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METHODS FOR IN-SITU GENERATION OF REACTIVE ETCH AND GROWTH
SPECIE IN FILM FORMATION PROCESSES

BACKGROUND
[0001]Embodiments of the present invention pertain to the formation of reactive etch
and growth specie and the modulation of etch and deposition reactions on a substrate.
[0002]Films formed on substrates such as semiconductor wafers, including but not
limited to Si, SiGe, ‘SiC and SiGeC, in both their doped and undoped forms, are used in
the manufacture of advanced electronic components. Such films exhibit various
properties, such as morphology and doping concentrations, which must be controlled to
within certain tolerances. The advances exhibited in electronics over the past few
decades are the resuit of the ability of semiconductor foundries to increase circuit
pattern densities. As these pattern densities increase, the tolerances for the thin films
required to make the circuits become increasingly strict. Therefore, careful control of
the formation of thin films and the resultant properties of such films are important for
continued advances in electronics.
[0003]For a variety of thermal film deposition processes performed in reaction
chambers, for example, epitaxial (blanket and selective deposition), silicon films
(including films doped with germanium, carbon, etc.), polysilicon/amorphous films, and
associated dielectric films (e.g., silicon dioxide, silicon nitride, carbon doped silicon
glass, silicon carbide etc.), hydrogen-containing gas and silicon-containing precursors
are used during deposition or film growth. For selective deposition, film growth occurs
simultaneously or alternately with etching, so that a net difference in deposition/growth
rate is achieved on various surfaces present on a typical semiconductor wafer. Here,
the hydrogen gas and silicon-containing precursors are used along with etch chemicals
either in a co-flow mode (certain selective film depositions where deposition and etch
gases are simultaneously used, e.g., SiH,Cl; + HCI + Hy), or an alternating mode
(where deposition occurs in one step (e.g. using Si;Hg + Hy) followed by etch (e.g.
using Cl;) and these steps could aiternate any number of times to reach a desired
thickness. In between or after blanket/selective epitaxial or polysilicon or amorphous Si
deposition, in-situ chamber cleans present additional instances when etch chemicals

are used.
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[0004] Currently, mostly conventional chemicals are used for etching silicon, for
example, HCI, Cl,, HF, HBr, etc. In some processes, the etch chemicals, which are
typically oxidizing in nature, and the deposition process gases, which typically contain
silicon, hydrogen and a carrier gas (typically hydrogen), cannot be used together, or are
“incompatible,” except under limited conditions due to safety considerations arising from
exothermic spontaneous reactions between these chemicals (e.g. Hz + Cl). Control of
reactions between these incompatible chemicals also tends to be difficult. In addition,
abatement of some etch chemicals, for example, fluorine, chlorine, bromine, etc., can
be challenging with many commercially available systems unable to fully decompose or
abate these chemicals.

[0005] Selective film deposition processes tend to suffer from poor growth rates at lower
temperatures because both deposition and etch chemistries lose their efficiency as
temperature drops. Low temperature (e.g., less than about 700°C) selective chemical
vapor deposition requires activated chemical intermediates that are produced and
effectively participate in the low temperature simultaneous processes of deposition and
etching. Preferred SiCly growth species for selective film depositions are not produced
from readily available gas precursors (e.g., dichlorosilane, hexachlorodisilane, etc.) at
low temperatures. Although mixing Cl; and hydrogenated silicon gas precursors (e.g.,
silane and higher order silanes such as disilane, trisilane, pentasilane, etc.) forms SiCly
intermediates by spontaneous reaction, the intermediates produced by the mixing is
typically ineffective for the deposition. While stronger etchants and deposition
chemicals can be used as temperature is lowered, reactivity of these chemicals is
difficult to control even at reduced temperatures, resulting in vastly different growth and
etch attributes.

[0006] To achieve selectivity when a more reactive deposition precursor is utilized to
enable depositions at lower temperatures, etch and deposition conditions over the
entire wafer surface should therefore be accurately modulated. Problems can occur
due to over-etching or under-etching that will resuit in loss of selectivity resulting in
subsequent deposition on unwanted areas. Etch reaction is controlled mainly by
etchant concentration and temperature, or a combination of both. In many applications,
it is less desirable to control etch reactions with temperature, and increasing or

decreasing etch species concentration may either result in over-etching, under-etching,
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or severe wafer-level non-uniformity in addition to negative effects on overall
productivity.

[0007] Accordingly, it would be desirable to provide processes and apparatus that can
safely react strong etch chemicals with hydrogen and silicon-containing gases and to
make beneficial use of products of these reactions for film growth and etching. It would
also be desirable to provide alternate processes for deposition and etching and
controlling such reactions in chambers used for film formation on substrates.
SUMMARY

[0008] Embodiments of the invention relate to methods of processing a wafer during a
film-forming process in a reaction chamber. The methods involve delivering
spontaneously reactive chemicals, typically gases, adjacent the wafer surface under
conditions to form metastable specie adjacent the wafer surface. The metastable
specie can be used for film formation, etching or selective deposition of films.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]FIG. 1 shows a schematic view of an individual CENTURA® reduced pressure
CVD apparatus used in accordance with embodiments of the present invention; and
[0010]FIGS. 2a-2e show cross-sections of manifolds that can be used with the
apparatus of FIG. 1 according to embodiments of the invention.

DETAILED DESCRIPTION

[0011]Before describing several exemplary embodiments of the invention, it is to be
understood that the invention is not limited to the details of construction or process
steps set forth in the following description. The invention is capable of other
embodiments and of being practiced or being carried out in various ways.

[0012] Aspects of the present invention provide methods for forming thin films on a
substrate. Other aspects relate to etching at least a portion of a substrate or film on a
substrate. One or more embodiments provide strategic injection of spontaneously
reactive reactants and reaction of the reactants adjacent to or in close proximity to the
silicon wafer at the moment of process conditions such as pressure or temperature
appropriate for deposition or etching. Novel processes for forming metastable specie in
a reaction chamber are described herein to improve the manufacturing of advanced

electronics, such as transistors.
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[0013]According to one or more embodiments of the invention, reactive etch and
growth specie can be formed by controlling the reaction conditions between the etch
chemical and either or both hydrogen and silicon-source gases, enabled by key
essential designs and appropriate safety interlocks for the apparatus. Examples of
safety interlocks include separate injection of the reactants and/or mixing only at a low
pressure region of the apparatus. By controlling the reactions and providing such
reactor features and interlocks, incompatible chemicals can be combined inside the
reaction chamber and put to beneficial use. In certain embodiments, the combination of
these chemicals results in the formation of metastable specie that may or may not be
more reactive than the molecular versions of the species themselves, but are
specifically desired for the growth or etch attributes they effect. These metastable
species are short-lived, and by forming these species in the reaction chamber adjacent
the wafer surface, they can be utilized as further described herein.

[0014]In addition, due to higher reactivity of the environment in the reaction chamber
and the intense reaction produced according to one or more embodiments, almost
complete conversion of highly oxidizing chemicals to a more benign product of reaction
occurs. This, in turn, eases the strict requirements for abatement and results in a
process that is more environmentally acceptable.

[0015] As will be appreciated by the skilled artisan, according to existing processes, a
higher quantity of etch gas and long etch times are typically required during chamber
cleans (especially for thermal in-situ chamber cleaning processes) due to the relatively
low reactivity of certain molecular forms of etch species used in the process. - For
example, HCl-based thermal cleaning processes require several standard liters per
cleaning event. Present thermal cleaning processes that rely on traditional molecular
chemistry require higher temperatures. An alternative is to use much stronger etch
chemicals, (e.g., Cl;), however, a drawback of using stronger etch chemicals is reduced
lifetime of reactor parts unless the etching power is controlled. According to
embodiments of the present invention, in-situ combinations of hydrogen and such
strong etch chemicals enables faster but controlled etch processes. Such processes
will reduce the use of large amounts of the traditional less-reactive etchants and
consequently reduce abatement and environmental issues, while possibly maintaining

longer lifetime of reactor parts.
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[0016]According to one or more embodiments of the present invention, thermal etch
and film formation reactions can be modified in-situ by combining the aforementioned
etch chemicals along with hydrogen gas and/or silicon-containing gas. As described
above, by combining hydrogen and/or silicon-containing gas and the etch chemicals,
certain metastable specie are formed that are more desirable than those produced from
the separate molecular versions of the species themselves. Using such reactions can
provide a great deal of flexibility in dealing with the normal trade-offs associated with
deposition of complex films such as selective silicon containing films. For example,
certain silicon source chemicals that permit high growth rates at required lower
temperatures compromise film attributes such as conformality, morphology, and
uniformity. By reacting these silicon-containing gases with etch chemicals in-situ,
process windows for simultaneous high growth rate and good film attributes can be
obtained.

[0017] For purposes of the following disclosure, a film formation process spans the
entire period of time, termed the processing period, between the insertion of a substrate
into a processing chamber, and the extraction of the substrate from the processing.
chamber. A single process may incorporate one or more steps; for example, a process
may include a pre-clean/surface conditioning step, a film deposition step, and a cool-
down step. The invention may be applied, for example, to epitaxial and
polysilicon/amorphous film deposition processes, such as Si, SiGe, SiC (carbon doped
silicon) and SiGeC (in doped or undoped forms), and may be broadly applied to other
processes.

[0018] The growth and etch processes described herein can be carried out in a
CENTURA® Reduced Pressure CVD System, available from Applied Materials, Inc., of
Santa Clara, California. The CENTURA® system is a fully automated semiconductor
fabrication system, employing a single wafer, multi-chamber, modular design, which
accommodates a wide variety of wafer sizes. In addition to the CVD chamber, the
multiple chambers may include a pre-clean chamber, wafer orienter chamber, cooldown
chamber, and independently operated loadlock chamber. Although the CVD chamber
presented herein is shown in schematic in FIG. 1, any of the CVD chambers available
in the industry should be able to take advantage of the deposition, growth, modulation

and etch chemistries described herein, with some adjustment to other process
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parameters. The equipment shown in the schematic of FIG. 1 is described in more
detail in U.S. Pat. No. 5,108,792 to Anderson et al., the entire contents of which are
incorporated herein by this reference. The apparatus 10 includes a housing 20 that
encloses a deposition chamber 22 having a surrounding wall 23 that defines a
deposition zone 24. A holder 26 within the deposition chamber 22 can hold a substrate
28 in the deposition zone 24. The holder 26 optionally comprises a drive assembly 29
that is provided for rotating the substrate 28 to enhance the uniformity of the deposited
film. An inlet gas conduit 30 provides process gas to the deposition zone 24, and an
exhaust gas conduit 32 exhausts process gas byproducts from the deposition zone 24.
[0019] A heater 40 in the housing 20 is provided for heating the substrate 28 held by the
substrate holder 26. The heater 40 radiantly heats the deposition zone 24 through
upper and lower quartz domes 41, and is preferably a symmetrical heater of the type
described in U.S. Pat. No. 5,179,677, to Anderson et al., which is incorporated herein
by reference.

[0020] The gas exhaust conduit 32 preferably comprises an exhaust manifold 70 that
connects an exhaust line 72 to the deposition chamber 22. The exhaust line 72 has an
isolation valve 74 and a pressure control valve 76 therein.

[0021]According to one embodiment of the present invention, incompatible or
spontaneously reactive gases (for example, a strong etch gas such as Cl, and a silicon
hydride) are intentionally chosen and isolated from each other and then separately
introduced into the reaction chamber to generate active but short-lived chemical
intermediates in close proximity to the wafer surface. Isolation of the reactants in
separate delivery conduits prevents early formation and deactivation of the chemical
intermediates by pre-mature recombination and undesired side reactions. Specific
spatial and temporal injection of the reactants into the reactor, which can be performed
simultaneously or alternately, initiates the reactions only at the position adjacent or
above the wafer. The time and conditions appropriate for particular deposition and etch
processes can be controlled as well.

[0022] Suitable apparatus for the implementation of the above mentioned embodiments
are described in U.S. Pat. No. 5,482,739 and U.S. Pat. No. 6,159,866, the entire
contents of both of which are incorporated herein by reference. Referring now to Figure

2a, the gas inlet conduit preferably comprises a dedicated etchant gas feed line 30a
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and a separate hydrogen and silicon containing gas feed line 30b. The feed lines 30a
and 30b are joined in an inlet gas manifold 60 which combines the gases adjacent the
deposition zone 24. Combining the gases adjacent the deposition zone 24 limits the
premature reaction of the incompatible reactive gases. Further non-limiting examples
of preferred gas inlets to enable reaction of incompatible gases only at the deposition
zone are shown in Figures 2b-2e.

[0023] Non-limiting examples of known CVD film types and suitable deposition and etch
chemistries for selective CVD are listed in Table 1 below. As embodiments of the
present invention, some of the deposition and etch chemistries are incompatible but are

intentionally chosen to mix but only near the vicinity of the wafer.

TABLE |
Selective Deposition and Etch Chemistries
CVD Film
Epi & Poly SiGe | Hz,N2,SiHa, SizHg, SizHs, HCI,HBr,Cl; , NF3, F3
SiH.Clp, Si;Clg, SisHs2 ,
GeHy4, GeCly
Epi & Poly Silicon | Hz,N2,SiHy4, SioHs, SizHsg, HCI, HBr, Cl,, NF3, F3

SiH2C|2, SizClg, SisH12
Epi & Poly Hz,Ng,SiH4, SizHe, Si3Hg, HCI,HBT,Clz,CH3C| , CC|4 , NF3, F2 ,

SiGe,Cy SiH,Cly, SixClg, SisH12 , CF4
GeHs, GeCly, SiCHs,
SiCsH1o
Epi & Poly SiCy | Hz,N2,SiH4, SizHs, SizsHg, HCI,HBr,Cl2,CH3CI, CCls, NF3, F2 |
SiHyCly, SixCls, SisH12 , CF4 |

SiCHg, SiC3Hqo

[0024] Specifically, embodiments of the invention pertain to methods and apparatus
used to combine or react a hydrogen-containing and/or silicon-containing gas with
strong oxidizing or etch chemicals such as chlorine, bromine, fluorine, or iodine in a
single-wafer lamp-heated thermal reaction chamber, such as those described in Figure
1. For example, the reaction of Cl; + SiH4 produces short-lived SiCl, and HCI at excited

states. Such methods and reaction chambers can be used for a variety of film
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formation processes, for example for silicon-containing, germanium-containing, or
carbon-containing (or combinations thereof) film depositions or in-situ thermal chamber
cleaning following such processes. These films can be doped or undoped with either
boron, arsenic, phosphorus or other relevant p or n type dopants, which are
technologically important for the formation of advanced devices.

[0025]In one or more embodiments, a hydrogen-containing gas (either as an
independent source gas or as a carrier gas carrying certain precursor compounds) is
simultaneously injected into the reaction chamber with molecular etch chemicals (such
as Cly, F, Bry, or |) under controlled conditions to form a metastable specie adjacent
the wafer surface. A variety of metastable species can be produced that vary greatly in
reaction pathways for growth and etching. For example, according to an embodiment
of the invention, a hydrogen-containing gas is combined with chlorine adjacent the
wafer surface above 200° C and at reduced pressures (for example, below 200 Torr)
and in varying compositions (0% hydrogen to 100% hydrogen with chiorine comprising
the rest of the mixture) to form metastable species which could be used for a variety of
processes, such as deposition and etching. -

[0026] The reaction of the hydrogen-containing gas and the etch gas is initiated or
catalyzed at low pressures by heating the wafer to a temperature sufficient to cause a
reaction to form the metastable specie. Because the heated wafer is used as the
initiation ‘source for the reaction, the metastable specie reaction is made to occur only
at low pressures and in close proximity to the wafer surface. Reactant gas
concentrations and partial pressures are controlled so as to prevent spontaneous and
complete reaction within the chamber. By keeping the chamber partial pressure of the
reactant gas mixture at less than or equal to a predetermined value during the reaction,
any reactant gas concentration may be utilized to form the metastable specie for film
growth and etch on the wafer prior to complete undesired recombination.

[0027]In embodiments specifically directed to processes involving etching with the
metastable species, at least two approaches can be used to modulate etch
concentration. According to one embodiment, the relative composition of hydrogen and
etch gas, such as chlorine, is adjusted. In another embodiment, the composition can

be diluted by injecting additional inert gases, for example, nitrogen or argon, to control
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the etch process. Additionally, process pressure and flow rates can be changed to
allow for further tunability.

[0028] Figure 3 shows the effect of adjusting the ratio of process gases and the effect
on silicon deposition rate. Figure 3 is a graph of the normalized' silicon deposition rate
for six different process conditions. Each of the data points in Figure 3 were generated
in an Applied Materials Epi RP Centura® reactor using normal deposition conditions for
the deposition of a silicon film, except as specified below for each data point. For each
data point, the ratio and/or composition of the process gas was adjusted to determine
the effect on deposition rate. For data points 1-4 in Fig. 3, the deposition was
conducted using a hydrogen carrier gas at a temperature of about 620° C, a pressure of
10 Torr. The silicon source gas was the same for each data point. For data point 1, the
hydrogen to chiorine to silicon flow ratio as 15.4 to 0 to 0.0025. For data point 2, the
chlorine and hydrogen gas were introduced adjacent the substrate to etch the film
formed using the conditions in data point 1. For data point 2, the flow ratio of hydrogen
to chlorine to silicon source gas during etching was 15 to 0.01 to 0. In condition 3,
chlorine and nitrogen were used to etch a film formed using process conditions in
accordance with data point 1. In data point 3, the hydrogen to chlorine to silicon gas
ratio was 0 to 0.01 to 0. In condition 4, chlorine was flowed with the deposition gases
flowed in accordance with data point 1. The ratio of hydrogen to chlorine to silicon
source gas in data point 4 was 15.4 to 0.01 to 0.0025.

[0029] For data points 5 and 6, deposition was conducted in a nitrogen carrier gas at a
temperature of 570° C and a pressure of 10 Torr. For data point 5, a silicon film was
deposited flowing hydrogen to chlorine to silicon source gases at a flow ratio of 0.4 to 0
to 0.0025. In data point 6, chlorine was co-flowed with the deposition gases used to
generate data point 5 at a flow ratio of hydrogen to chiorine to silicon source gas of 0.4
to 0.015 to 0.0025. Of course, the skilled artisan will readily realize that these data
points are merely exemplary and that a wider range of flow ratios, temperatures,
pressures and other variants are within the scope of the invention. The data shown in
Figure 3 illustrates the effect of varying the flow ratios of process gases on deposition
rate for silicon.

[0030]Reactions between otherwise incompatible chemicals can be controlled in a
single-wafer lamp-heated thermal reaction chamber, where the interior surface
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temperature and wafer temperature can be subject to rapid modulation. Such single-
wafer reactors where gases are fed into the reactor under cold conditions so that the
temperature is not sufficient to crack or decompose the feed gases provide flexibility in
that metastable species can be created inside the reactor adjacent to or at the wafer
surface. Thus, the metastable specie generation reaction of the present invention is
said to be "surface catalyzed" because the heated surface of the wafer is necessary for
the reaction to occur, however, it is not consumed in the reaction which forms the
metastable specie.

[0031] Furthermore, in a rapidly heated reactor that utilizes lamps for heating, the
reactions to form the metastable specie can be controlled quickly by ramping up or
down the wafer temperature and other heated surfaces in the reactor such as
susceptors, liners or domes. This offers a convenient way to modulate the intensity as
well as the beginning and end of these reactions. Lamp heating also offers additional
energy to modulate these reactions, some of which are photosensitive in addition to
thermal energy provided by the lamps. Lamp radiation can be supplied by a wide
variety of lamps ranging from ultraviolet (UV or VUV range 100-400nm wavelength) as
well as infra-red lamps. UV radiation offers the additional advantage in that molecular
etch chemistries can be decomposed at lower temperatures and with lesser or no
hydrogen gas to derive similar benefits.

[0032] Aithough the invention herein has been described with reference to particular
embodiments, it is to be understood that these embodiments are merely illustrative of
the principles and applications of the present invention. It will be apparent to those
skilled in the art that various modifications and variations can be made to the method of
the present invention without departing from the spirit and scope of the invention. Thus,
it is intended that the present invention include modifications and variations that are

within the scope of the appended claims and their equivalents.
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CLAIMS

What is claimed is:

1. A method of processing a wafer during a film-forming process in a reaction
chamber comprising:

introducing a hydrogen-containing gas into the reaction chamber;

introducing an etch chemical into the reaction chamber; and

reacting the hydrogen-containing gas and the etch chemical to form a

metastable specie adjacent a surface of the wafer.

2. The method of claim 1, wherein the hydrogen-containing gas is in the form of a

chemical precursor or a carrier gas.

3. The method of claim 2, wherein the etch chemical is a halide-containing
chemical.

4, The method of claim 3, wherein the etch chemical is oxidizing.

5. The method of claim 3, wherein the etch chemical is in molecular form.

6. The method of claim 3, wherein the etch chemical is selected from the group

consisting of HCI, HBr, Cl,, CH3Cl, CCls, NF3, F2 CF4and combinations thereof.
7. The method of claim 1, further comprising controlling the reaction by modulating
the relative amounts of hydrogen and the etchant chemical introduced into the reaction

chamber.

8. The method of claim 1, further comprising controlling the reaction by adding a

diluent gas to the reaction chamber.

9. The method of claim 8, wherein the diluent gas includes an inert gas.
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10. The method of claim 1, wherein the process is a blanket film deposition

processes.

11. The method of claim 1, wherein the process is a selective film deposition

processes.

12. The method of claim 1, wherein reaction is utilized to improve incorporation of

substituted chemical elements into the film.

13. The method of claim 12, wherein the substituted chemical elements include

carbon or dopants.

14.  The method of claim 1, wherein the method is used to improve the morphology
of the film.

156. A method of processing a wafer during a film-forming process in a reaction
chamber comprising;

delivering spontaneously reactive chemicals in separate conduits adjacent the
wafer surface; and

reacting the chemicals to form a metastable specie adjacent the wafer surface.

16. The method of claim 15, further comprising utilizing the metastable specie in an

etching process.

17.  The method of claim 15, further comprising utilizing the metastable specie in a

film growth process.

18.  The method of claim 15, wherein the chemicals are selected from the group
consisting of H2, N2, SiH4, SizHe, Si3H8, SinClz, SizC'e, Si5H12, GeH4, GeCI4, SiCHe,
SiCsH10, HCI, HBr, Clz, CH3ClI, CCl4, NF3, F2, CF4, and combinations thereof.
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19. A method of processing a film on a wafer during a film-forming process in a
reaction chamber comprising:

maintaining the temperature of the wafer below about 700° C;

mixing Cl; and silane adjacent the wafer surface to form a SiCly intermediate
adjacent the wafer surface; and

depositing a film on the wafer surface.

20. The method of claim 19, further comprising isolating excess Cl; and etching a

portion of the wafer.
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