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(57) ABSTRACT

Methods for depositing extremely low resistivity tungsten in
semiconductor processing are disclosed herein. Methods
involve annealing the substrate at various times during the
tungsten deposition process to achieve uniform tungsten
layers with substantially lower resistivity.
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METHOD FOR DEPOSITING EXTREMELY
LOW RESISTIVITY TUNGSTEN

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional of U.S. patent
application Ser. No. 14/135,375, filed Dec. 19, 2013, and
titled “METHOD FOR DEPOSITING EXTREMELY LOW
RESISTIVITY TUNGSTEN”, which is incorporated by
reference herein in its entirety and for all purposes.

BACKGROUND

[0002] Tungsten film deposition using chemical vapor
deposition techniques is an integral part of semiconductor
fabrication processes. Tungsten films may be used as low
resistivity electrical connections in the form of horizontal
interconnects, vias between adjacent metal layers, and con-
tacts between a first metal layer and the devices on a silicon
substrate. In a conventional tungsten deposition process, a
barrier layer is deposited on a dielectric substrate, followed
by deposition of a nucleation or seed layer of tungsten film.
Thereafter, the remainder of the tungsten film is deposited on
the nucleation layer as a bulk layer. Conventionally, the
tungsten bulk layer is formed by the reduction of tungsten
hexafluoride (WF ;) with hydrogen (H,) in a chemical vapor
deposition (CVD) process.

[0003] As semiconductor devices scale to smaller and
smaller technology nodes, shrinking contact and via dimen-
sions make CVD of tungsten more challenging. Increasing
aspect ratios can lead to voids or large seams within device
features, resulting in lower yields and decreased perfor-
mance in microprocessor and memory chips. Void-free fill in
high aspect ratio features of 10:1, 20:1 or greater is difficult
using conventional CVD tungsten deposition techniques.

SUMMARY

[0004] Provided are methods of depositing low resistivity
tungsten on a semiconductor substrate.

[0005] In one aspect, a method of forming a tungsten film
on a substrate is provided. The method includes providing
the substrate with a nitride layer, annealing the nitride layer,
and depositing tungsten on the nitride layer to form the
tungsten film such that the nitride layer is annealed before
tungsten is deposited. In various embodiments, the nitride
layer is a titanium nitride layer or a tungsten nitride layer. In
some embodiments, the titanium nitride film is annealed at
a temperature between about 385° C. and about 445° C. In
many embodiments, argon gas is flowed during annealing.
The tungsten may be deposited by chemical vapor deposi-
tion. In various embodiments, the nitride layer may be
annealed at conditions to change the grain structure of the
nitride layer.

[0006] Another aspect is a method of forming tungsten
film by annealing a nitride film on a substrate, depositing
bulk tungsten on the nitride film to form the tungsten film,
and annealing the tungsten film. In some embodiments, the
method also includes depositing a tungsten nucleation layer
on the nitride film after annealing the nitride film, and
annealing the tungsten nucleation layer before depositing the
bulk tungsten. In various embodiments, the nucleation layer
is annealed at a temperature between about 385° C. and
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about 445°. In various embodiments, the tungsten film is
annealed for no more than 1 minute. The annealing pressure
may be at least 1 Torr.

[0007] Another aspect is a method of forming a tungsten
film on a substrate in a reaction chamber. The method
includes depositing tungsten on the substrate to form the
tungsten film and annealing the tungsten film to thereby
lower the resistivity at a chamber pressure of at least about
1 Torr. In various embodiments, the tungsten film is
annealed at a temperature between about 385° C. and about
445° C. In many embodiments, boron is used during depo-
sition of the tungsten film, and the tungsten film has a boron
content of less than about 1%. In many embodiments, the
tungsten film is annealed for a duration between about 1
second and about 10 minutes.

[0008] Another aspect is a method of forming a tungsten
film on a substrate in a reaction chamber. The method may
involve depositing tungsten on the substrate to form the
tungsten film at a deposition pressure and annealing the
tungsten film to thereby lower the resistivity at the deposi-
tion pressure.

[0009] These and other aspects are described further
below with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a schematic illustration of a feature filled
with tungsten nucleation and bulk layers according to certain
embodiments.

[0011] FIG. 2 is a process flow diagram for depositing
tungsten in accordance with various embodiments.

[0012] FIG. 3 is a process flow diagram for depositing
tungsten in accordance with various embodiments.

[0013] FIG. 4 depicts schematic illustrations of feature
cross-sections at various stages of a process according to
certain embodiments.

[0014] FIG. 5 is a process flow diagram for depositing
tungsten in accordance with various embodiments.

[0015] FIG. 6 shows a block diagram of a processing
system for practicing methods in accordance with the dis-
closed embodiments.

[0016] FIG. 7 shows a graph representing experimental
data on annealing time in accordance with various embodi-
ments.

[0017] FIGS. 8A and 8B show graphs representing experi-
mental data on annealing temperature in accordance with
various embodiments.

[0018] FIG. 9 shows a graph representing experimental
data on timing of an annealing step in accordance with
various embodiments.

[0019] FIGS. 10A and 10B show graphs representing
experimental data on boron content in accordance with
various embodiments.

[0020] FIG. 11 shows an image of deposited layers.
[0021] FIG. 12 shows an image of deposited layers in
accordance with various embodiments.

[0022] FIGS. 13A and 13B show graphs representing
experimental data on flow chemistry in accordance with
various embodiments.

DETAILED DESCRIPTION

[0023] In the following description, numerous specific
details are set forth to provide a thorough understanding of
the presented embodiments. The disclosed embodiments
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may be practiced without some or all of these specific
details. In other instances, well-known process operations
have not been described in detail to not unnecessarily
obscure the disclosed embodiments. While the disclosed
embodiments will be described in conjunction with the
specific embodiments, it will be understood that it is not
intended to limit the disclosed embodiments.

[0024] There are various challenges in tungsten (W) fill as
devices scale to smaller technology nodes. One challenge is
preventing an increase in resistance due to the thinner films
in contacts and vias. As features become smaller, the tung-
sten contact or line resistance increases due to scattering
effects in the thinner tungsten film. Conventional chemical
vapor deposition (CVD) tungsten deposition processes
involve depositing a barrier layer of titanium nitride (TiN),
followed by nucleation deposition, and then a CVD bulk
tungsten deposition. While efficient tungsten deposition pro-
cesses use tungsten nucleation layers, these layers typically
have higher electrical resistivities than the bulk layers. As
features become smaller, low resistivity tungsten films mini-
mize power losses and overheating in integrated circuit
designs. The thin barrier and tungsten nucleation films,
which have higher resistivity, occupy a larger percentage of
the smaller features.

[0025] FIG. 1 shows a volume occupied by a nucleation
film 110 and a bulk tungsten material 120 in a via or contact
structure 100. Because the resistivity of the nucleation layer
is higher than that of the bulk layer (p,,,,.icurionPru) the
thickness of the nucleation layer should be minimized to
keep the total resistance as low as possible. On the other
hand, the tungsten nucleation should be sufficiently thick to
fully cover the underlying substrate to support high quality
bulk deposition. Resistivity of a tungsten film depends on
the thickness of the film deposited. For example, conven-
tional methods may yield a 50 A tungsten film with a
resistivity of 60 uQ-cm. In another example, conventional
methods may yield a 100 A film with a resistivity of 30
pe2-cm.

[0026] Provided herein are methods of depositing
extremely low resistivity thin tungsten films on substrates.
Methods involve annealing layers during certain times of the
deposition process at various conditions. Resulting tungsten
films in accordance with the disclosed embodiments have
resistivities up to 20% lower than conventionally deposited
tungsten films.

[0027] According to various implementations, annealing
may occur after deposition of a layer in a separate annealing
chamber, or may occur in a deposition chamber altered to
accommodate annealing methods. In some implementations,
annealing operations may be conducted with an air break
between deposition of a layer and a subsequent annealing,
typically without processing operations, without negative
effects on the tungsten deposition or resistivity. An air break
may last between about 1 second and about 12 hours. An air
break can allow annealing operations to be performed in
different tools than previous or subsequent deposition or
other processing operations, as the substrate does not have
to be kept under vacuum.

[0028] In some implementations, annealing is performed
prior to the deposition of tungsten. In some implementa-
tions, annealing is performed after deposition of tungsten. In
some implementations, annealing is performed both before
and after the deposition of tungsten. Also, in some imple-
mentations, annealing can be performed after deposition of
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a nucleation layer of tungsten. As discussed further below,
these aspects result in tungsten films having improved
resistivity.

[0029] According to various embodiments, the methods
described herein may be used to deposit tungsten in a feature
formed in a substrate. Such a feature may have an aspect
ratio of at least 10:1, at least 15:1, at least 20:1, at least 25:1,
or at least 30:1. The feature size can be characterized by the
feature opening size in addition to or instead of the aspect
ratio. The opening may be from about 10 nm to about 100
nm wide in some embodiments. For example, in certain
embodiments, the methods may be advantageously used
with features having narrow openings, regardless of the
aspect ratio. The methods may further be advantageously
used to deposit tungsten in larger and/or smaller aspect ratio
features, as well to deposit blanket or planar tungsten layers.
[0030] In certain embodiments, a recessed feature is
formed within a dielectric layer on a substrate, with the
bottom of the feature providing contact to an underlying
metal layer. Also in certain embodiments, the feature
includes a liner layer such as a diffusion barrier layer on its
sidewalls and/or bottom. Examples of liner layers include
titanium nitride (TiN) layers including titanium/titanium
nitride (T1/TiN), and tungsten nitride (WN). In additional to
or instead of diffusion barrier layers, the feature may include
layers such as an adhesion layer, a nucleation layer, a
combination thereof, or any other applicable material lining
the sidewalls and the bottom of the feature.

[0031] In certain embodiments, the feature is a re-entrant
feature; with a liner layer or other material forming an
overhang that partially blocks the feature opening. Because
many deposition processes do not have good step coverage
properties and result in more material being deposited on the
field region and near the opening than inside the feature, a
liner layer may be thicker near the opening than inside the
feature. For the purposes of this description, “near the
opening” is defined as an approximate position or an area
within the feature (i.e., along the side wall of the feature)
corresponding to between about 0% and about 10% of the
feature depth measured from the field region. In certain
embodiments, the area near the opening corresponds to the
area at the opening. Further, “inside the feature” is defined
as an approximate position or an area within the feature
corresponding to between about 20% and about 60% of the
feature depth measured from the field region on the top of
the feature. Typically, when values for certain parameters
(e.g., thicknesses) are specified “near the opening” or “inside
the feature,” these values represent a measurement or an
average of multiple measurements taken within these posi-
tions/areas. In certain embodiments, an average thickness of
an underlayer near the opening is at least about 10% greater
than that inside the feature. In more specific embodiments,
this difference may be at least about 25%, at least about
50%, or at least about 100%. Distribution of a material
within a feature may also be characterized by its step
coverage. For the purposes of this description, “step cover-
age” is defined as a ratio of two thicknesses, i.e., thickness
of the material inside the feature divided by the thickness of
the material near the opening. In certain examples, the step
coverage of the liner or other underlayer is less than about
100% or, more specifically, less than about 75% or even less
than about 50%.

[0032] Embodiments described herein may involve depo-
sition of tungsten nucleation layers and/or bulk layers for
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features. For context, a description of methods of depositing
tungsten nucleation layers and bulk layers that may be used
in methods of the present disclosure is provided below. It
should be noted however, that other methods of nucleation
and/or bulk layer deposition may also be used.

[0033] A tungsten nucleation layer may be deposited in a
feature to conformally coat the sidewalls and bottom of the
feature. In general, a nucleation layer is a thin conformal
layer that serves to facilitate the subsequent formation of a
bulk material thereon. Conforming to the underlying feature
bottom and sidewalls can be critical to support high quality
deposition. Various processes may be used to form the
nucleation layer, including but not limited to, CVD pro-
cesses, physical vapor deposition (PVD) processes, atomic
layer deposition (ALD) processes, and pulsed nucleation
layer (PNL) deposition processes.

[0034] In a PNL technique, pulses of reactant are sequen-
tially injected and purged from the reaction chamber, typi-
cally by a pulse of a purge gas between reactants. A first
reactant is typically adsorbed onto the substrate, available to
react with the next reactant. The process is repeated in a
cyclical fashion until the desired thickness is achieved. PNL
is similar to ALD techniques. PNL is generally distinguished
from ALD by its higher operating pressure range (greater
than 1 Torr) and its higher growth rate per cycle (greater than
1 monolayer film growth per cycle). Chamber pressure
during PNL deposition may range from about 1 Torr to about
400 Torr. In the context of the description provided herein,
PNL broadly embodies any cyclical process of sequentially
adding reactants for reaction on a semiconductor substrate.
Thus, the concept embodies techniques conventionally
referred to as ALD. In the context of the disclosed embodi-
ments, CVD embodies processes in which reactants are
together introduced to a reactor for a vapor-phase reaction.
PNL and ALD processes are distinct from CVD processes
and vice versa.

[0035] Forming a nucleation layer using one or more PNL
cycles is discussed in U.S. Pat. Nos. 6,844,258; 7,005,372;
7,141,494, 7,262,125, 7,589,017, 7,772,114; 7,955,972; and
8,058,170, all of which are incorporated herein by this
reference. These PNL deposition processes involve exposing
a substrate to various sequences of reducing agents and
tungsten precursors to grow a nucleation layer of the desired
thickness. A combined PNL-CVD method of depositing a
nucleation layer is described in U.S. Pat. No. 7,655,567, also
incorporated herein by reference.

[0036] Nucleation layer thickness can be enough to sup-
port high quality deposition. In certain embodiments, the
requisite thickness depends in part on the nucleation layer
deposition method. A PNL method providing near 100%
step coverage with nucleation film thicknesses as low as
about 12 A (as compared to typical nucleation films of 50 A)
may be used in certain embodiments. Regardless of the
method used to deposit the nucleation layer, however, in
some embodiments a low temperature CVD operation used
to fill the feature can afford use of thinner nucleation layers
than required by conventional higher temperature CVD.
Without being bound by a particular theory, it is believed
that this may be because the lower chemistry at the reduced
temperatures improves growth even on the nucleation sites
that are not fully developed. See, e.g., U.S. Patent Publica-
tion No. 2010/0267235, incorporated by reference herein.
According to various embodiments, nucleation layers may
be formed as low as between about 10 A and about 15 A.
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[0037] In certain embodiments, nucleation layer deposi-
tion is followed by a post-deposition treatment operation to
improve resistivity. Such treatment operations are described
further below and in more detail in U.S. Pat. Nos. 7,772,114
and 8,058,170, both of which are incorporated by reference
herein.

[0038] CVD deposition can then occur on the nucleation
layer. CVD deposition of a bulk layer can involve flowing a
tungsten-containing precursor and a co-reactant such as a
reducing agent, if appropriate, into a deposition chamber. An
inert carrier gas may be used to deliver one or more of the
reactant streams, which may or may not be pre-mixed.
Unlike PNL or ALD processes, this operation generally
involves flowing the reactants continuously until the desired
amount is deposited. In certain embodiments, the CVD
operation may take place in multiple stages, with multiple
periods of continuous and simultaneous flow of reactants
separated by periods of one or more diverted reactant flows.
Flows may also be pulsed for a pulse time between about 1
second and about 2 seconds. Chamber pressure during CVD
deposition may range from about 40 Torr to about 500 Torr.
[0039] Example substrate temperatures are as low as 250°
C. and may be as high as 495° C. during the CVD reaction.
Various tungsten-containing gases including, but not limited
to, WF, tungsten chloride (WCly), and tungsten hexacar-
bonyl W(CO),, can be used as the tungsten-containing
precursor. In certain embodiments, the tungsten-containing
precursor is a halogen-containing compound, such as WF.
In certain embodiments, the reducing agent is hydrogen gas,
though other reducing agents may be used, including silane
(SiH,), disilane (Si,Hy), hydrazine (N,H,), diborane
(B,Hy), and germane (GeH,). In some embodiments, CVD
may be implemented in various stages, such as a low
temperature stage and a high temperature stage. Still further,
nitrogen may be pulsed during CVD deposition of a bulk
layer as described in U.S. Pat. No. 8,551,885 and U.S. patent
application Ser. No. 13/633,798, both of which are incor-
porated by reference herein.

[0040] FIG. 2 provides a process flow diagram for depos-
iting a tungsten film in which a titanium nitride underlayer
is annealed. Method 200 involves operation 202 of provid-
ing a substrate with a titanium nitride layer thereon. The
titanium nitride layer may be conformal to a high aspect
ratio feature formed in the substrate. Example thicknesses of
the titanium nitride layer may be between about 30 A and
about 300 A thick. The titanium nitride layer may be an
ALD-deposited layer, or a PVD-deposited layer, or CVD-
deposited layer, in some implementations. It should be noted
that annealing titanium nitride layers has been shown to be
improved for both ALD-layers and PVD-deposited layers.
This indicates that the annealing lowers resistivity by an
effect other than or in addition to removing various impu-
rities that might be incorporated into a film depending on the
deposition (e.g., removing chloride in a titanium nitride film
deposited from titanium chloride). Such an effect is dis-
cussed further below with respect to FIG. 12.

[0041] Next, in operation 204, the titanium nitride layer is
annealed. Annealing can involve flowing an inert gas at a
high temperature for a time range as desired. Examples of
gases include argon (Ar), hydrogen (H,), and combinations
thereof. In various embodiments, a mixture of argon (Ar)
and hydrogen (H,) is used. In many embodiments, only
argon (Ar) is flowed. In some embodiments, an optional
nitrogen-based gas, such as nitrogen (N,) or ammonia
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(NH,), is flowed as an inert gas. Substrate temperature may
be higher than the temperature during deposition (such as
ALD, CVD, or PVD). In various embodiments, substrate
temperature may be as high as a temperature where crystal
reorganization of the titanium nitride layer occurs. Low
resistivity films may also be achieved at relatively low
temperatures, such as at a substrate temperature of less than
about 500° C., or less than about 450° C. As an example,
substrate temperature may vary from about 385° C. to about
445° C.

[0042] In various embodiments, the pressure of the station
or chamber may be between about 1 mTorr to about 760
Torr. In some examples, the pressure of the station or
chamber may be between about 1 Torr and about 100 Torr.
In some embodiments, the pressure of the station or chamber
may be at least about 1 Torr. In some embodiments, the
pressure may be the same as the pressure during ALD, PVD,
or CVD of the titanium nitride layer.

[0043] In various embodiments, the annealing step may
last about 1 second to about 10 minutes. In some embodi-
ments, the annealing step may last between about 1 second
and about 20 seconds.

[0044] As discussed further below, with reference to
FIGS. 7, 8A, 8B, 9, 13A, and 13B, it has been found that
annealing a TiN layer prior to deposition of a tungsten film
lowers resistivity of a subsequently deposited tungsten film.
Without being bound to a particular theory, it is believed that
annealing the titanium nitride layer rearranges the orienta-
tion of molecules in the layer, thereby providing a prefer-
ential growth surface for nucleation of tungsten in the
subsequent step. Annealing the titanium nitride layer does
not change the chemical composition and does not result in
formation of a silicide layer. The texture of the titanium
nitride barrier layer may also be different and improved to
allow better nucleation of tungsten. Better nucleation results
in better adhesion to the surface, thereby reducing the
resistivity and providing a smoother, more uniform tungsten
layer. Further, while FIG. 2 refers to TiN underlayers, it is
believed than anneals of other underlayers, including
nitrides such as WN, may have similar advantages.

[0045] Inoperation 206, a tungsten bulk layer is deposited
on the substrate by CVD. According to various embodi-
ments, operation 206 is preceded by deposition of a tungsten
nucleation as described above. In some embodiments,
another annealing operation may occur after nucleation of
the tungsten but before bulk deposition of the tungsten layer,
using any of the conditions discussed above with respect to
operation 204.

[0046] In certain embodiments, transitioning from opera-
tion 204 to 206, involves moving the substrate from one
deposition station to another, which may occur in a multi-
station chamber. Each of operation 204 and operation 206
may be performed in the same or different chamber. If
performed in the same chamber, they each may be per-
formed in the same or different stations of the same multi-
station chamber or in a single station chamber. Also, opera-
tion 204 may be performed outside of a deposition chamber
in a separate chamber that may or may not be in the same
vacuum environment that operation 206 is performed.
[0047] FIG. 3 provides a process flow diagram for depos-
iting tungsten in another embodiment. In method 300, a
tungsten bulk layer is deposited in operation 302. Methods
of deposition may be any of those discussed above. Next, in
operation 304, the tungsten layer is annealed to lower

May 11,2017

resistivity. Annealing conditions may be any of the ones
previously discussed with respect to FIG. 2, except that a
non-nitrogen atmosphere may be used during anneal. In
general, while it may remove some impurities from the
tungsten layer, the anneal operation does not change the
chemical composition of the tungsten layer. Accordingly,
nitrogen-containing or silicon-containing atmospheres may
be avoided to prevent formation of a nitride or silicide layer.
[0048] Example resistivities are about 41 p€2-cm for a 60
A layer of tungsten, or about 26 pQ-cm for a 110 A layer of
tungsten. Percentage decrease in resistivity as compared to
non-annealed tungsten layers may be between about 5% and
about 35%.

[0049] Each of operation 302 and operation 304 may be
performed in a different station of the same multi-station
chamber, or in the same station of a single or multi-station
chamber. Still further, they may be performed in different
chambers, which may or may not be part of the same
vacuum environment.

[0050] Inembodiments in which a single station is used to
perform operations 302 and 304, transitioning from opera-
tion 302 to 304 may involve shutting off a flow of tungsten
precursor (operationally allowing hydrogen or other reduc-
ing gas and/or carrier gas to run), while raising the substrate
temperature.

[0051] FIG. 4 illustrates schematic representations of one
example of a feature’s cross-sections at different stages of a
filling process in which a CVD layer is deposited and
annealed. Cross-section 401 represents an example of the
feature 410 prior to any tungsten deposition. In this example,
the feature 410 is formed in a dielectric layer 430, has an
opening 425 at the top surface 405 of the substrate and
includes a liner layer 413, such as a TiN layer. In certain
embodiments, the size of the cavity near the opening 425 is
narrower than inside the feature, for example, due to over-
hang 415 of the liner layer 413 as depicted in FIG. 4.
[0052] Cross-section 411 depicts the feature after CVD is
performed to fill the feature with bulk layer. Note that the
figure does not depict a nucleation layer. In certain embodi-
ments, CVD is performed until at least the feature corner
417 (the point at which the substrate transitions from a
planar region to the recessed feature) is covered with CVD
tungsten. As further discussed below, the CVD tungsten
followed by an anneal step has low resistivity, resulting in an
excellent tungsten plug.

[0053] Cross-section 421 represents the feature after CVD
is performed and after annealing to result in an annealed
CVD tungsten layer 455. Without being bound by a particu-
lar theory, it is believed that annealing at high temperature
after deposition of tungsten on the substrate results in
purification of impurities from the tungsten film. For
example, the annealing step may be releasing boron from the
tungsten film, resulting in a tungsten film with less atomic
boron content and lower resistivity overall.

[0054] FIG. 5 provides a process flow diagram showing
steps for depositing a layer of tungsten including annealing
prior to and after bulk tungsten deposition. In method 500,
in operation 502, a layer of titanium nitride is deposited on
the substrate. Methods of deposition and conditions of
deposition may be any of those discussed with respect to
FIG. 2. In operation 504, the titanium nitride layer is
annealed. Any of the annealing conditions with respect to
FIG. 2 may be used here. Next, in operation 506, a bulk
tungsten layer is deposited. Conditions and methods of
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depositing the tungsten layer may be any of those discussed
above with respect to FIG. 3. During this operation, an
optional nucleation layer may be deposited prior to depos-
iting bulk tungsten. The nucleation layer may also be
annealed as discussed with respect to FIG. 2. Lastly, in
operation 508, the bulk tungsten layer is annealed. In this
operation, conditions may be any of those discussed with
respect to FIG. 2, except that a non-nitrogen atmosphere
may be used during the anneal. In this method, both a
pre-tungsten deposition annealing step and post-tungsten
deposition annealing step are implemented. As indicated
above, while it may remove some impurities from the
tungsten layer, the anneal operation does not change the
chemical composition of the tungsten layer. Accordingly,
nitrogen-containing or silicon-containing atmospheres may
be avoided to prevent formation of a nitride or silicide layer
[0055] In certain embodiments, transitioning from opera-
tion 504 to 506, or 506 to 508, involves moving the substrate
from one deposition station to another, which may occur in
a multi-station chamber. Each of these operations may be
performed in the same or different chamber. If performed in
the same chamber, they each may be performed in the same
or different stations of the same multi-station chamber or in
a single station chamber. Also, the anneal operations may be
performed outside of a deposition chamber in a separate
chamber that may or may not be in the same vacuum
environment that the deposition operation is performed.
[0056] In alternative embodiments in which a single sta-
tion is used to perform operations 506 and 508, transitioning
from operation 506 to 508 may involve shutting off a flow
of tungsten precursor (operationally allowing hydrogen or
other reducing gas and/or carrier gas to run), while raising
the substrate temperature. Once the substrate temperature is
stabilized, the tungsten precursor and other gases, if neces-
sary, are flowed into the reaction chamber for a high
temperature deposition.

Apparatus

[0057] Methods of the disclosed embodiments may be
carried out in various types of deposition apparatuses avail-
able from various vendors. Examples of suitable apparatuses
include a Lam Concept 1 Altus, a Concept 2 Altus, a
Concept 2 Altus-S, a Concept 3 Altus deposition system, or
any of a variety of other commercially available CVD tools.
In some cases, processes may be performed on multiple
depositions stations sequentially. In some embodiments, the
annealing step is performed at a station that is one of two,
four, five, or even more deposition stations positioned within
a single deposition chamber. In some embodiments, the
annealing step is performed at a station on another chamber
separate from the deposition chamber used for CVD. In
various embodiments, an existing deposition station may be
modified to accommodate an annealing step. One or more
stations in a chamber may be used to perform CVD, or two
or more stations may be used to perform CVD in a parallel
processing.

[0058] FIG. 6 is a block diagram of a processing system
suitable for conducting tungsten thin film deposition pro-
cesses in accordance with disclosed embodiments. System
600 includes a transfer module 603, which provides a clean,
pressurized environment to minimize the risk of contami-
nation of substrates being processed as they are moved
between various reactor modules. Mounted on the transfer
module 603 is a multi-station reactor 609 capable of per-
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forming pulsed nucleation layer (PNL) deposition, multi-
pulse treatment if desired, CVD, and annealing steps accord-
ing to the disclosed embodiments. Chamber 609 may
include multiple stations 611, 613, 615, and 617 that may
sequentially perform these operations. For example, cham-
ber 609 could be configured such that station 611 performs
PNL deposition, station 613 performs multi-pulse treatment,
station 615 performs CVD, and station 617 performs anneal-
ing.

[0059] Also mounted on the transfer module 603 may be
one or more single or multi-station modules 607 capable of
performing plasma or chemical (non-plasma) pre-cleans.
The module may also be used for various other treatments,
e.g., titanium nitride barrier layer deposition or post-liner
tungsten nitride treatments. Still further, a module 607 may
be an anneal module. The system 600 also includes one or
more wafer source modules 601 here wafers are stored
before and after processing. An atmospheric robot (not
shown) in the atmospheric transfer chamber 619 first
removes wafers from the source modules 601 to loadlocks
621. A wafer transfer device (generally a robot arm unit) in
the transfer module 603 moves the wafers from loadlocks
621 to and among the modules mounted on the transfer
module 603.

[0060] In certain embodiments, a system controller 650 is
employed to control process conditions during deposition.
The controller 650 will typically include one or more
memory devices and one or more processors. The processor
may include a CPU or computer, analog and/or digital
input/output connections, stepper motor controller boards,
etc.

[0061] The controller 650 may control all of the activities
of the deposition apparatus. The system controller 650
executes system control software, including sets of instruc-
tions for controlling the timing, mixture of gases, chamber
pressure, chamber temperature, wafer temperature, radio
frequency (RF) power levels, wafer chuck or pedestal posi-
tion, and other parameters of a particular process. Other
computer programs stored on memory devices associated
with the control 650 may be employed in some embodi-
ments.

[0062] Typically there will be a user interface associated
with the controller 650. 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.

[0063] System control logic may be configured in any
suitable way. In general, the logic can be designed or
configured in hardware and/or software. In other words, the
instructions for controlling the drive circuitry may be hard
coded or provided as software. It may be said that the
instructions are provided by “programming.” Such program-
ming is understood to include logic of any form including
hard coded logic in digital signal processors, application
specific integrated circuits, and other devices which have
specific algorithms implemented as hardware. Programming
is also understood to include software or firmware instruc-
tions that may be executed on a general purpose processor.
System control software may be coded in any suitable
computer readable programming language.

[0064] The computer program code for controlling the
deposition, annealing, and other processes in a process
sequence can be written in any conventional computer
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readable programming language: for example, assembly
language, C, C++, Pascal, Fortran, or others. Compiled
object code or script is executed by the processor to perform
the tasks identified in the program. Also as indicated, the
program code may hard coded.

[0065] The controller parameters relate to process condi-
tions such as, for example, process gas composition and flow
rates, temperature, pressure, cooling gas pressure, substrate
temperature, and chamber wall temperature. These param-
eters are provided to the user in the form of a recipe, and may
be entered utilizing the user interface.

[0066] Signals for monitoring the process may be pro-
vided by analog and/or digital input connections of the
system controller 650. The signals for controlling the pro-
cess are output on the analog and digital output connections
of the deposition apparatus.

[0067] The system software may be designed or config-
ured in many different ways. For example, various chamber
component subroutines or control objects may be written to
control operation of the chamber components necessary to
carry out the deposition processes in accordance with the
disclosed embodiments. Examples of programs or sections
of programs for this purpose include substrate positioning
code, process gas control code, pressure control code, and
heater control code.

[0068] A substrate positioning program may include pro-
gram code for controlling chamber components that are used
to load the substrate onto a pedestal or chuck and to control
the spacing between the substrate and other parts of the
chamber such as a gas inlet and/or target. A process gas
control program may include code for controlling gas com-
position and flow rates and optionally for flowing gas into
the chamber prior to deposition in order to stabilize the
pressure in the chamber. A pressure control program may
include code for controlling the pressure in the chamber by
regulating, e.g., a throttle valve in the exhaust system of the
chamber. 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
wafer chuck.

[0069] Examples of chamber sensors that may be moni-
tored during deposition include mass flow controllers, pres-
sure sensors such as manometers, and thermocouples
located in the pedestal or chuck. Appropriately programmed
feedback and control algorithms may be used with data from
these sensors to maintain desired process conditions.
[0070] The foregoing describes implementation of dis-
closed embodiments in a single or multi-chamber semicon-
ductor processing tool.

[0071] The apparatus and process described herein may be
used in conjunction with lithographic patterning tools or
processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic pan-
els, and the like. Typically, though not necessarily, such
tools/processes will be used or conducted together in a
common fabrication facility. Lithographic patterning of a
film typically comprises some or all of the following steps,
each step provided 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 UV 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
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selectively remove resist and thereby pattern it using a tool
such as a wet bench; (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.

Experimental

[0072] Experiments were conducted to determine the
effect of annealing substrates at various times and tempera-
tures. In these experiments, wafers were processed using
nucleation steps, optional treatment steps, CVD steps, and
anneal steps. For purposes of these experiments, two sets of
conditions were used in various experiments for the nucle-
ation step.

[0073] Set A refers to the following set of conditions for
the nucleation station. Substrate temperature is set at 250°
C., and B,H, and WF are sequentially flowed for two
cycles. Diversion of B,H; is set at 1 second with a B,Hg
purge time of 1 second and WF purge time of 1 second. The
flow rate of WF is about 180 sccm. The H, flow of the front
of'the tool is about 27,000 sccm and the H, flow of the back
of the tool is about 3000 sccm.

[0074] Set B refers to the following set of conditions for
the nucleation station. Substrate temperature is set at 250°
C., and B,H, and WF are flowed for two cycles. Diversion
of B,H; is set at 1.5 seconds with a B,H purge time of 2
seconds and WF purge time of 2 seconds. The flow rate of
WF is about 220 scem. The H, flow of the front of the tool
is about 25,000 sccm and the H, flow of the back of the tool
is about 10,000 sccm.

[0075] The second step for optional treatment involves
substrates subject to five cycles of B,Hg pulses flow at a
substrate temperature of 325° C. Next, the step for CVD of
tungsten may involve H, and WF flow and tungsten depo-
sition at 325° C. Varying conditions of the annealing steps
are used in the following experiments.

[0076] EXPERIMENT 1

[0077] Resistivity of tungsten films deposited using vari-
ous anneal times was measured. For purposes of this experi-
ment, Set A conditions were used. A 300 A titanium nitride
substrate was used in this experiment. The substrate was
annealed after deposition of tungsten at a temperature of
445° C. using Ar flow. The argon flow rate was about 6000
sccm. Trials were conducted to determine resistivity of both
about 60 A tungsten films and about 90 A tungsten films.
The results are summarized in FIG. 7.

[0078] The round points indicate resistivity of the films
without an annealing step. The square points indicate resis-
tivity of films using a 20-second anneal after deposition of
the tungsten. Compared to the points representing no anneal,
the resistivity substantially decreased. The triangular points
indicate resistivity of films using a 10-minute anneal after
deposition of the tungsten. Compared to the points repre-
senting no anneal, the resistivity is further decreased. It is
noted here that the difference between the 20-second anneal
and 10-minute anneal is almost the same as the difference
between the 20-second anneal and no anneal, thereby sug-
gesting that a threshold anneal time exists such that at a point
in time, further annealing will result in the same resistivity.
Nonetheless, as shown in FIG. 7, a post-deposition anneal
for as short as 20 seconds can achieve substantially lower
resistivity films. It is further believed that post-deposition
anneals for as short as 1-5 seconds may also improve
resistivity.
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Experiment 2

[0079] Experiments were conducted to determine the
effect of varying annealing temperatures on substrates. Con-
ditions from Set A as recited above were used for deposition
of a tungsten films on a 300 A titanium nitride barrier layer
on a substrate. Tungsten films were between about 86.5 A
and 90 A in thickness. The substrate was annealed after
tungsten deposition using argon flow for 20 seconds at
varying temperatures. Data points were determined by mea-
suring resistivity of a substrate before anneal, and measuring
resistivity of the same substrate after anneal at a certain
temperature. The results of this experiment are shown in
FIGS. 8A and 8B.

[0080] In FIG. 8A, the square shaped points represent the
resistivity of the annealed substrates at various temperatures.
The diamond shaped points represent the resistivity of each
of those annealed substrates prior to the annealing step. For
example, at 395° C., the substrate had a resistivity of about
40.8 uQ-cm before annealing, but after annealing the resis-
tivity lowered to 39.6 nQ-cm, resulting in a resistivity
improvement of about 3.0%. Resistivity improvement, or
the trend in decreased resistivity, is shown in FIG. 8B. A
subsequent trial was run to compare resistivity drop for a
tungsten film annealed at 445° C. for 10 minutes (not shown
in figures). The resulting resistivity drop was about 12.0%,
substantially higher than the resistivity drop for using a
20-second anneal. According to the results, as anneal tem-
perature increases, the difference in resistivity increases,
thereby exhibiting a higher resistivity drop, and a better,
lower resistivity tungsten films. The data suggests using a
longer anneal time at a higher temperature to achieve the
greatest resistivity drop and thus extremely low resistivity
tungsten films.

Experiment 3

[0081] A series of experiments were conducted to deter-
mine the effect of the timing of annealing on resistivity. In
the first experiment, conditions from Set A as recited above
were used on 30 A titanium nitride barrier layer on sub-
strates. Three different variations were tested: (1) “pre-W
anneal,” which involved annealing before depositing any
tungsten; (2) “pre-W and post-W anneal,” which involved
annealing both before and after depositing tungsten; and (3)
“post-W anneal,” which involved annealing after depositing
tungsten. To compare, trials were conducted for tungsten
films without an annealing step. Annealing steps involved
annealing at 445° C. for 10 minutes using either Ar (or
Ar/H,) flow. The results are shown in FIG. 9.

[0082] As shown in the figure, substrates deposited with-
out an annealing step had the highest resistivity. Fora 75 A
tungsten film, resistivity was about 40 n€2-cm, as compared
to a same thickness tungsten film with a post-W anneal
which resulted in a resistivity of about 38 pu€2-cm. Using
only a pre-W anneal had a higher resistivity for a film with
a tungsten thickness of about 82 A than when both a pre-W
and post-W anneal were used. The data suggests that the
optimal conditions for achieving extremely low resistivity
tungsten films is to both anneal before and after depositing
tungsten on the substrate.

[0083] In the second experiment, conditions from Set B as
recited above were used on 300 A titanium nitride barrier
layers on substrates. Flow rates of H, in both the front and
back of the tool were either 20,000 sccm or 30,000 sccm and
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1,000 sccm or 15,000 scem respectively. After tungsten
deposition, substrates were annealed at 445° C. using argon
(or Ar/H,) for 10 minutes. Resistivity was measured before
and after annealing for each of four substrates, as shown in
Table 1 below.

TABLE 1

Resistivity and Post-Tungsten Deposition Annealing

No Post-W

Tungsten Anneal Anneal Decrease
H, Flow Thickness Resistivity Resistivity —Resistivity in
(scem) (A) (nQ-cm) (nQ-cm)  Difference Resistivity
30,000/ 96.23 44.95 36.19 8.76 19%
1000
30,000/ 96.83 46.23 36.71 9.52 21%
15,000
20,000/ 108.48 78.27 52.61 25.66 33%
1000
20,000/ 107.84 76.76 52.61 26.16 34%
15,000
[0084] The data suggests using a post-tungsten deposition

anneal substantially decreases resistivity, regardless of the
H, flow variations, and a higher decrease in resistivity is
shown in films with a thicker layer of tungsten. Nonetheless,
extremely low resistivity tungsten films were achieved, with
a tungsten film having a resistivity as low as 36.19 uQ-cm.

Experiment 4

[0085] Experiments were conducted to evaluate the
atomic nature of the deposited tungsten films. Substrates that
were not annealed showed a higher atomic content of boron
than substrates that were annealed. Two wafers each with a
300 A layer of titanium nitride barrier layer were compared.
The first wafer was deposited subject to Set B conditions as
recited above. A resulting wafer with a 127 A tungsten layer
was evaluated using x-ray photoelectron spectroscopy,
which indicated an atomic boron content of 5.107%. The
second wafer was deposited subject to Set B conditions as
recited above, except with an added anneal step after the
nucleation step, and an added anneal step instead of the last
CVD deposition such that the low temperature CVD of
tungsten deposited the bulk tungsten. The 91 A tungsten
wafer was annealed at 445° C. for 10 minutes using argon
flow with a flow rate of about 6000 sccm, or Ar/H, flow with
a flow rate of about 6000 sccm and about 7000 sccm,
respectively. X-ray photoelectron spectroscopy was used to
evaluate the boron content. Surprisingly, the boron content
in the annealed substrate had an atomic content of only
0.555%, indicating a substantial decrease by a factor of 10
in boron content as compared to the wafer that was not
annealed. This supports the theory that annealing may be
puritying the tungsten layer such that gases such as boron
are released to decrease resistivity.

[0086] Experiments were conducted on substrates with
varying thicknesses of titanium nitride. All anneal steps in
these experiments involved annealing at 445° C. for 10
minutes with argon flow with a flow rate of about 6000
sccm, or Ar/H, flow with a flow rate of about 6000 sccm and
about 7000 sccm, respectively. A first wafer with a 30 A
layer of titanium nitride barrier layer was subject to the
conditions in Set A as recited above including an anneal
before and after tungsten deposition. The boron content over
etch time was measured and is shown in FIG. 10A and



US 2017/0133231 Al

represented by 1001. A second wafer with a 30 A layer of
titanium nitride barrier layer was subject to conditions in Set
A as recited above including an anneal after the tungsten
deposition. The boron content over etch time was measured
and is shown in FIG. 10A and represented by 1002. A third
wafer with a 30 A layer of titanium nitride as a barrier layer
was subject to conditions in Set B as recited above, includ-
ing an anneal after nucleation and an anneal after tungsten
bulk deposition. The boron content over etch time was
measured and is shown in FIG. 10A and represented by
1003. It is noted that all three wafers exhibited atomic boron
content of less than 0.7%, a significantly low amount.
[0087] A 300 A titanium nitride barrier layer was depos-
ited on the next wafer. This wafer was subject to conditions
in Set B as recited above and did not include an anneal step.
Boron content of this no-anneal wafer is represented by the
solid, no-anneal line represented in FIG. 10B. Lastly, a 300
A titanium nitride barrier layer was deposited on a last
wafer. This wafer was subjected to conditions in Set B as
recited above, including annealing after nucleation and
annealing after tungsten bulk deposition. The boron content
over etch time was measured and is represented by the
dotted line, labeled “with anneal” in FIG. 10B. As shown,
the wafer that was annealed had an atomic content of boron
less than 1%, which is significantly lower than the boron
content in the non-annealed wafer, which was as high as
over 5%.

[0088] Overall, FIGS. 10A and 10B both suggest that
boron content may contribute to the resistivity of the depos-
ited tungsten film on the substrate.

Experiment 5

[0089] Experiments were conducted to determine the
effect annealing had on uniformity of the deposited layers.
FIG. 11 shows an image of deposited a titanium nitride and
a tungsten layer without an annealing step. As shown in FIG.
11, an interface layer exists between the titanium nitride
layer and tungsten layer.

[0090] In contrast, FIG. 12 shows an image of a titanium
nitride layer and an annealed tungsten layer. In these images,
the tungsten was deposited before annealing the substrate at
445° C. for 20 seconds. FIG. 12 shows a substantial decrease
in the interface layer and uniformity in the resulting film.
This is a surprising result because the layers are smooth and
have low resistivity, whereas conventional tungsten films
with low resistivity may tend to be less smooth due to the
granularity of the film. This phenomenon may provide
support for the theory that annealing rearranges grains in the
tungsten film, thereby reducing the resistivity.

Experiment 6

[0091] A series of experiments were conducted to deter-
mine whether the type of gas used during annealing affected
the resulting resistivity of the deposited tungsten on the
substrate. In the first experiment, substrates with a 300 A
titanium nitride barrier layer were used. The conditions from
Set B as recited above were used, and comparisons were
made between wafers that were not annealed, wafers
annealed with argon and hydrogen, and wafers annealed
with just argon. Annealing steps occurred at 445° C. for 10
minutes after tungsten deposition. Resistivity results are
shown in FIG. 13A. The diamond points represent measure-
ments of resistivity for wafers that were not annealed,
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whereas the square points represent measurements of resis-
tivity for wafers annealed with Ar/H, and the triangular
points represent measurements of resistivity for wafers
annealed with only Ar. The points for both the Ar/H, anneal
and Ar anneal are very similar for similar thicknesses of
tungsten, thus suggesting that using either Ar/H, or Ar is
suitable for annealing.

[0092] A similar trend resulted from a second experiment.
In the second experiment, substrates with a 300 A titanium
nitride barrier layer were used. The conditions from Set A as
recited above were used, and wafers were annealed at 445°
C. for 10 minutes after tungsten deposition using Ar only
and Ar/H,. For comparison, a substrate deposited using
conditions from Set A as recited above was not annealed.
The resulting resistivity of each of these wafers is plotted in
FIG. 13B. The diamond shaped points represent measure-
ments of resistivity of wafers that were not annealed. Square
points represent measurements of resistivity of wafers
annealed with Ar/H, and triangular points represent mea-
surements of resistivity of wafers annealed with only Ar.
Similar to FIG. 13A, the resulting resistivity of wafers
annealed with Ar and Ar/H, were very similar for similar
thicknesses of tungsten deposited, thereby suggesting that
either Ar/H, or Ar can be used during the annealing process.

CONCLUSION

[0093] Although the foregoing embodiments have been
described in some detail for purposes of clarity of under-
standing, it will be apparent that certain changes and modi-
fications may be practiced within the scope of the appended
claims. It should be noted that there are many alternative
ways of implementing the processes, systems and apparatus
of the present embodiments. Accordingly, the present
embodiments are to be considered as illustrative and not
restrictive, and the embodiments are not to be limited to the
details given herein.

What is claimed is:

1. A method of forming a tungsten film on a substrate in
a reaction chamber, the method comprising:

depositing tungsten on the substrate by introducing a

vapor phase tungsten-containing precursor and a
boron-containing reactant into a chamber housing the
substrate to form the tungsten film; and

annealing the tungsten film to thereby lower the resistiv-

ity,

wherein the tungsten film is annealed at a chamber

pressure of at least about 1 Torr, and

wherein annealing the tungsten film reduces the boron

content of the tungsten film by a factor of 10.

2. The method of claim 1, wherein the tungsten film is
annealed at a temperature between about 385° C. and about
445° C.

3. The method of claim 1, wherein the tungsten film has
a boron content of less than about 1%.

4. The method of claim 1, wherein the tungsten film is
annealed for a duration between about 1 second and about 10
minutes.

5. The method of claim 1, wherein the tungsten film is
annealed in a non-nitrogen atmosphere.

6. The method of claim 1, wherein annealing the tungsten
film does not change the chemical composition of the
tungsten layer.

7. The method of claim 1, wherein the tungsten film is
annealed in a non-silicon atmosphere.
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8. The method of claim 1, wherein annealing the tungsten
film lowers the resistivity by between about 5% and about
35%.

9. A method of forming a tungsten film on a substrate in
a reaction chamber, the method comprising:

depositing tungsten on the substrate by introducing a

vapor phase tungsten-containing precursor and a
boron-containing reactant into a chamber housing the
substrate to form the tungsten film at a deposition
pressure; and

annealing the tungsten film to thereby lower the resistiv-

ity,

wherein the tungsten film is annealed at the deposition

pressure, and

wherein annealing the tungsten film reduces the boron

content of the tungsten film by a factor of 10.

10. The method of claim 9, wherein the tungsten film has
a boron content of less than about 1%.

11. The method of claim 9, wherein the tungsten film is
annealed in a non-nitrogen atmosphere.

12. The method of claim 9, wherein annealing the tung-
sten film does not change the chemical composition of the
tungsten layer.
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13. The method of claim 9, wherein the tungsten film is
annealed in a non-silicon atmosphere.

14. The method of claim 9, wherein annealing the tung-
sten film lowers the resistivity by between about 5% and
about 35%.

15. The method of claim 9, wherein the reaction chamber
is a multi-station reactor and the depositing the tungsten and
the annealing the tungsten film are performed in different
stations of the multi-station reactor.

16. The method of claim 9, wherein flow of a tungsten
precursor is shut off after depositing the tungsten and prior
to annealing the tungsten film.

17. The method of claim 16, wherein the tungsten film is
annealed at a temperature between about 385° C. and about
445° C.

18. The method of claim 9, wherein the deposition pres-
sure is between about 1 mTorr and about 760 Torr.

19. The method of claim 18, wherein the deposition
pressure is between about 1 Torr and about 100 Torr.

20. The method of claim 9, wherein the tungsten film is
annealed for a duration between about 1 second and about 10
minutes.



