications. 

[0090] Continuing with FIG. 15, in some embodiments, controlling a process 

parameter to control an absolute roughness of the film surface may include, at 1514, 

generating a plasma at a process station pressure of approximately 8 ton- or less. In such 

embodiments, an ultra-smooth characteristic may be substantially maintained while a 

deposition rate for a film is adjusted while maintaining the deposition rate at a rate below the 

threshold rate. Put another way, the deposition rate of the film may be adjusted by varying the 

process station pressure without substantially altering the ultra-smooth topography of a 

deposited film. 

[0091] Thus, Table 4 shows example silicon dioxide film deposition and topography 

data for a plurality of ultra-smooth PECVD SiC>2 films deposited at 550°C on silicon 

substrates using various process station pressures. 

Table 4 

Pressure SiEU flow HF Power Thickness Dep. Rate Stress Ra 

(torr) (seem) (W) (A) (A /sec) (MPa) (nm) 

1.5 40 2500 985.2 6.22 -280 0.286 

2 40 2500 978.5 5.66 -285 0.277 
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3 40 2500 1006.6 3.91 -286 0.263 

4 40 2500 1018.4 2.84 -271 0.256 

5 40 2500 1042.9 2.36 -268 0.271 

6 40 2500 1030.9 2.11 -267 0.261 

[0092] FIG. 23 illustrates a dependence 2300 of smoothness on process station 

pressure using the example data of Table 4. As shown in FIG. 23, decreasing the pressure of 

the process station may correlate with a slight increase in surface roughness for the example 

ultra-smooth PECVD silicon dioxide films, though the absolute roughness may still be 

maintained at less than 3 A Ra as measured on a silicon substrate. FIG. 23 shows that surface 

smoothness may have a non-linear relationship with process station pressure during the 

example process range depicted, as shown in a minimum surface roughness at approximately 

4 torr. 

[0093] FIG. 24 shows a graph 2400 depicting a non-linear relationship between 

within-substrate range non-uniformity and process station pressure for the example films 

shown in Table 4. Thus, it will be appreciated from the example data provided in Table 4 and 

FIGS. 23 and 24 that, in some embodiments, an ultra-smooth PECVD silicon oxide film 

characteristic may be maintained and/or adjusted by generating the plasma at a process 

station pressure 8 torr or less. In one example, the deposition rate may be increased to greater 

than 6 A/sec while maintaining a surface roughness of less than 3 A (as measured on a 1000 

A film deposited on a silicon substrate). In another example, the within-substrate non-

uniformity of a deposited film may be decreased to less than 3% while maintaining a surface 

roughness of less than 3 A as measured on a silicon substrate. 

[0094] In another example, an ultra-smooth characteristic may be substantially 

maintained while a deposition rate for the film is adjusted by vaiying an amount of an inert 

gas to the process station. Thus, continuing with FIG. 15, in some embodiments, controlling a 

process parameter to control an absolute roughness of the film surface may include, at 1516, 

supplying an inert gas to the plasma. For example, in some embodiments, argon may be 

supplied to the plasma to adjust the deposition rate of an ultra-smooth PECVD silicon dioxide 

film. 
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[0095] FIG. 25 shows a relationship 2500 between deposition rate and argon flow rate 

to the process station for example ultra-smooth PECVD Si02 films deposited at 550°C on 

silicon substrates. FIG. 25 also shows a relationship 2502 between SiC>2 film stress and argon 

flow rate to the process station. As shown in FIG. 25, the deposition rate may be increased 

and the SiC>2 film made more compressive, by increasing the flow rate of argon to the process 

station. 

[0096] Further, in some embodiments, supplying inert gas to the process station may 

adjust the deposition rate without substantially disturbing the surface roughness of the film. 

For example, FIG. 26 shows an approximately constant relationship 2600 between absolute 

roughness and argon flow rate for the example ultra-smooth PECVD Si02 films shown in 
FIG. 25. Thus, it will be appreciated from the examples shown in FIGS. 25 and 26 that, in 

some embodiments, the deposition rate of an ultra-smooth PECVD film may be increased by 

increasing a flow rate of argon to the process station without causing an increase in surface 

roughness. It will be appreciated that, in some embodiments, varying the flow rates of other 

suitable inert gases, such as nitrogen and helium, may have similar effects. 

[0097] It will be appreciated that control of the surface smoothness via control of one 

or more process parameters, such as reactant and inert feed rates, plasma power, ion density, 

and process station pressure, may be managed independently or in combination with any 

other suitable process variable. For example, in some embodiments, ion bombardment (e.g., 

from low-frequency plasma sources or from a DC bias source applied to the plasma) may 

provide a suitable ultra-smooth silicon-containing film. In another example, an ultra-smooth 

PECVD film may be deposited at temperatures of 400 C or greater. In one scenario, an ultra-

smooth PECVD silicon dioxide film may be deposited at 550 C. Such films may exhibit the 

ultra-smooth surfaces described herein while having comparatively lower hydrogen 

concentrations than films deposited at 400 C or less. Further, such films may maintain a 

substrate bow without the assistance of a subsequent annealing step. Such films may exhibit 

ultra-smooth and highly flat surfaces during a subsequent lithography step where a pattern is 

transferred to the film stack. Other non-limiting examples of other process variables include 

process station temperature, plasma ignition sequencing, plasma extinction sequencing, and a 

spacing between a process gas distribution showerhead and a deposition substrate surface. 

For example, in one scenario, a high-frequency plasma may be ignited before silane is 

introduced to the process station. This may condition the substrate surface for deposition 

prior to the beginning of deposition, which in turn may reduce the formation of surface 
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islands or domains. In another scenario, a high-frequency plasma may be extinguished after 

flow rate of silane is stopped after deposition, to consume residual silane molecules in the 

process station. 

[0098] While the examples above relate to the deposition of ultra-smooth PECVD 

silicon dioxide films, it will be appreciated that .any suitable silicon-containing film may be 

deposited according to the embodiments described herein. In some embodiments, ultra-

smooth PECVD silicon nitride films may be deposited by plasma-activated reaction of 

ammonia and silane. Further, in some embodiments, suitable silicon oxynitride films may be 

deposited by plasma-activation of silane and N2O in the presence of a nitrogen plasma. Other 

suitable nitrogen-containing reactants include, but are not limited to, hydrazine and 

nitrogen/helium gas mixtures. 

[0099] Table 5 summarizes roughness, refractive index, and film stress data for a 

variety of ultra-smooth silicon nitride containing films having a refractive index ranging from 

approximately 1.4 to approximately 2.1. The film data presented in Table 5 was measured 

from 1000 A films deposited on silicon substrates, each film generated by feeding, for the 

respective film recipe, the indicated amounts of nitrous oxide or ammonia to a nitrogen 

plasma at a constant silane flow rate, nitrogen flow (approximately 5000 seem), helium flow 

(approximately 8000 seem), pressure (approximately 5 torr) and high-frequency plasma 

power (approximately 4500 W). As indicated in Table 5, reducing the flow of nitrous oxide 

fed to the plasma (shown in recipes A-G) provides a wide range of silicon oxide and silicon 

oxynitride films exhibiting an absolute roughness of less than approximately 3.1 A, and in 

many cases, less,than approximately 2.7 A. 

Table 5 

Recipe Name 100% N2O NH3 Stress Refractive Ra 

SiH4 flow flow (MPa) Index (nm) 
flow (seem) (seem) 

(nm) 

(seem) 

A 40 12000 0 -302 1.4617 0.235 

B 40 8000 0 -313 1.4622 0.231 
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c 40 4000 0 -339 1.4615 0.249 

D 40 1500 0 -348 1.4669 0.266 

E 40 500 0 -355 1.4703 0.265 

F 40 150 0 -314 1.5051 0.269 

G 40 80 0 -347 1.6214 0.309 

H 40 0 0 -1824 1.992 0.755 

I 40 0 300 -1734 1.990 0.397 

J 40 0 500 -1566 1.982 0.305 

Conventional 

PECVD SiN 

980 0 7500 +200 to 

-200 

1.90-2.02 0.53 

[00100] FIG. 27 shows a graph 2700 illustrating a comparison of Fourier transform 

infrared spectra showing Si-0 bond stretching mode data for the example ultra-smooth 

PECVD silicon oxide and oxynitride films presented in Table 5. The FTIR measurements 

shown in FIG. 27 show a transition in Si-O bond stretch peak position as the concentration of 

nitrous oxide in the process station is reduced. 

[00101] The measurements presented in Table 5 also illustrate that ultra-smooth 

PECVD silicon nitride films having absolute roughness values of approximately 4 A or less 

may be deposited by substituting ammonia for nitrous oxide at suitable flow rates. The data 

presented in Table 5 suggest an inverse relationship between film roughness and film stress 

and ammonia concentration. For comparison, film and recipe parameters for a conventional 

PECVD silicon nitride process are also provided in Table 5. FIGS. 28 - 30 depict 

comparisons of FTIR spectra 2800, 2900, and 3000, showing Si-N, N-H, and Si-H bond 

stretching modes, respectively, for the example ultra-smooth PECVD silicon nitride and 

conventional PECVD silicon nitride films presented in Table 5. As shown in FIGS. 28 and 

29, increasing the ammonia concentration tends to shift the Si-N peak position away from the 

Si-N peak position of the conventional film and tends to increase the area of the N-H peak. 

This may suggest additional hydrogen incorporation in the film and provide an approach for 

tuning the film stress characteristics of the film, as supported by the stress data included in 

Table 5. However, FIG. 30 shows that, unlike the conventional PECVD film, the Si-H bond 
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stretching mode is absent for the ultra-smooth PECVD silicon nitride films. This may provide 

a comparative improvement in breakdown voltage characteristics for the film relative to the 

conventional PECVD silicon nitride. Thus, it will be appreciated that, in some examples, the 

bulk film stress characteristics of the ultra-smooth PECVD silicon nitride film may be tuned 

while preserving electrical characteristics of the film. 

[00102] In another example, an ultra-smooth PECVD silicon film (e.g., an amorphous 

silicon film, an undoped polycrystalline silicon film or a doped polycrystalline silicon film) 

may be deposited from plasma decomposition of silane alone or in a suitable reducing 

environment, such as in the presence of a helium, argon, and/or hydrogen plasma, and, in 

cases where doped polycrystalline silicon is deposited, in the presence of a suitable dopant 

precursor (e.g., a boron-containing precursor, an arsenic-containing precursor, and/or a 

phosphorous-containing precursor). Such ultra-smooth PECVD silicon films may also be 

used to construct film stacks in-situ, and may also exhibit self-planarizing characteristics. 

Further, in some embodiments, ultra-smooth PECVD silicon processes may add a DC bias or 

another suitable ion bombardment approach to promote surface rearrangement and potentially 

enhance surface smoothing. Non-limiting example process parameters for depositing ultra-

smooth PECVD undoped silicon films using an example four-station process tool (described 

in detail below) are shown in Table 6. 

Table 6 

Parameter Range 

Pressure (torr) 0.5 to 8.0 

Temperature (°C) 300 - 650 

He flow rate (seem) 0-10000 

Ar flow rate (seem) 0-10000 

100% Silane flow rate (seem) 0.1-200 

NjO flow rate (seem) 0 - 30000 

Nitrogen flow rate (seem) 0- 15000 

High-frequency plasma power (W) 250 - 5000 
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Low-frequency plasma power (W) 0 - 2500 

Time between beginning of silane flow 

and plasma ignition (sec) 

-3 to +3 

Time between end of silane flow and 

plasma extinction (sec) 

-3 to +10 

[00103] Further, in some embodiments, an ultra-smooth PECVD silicon film may be 

doped by supplying a suitable dopant during deposition or in a post-deposition treatment 

phase. Non-limiting examples of dopants include arsenic, boron, and phosphorous. In some 

embodiments, a doped silicon film may be activated by a suitable thermal anneal in-situ. For 

example, an ultra-smooth PECVD boron-doped silicon film deposited at 550°C may be 

annealed to 650°C without a vacuum break. In some examples, annealing a doped film may 

lower the resistance of the film, improve conductivity within the film and the film stack 

and/or reduce the amount of dopant needed to provide a selected film conductivity. 

[00104] As explained above, ex-situ film processing may lead to the inclusion of 

defects at one or more interfacial boundaries within the film stack. However, in some 
scenarios, transitions between in-situ film deposition processes may also lead to defect 

generation. For example, small particle defects may be generated from the interaction of 

incompatible processes gases during an in-situ transition from one film deposition process to 

another. Thus, various embodiments are disclosed herein that are related to film deposition 

chemistries, hardware, and purge sequences used for in-situ transitions between sequentially 

deposited films. 

[00105] In contrast with a CVD process, where thermally activated gas-phase or 

surface-adsorbed decomposition and/or displacement reactions are used to deposit a film, a 

PECVD process supplements at least a portion of the process activation energy with plasma 

energy. Generally, plasma energy may refer to an energy associated with electrons, ions, 

excited species, and chemical radicals. In some embodiments, plasma-provided energy may 

result in lower deposition temperatures, which may extend thermal process budgets. Further, 

in some embodiments, PECVD processes may provide higher deposition rates, which may 

increase substrate throughput for a process tool. 
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[00106] In some embodiments, plasmas for PECVD processes may be generated by 

applying a radio frequency (RF) field to a low-pressure gas using two capacitively coupled 

plates. Ionization of the gas between the plates by the RF field ignites a plasma, creating free 

electrons in the plasma discharge region. These electrons 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. In one 

example, reactant radicals react with surface-adsorbed co-reactants to deposit a film layer. It 

will be appreciated that the RF field may be coupled via any suitable electrodes. Non-limiting 

examples of electrodes include process gas distribution showerheads, substrate support 

pedestals, etc. Further, it will be appreciated that plasmas for PECVD processes may be 

formed by suitable processes other than capacitive coupling of an RF field to a gas. 

[00107] The plasma discharge region is surrounded by a negatively charged sheath that 

confines the plasma discharge region. In some embodiments, two radio frequency sources 

may be used concurrently to tune the plasma. For example, a low-frequency RF source may 

be used to control ion energy and a high-frequency RF source may be used to control plasma 

density. 

[00108] In some embodiments, the plasma may be formed above the substrate surface, 

which may provide a greater plasma density and enhance a film deposition rate. However, 

small particles may form within the plasma. These small particles "float" electrically, so that 

electron and ion currents are balanced on the particle surface. Because an electron typically 

has a higher mobility than an ion, the particle may become negatively charged. Consequently, 

these particles may be trapped at plasma-sheath boundaries, where molecular drag forces 

from neutral and ionized species directed toward the deposition surface balance electrostatic 

forces directed toward the plasma discharge region. Quenching the plasma extinguishes the 

electrostatic forces, which may cause the particles to land on the deposition surface. Particles 

that decorate the deposition surface may appear as interface roughness defects or interface 

morphology defects and may ultimately diminish device performance and reliability. 

[00109] Some approaches to mitigating defects created by plasma-generated particles 

include alternating pumping and purging of the reactor environment. However, these 

approaches may be time consuming and may reduce tool throughput. Thus, various 

embodiments are disclosed herein that are related to maintaining plasma stability throughout 

in-situ PECVD formation of film stacks to avoid depositing particles on the deposition 

surface. 
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[00110] FIG. 31 shows a flow chart illustrating a method 3100 for depositing a film 

stack in-situ using a plurality of plasma-activated film deposition phases. At 3102, method 

3100 includes igniting a plasma. At 3104, method 3100 includes, in a first plasma-activated 

film deposition phase, depositing a first layer of film having a first film composition. At 

3106, method 3100 includes sustaining the plasma while transitioning a composition of the 

plasma from a first plasma composition of the first plasma-activated film deposition phase to 

a second plasma composition of the second plasma-activated film deposition phase. At 3108, 

method 3100 includes, in the second plasma-activated film deposition phase, depositing a 

second layer of film having a second film composition on top of the first layer of film. At 

3110, method 3100 includes quenching the plasma. While method 3100 depicts an example 

two-layer in-situ film stack deposition process, it will be appreciated that, in some 

embodiments, three or more layers may be deposited by including a suitable number of film 

transition phases in which the plasma is sustained while the plasma composition is altered 

without departing from the scope of the present disclosure. 

[00111] FIG. 32 schematically shows an example process timing diagram 3200 for in-

situ PECVD deposition of alternating layers of silicon nitride and silicon oxide films. In the 

example shown in FIG. 32, silicon nitride is deposited by reaction of silane (SiHU) and 

ammonia (NH3) in the presence of a plasma during a first film deposition phase and silicon 

dioxide is deposited by reaction of silane and nitrous oxide (N20) in the presence of a plasma 

during a second film deposition phase. As shown in the example depicted in FIG. 32, a 

plasma is sustained during transitions between deposition phases. Sustaining the plasma may 

trap plasma-generated particles in the above-described electrically floating state. Trapping the 

particles in the sustained plasma may reduce decoration of the surface by small particle 

defects, which may lead to increased yields compared to processes in which the plasma is 

quenched between deposition steps. 

[00112] In some embodiments, the plasma is sustained by controlling process station 

conditions to maintain a constant plasma volume (e.g., less than 20% variation as the plasma 

volume is visually observed) between different and/or subsequent deposition events. 

Alternatively or additionally, in some embodiments, a constant ion energy distribution and/or 

a constant absorbed RF power distribution is maintained between subsequent deposition 

events. In some embodiments, such control may be achieved by controlling one or more set 

points of a process station pressure, a gas concentration, an RF source power, an RF source 

frequency, and a plasma power pulse timing. In one non-limiting example, a set point for a 
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total delivered plasma power may be held constant between different film deposition events. 

In another non-limiting example, a low-frequency plasma power may be decreased by a 

proportionally greater amount than a decrease in a high-frequency plasma power. This may 

reduce ion damage to the substrate surface between deposition events while maintaining 

plasma density. It will be appreciated that such parameters may be adjusted, discretely or 

continuously, to maintain plasma stability and to avoid indicia of plasma instability. Non-

limiting examples of indicia of plasma instability include plasma flickering, extinction, and 

local plasma brightness variation. It further will be appreciated that these specific 

embodiments are described for the purpose of example and are not intended to be limiting, as 

any suitable method of maintaining plasma integrity and stability may be employed between 

various deposition phases of an in-situ PECVD film stack process. 

[00113] FIG. 32 shows an example list of parameters 3222, such as gas flow rates, 

process pressure, and high- and low-frequency RF power settings for an RF power source 

that may be used in an in-situ PECVD process including sustained plasmas between 

deposition events. FIG. 32 also shows a temporal progression of process phases, wherein one 

or more of parameters 3222 are varied to achieve a process condition for the process phase. 

Each of the example process phases will be described in detail below, though it will be 

appreciated that other suitable process chemistries may vary one or more aspects of the 

process phases while remaining within the scope of the present disclosure. Parameter ranges 
for example silane-based silicon dioxide and silicon nitride processes using an example four-

station process tool (described in more detail below) are provided in Tables 7 A and 7B, 

though it will be appreciated that other suitable parameter ranges may be employed in other 

embodiments of film-forming process chemistries. For example, other parameter ranges may 

apply for silicon dioxide films formed from silane using CO and/or CO2 as an oxygen source 
and for silicon nitride films formed from silane using nitrogen atoms obtained from N2 and/01* 

N2/H2 plasmas. An example silicon nitride process using silane and ammonia and an example 

four-station process tool is provided in Table 8 and an example silicon dioxide process using 

silane and nitrous oxide and an example four-station process tool is provided in Table 9. 

Table 7 A 

Phase Silicon 

nitride 
deposition 

Silicon 

nitride 
deposition 

Silicon 

nitride 
deposition 

N/O 

transition 
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preparation 

phase 

subphase 

1 

subphase 

2 

phase 

SiH4 

(seem) 
1-1000 1-1000 1-1000 0-1000 

N2 

Manifold 

A (seem) 

0-10000 0-10000 0-10000 0-20000 

NH3 

(seem) 

10-10000 10-10000 10-10000 0-10000 

N20 

(seem) 
0 0 0 0-30000 

N2 0-20000 0-20000 0-20000 0-20000 

Manifold 

B (seem) 

He 
(seem) 

0-20000 0-20000 0-20000 0-20000 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 

(torr) 
0.5-6.0 0.5-6.0 0.5-6.0 0.5-6.0 

Temp (C) 200-650 200-650 200-650 200-650 

HF 

Power 

(W) 

0-5000 0-5000 0-5000 0-5000 

LF 
Power 

(W) 

0-2500 0-2500 0-2500 0-2500 

Table 7B 

Phase Si02 

deposition 

preparation 

phase 

Si02 

deposition 

subphase 

1 

Si02 

deposition 
subphase 

2 

O/N 

transition 
phase 
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SiH4 

(seem) 

0.1-1000 0.1-1000 0.1-1000 0-1000 

N2 

Manifold 

A (seem) 

0-20000 0-20000 0-20000 1000-

10000 

NH3 

(seem) 
0 0 0 0-10000 

N20 
(seem) 

1-30000 1-30000 1-30000 0 

N2 0-20000 0-20000 0-20000 0-20000 

Manifold 

B (seem) 

He 
(seem) 

0-20000 0-20000 0-20000 0-20000 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 

(torr) 

0.5-5.0 0.5-6.0 0.5-6.0 0.5-6.0 

Temp (C) 200-650 200-650 200-650 200-650 

HF 
Power 

(W) 

0-5000 0-5000 0-5000 0-5000 

LF 
Power 

(W) 

0-2500 0-2500 0-2500 0-2500 

1 Table 8 

SiELi 

(seem) 

200 

NH3 

(seem) 

1040 
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N2 Manifold A 

(seem) 

6000 

N2 Manifold B 

(seem) 

3000 

He 

(seem) 

0 

Ar 

(seem) 

0 

Pressure 

(torr) 

2.8 

Temp 

(C) 

550 

HF Power 

(W) 

1000 

LF Power 

(W) 

100 

Table 9 

S1H4 

(seem) 

40 

N20 

(seem) 

24000 

N2 Manifold A 

(seem) 

5000 

N2 Manifold B 

(seem) 

5000 

He 

(seem) 

8000 

Ar 0 
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(seem) 

Pressure 1.5 

(torr) 

Temp 550 

(C) 

HF Power 2500 

(W) 

LF Power 0 

(W) 

[00114] At silicon nitride deposition preparation phase 3224 of FIG. 32, a flow rate for 

silane is set and silane is supplied to a process station bypass line. This may provide time for 

the silane flow to stabilize prior to introduction to the process station. FIG. 32 also shows that 

ammonia is supplied to the process station at a controlled flow rate. Thus, each reactant for 

the silicon nitride deposition process may be flow-stabilized prior to initiating deposition, 

which may provide for deposition thickness control during the silicon nitride deposition 

process. FIG. 32 also shows that nitrogen is supplied to the process station during silicon 

nitride deposition preparation phase 3224. Nitrogen may act as a diluent gas to assist pressure 

and/or temperature control, as a sweep gas to prevent back-diffusion of reactant gases into 

plumbing for an incompatible co-reactant, etc. Additionally or alternatively, in some 

embodiments, nitrogen may react with silane to form a silicon nitride film. 

[00115] FIG. 32 also shows that other process variables are set and stabilized during 

silicon nitride deposition preparation phase 3224. For example, helium is supplied to the 

process station and a high frequency RF power source is activated to strike and stabilize a 

helium plasma. Further, a process station pressure is stabilized during silicon nitride 

deposition preparation phase 3224. In some embodiments, process station pressure may be 

controlled by varying one or more gas flows feeding the process station, adjusting a process 

station throttle valve, etc. Further, in some embodiments, a temperature of a substrate 

pedestal may be stabilized at a deposition temperature. Thus, it will be appreciated that any 

suitable process parameter may be adjusted and/or stabilized at silicon nitride deposition 

preparation phase 3224. Silicon nitride deposition preparation phase 3224 may have any 
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suitable duration. In one non-limiting example, silicon nitride deposition preparation phase 

3224 may be approximately three seconds long. 

[00116] The process station begins depositing silicon nitride at silicon nitride 

deposition phase 3226. In the example shown in FIG. 32, silicon nitride deposition phase 

3226 is divided into two subphases: nitride deposition subphase 3226A, which represents an 

active deposition subphase, and nitride deposition subphase 3226B, which represents a post-

deposition film treatment subphase. 

[00117] As shown in FIG. 1, silane, which was previously routed to the process station 

bypass line, is supplied to the process station and the low-frequency RF power is increased 

during nitride deposition subphase 3226A. Consequently, a silicon nitride film is nucleated 

and is continuously deposited on the substrate surface throughout nitride deposition subphase 

3226A. Excluding a time needed for film nucleation, the duration of nitride deposition 

subphase 3226A may be approximately proportional to the thickness of the deposited film. 

Thus, the duration of nitride deposition subphase 3226A may be adjusted to vary the 

thickness of the deposited silicon nitride layer. In one non-limiting example, nitride 

deposition subphase 3226A may be approximately ten seconds long, which may correspond 

to a silicon nitride film approximately 300 angstroms thick. 

[00118] At nitride deposition subphase 3226B, shown in FIG. 32, silane is again 

diverted to the process station bypass line and the low-frequency RF power is decreased. 

Further, ammonia flow to the process station is decreased and the total process station 

pressure is reduced. In some embodiments, these adjustments may provide a post-deposition 

treatment of bulk and/or near-surface portions of the deposited silicon nitride film. Example 

post-deposition treatments include a densification treatment and a nitrogen enrichment 

treatment. Additionally or alternatively, in some embodiments, nitride deposition subphase 

3226B may provide a surface pre-treatment for preparing the silicon nitride surface for 

subsequent film deposition. An example pre-treatment may be configured to reduce 

subsequent film nucleation time. Nitride deposition subphase 3226B may have any suitable 

duration. For example, in one embodiment, nitride deposition subphase 3226B may be 

approximately five seconds long. Further, it will be appreciated that additional nitride 

deposition subphases may be included in some embodiments within the scope of the present 

disclosure. 
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[00119] At nitride/oxide transition phase 3228, shown in FIG. 32, various process 

parameters are adjusted to transition the process station from silicon nitride deposition to 

silicon dioxide deposition. In the example shown in FIG. 32, the flow rate of silane, still 

routed to the process station bypass line, is decreased. Further, the ammonia flow is turned 

off and an N20 flow is turned on during nitride/oxide transition phase 3228. Further still, 

sources of nitrogen are varied between gas manifolds as shown in FIG. 32. As described 

above, sources and/or flow rates of nitrogen gas may be varied to provide back-diffusion 

prevention, pressure control, temperature control, etc. In some embodiments, nitrogen flow 
rates may be varied during nitride/oxide transition phase 3228 to purge incompatible reactant 

gases from the process station that might otherwise participate in undesirable defect-forming 

reactions. 

[00120] Throughout nitride/oxide transition phase 3228, parameters 3222 are varied to 

maintain the plasma. For example, FIG. 32 shows that the helium flow is increased and high-

frequency plasma power is decreased at nitride/oxide transition phase 3228. Similar plasma-

stabilizing approaches are used in silicon dioxide deposition preparation phase 3230, where 
the HF power is increased in preparation for silicon dioxide deposition phase 3232. These 

approaches may maintain the integrity and stability of the plasma density and/or volume 

during transition to process conditions for silicon dioxide film deposition. Non-limiting 

examples of suitable durations of nitride/oxide transition phase 3228 and silicon dioxide 

deposition preparation phase 30 are each approximately three seconds. 

[00121] As shown in FIG. 32, silicon dioxide deposition phase 3232 is divided into 

two subphases. Oxide deposition subphase 3232A represents an active deposition subphase. 

Oxide deposition subphase 3232B represents a post-deposition film treatment subphase. As 

shown in FIG. 32, silane, which was previously routed to the process station bypass line, is 

supplied to the process station during oxide deposition subphase 3232A. During oxide 

deposition subphase 3232A, a silicon dioxide film is nucleated and deposited on the substrate 

surface. Excluding a time needed for film nucleation, the duration of oxide deposition 

subphase 3232A may be approximately proportional to the thickness of the deposited film. 

Thus, the duration of oxide deposition subphase 3232A may be adjusted to vary the thickness 

of the silicon dioxide layer. In one non-limiting example, oxide deposition subphase 3232A 

may be approximately eight seconds long, which may correspond to a deposited silicon 

dioxide film approximately 300 angstroms thick. 
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[00122] At oxide deposition subphase 3232B, silane is diverted to the process station 

bypass line and the high-frequency power is decreased. In some embodiments, these 

adjustments may provide a post-deposition treatment of bulk and/or near-surface portions of 

the deposited silicon dioxide film. Example post-deposition treatments may include 

densification treatments, oxygen enrichment treatments, trap reduction treatments, etc. 

Additionally or alternatively, oxidation deposition subphase 3232B may pre-treat the surface 

of the deposited silicon dioxide in preparation for deposition of a subsequent film. One 

example pre-treatment may be a treatment to reduce subsequent film nucleation time. Oxide 

deposition subphase 3232B may have any suitable duration. In one non-limiting example, 

oxide deposition subphase 3232B is approximately two seconds long. Further, it will be 

appreciated that additional oxide deposition subphases may be provided within the scope of 

the present disclosure. 

[00123] At oxide/nitride transition phase 3234, shown in FIG. 32, various process 

parameters are adjusted to transition the process station from silicon dioxide deposition to 

silicon nitride deposition. In the example shown in FIG. 32, the flow rate of silane, still 

routed to the process station bypass line, is increased. Further, the N20 flow is turned off 

during oxide/nitride transition phase 3234. Further still, sources of nitrogen are varied 

between gas manifolds during oxide/nitride transition phase 3234. As described above, 

sources and/or flow rates of nitrogen gas may be varied to provide back-diffusion prevention, 

pressure control, temperature control, etc. In some embodiments, nitrogen flow rates may be 

varied during oxide/nitride transition phase 3234 to purge incompatible reactant gases from 
the process station that might otherwise participate in undesirable defect-forming reactions. 

[00124] Throughout oxide/nitride transition phase 3234, parameters 3222 are varied to 

maintain plasma stability. For example, in the depicted embodiment, the helium flow is 

decreased and the high-frequency RF power is increased at oxide/nitride transition phase 

3234. This may maintain the integrity and stability of the plasma density and/or volume 

during transition to process conditions for silicon dioxide film deposition. Oxide/nitride 

transition phase 3234 may have any suitable duration. In one non-limiting example, 

oxide/nitride transition phase 3234 is approximately two seconds long. 

[00125] In some process conditions, high-frequency plasmas may be comparatively 

more effective at bond scission processes than low-frequency plasmas. Conversely, under 

some process conditions, low-frequency plasmas may provide a comparatively higher flux of 

radicals to the substrate surface. Thus, it will be appreciated that, in some embodiments, 
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plasma powers for single or dual-frequency plasmas may be selected to generate suitable 

plasma conditions for various film deposition chemistries and conditions. Example silicon 

oxide process conditions and silicon nitride conditions suitable for use with the process 

illustrated in FIG. 32 are provided in Tables 7A, 7B, 8 and 9 above. 

[00126] It will be appreciated that the two-film process described above may 

commence with the deposition of a silicon dioxide film rather than a silicon nitride film. 

Further, it will be appreciated that additional alternating layers may be formed by repeating 

all or a part of the example two-film process described above. For example, an 
oxide/nitride/oxide film may be deposited as a part of a process to form a silicon 

oxide/silicon nitride/silicon oxide (ONO) gate device. Further still, it will be appreciated that, 

in some embodiments, multiple film types may be deposited in-situ. For example, a three-

film process may be used for in-situ deposition of a film stack having three film types. 

[00127] While the deposition processes disclosed above have been discussed in the 

context of 3D memory applications, it will be appreciated that in-situ deposition of film 

stacks may be used for any suitable purpose in an integrated device or in an integrated 
material. For example, a carbon-based ashable hardmask (AHM) layer may be deposited in-

situ with an antireflective layer (ARL) for lithographic patterning applications. In one 

scenario, the ashable hardmask layer may be approximately 200 A thick and the antireflective 

layer may be approximately 100 to 600 A thick. 

[00128] In another example, a carbon-doped silicon dioxide film may be deposited in-

situ with a silicon nitride film using a suitable carbon-based silicon-containing reactant. For 

example, carbon-doped silicon dioxide films may be deposited using plasma-enhanced 

decomposition of TEOS (and/or another suitable alkoxysilane) in the presence of an oxygen 

plasma. In some embodiments, varying the concentration of oxygen radicals provided by the 
plasma may be used to vary an amount of carbon remaining in the silicon dioxide film. Thus, 

varying the plasma conditions in a TEOS-based, process may be used to modify physical and 

electrical properties of the deposited silicon dioxide film that might be invariant in a silane-

based silicon dioxide deposition process. 

[00129] Parameter ranges for an example TEOS-based silicon dioxide process and an 

example silane-based silicon nitride process using an example four-station process tool 

(described in more detail below) are provided in Tables 10A and 10B. Table 11 shows a 

specific example of a TEOS-based silicon dioxide process using an example four-station 
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process tool. It will be appreciated that other suitable parameter ranges may be employed in 

other embodiments of film-forming process chemistries. For example, other parameter ranges 

may apply for silicon dioxide films formed from TEOS using N2O (examples of which are 
described in more detail below with respect to Tables 12A, 12B, and 13), CO, and/or CO2 as 

an oxygen source. 

Table 10A 

Phase Silicon Silicon Silicon N/O 

nitride nitride nitride transition 

deposition 

preparation 

phase 

deposition 

subphase 

1 

deposition 

subphase 

2 

phase 

SiH4 1-1000 1-1000 1-1000 0 

(seem) 

TEOS 0 0 0 0-20 

(mL/min) 

N2 0-10000 0-10000 0-10000 0-10000 

Manifold 
A (seem) 

NH3 10-10000 10-10000 10-10000 0-10000 
(seem) 

02 0 0 0 0-20000 

(seem) 

N2 0-20000 0-20000 0-20000 0-30000 

Manifold 

B (seem) 

He 0-20000 0-20000 0-20000 0-20000 

(seem) 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 0.5-6.0 0.5-6.0 0.5-6.0 0.5-6.0 

(torr) 

Temp (C) 200-650 200-650 200-650 200-650 
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HF 

Power 

(W) 

0-5000 0-5000 0-5000 0-5000 

LF 

Power 
(W) 

0-2500 0-2500 0-2500 0-2500 

Table 10B 

Phase Si02 

deposition 

preparation 

phase 

Si02 

deposition 

subphase 

1 

Si02 

deposition 

subphase 

2 

O/N 

transition 

phase 

SiH4 

(seem) 
0 0 0 0 

TEOS 

(mL/min) 

1-20 1-20 1-20 0 

N2 

Manifold 

A (seem) 

0 0 0 0-10000 

NH3 

(seem) 
0 0 0 0 

02 

(seem) 

100-20000 100-

20000 

100-

20000 

0 

N2 

Manifold 
B (seem) 

0 0 0 0-20000 

He 

(seem) 

0-20000 0-20000 0-20000 0-20000 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 

(torr) 

0.5-6.0 0.5-6.0 0.5-6.0 0.5-6.0 

Temp (C) 200-650 200-650 200-650 200-650 
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HF 

Power 

(W) 

0-5000 0-5000 0-5000 0-5000 

LF 0-2500 0-2500 0-2500 0-2500 

Power 
(W) 

Table 11 

TEOS 4.5 

(mL/min) 

02 10000 

(seem) 

N2 Manifold A 0 

(seem) 

N2 Manifold B 0 

(seem) 

He 0 

(seem) 

Ar 0 

(seem) 

Pressure 1.2 

(torr) 

Temp 550 

(C) 

HF Power 350 

(W) 

LF Power 800 

(W) 
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[00130] FIG. 33 schematically shows an example process timing diagram 3300 for in-

situ PECVD deposition of alternating layers of silicon nitride and silicon oxide films. In the 

example shown in FIG. 33, silicon nitride is deposited by reaction of silane (SiBU) and 

ammonia (NH3) in the presence of a plasma during a first film deposition phase and silicon 

dioxide is deposited by reaction of TEOS and oxygen in the presence of a plasma during a 

second film deposition phase. As shown in the example depicted in FIG. 33 and described in 

more detail below, the plasma is quenched during transitions between silicon nitride and 

silicon dioxide deposition phases. 

[00131] At silicon nitride deposition preparation phase 3324 of FIG. 33, a flow rate for 

silane is set and silane is supplied to a process station bypass line. This may provide time for 

the silane flow to stabilize prior to introduction to the process station. FIG. 33 also shows that 

ammonia is supplied to the process station at a controlled flow rate. Thus, each reactant for 

the silicon nitride deposition process may be flow-stabilized prior to initiating deposition, 

which may provide for deposition thickness control during the silicon nitride deposition 

process. FIG. 33 also shows that nitrogen is supplied to the process station during silicon 

nitride deposition preparation phase 3324. Nitrogen may act as a diluent gas to assist pressure 

and/or temperature control, as a sweep gas to prevent back-diffusion of reactant gases into 

plumbing for an incompatible co-reactant, etc. Additionally or alternatively, in some 

embodiments, nitrogen may react with silane to form a silicon nitride film. Other suitable 

process gases may be supplied to the process station in preparation for silicon nitride 

deposition during silicon nitride deposition preparation phase 3324. For example, FIG. 33 

also shows that helium is supplied to the process station during silicon nitride deposition 

preparation phase 3324. 

[00132] Other process parameters, such as process pressure, may also be adjusted 

during silicon nitride preparation phase 3324. In some embodiments, process station pressure 

may be controlled by varying one or more gas flows feeding the process station, adjusting a 

process station throttle valve, etc. Further, in some embodiments, a temperature of a substrate 

pedestal may be stabilized at a deposition temperature. Thus, it will be appreciated that any 

suitable process parameter may be adjusted and/or stabilized at silicon nitride deposition 
preparation phase 3324. Silicon nitride deposition preparation phase 3324 may have any 

suitable duration. 

[00133] In the example shown in FIG. 33, high and low frequency RF power sources 

are activated to strike and stabilize a plasma at an optional nitride plasma ignition phase 
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3325, though it will be appreciated that in some embodiments, a single-frequency RF power 

source may be activated without departing from the scope of the present disclosure. Striking a 

plasma prior to introducing silane to the process station may avoid small particle generation 

under some process conditions. For example, by first striking a plasma and later supplying 

silane, as shown in FIG. 33, plasma ignition events that may generate small particles may be 

comparatively reduced relative to striking a silane plasma. However, it will be appreciated 

that, in some embodiments, a silane plasma may be ignited during silicon nitride deposition 

phase 3326. 

[00134] The process station begins depositing silicon nitride at silicon nitride 

deposition phase 3326. In the example shown in FIG. 33, silicon nitride deposition phase 

3326 is divided into two subphases: nitride deposition subphase 3326A, which represents an 

active deposition subphase, and optional nitride deposition subphase 3326B, which represents 

a post-deposition film treatment subphase. 

[00135] As shown in FIG. 33, silane, which was previously routed to the process 

station bypass line, is supplied to the process station during nitride deposition subphase 

3326A. Consequently, a silicon nitride film is nucleated and is deposited on the substrate 

surface throughout nitride deposition subphase 3326A. Excluding a time needed for film 

nucleation, the duration of nitride deposition subphase 3326A may be approximately 

proportional to the thickness of the deposited film. Thus, the duration of nitride deposition 

subphase 3326A may be adjusted to vary the thickness of the deposited silicon nitride layer. 

[00136] At nitride deposition subphase 3326B, shown in FIG. 33, silane is diverted to 

the process station bypass line. In the embodiment shown in FIG. 33, the high- and low-

frequency power supplies are turned off at the end of nitride deposition subphase 3326B, 

which may consume residual silane within the process station, potentially reducing small 

particle defects. However, it will be appreciated that, in other embodiments, one or more of 

the plasma power supplies may be turned off at any suitable point within nitride deposition 

subphase 3326B. 

[00137] In some embodiments, other process parameters, such as ammonia flow, 

process station pressure, and process station temperature, may be adjusted during nitride 

deposition subphase 3326B to provide a post-deposition treatment of bulk and/or near-surface 

portions of the deposited silicon nitride film. Example post-deposition treatments include, but 

are not limited to, plasma and/or thermally-driven densification treatments and nitrogen 
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enrichment treatments. Additionally or alternatively, in some embodiments, nitride deposition 

subphase 3326B may provide a surface pre-treatment for preparing the silicon nitride surface 

for subsequent film deposition. An example pre-treatment may be configured to reduce 

subsequent film nucleation time. Nitride deposition subphase 3326B may have any suitable 

duration. Further, it will be appreciated that additional nitride deposition subphases may be 

included in some embodiments without departing from the scope of the present disclosure. In 

the example shown in FIG. 33, silane, ammonia, and helium flows to the process station are 

turned off at the end of nitride deposition subphase 3326B in preparation for oxide 

deposition. 

[00138] At nitride/oxide transition phase 3328, shown in FIG. 33, various process 

parameters are adjusted to transition the process station from silicon nitride deposition to 

silicon dioxide deposition. For example, FIG. 33 shows that nitrogen continues to flow in the 

process station to assist with purging residual silane and nitride deposition byproducts. In 

some embodiments, nitrogen flow rates may be varied during nitride/oxide transition phase 

3328 to purge incompatible reactant gases from the process station that might otherwise 

participate in undesirable defect-forming reactions. It will be appreciated that any suitable 

purge gas may be used without departing from the scope of the present disclosure, and that, in 

some embodiments, alternating purge and evacuation cycles may be used in nitride/oxide 

transition phase 3328 to prepare the process station for in situ silicon dioxide deposition. In 

the example shown in FIG. 33, nitrogen is turned off at the end of nitride/oxide transition 

phase 3328. 

[00139] Oxygen is supplied to the process station at the start of silicon dioxide 

deposition preparation phase 3330. Subsequently, the example shown in FIG. 33 shows that, 

during optional oxide plasma ignition phase 3331, both high and low frequency RF power 

sources are activated to strike and stabilize a plasma. However, it will be appreciated that in 

some embodiments, a single-frequency power source maybe employed without departing 

from the scope of the present disclosure. It will be appreciated that oxide plasma ignition 

phase 3331 is optional, and that, in some embodiments, a plasma may be ignited during 

silicon dioxide deposition phase 3332. In some embodiments, other gases, such as helium and 

argon, may be provided to the process station during one or more of silicon dioxide 

deposition preparation phase 3330, optional oxide plasma ignition phase 3331 and subsequent 

silicon dioxide deposition phase 3332. 
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[00140] The process station begins depositing silicon dioxide at silicon dioxide 

deposition phase 3332. As shown in FIG. 33, silicon dioxide deposition phase 3332 is divided 

into two subphases. Oxide deposition subphase 3332A represents an active deposition 

subphase. Optional oxide deposition subphase 3332B represents a post-deposition film 

treatment subphase. As shown in FIG. 33, TEOS is supplied to the process station during 

oxide deposition subphase 3332A. During oxide deposition subphase 3332A, a silicon 

dioxide film is nucleated and deposited on the substrate surface. Excluding a time needed for 

film nucleation, the duration of oxide deposition subphase 3332A may be approximately 

proportional to the thickness of the deposited film. Thus, the duration of oxide deposition 

subphase 3332A may be adjusted to vary the thickness of the silicon dioxide layer. TEOS 

flow to the process station is stopped at the end of oxide deposition subphase 3332A. 

[00141] In the example shown in FIG. 33, both high and low frequency power supplies 

are turned off at the end of oxide deposition subphase 3332B. However, it will be appreciated 

that, in some embodiments, one or more of the plasma power supplies may be turned off at 

any suitable point within oxide deposition subphase 3332B. The resulting plasma may 

consume residual TEOS in the process station and may provide a post-deposition treatment of 

bulk and/or near-surface portions of the deposited silicon dioxide film. Example post-

deposition treatments may include densification treatments, oxygen enrichment treatments, 

trap reduction treatments, etc. Oxygen flow to the process station is turned off at the end of 

oxide deposition subphase 3332B. At oxide/nitride transition phase 3334, shown in FIG. 33, 

the flows of nitrogen and helium are turned on in preparation for a subsequent deposition of 

silicon nitride. 

[00142] Additionally or alternatively, in some embodiments, particle generation 

caused by incompatible process gases may be addressed by reacting TEOS with plasma-

activated nitrous oxide in place of plasma-activated oxygen to form a silicon dioxide film. 

N2O may be less likely to interact with the silane-based silicon nitride process; for example, 

N2O may be less likely to remain adsorbed to hardware and/or plumbing surfaces. 

Accordingly, an N20- and TEOS-based silicon dioxide process may be less likely to generate 

particles when sharing hardware with a silane-based silicon nitride process. 

[00143] Parameter ranges for example N20- and TEOS-based silicon dioxide 

processes and example silane-based silicon nitride processes using an example four-station 

process tool (described in more detail below) are provided in Tables 12A and 12B. Table 13 

shows a specific example of a N2O- and TEOS-based silicon dioxide process using an 
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example four-station process tool. It will be appreciated that other suitable parameter ranges 

may be employed in other embodiments of film-forming process chemistries. For example, 

other parameter ranges may apply for silicon dioxide films formed from TEOS using CO 

and/or CO2 as an oxygen source. 

Table 12A 

Phase Silicon 

nitride 

deposition 

preparation 

phase 

Silicon 

nitride 

deposition 

subphase 

1 

Silicon 

nitride 

deposition 

subphase 

2 

N/O 

transition 
phase 

SiELt 
(seem) 

1-1000 1-1000 1-1000 0 

TEOS 
(mL/min) 

0 0 0 0-20 

N2 

Manifold 

A (seem) 

0-10000 0-10000 0-10000 0 

NH3 

(seem) 
10-10000 10-10000 10-10000 0-10000 

N20 

(seem) 

0 0 0 0-30000 

N2 

Manifold 

B (seem) 

0-20000 0-20000 0-20000 0-30000 

He 

(seem) 

0-20000 0-20000 0-20000 0-20000 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 
(torr) 

0.5-6.0 0.5-6.0 0.5-6.0 0.5-6.0 

Temp (C) 200-650 200-650 200-650 200-650 

HF 

Power 

0-5000 0-5000 0-5000 0-5000 
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(W) 

LF 0-2500 0-2500 0-2500 0-2500 

Power 

(W) 

Table 12B 

Phase Si02 

deposition 

preparation 

phase 

Si02 

deposition 

subphase 

1 

Si02 

deposition 

subphase 

2 

O/N 

transition 

phase 

SiH4 

(seem) 
0 0 0 0 

TEOS 

(mL/min) 

1-20 1-20 1-20 0 

N2 

Manifold 

A (seem) 

0 0 0 0-10000 

NII3 

(seem) 
0 0 0 0 

N2O 
(seem) 

100-30000 100-

30000 
100-

30000 

0-30000 

N2 0 0 0 . 0-20000 

Manifold 

B (seem) 

He 

(seem) 

0-20000 0-20000 0-20000 0-20000 

Ar 
(seem) 

0-30000 0-30000 0-30000 0-30000 

Pressure 

(torr) 

0.5-6.0 0.5-6.0 0.5-6.0 0.5-6.0 

Temp (C) 200-650 200-650 200-650 200-650 

HF 

Power 

0-5000 0-5000 0-5000 0-5000 
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(W) 

LF 0-2500 0-2500 0-2500 0-2500 

Power 

(W) 

Table 13 

TEOS 4.9 

(mL/min) 

N20 15000 

(seem) 

N2 Manifold A 0 

(seem) 

N2 Manifold B 0 

(seem) 

He 0 

(seem) 

Ar 0 

(seem) 

Pressure 1.8 

(torr) 

Temp . 400 

(C) 

HF Power 350 

(W) 

LF Power 800 

(W) 

[00144] It will be appreciated that silicon oxide films deposited using plasma activated 

TEOS and nitrous oxide may be deposited by one or more of the embodiments described 

above. For example, in some embodiments, a silicon oxide film may be deposited on a 
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substrate using TEOS and nitrous oxide in a process station. The process station may be 

controlled within suitable process parameter ranges such as those listed above in Tables 12A, 
12B, and 13. For example, a process station may be controlled to heat a substrate to a 

temperature of between 200 °C and 650 °C. Deposition of the silicon oxide film may be 

achieved by supplying a plasma to the substrate and by supplying tetraethyl orthosilicate 

(TEOS) and nitrous oxide to the plasma. 

[00145] As explained above, in some embodiments, silicon oxide films deposited by 

plasma-activation of TEOS and nitrous oxide may be performed in-situ with another 
deposition process. For example, in some embodiments, a process tool may deposit a silicon 

nitride film on a substrate followed by deposition of a silicon oxide film using plasma-

activated TEOS and nitrous oxide without an intervening vacuum break. In one scenario, the 

in-situ deposition may occur within the same process station. In another scenario, the in-situ 

deposition may occur within different process stations included in the same process tool. 

[00146] As explained above, in some embodiments, variations in the concentration of 

oxygen radicals provided by the plasma may be used to vary an amount of carbon remaining 
in the silicon dioxide film. Thus, in some embodiments, varying the plasma conditions in a 

nitrous oxide- and TEOS-based plasma-activated film deposition process may be used to 

adjust the carbon concentration of the silicon oxide film in any suitable way. For example, in 

some embodiments, the plasma may be controlled to maintain an approximately constant 

concentration of carbon. Alternatively, in some embodiments, the plasma may be controlled 

to vary a carbon concentration profile as the film is deposited. Such approaches may vary 

physical and electrical properties of the deposited silicon oxide film that might be invariant in 

a silane-based silicon dioxide deposition process. 

[00147] Additionally or alternatively, in some embodiments, in-situ film transitions 

may be made between film deposition processes by segregating incompatible process 

reactants and/or by suitably purging one or more portions of a reactant delivery system shared 

by incompatible process reactants. 

[00148] For example, FIG. 34 shows a flow chart illustrating an embodiment of a 

method 3400 of transitioning, in-situ, from a first film deposition process to a second film 

deposition process with an intervening purge step. Method 3400 includes, at 3402, in a first 

film deposition phase, depositing a first layer of film. At 3404, method 3400 includes purging 

one or more portions of a reactant delivery line and/or a process station shared by a process 
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reactant of the first film deposition phase that is incompatible with a process reactant of a 

second film deposition phase. At 3406, method 3400 includes, in the second film deposition 

phase, depositing a second layer of film on top of the first layer of film. 

[00149] FIGS. 35A and 35B show an example flow chart illustrating an embodiment 

of a method 3500 purging one or more portions of a reactant delivery line shared by a process 

reactant of the first film deposition phase that is incompatible with a process reactant of a 

second film deposition phase. In the example method depicted in FIGS. 35A and 35B, a 

process station is being transitioned from a TEOS-based silicon dioxide film deposition 

process to a silane-based silicon nitride film deposition process. Specifically, FIG. 35A 

shows a first portion of method 3500 directed at performing post-deposition purges ("post-

purges") of the TEOS and oxygen delivery lines and at performing a purge of the process 

station, while FIG. 35B shows a second portion of method 3500 directed at performing 

optional pre-deposition purges ("pre-purges") of the silane and ammonia delivery lines. It 

will be appreciated that this example is provided merely for illustrative purposes, and that 

other suitable purging cycles for other suitable deposition process transitions may be 

substituted within the scope of this disclosure. 

[00150] Referring to FIG. 35A, method 3500 includes, at 3502, stopping the flow of 

process gases to the process station. Next, method 3500 enters a TEOS delivery line post-

purge phase. At 3504, method 3500 includes purging the TEOS delivery line. In some 

embodiments, an oxygen flow may be used to purge the TEOS delivery line. For example, 

oxygen may be supplied at a suitable flow rate to purge delivery lines and hardware 

downstream of mixing point where the TEOS delivery line is fluidly connected with the 

oxygen source. 

[00151] At 3506, method 3500 includes evacuating the TEOS delivery line. In some 

embodiments, the TEOS delivery line may be evacuated by evacuating the process station. 

For example, the purge gas in the TEOS delivery line may be turned off and the process 

station pressure may be controlled to evacuate a portion of the remaining gas in the process 

station. In some embodiments, the process station may be controlled to a base pressure by 

commanding a process station control valve to a fully open setting. One non-limiting example 

of a process station base pressure is a pressure of less than 0.5 torr. Additionally or 

alternatively, in some embodiments, a separate TEOS delivery line evacuation pipe may be 

used to evacuate residual gases from the TEOS delivery line. 
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[00152] At 3508, method 3500 includes checking whether additional TEOS delivery 

line purging is indicated. For example, in some embodiments, a recipe may indicate a number 

of TEOS delivery line purge cycles to be performed. If additional TEOS delivery line purging 

is indicated, method 3500 returns to 3504. In some embodiments, between two and five purge 

and evacuation cycles may be performed. In one non-limiting example, each purge and 
evacuation cycle may have a duration of between 30 seconds and 60 seconds. 

[00153] If additional TEOS delivery line purging is not indicated, method 3500 

continues to 3510, where method 3500 enters an oxygen delivery line post-purge phase. At 

3510, includes purging the oxygen delivery line. In some embodiments, nitrogen supplied at a 

suitable flow rate may be used to purge the silane delivery line. 

[00154] At 3512, method 3500 includes evacuating the oxygen delivery line. In some 

embodiments, the oxygen delivery line may be evacuated by evacuating the process station. 

For example, the purge gas in the oxygen delivery line may be turned off and the process 

station pressure may be controlled to evacuate a portion of the remaining gas in the process 

station. In some embodiments, the process station may be controlled to a base pressure by 

commanding a process station control valve to a fully open setting. One non-limiting example 

of a process station base pressure is a pressure of less than 0.5 ton*. Additionally or 

alternatively, in some embodiments, a separate oxygen delivery line evacuation pipe may be 

used to evacuate residual gases from the oxygen delivery line. 

[00155] At 3514, method 3500 includes checking whether additional oxygen delivery 

line purging is indicated. For example, in some embodiments, a recipe may indicate a number 

of oxygen delivery line purge cycles to be performed. If additional oxygen delivery line 

purging is indicated, method 3500 returns to 3510. In some embodiments, between two and 

five purge and evacuation cycles may be performed. In one non-limiting example, each purge 

and evacuation cycle may have a duration of between 30 seconds and 60 seconds. 

[00156] If additional oxygen delivery line purging is not indicated, method 3500 

continues to 3516, where method 3500 enters process station purge phase. At 3516, method 

3500 includes purging the process station. In some embodiments, a purge gas is supplied to 

the process station to sweep small particles from plumbing and/or hardware surfaces within 

the process station, the mixing vessel, etc. In one non-limiting example, nitrogen and/or an 

inert gas is supplied to sweep away small particles and displace oxygen adsorbed to process 
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station hardware, such as the mixing vessel, a showerhead gas distributor, process station 

walls, etc. 

[00157] At 3518, method 3500 includes evacuating the process station. In some 

embodiments, the process station may be pumped down to the base pressure of the process 

station. Optionally, the oxygen supply manifold may be isolated by closing one or more 

process valves. This may prevent back-diffusion of subsequently delivered gases into the 

oxygen supply manifold. 

[00158] At 3520, method 3500 includes checldng whether additional process station 

purging is indicated. For example, in some embodiments, a recipe may indicate a number of 

process station purge cycles to be performed. If additional process station purging is 

indicated, method 3500 returns to 3516. In some embodiments, between two and five purge 

and evacuation cycles may be performed. In one non-limiting example, each purge and 

evacuation cycle may have a duration of between 5 seconds and 20 seconds. In some 

embodiments, if additional process station purging is not indicated and if pre-purging the 

silane delivery line is not indicated, method 3500 continues to 3522, where method 3500 

checks whether an optional pre-purge of one or more of the silane and ammonia delivery 

lines may be indicated. If pre-purging is not indicated, method 3500 ends. If a pre-purge of 

the silane delivery line is indicated, method 3500 continues to FIG. 35B. 

[00159] Turning to FIG. 35B, method 3500 includes, at 3524, purging the silane 

delivery line. In some embodiments, a nitrogen flow may be used to purge the silane delivery 

line. For example, nitrogen supplied at a suitable flow rate may be used to purge the silane 

delivery line. 

[00160] At 3526, method 3500 includes evacuating the silane delivery line. In some 

embodiments, the silane delivery line may be evacuated by evacuating the process station. 

For example, the purge gas in the silane delivery line may be turned off and the process 

station pressure may be controlled to evacuate a portion of the remaining gas in the process 

station. In some embodiments, the process station may be controlled to a base pressure as 

described above. Additionally or alternatively, in some embodiments, a separate silane 

delivery line evacuation pipe may be used to evacuate residual gases from the silane delivery 

line. 

[00161] At 3528, method 3500 includes checking whether additional .silane delivery 
line purging is indicated. For example, in some embodiments, a recipe may indicate a number 
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of silane delivery line purge cycles to be performed. If additional silane delivery line purging 

is indicated, method 3500 returns to 3524. In some embodiments, between two and five purge 

and evacuation cycles may be performed. In one non-limiting example, each purge and 

evacuation cycle may have a duration of approximately 60 seconds. Optionally, in some 

embodiments the silane delivery line may be isolated by closing one or more process valves. 

This may prevent back-diffusion of subsequently delivered gases into the silane delivery line. 

[00162] In some embodiments, if additional silane delivery line purging is not 

indicated, method 3500 continues to 3540, where method 3500 checks whether an optional 

pre-purge of the ammonia delivery line is be indicated. If pre-purging of the ammonia 

delivery line is not indicated, method 3500 ends. 

[00163] If a pre-purge of the ammonia delivery line is indicated, method 3500 

continues to 3542. At 3542, method 3500 includes purging the ammonia delivery line. In 

some embodiments, a nitrogen flow may be used to purge the ammonia delivery line. For 

example, nitrogen may be supplied at a suitable flow rate to purge the ammonia delivery line. 

[00164] At 3544, method 3500 includes evacuating the ammonia delivery line. In some 

embodiments, the ammonia delivery line may be evacuated by evacuating the process station. 

For example, the purge gas in the ammonia delivery line may he turned off and the process 

station pressure may be controlled to evacuate a portion of the remaining gas in the process 

station. In some embodiments, the process station may be controlled to a base pressure as 

described above. Additionally or alternatively, in some embodiments, a separate ammonia 

delivery line evacuation pipe may be used to evacuate residual gases from the ammonia 

delivery line. 

[00165] At 3546, method 3500 includes checking whether additional ammonia 

delivery line purging is indicated. For example, in some embodiments, a recipe may indicate 
a number of ammonia delivery line purge cycles to be performed. If additional ammonia 

delivery line purging is indicated, method 3500 returns to 3546. In some embodiments, 

between two and five purge and evacuation cycles may be performed. In one non-limiting 

example, each purge and evacuation cycle may have a duration of approximately 60 seconds. 

If additional ammonia delivery line purging is not indicated, method 200 ends. Optionally, in 

some embodiments the ammonia delivery line may be isolated by closing one or more 

process valves. This may prevent back-diffusion of subsequently delivered gases into the 

ammonia delivery line. 
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[00166] It will be appreciated that other suitable arrangements of portions of method 

3500 are included within the scope of the present disclosure. For example, in some 

embodiments, one or more process station purge cycles may be included between the silane 

delivery line purge and the ammonia line purge. Further, the present disclosure is not limited 

to a silane/ammonia/TEOS system described in method 3500. Thus, it will be appreciated 

that other suitable delivery line and process station purge cycles for other incompatible 

process gases are included within the scope of the present disclosure. Further still, any 

suitable purge gas may be used. Other example purge gases include, but are not limited to, 

helium, argon, etc. 

[00167] The methods described herein may be performed by any suitable apparatus. A 

suitable apparatus includes hardware for accomplishing the process operations and a system 

controller having instructions for controlling process operations in accordance with the 

present invention. For example, in some embodiments, the hardware may include one or 

more process stations included in a process tool. 

[00168] The system controller will typically include one or more memory devices and 

one or more processors configured to execute instructions for controlling process operations 

so that the apparatus will perform a method in accordance with the present disclosure. For 

example, in some embodiments, the system controller may operate various valves, 

temperature controllers, plasma controllers, and pressure controllers to adjust process 

conditions within the apparatus. In some embodiments, machine-readable media containing 

instructions for controlling process operations in accordance with the present disclosure may 

be coupled to the system controller. 

[00169] For example, FIG. 36 schematically shows an example embodiment of a 

process station 3600. For simplicity, process station 3600 is depicted as a standalone process 

station having a process chamber body 3672 for maintaining a low-pressure environment. 

However, it will be appreciated that a plurality of process stations 3600 may be included in a 

common low-pressure process tool environment. Process station 3600 includes a process gas 

delivery line 3674 for providing process gases, such as inert gases, precursors, reactants, and 

treatment reactants, for delivery to process station 3600. In the example shown in FIG. 36, a 

showerhead 3678 is included to distribute process gases within process station 3600. 

Substrate 3686 is located beneath showerhead 3678, and is shown resting on a holder 3680 

supported by a pedestal 3682. In some embodiments, pedestal 3682 may be configured to 

54 



rotate about a vertical axis. Additionally or alternatively, pedestal 3682 may be configured to 

translate horizontally and/or vertically. 

[00170] In some embodiments, showerhead 3678 may be a dual-plenum or multi-

plenum showerhead. For example, FIG. 37 schematically shows an embodiment of a dual-

plenum showerhead 3700. A first set of holes 3702 receives gas from a first process gas 
delivery line 3712 and a second set of holes 3704 receives gas from a second process gas 

delivery line 3714. Such physical isolation of process gases may provide an approach to 

reducing small particle generation from reaction between incompatible process gases in 

process gas delivery plumbing upstream of showerhead 3700. Any suitable segregation 

scheme may be employed. For example, in one scenario, holes 3702 may be dedicated to a 

silicon dioxide film deposition process while holes 3704 may be dedicated to a silicon nitride 

film deposition process. In another scenario, holes 3704 may be dedicated to oxidizing 

reactants while holes 3704 may be dedicated to reducing reactants. While the example shown 

in FIG. 37 is a dual-plenum showerhead, it will be appreciated that, in some embodiments, a 

showerhead may be a multi-plenum showerhead having three or more sets of holes. 

[00171] Showerhead 3678 and holder 3680 electrically communicate with RF power 

supply 3688 and matching network 3690 for powering a plasma 3692. Plasma 3692 may be 
contained by a plasma sheath 3694 located adjacent to showerhead 3678 and holder 3680. 

While FIG. 36 depicts a capacitively-coupled plasma, plasma 3692 may be generated by any 

suitable plasma source. In one non-limiting example, plasma 3692 may include a parallel 

plate plasma source. 

[00172] In the embodiment shown in FIG. 36, RF power supply 3688 may provide RF 

power of any suitable frequency. In some embodiments, RF power supply 3688 may be 

configured to control high- and low-frequency RF power sources independently of one 

another. Example low-frequency RF powers may include, but are not limited to, frequencies 

between 200 kHz and 2000 kHz. Example high-frequency RF powers may include, but are 
not limited to, frequencies between 13.56 MHz and 80 MHz. Likewise, RF power supply 

3688 and matching network 3690 may be operated at any suitable power to form plasma 

3692. Examples of suitable powers include, but are not limited to, powers between 250 W 

and 5000 W for a high-frequency plasma and powers between 0 W and 2500 W for a low-

frequency plasma for a four-station multi-process tool including four 15-inch showerheads, 

RF power supply 3688 may be operated at any suitable duty cycle. Examples of suitable duty 

cycles include, but are not limited to, duty cycles of between 5% and 90%. 
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[00173] Returning to FIG. 36, in some embodiments, holder 3680 may be temperature 

controlled via heater 3684. Further, in some embodiments, pressure control for process 

station 3600 may be provided by butterfly valve 3696 or by any other suitable pressure 

control device. As shown in FIG, 36, butterfly valve 3696 throttles a vacuum provided by a 

vacuum pump (not shown) fluidly coupled to process station exhaust line 3698. However, in 

some embodiments, pressure control of process station 3600 may also be adjusted by varying 

a flow rate of one or more gases introduced to process station 3600. 

[00174] It will be appreciated that control of one or more process parameters may be 

provided locally (e.g., RF power may be controlled by a plasma controller communicating 

with RF power supply 3688, process station pressure may be controlled by a valve controller 

communicating with butterfly valve 3696 or with gas metering valves or flow controllers 

included coupled with process gas delivery line 3674, etc.) or under partial or total control 

provided by a system controller (described in more detail below) communicating with 

process station 3600 without departing from the scope of the present disclosure. 

[00175] As described above, one or more PECVD process stations may be included in 

a multi-station processing tool. In some embodiments of a multi-station process tool, control 

and/or supply of various process inputs (e.g., process gases, plasma power, heater power, 

etc.) may be distributed from shared sources to a plurality of process stations included in the 

process tool. For example, in some embodiments, a shared plasma generator may supply 

plasma power to two or more process stations. In another example, a shared gas distribution 

manifold may supply process gases to two or more process stations. Some non-limiting 

example embodiments of multi-station processing tools are described below. 

[00176] FIG. 38 schematically shows an example process tool 3840, which includes a 

plurality of processing stations 3842 in a low-pressure environment. By maintaining each 

station in a low-pressure environment, defects caused by vacuum breaks between film 

deposition processes may be avoided. In the example shown in FIG. 25, each processing 

station 3842 is configured to deposit TEOS-based silicon dioxide films and silane-based 

silicon nitride films. Process gases for each processing station 3842 are supplied by a 

common mixing vessel 3844 for blending and/or conditioning process gases prior to delivery. 
In some embodiments, mixing vessel 3844 may be temperature controlled. Process gases may 

be supplied from a plurality of process gas manifolds, each of which may include any suitable 

process gas. For example, FIG. 38 depicts a manifold A including silane and nitrogen fluidly 

communicating with a silane delivery line 3845; a manifold B including ammonia and 



nitrogen fluidly communicating with an ammonia delivery line 3847; and a manifold C 

including oxygen, helium, and argon fluidly communicating with a TEOS delivery line 3848. 

However, it will be appreciated that other suitable arrangements are included within the scope 

of the present disclosure. In one non-limiting example, helium and/or argon are provided to 

each of manifolds A, B, and C. 

[00177] In the example shown in FIG. 38, TEOS is introduced into TEOS delivery line 

3848 fluidly communicating with manifold C at mixing point 3846. In some embodiments, 

liquid TEOS may be vaporized by optional vaporizer 3849 upstream of mixing point 3846. 

[00178] Deposition of each film type may occur by a process that may include one or 

more of the above-described phases suitably modified for in-situ deposition of TEOS-based 

silicon dioxide films and silane-based silicon nitride films. Because each processing station 

3842 is configured to provide each film type, additional purge and/or evacuation steps may 

be included within one or both processes to separate incompatible process gases. For 

example, in one scenario, residual oxygen adsorbed to plumbing surfaces may react with 

subsequently introduced silane to form fine silicon dioxide particulates. In another scenario, 

residual TEOS may react with subsequently introduced ammonia to form silicon oxynitride 

particulates. These particulates may be entrained during a gas flow event and may be 

distributed on the substrate surface as particle defects. One approach to addressing generation 

of such particles is by using one or more purge and/or evacuation cycles to displace 

incompatible process gases from surfaces and/or spaces shared by the process gases during 

transitions between deposition events. 

[00179] In some embodiments, separate mixing vessels may be employed, separating 

incompatible precursors and potentially reducing purging and/or evacuation times for 

portions of the process gas delivery plumbing. For example, FIG. 39 schematically shows an 

embodiment example process tool 3990, which includes a plurality of processing stations 

3992 in a low-pressure environment. 

[00180] Process gases may be supplied to process tool 3990 from a plurality of process 

gas manifolds, each of which may include any suitable process gas. For example, FIG. 39 

depicts a manifold A including silane and nitrogen fluidly communicating with process tool 

3990; a manifold B including ammonia and nitrogen fluidly communicating with process tool 

3990; and a manifold C including oxygen, helium, and argon fluidly communicating with 

process tool 3990. However, it will be appreciated that other suitable arrangements are 
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included within the scope of the present disclosure. In one non-limiting example, helium 

and/or argon are provided to each of manifolds A, B, and C. 

[00181] In the example shown in FIG. 39, process stations 3992 are configured to 

deposit TEOS-based silicon dioxide films and silane-based silicon nitride films. Oxide film 

reactants, shown in FIG. 39 as TEOS and oxygen, are delivered to each processing station 

3992 via an oxide system mixing vessel 3994. In the example shown in FIG. 39, liquid TEOS 

may be vaporized by optional vaporizer 3999 and mixed with oxygen supplied from manifold 

C at mixing point 3991. 

[00182] In some embodiments, oxide system mixing vessel 3994 may be heated to 

discourage condensation of TEOS vapor. Additionally or alternatively, in some 

embodiments, oxide system mixing vessel 3994 may be configured to be purged and/or 

evacuated. Such approaches may potentially reduce the formation of small silicon oxide 

particles within oxide system mixing vessel 3994 and/or other process gas plumbing. While 

FIG. 39 shows a single oxide system mixing vessel 3994, it will be appreciated that any 

suitable number of oxide system mixing vessels 3994 may be included within the scope of 

the present disclosure. For example, in some embodiments, two or more oxide system mixing 

vessels 3994 may be included; in some other embodiments, oxide system mixing vessel 3994 

may be omitted. Additionally or alternatively, in some embodiments, any suitable number or 

configuration of mixing device, either dynamic or static, may be included in oxide system 

mixing vessel 3994 or fluidly coupled therewith. 

[00183] Nitride film reactants, shown in FIG. 39 as silane and ammonia, are supplied 

via manifolds A and B, respectively, to each processing station 3992 via nitride system 

mixers 3995. In some embodiments, nitride system mixers 3995 may include dynamic or 

static mixing elements. In one non-limiting example, nitride system mixers 3995 may be 

static gas mixers including static, helically-shaped baffles. Additionally or alternatively, in 

some embodiments, nitride system mixers 3995 may include one or more heated mixing 

vessels. While FIG. 39 shows that process tool 3990 comprises two nitride system mixers 

3995 for mixing nitride film reactants, it will be appreciated that any suitable number of 
nitride system mixers 3995 may be employed within the scope of the present disclosure. In 

some examples, three or more nitride system mixers may be used; in some other examples, a 
single nitride system mixer 3995 may be used, or the nitride system mixer 3995 may be 

omitted. In some embodiments, one or more nitride system mixers 3995 may include a 
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mixing vessel. For example, in one scenario, one or more mixing vessels having no baffles 

may be substituted for one or more nitride system mixers 3995. 

[00184] In some embodiments, inert gases, such as argon, helium, and nitrogen, may 
be supplied to one or more process stations, providing purging, process gas dilution and/or 

pressure control capability. In the example shown in FIG. 39, argon is provided to each 

process station 3992 via two inert mixers 3996. However, it will be appreciated that, in some 

embodiments, any suitable number of inert mixers 3996 may be employed, or in the 

alternative, that inert mixers 3996 may be omitted. 

[00185] A plurality of valves 3998 for each process station 3992 isolate upstream 

portions of the oxide film gas delivery plumbing from the nitride film gas delivery plumbing 

from one another and from a process station feed 3997. This may prevent reactions between 

incompatible reactants. In some embodiments, the arrangement of valves 3998 may 

comparatively reduce a volume of process station feed 3997, further reducing potential 

reactions between incompatible reactants. 

[00186] While FIG. 39 depicts three valves 3998 and a single process station feed 3997 

serving each process station 3992, it will be appreciated that any suitable number of valves 

3998 and process station feeds 3997 may be employed. For example, in some embodiments, 

each process gas may have a separate process station feed 3997 serving each process station 

3992. 

[00187] Further, it will be appreciated that, in some embodiments, two or more valves 

3998 serving a common process station 3992 may be logically tied together via any suitable 

method (e.g., via electronic or pneumatic approaches) to act as a virtual single valve. For 

example, one or more sets of three valves 3998 serving an associated process station 3992 

may be operated by a process station controller (not shown) as a virtual three-way valve. This 

may provide a measure of process defect control, preventing concurrent supply of 

incompatible gases. Alternatively, in some embodiments, any suitable number of valves 3998 

may be physically united within a common valve assembly, such as an actual three-way 

valve. While not shown in FIG. 39, it will be appreciated that any suitable number of 

additional manually- or programmatically-controlled valves may be included within the scope 

of the present disclosure. Such valves may provide additional process control capability, leak-

check capability, etc. 
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[00188] Deposition of each film type may occur by a process that may include one or 

more of the above-described phases suitably modified for in-situ deposition of TEOS-based 

silicon dioxide films and silane-based silicon nitride films. Because each process station 3992 

is configured to provide each film type, additional purge and/or evacuation steps may be 

included within one or both processes to separate incompatible process gases. For example, 

in one scenario, residual oxygen adsorbed to plumbing surfaces may react with subsequently 

introduced silane to form fine silicon dioxide particulates. In another scenario, residual TEOS 

may react with subsequently introduced ammonia to form silicon oxynitride particulates. 

These particulates may be entrained during a gas flow event and may be distributed on the 

substrate surface as particle defects. One approach to addressing generation of such particles 

is by using one or more purge and/or evacuation cycles to displace incompatible process 

gases from surfaces and/or spaces shared by the process gases during transitions between 

deposition events. 

[00189] In the example shown in FIG. 39, each processing station 3992 is configured 

to deposit TEOS-based silicon dioxide films and silane-based silicon nitride films. However, 

it will be appreciated that any suitable number of process stations 3992 may be "hard" 

dedicated to depositing either film via appropriate physical isolation of process gases, or, that 

any suitable number of process stations 3992 may be "soft" dedicated to depositing either 

film via process recipe, temporary physical isolation of process gases, or software-based 

isolation of process gases. 

[00190] For example, in some embodiments, particle generation caused by 

incompatible process gases may be addressed by segregating TEOS-based silicon dioxide 

deposition process hardware from silane-based silicon nitride deposition process hardware on 

a common process tool. For example, FIG. 40 schematically shows a process tool 4050 

having a plurality of silicon nitride process stations 4052 and a plurality of silicon oxide 

process stations 4054. Process tool 4050 includes three gas manifolds. Manifold A is supplied 

with silane and nitrogen. Manifold B is supplied with nitrogen, ammonia, nitrogen trifluoride 

(NF3), which may be used to provide in-situ process station cleaning capability), and nitrous 

oxide. In the embodiment shown in FIG. 40, manifolds A and B are plumbed to a common 

mixing vessel 4056. However, in some embodiments, mixing vessel 4056 may be omitted, 

and manifolds A and B may be plumbed directly to each processing station 4052. Manifold C 

is supplied with argon, helium, nitrogen, and oxygen, which are routed via a delivery line to 

mixing vessel 4058. TEOS vapor, which may be generated at optional vaporizer 4059, is 

60 



blended with oxygen in a delivery line fluidly communicating with manifold C at mixing 

point 4057 and routed to mixing vessel 4058. 

[00191] By segregating the silicon dioxide and the silicon nitride deposition processes 

to independent processing stations having independent process gas delivery systems, purge 

and/or evacuation tunes at each processing station may be reduced, which may reduce an 

overall cycle time for the processing tool. For example, in one process recipe, a film stack of 

alternating silicon dioxide and silicon nitride films may be deposited by deposition of a 

silicon dioxide layer in either of the silicon oxide process stations 4054, followed by moving 

the substrate, such as by a substrate transfer system, to a silicon nitride process station 4052 

for deposition of a silicon nitride layer. Thus, an alternating film stack may be built up by an 

appropriate number of substrate transfer operations between process stations 4052 and 4054. 

[00192] FIG. 41 schematically shows an example process tool 4160, which includes a 

plurality of processing stations 4162 in a low-pressure environment. Each processing station 
4162 is configured to deposit N2O and TEOS-based silicon dioxide and silane-based silicon 

nitride. Each processing station 4162 is supplied by a common mixing vessel 4164 for 

blending and/or conditioning process gases prior to delivery to each processing station 4162. 

[00193] FIG. 42 shows a schematic view of an embodiment of another multi-station 

processing tool 4200 with an inbound load lock 4202 and an outbound load lock 4204. A 

robot 4206, at atmospheric pressure, is configured to move substrates from a cassette loaded 

through a pod 4208 into inbound load lock 4202 via an atmospheric port 4210. Inbound load 

lock 4202 is coupled to a vacuum source (not shown) so that, when atmospheric port 4210 is 

closed, inbound load lock 4202 may be pumped down. Inbound load lock 4202 also includes 

a chamber transport port 4216 interfaced with processing chamber 4214. Thus, when 

chamber transport 4216 is opened, another robot (not shown) may move the substrate from 

inbound load lock 4202 to a pedestal of a first process station for processing. 

[00194] In some embodiments, inbound load lock 4202 may be connected to a remote 

plasma source (not shown) configured to supply a plasma to load lock. This may provide 

remote plasma treatments to a substrate positioned in inbound load lock 4202. Additionally or 

alternatively, in some embodiments, inbound load lock 4202 may include a heater (not 

shown) configured to heat a substrate. This may remove moisture and gases adsorbed on a 

substrate positioned in inbound load lock 4202. While the embodiment depicted in FIG. 42 

61 



includes load locks, it will be appreciated that, in some embodiments, direct entry of a 

substrate into a process station may be provided. 

[00195] The depicted processing chamber 4214 comprises four process stations, 

numbered from 1 to 4 in the embodiment shown in FIG. 42. In some embodiments, 

processing chamber 4214 may be configured to maintain a low pressure environment so that 

substrates may be transferred among the process stations without experiencing a vacuum 

break and/or air exposure. Each process station depicted in FIG. 42 includes a process station 

substrate holder (shown at 4218 for station 1) and process gas delivery line inlets. In some 

embodiments, one or more process station substrate holders 4218 may be heated. 

[00196] In some embodiments, each process station may have different or multiple 

purposes. For example, a process station may be switchable between an ultra-smooth PECVD 

process mode and a conventional PECVD or CVD mode. Additionally or alternatively, in 

some embodiments, processing chamber 4214 may include one or more matched pairs of 

ultra-smooth PECVD and conventional PECVD stations (e.g., a pair including an ultra-

smooth PECVD SiC>2 station and a conventional PECVD SiN station). In another example, a 

process station may be switchable between two or more film types, so that stacks of different 

film types may be deposited in the same process chamber. 

[00197] While the depicted processing chamber 4214 comprises four stations, it will be 

understood that a processing chamber according to the present disclosure may have any 

suitable number of stations. For example, in some embodiments, a processing chamber may 

have five or more stations, while in other embodiments a processing chamber may have three 

or fewer stations. 

[00198] FIG. 42 also depicts an embodiment of a substrate handling system 4290 for 

transferring substrates within processing chamber 4214. In some embodiments, substrate 

handling system 4290 may be configured to transfer substrates between various process 

stations and/or between a process station and a load lock. It will be appreciated that any 

suitable substrate handling system may be employed. Non-limiting examples include 

substrate carousels and substrate handling robots. 

[00199] It will be appreciated that, in some embodiments, a low-pressure transfer 

chamber may be included in a multi-station processing tool to facilitate transfer between a 

plurality of processing chambers. For example, FIG. 43 schematically shows another 
embodiment of a multi-station processing tool 4300. In the embodiment shown in FIG. 43, 
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multi-station processing tool 4300 includes a plurality of processing chambers 4214 including 

a plurality of process stations (numbered 1 through 4). Processing chambers 4214 are 

interfaced with a low-pressure transport chamber 4304 including a robot 4306 configured to 

transport substrates between processing chambers 4214 and load lock 4308. An atmospheric 

substrate transfer module 4310, including an atmospheric robot 4312, is configured to 

facilitate transfer of substrates between load lock 4308 and pod 4208. 

[00200] Turning back to FIG. 42, multi-station processing tool 4200 also includes an 

embodiment of a system controller 4250 employed to control process conditions and 

hardware states of processing tool 4200. For example, in some embodiments, system 

controller 4250 may control one or more process parameters during an ultra-smooth PECVD 
film deposition phase to control an absolute roughness of the film surface. While not shown 

in FIG. 43, it will be appreciated that the embodiment of multi-station processing tool 4300 

may include a suitable system controller like the embodiment of system controller 4250 

shown in FIG. 42. 

[00201] System controller 4250 may include one or more memory devices 4256, one 

or more mass storage devices 4254, and one or more processors 4252. Processor 4252 may 

include a CPU or computer, analog and/or digital input/output connections, stepper motor 

controller boards, etc. 

[00202] In some embodiments, system controller 4250 controls all of the activities of 

processing tool 4200. System controller 4250 executes machine-readable system control 

software 4258 stored in mass storage device 4254, loaded into memory device 4256, and 

executed on processor 4252. System control software 4258 may include instructions for 

controlling the timing, mixture of gases, chamber and/or station pressure, chamber and/or 

station temperature, substrate temperature, target power levels, RF power levels, substrate 

pedestal, chuck and/or susceptor position, and other parameters of a particular process 

performed by processing tool 4200. System control software 4258 may be configured in any 
suitable way. For example, various process tool component subroutines or control objects 

may be written to control operation of the process tool components for performing various 

process tool processes. System control software 4258 may be coded in any suitable computer 

readable programming language. 

[00203] In some embodiments, system control software 4258 may include input/output 

control (IOC) sequencing instructions for controlling the various parameters described above. 
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For example, each phase of an ultra-smooth PECVD process may include one or more 

instructions for execution by system controller 4250. The instructions for setting process 

conditions for an ultra-smooth PECVD process phase may be included in a corresponding 

ultra-smooth PECVD recipe phase. In some embodiments, the ultra-smooth PECVD recipe 

phases may be sequentially arranged, so that all instructions for an ultra-smooth PECVD 

process phase are executed concurrently with that process phase. 

[00204] Other computer software and/or programs stored on mass storage device 4254 

and/or memory device 4256 associated with system controller 4250 may be employed in 

some embodiments. Examples of programs or sections of programs for this purpose include a 

substrate positioning program, a process gas control program, a pressure control program, a 

heater control program, and a plasma control program. 

[00205] A substrate positioning program may include program code for process tool 

components that are used to load the substrate onto process station substrate holder 4218 and 

to control the spacing between the substrate and other parts of processing tool 4200. 

[00206] 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 

program may include code for controlling the pressure in the process station by regulating, 

for example, a throttle valve in the exhaust system of the process station, a gas flow into the 

process station, etc. 

[00207] A heater control program may include code for controlling the current to a 

heating unit that is used to heat the substrate. Alternatively, the heater control program may 

control delivery of a heat transfer gas (such as helium) to the substrate. 

[00208] A plasma control program may include code for setting RF power levels 

applied to the process electrodes in one or more process stations. 

[00209] In some embodiments, there may be a user interface associated with system 

controller 4250. The user interface may include 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. 

[00210] In some embodiments, parameters adjusted by system controller 4250 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, 
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temperature, etc. These parameters may be provided to the user in the form of a recipe, which 

may be entered utilizing the user interface. 

[00211] Signals for monitoring the process may be provided by analog and/or digital 

input connections of system controller 4250 from various process tool sensors. The signals 

for controlling the process may be output on the analog and digital output connections of 

processing tool 4200. Non-limiting examples of process tool sensors that may be monitored 

include mass flow controllers, pressure sensors (such as manometers), thermocouples, etc. 

Appropriately programmed feedback and control algorithms may be used with data from 

these sensors to maintain process conditions. 

[00212] System controller 4250 may provide program instructions for implementing 

the above-described deposition processes. The program instructions may control a variety of 

process parameters, such as DC power level, RF bias power level, pressure, temperature, etc. 

The instructions may control the parameters to operate in-situ deposition of film stacks 

according to various embodiments described herein. 

[00213] The various hardware and method embodiments described above may be used 

in conjunction with lithographic patterning tools or processes, for example, for the fabrication 

or manufacture of semiconductor devices, displays, LEDs, photovoltaic panels and the like. 

Typically, though not necessarily, such tools/processes will be used or conducted together in 

a common fabrication facility. 

[00214] Lithographic patterning of a film typically comprises some or all of the 

following steps, each step enabled with a number of possible tools: (1) application of 

photoresist on a workpiece, i.e. substrate, using a spin-on or spray-on tool; (2) curing of 

photoresist using a hot plate or furnace or other suitable curing tool; (3) exposing the 

photoresist to visible or UV or x-ray light with a tool such as a wafer stepper; (4) developing 

the resist so as to selectively remove resist and thereby pattern it using a tool such as a wet 

bench or a spray developer; (5) transferring the resist pattern into an underlying film or 

workpiece by using a dry or plasma-assisted etching tool; and (6) removing the resist using a 

tool such as an RF or microwave plasma resist stripper. In some embodiments, an ashable 

hard mask layer (such as an amorphous carbon layer) and another suitable hard mask layer 

(such as an antireflective layer) may be deposited prior to applying the photoresist. 

[00215] It is to be understood that the configurations and/or approaches described 

herein are exemplary in nature, and that these specific embodiments or examples are not to be 
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considered in a limiting sense, because numerous variations are possible. The specific 

routines or methods described herein may represent one or more of any number of processing 

strategies. As such, various acts illustrated may be performed in the sequence illustrated, in 

other sequences, in parallel, or in some cases omitted, Likewise, the order of the above-

described processes may be changed. 

[00216J The subject matter of the present disclosure includes all novel and nonobvious 

combinations and subcombinations of the various processes, systems and configurations, and 

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

equivalents thereof. 
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CLAIMS: 
MCSLLP 

1. A method for depositing, on a substrate, a film stack including films of different 

compositions in-situ in a process station using a plasma, the method comprising: 

in a first plasma-activated film deposition phase, depositing a first layer of film 

having a first film composition on the substrate; 

in a second plasma-activated deposition phase, depositing a second layer of film 

having a second film composition on the first layer of film; and 

sustaining the plasma while transitioning a composition of the plasma from a first 

plasma composition of the first plasma-activated film deposition phase to a second 

plasma composition of the second plasma-activated film deposition phase, wherein the 

first and second plasma compositions are formed using different reactant gases. 

2. The method of claim 1, wherein sustaining the plasma includes maintaining a 

constant plasma volume. 

3. The method of claim 1, wherein sustaining the plasma includes maintaining a 

constant delivered power to the plasma. 

4. The method of claim 1, further comprising: 

applying a photoresist to the substrate; 

exposing the photoresist to light; 

patterning the resist with a pattern and transferring the pattern from the resist to 

the substrate; and 

selectively removing the photoresist from the substrate. 
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5. The method of claim 1, wherein the first film layer includes one of a silicon oxide 

film and a silicon oxynitride film. 

6. The method of claim 5, wherein the second film layer includes one of a silicon 

nitride film, a polycrystalline silicon film, a doped polycrystalline silicon film, and an 

amorphous silicon film. 

7. The method of claim 1, further comprising purging incompatible reactant gases 

from the process station while transitioning from the first plasma-activated film 

deposition phase to the second plasma-activated film deposition phase. 

8. The method of claim 1, further comprising purging incompatible reactant gases 

from shared portions of a reactant delivery line of the process station. 

9. The method of claim 1, further comprising varying a low-frequency plasma source 

power and a high-frequency plasma source power during the transition, the low-frequency 

plasma source power being varied by a proportionally greater amount than the high-

frequency plasma source power. 

10. A plasma-enhanced chemical vapor deposition apparatus configured to deposit a 

plurality of film layers on a substrate without exposing the substrate to a vacuum break 

between film deposition phases, the apparatus comprising: 

a process station; 
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a reactant feed fluidly coupled to the process station, the reactant feed configured 

to supply a particular reactant gas mixture to the process station during a particular film 

deposition phase; 

a plasma source configured to supply a plasma to the process station; and 

a controller configured to control the plasma source to: 

generate reactant radicals using the particular reactant gas mixture during 

the particular deposition phase, and 

sustain the plasma during a transition from the particular reactant gas 

mixture supplied during the particular deposition phase to a different reactant gas mixture 

supplied during a different deposition phase. 

11. The apparatus of claim 10, wherein the plasma source is further configured to 

sustain the plasma by controlling one or more of a process station pressure, a reactant gas 

concentration, an inert gas concentration, a plasma source power, a plasma source 

frequency, and a plasma power pulse timing. 

12. The apparatus of claim 10, wherein the plasma source is further configured to 

control the plasma source at a constant power during the transition. 

13. The apparatus of claim 10, wherein, during the transition, the plasma source is 

further configured to vary a low-frequency plasma source power by a proportionally 

greater amount than a power variation in a high-frequency plasma source power. 

14. The apparatus of claim 10, further comprising a showerhead, wherein the reactant 

feed is one of a plurality of reactant feeds, and wherein the showerhead includes a 

plurality of segregated gas plenums, each gas plenum being coupled to a respective 
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reactant feed of the plurality of reactant feeds so that two or more incompatible process 

gases are segregated from one another in the showerhead. 

15. The apparatus of claim 10, wherein the process station is one of a plurality of 

process stations included within the apparatus, each process station fluidly coupled to a 

shared mixing volume via the reactant feed, the shared mixing volume configured to 

generate the particular reactant gas mixture from a plurality of reactant gas sources. 

16. The apparatus of claim 10, further comprising another process station fluidly 

coupled to another reactant feed, wherein the reactant feeds are fluidly isolated from each 

other, wherein each process station is fluidly coupled to a separate mixing volume via the 

respective reactant feeds, each mixing volume fluidly connected to one or more reactant 

gas sources, the one or more reactant gas sources of each mixing volume being separated 

from one another. 

17. A system comprising the apparatus of claim 10 and a stepper tool. 
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