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METHOD FOR REDUCING TUNGSTEN ROUGHNESS AND
IMPROVING REFLECTIVITY

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Patent Application No. 12/202,126,
filed August 29, 2008, the disclosure of which is incorporated herein by reference in

its entirety and for all purposes
FIELD OF INVENTION

This invention relates to methods for preparing tungsten films. Embodiments
of the invention are useful for integrated circuit applications that require thin tungsten

films having low electrical resistivity, low roughness and high reflectivity.
BACKGROUND

The deposition of tungsten films using chemical vapor deposition (CVD)
techniques is an integral part of many semiconductor fabrication processes. Tungsten
films may be used as low resistivity electrical connections in the form of horizontal
interconnects, vias between adjacent metal Jayers, and contacts between a first metal
layer and the devices on the silicon substrate. In a conventional tungsten deposition
process, the wafer is heated to the process temperature in a vacuum chamber, and then
a very thin portion of tungsten film, which serves as a seed or nucleation layer, is
deposited. Thereafter, the remainder of the tungsten film (the bulk layer) is deposited
on the nucleation layer. Conventionally, the tungsten bulk layer is formed by the
reduction of tungsten hexafluoride (WFg) with hydrogen (H») on the growing tungsten

layer.
SUMMARY OF INVENTION

The present invention provides methods of producing low resistivity tungsten
bulk layers having lower roughness and higher reflectivity, The smooth and highly
reflective tungsten layers are easier to photopattern than conventional low resistivity
tungsten films. The methods involve CVD deposition of tungsten in the presence of
alternating nitrogen gas pulses, such that alternating portions of the film are deposited
by CVD in the absence of nitrogen and in the presence of nitrogen. According to
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various embodiments, between 20-90% of the total film thickness is deposited by

CVD in the presence of nitrogen.
BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description can be more fully understood when

considered in conjunction with the drawings in which:

Figure 1 is a process flow sheet showing relevant operations of methods

according to various embodiments of the present invention.

Figure 2 is a process flow sheet showing relevant operation of methods of

depositing a tungsten nucleation layer.

Figure 3A is a schematic illustration comparing multi-stack and single stack

tungsten bulk layers,

Figure 3B shows an example of a timing sequence according to various

embodiments of the invention.

Figure 4 is a graph showing reflectivity and resistivity of a tungsten bulk layer

as a function of the percentage of film deposited in the presence of nitrogen.

Figure 5 is a graph showing the temperature dependence of resistivity for 1000
A tungsten films deposited by CVD in the presence of nitrogen and in a nitrogen-free

Process.

Figure 6 is a graph showing the temperature dependence of reflectivity for
1000 A tungsten films deposited by CVD in the presence of nitrogen and in a

nitrogen-free process.

Figure 7 is a block diagram of a processing system suitable for conducting

tungsten deposition process in accordance with embodiments of the invention.
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DETAILED DESCRIPTION

INTRODUCTION

In the following description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention, which pertains to forming
thin tungsten films. Modifications, adaptations or variations of specific methods and
structures shown and discussed herein will be apparent to those skilled in the art and

are within the scope of this invention.

The methods described herein relate to forming tungsten films. Conventional
processes for forming a tungsten film on a surface involve forming a tungsten

nucleation layer on the surface, and then performing a CVD operatiorr,

Embodiments of the present invention involve depositing tungsten layers that
have low resistivity, low roughness and high reflectivity. In previous processes, low
resistivity tungsten film has been achieved by growing large tungsten grains. This,
however, iﬁcreases the roughness of the film. As a result, percentage root mean
square (RMS) roughness to film thickness may exceed 10% for a low resistivity
tungsten film of 500A or greater film. Lowering the roughness of the film makes

subsequent operations (patterning, etc.) easier.

The methods described also provide highly reflective films. Conventional
processes for depositing bulk tungsten layers involve hydrogen reduction of tungsten-
containing prccﬁrsors in chemical vapor deposition (CVD) processes, The reflectivity
of a T000A film that is grown by conventional hydrogen reduction CVD is 110% or
less compared to that of a silicon surface. In certain applications, however, tungsten
films having greater reflectivity are needed. For example, tungsten films having low
reflectivity and high roughness can make photopatterning tungsten, e.g., to form

bitlines or other structures, more difficult,

The methods described herein involve depositing tongsten by H2 CVD
reduction in the presence of alternating nitrogen gas pulses. While it is known that
tungsten deposition in the presence of nitrogen gas decreases tungsten roughness, the
inventors have found that alternating CVD deposition in the presence of nitrogen with
CVD deposition with no nitrogen present produces films improves reflectivity and

roughness. Figure 1 shows a process according to certain embodiments of the
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invention. The process begins by depositing a tungsten nucleation layer on a
substrate in an operation 101. In general, a nucleation layer is a thin conformal layer
which serves to facihitate the subsequent formation of a bulk material thereon. In
certain embodiments, the nucleation layer is deposited using a pulsed nucleation
layer (PNL) technique. In a PNL technique, pulses of the reducing agent, purge gases,
and tungsten-containing precursors are sequentially injected into and purged from the
reaction chamber. The process is repeated in a cyclical fashion until the desired
thickness is achieved. PNL broadly embodies any cyclical process of sequentially

adding reactants for reaction on a semiconductor substrate.

As features become smaller, the tungsten (W) contact or line resistance
increases due to scattering effects in the thinner W film. While efficient tungsten
deposition processes require tungsten nucleation layers, these layers typically have
higher electrical resistivities than the bulk tungsten layers. Low resistivity tungsten
films minimize power losses and overheating in integrated circuit designs. Because
the Prucleation > Phulk, 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.

PNL technigques for depositing tungsten nucleation layers that have low
resistivity and that support deposition of low resistivity tungsten bulk layers are
described in U.S. Patent Applications 12/030,645, 11/951,236 and 61/061,078,
incorporated by reference herein. Additional discussion regarding PNL type processes
can be found in US Patents 6,635,965, 6,844,258, 7,005,372 and 7,141,494 as well as
in US Patent Application 11/265,531, also incorporated herein by reference.

Figure 2 presents a process flow sheet showing an overview of operations that
may be used in depositing a low resistivity tungsten nucleation layer by PNL
according to certain embodiments. The process shown in Figure 2 involves forming
a tungsten nucleation layer using a pulsed nucleation layer process at low temperature
and then treating the deposited nucleation layer prior to depositing the bulk tungsten
fill. In certain embodiments, the substrate contains a feature that has a high aspect
ratio and/or narrow width. In other embodiments, the methods are used to deposit low
resistivity tungsten film on pIaﬁar surfaces and surfaces having lower aspect ratio
features and wider features.
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As indicated by a process block 203, a low temperature pulsed nucleation
layer (PNL) process is performed to deposit a tungsten nucleation layer. Depositing
tungsten nucleation layer using a PNL process involves exposing the substrate to
alternating pulses of a reducing agent and a tungsten-containing precursor, such as
W, Low temperature tungsten nucleation layer processes to deposit conformal
nucleation layers are described in U.S. Patent Application No. 11/265,531, filed
November 1, 20035, incorporated by reference herein in its entirety and for all
purposes. In the embodiment depicted in Figure 2, the substrate temperature is low -
below about 350 C, for example between about 250 and 350 C or 250 and 325 C. In
certain embodiments, the temperature is around 300 C. Above-referenced
Application No. 11/265,531 describes sequences of reducing agent/tungsten-
containing precursor pulses that result may be used to deposit low resistivity film,
According to various embodiments, boron-containing (e.g., diborane) and non-boron-
containing (e.g., silane) reducing agents are used to deposit the nucleation layers.
Also, in certain embodiments, nucleation layer deposition includes one or more high
temperature (e.g.. 395°C) PNL cycles after the low temperature cycles. In certain
embodiments, methods for depositing tungsten nucleation layers in very small/high
aspect ratio features as described in U.S. Patent Application No. 12/030,645, filed
February 13, 2008, incorporated by reference herein in its entirety and for all
purposes, are used to deposit the nucleation layer. These methods involve using PNL
cycles of a boron-containing reducing agent and a tungsten-containing precursor with
no hydrogen in the background to deposit very thin tungsten nuocleation layers {(e.g.,
about 12 Angstroms) in these features that have good step coverage. In certain
embodiments following these methods, diborane or (another borane or boron-
containing reducing agent) is the only reducing agent used during deposition of the

nucleation layer.

Referring back to Figure 2, an optional operation 205 involves a higher
temperature treatment process to lower resistivity. Examples of treatment process
such are described in such as that described in U.S. Patent Application Nos.
11/951,236, and 61/061,078, incorporated by reference herein in its entirety and for
all purposes. The treatment process described therein involves exposing the deposited
nucleation layer to multiple pulses of a reducing agent (without intervening pulses of
another reactive compound). According to various embodiments, the substrate having
the nucleation layer deposited thereon is exposed to multiple cycles of reducing agent

pulses, or in some embodiments, alternating reducing agent and a tungsten-containing



10

15

20

25

30

WO 2010/025357 PCT/US2069/055349

Attorney Docket No. NOVLP274WO/NVLS-3435PCT

precursor pulses. Alternating pulses of a reducing agent and tungsten-containing

precursor are also used to deposit the tungsten nucleation

As indicated in Figure 2, the treatment process is performed at a higher
temperature than the nucleation layer deposition. Temperatures range from 375 C to
415 C, e.g., about 395 . Transitioning from nucleation layer deposition to this
treatment operation may involve heating the substrate to between about 350 C and
415 C, or in certain embodiments to about 375 C to 415 C and allowing it to stabilize
before exposing the nucleation layer to a plurality of reducing agent or reducing
agent/tungsten-containing precursor pulses in process. As indicated in certain
embodiments the substrate temperature is about 395 C. Lower temperatures would
require longer pulse times to achieve equivalent treatment effect. layer, but in the
treatment operation, typically substantially no tungsten is deposited.  While the
treatment process described in operation 205 may be used to improve adhesion, the
methods of the invention may be implemented without it. Returning to Figure 2, once
the tungsten nucleation layer is treated, a bulk tungsten layer is deposited in the
feature in a process operation 207. This is described in operations 103-109 of Figure

1, as discussed below.

While Figure 2 presents operations in a method of deposition low resistivity
tungsten nucleation layers according to certain embodiments, the methods described
herein are not limited to a particular method of tungsten nucleation layer deposition,
but include deposition bulk tungsten film on tungsten nucleation layers formed by any
method including PNL, atomic layer deposition (ALD), CVD, and any other method.

Returning to Figure 1, after the tungsten nucleation layer is deposited, and any
desired treatment has been performed, the bulk tungsten layer is deposited.
Deposition begins by a CVD process in which a tungsten-containing precursor is
reduced by hydrogen to deposit tungsten, While tungsten hexafluoride (WEF6) is often
used, the process may be performed with other tungsten precursors, including, but not
limited to, WCi6. In addition, while hydrogen is generally used as the reducing agent
in the CVD deposition of the bulk tungsten layer, other reducing agents including
silane may be used in addition or instead of hydrogen without departing from the
scope of the invention. In another embodiment, W(CO)6 may be used with or without
a reducing agent. The benefits derived from nitrogen (N2) exposure may also be

derived from exposure to other carrier gases that contain nitrogen, including NH3. By
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using NH3, or other types of nitrogen-containing precursors, the process described

may be modified to deposit tungsten nitride with similar advantages.

Unlike with the PNL processes described above, in a CVD technique, the WFs

‘and H, are simultaneously introduced into the reaction chamber. This produces a

continuous chemical reaction of mix reactant gases that continuously forms tungsten

film on the substrate surface,

The CVD deposition begins in an operation 103 in which the tungsten-
containing precursor and hydrogen are introduced into the reaction chamber without
any nitrogen being present, In certain embodiments, argon or another carrier gas is
used as a carrier gas. The gases may be pre-mixed or not. The gases are allowed to
react to deposit a portion of the desired total thickness of tungsten. As discussed
below, the amount of tungsten deposited in this operation depends in part on the total
desired thickness. For example, in certain embodiments, about 100A is deposited in
this operation. Next, in an operation 105, another portion of the tungsten layer is
deposited by H2 reduction of WF6 or other tungsten-precursor, in the presence of
nitrogen. Generally, transitioning from operation 103 (H2-WE6 reduction/no N2) to
operation 105 (H2-WF6 reduction/N2) involves turning on a flow of N2 into the
chamber, such that N2, H2 and WF6 are all flowing into the chamber. The argon or
other gas flow may be reduced or stopped during this portion of the process to
compensate for the additional (N2) gas introduced, thereby balancing the flows,
Another portion of the tungsten layer is deposited in this operation. In certain
embodiments, if the desired amount of tungsten has been deposited, the process ends
here. For depositing thick films, e.g., 1000A, more cycles are performed. This is
indicated at an operation 107, in which H2-WF6 reduction CVD without nitrogen
present is again performed. Transitioning from operation 105 to operation 107
typically involves turning off the flow of nitrogen, and if necessary, re-introducing
any flow of argon or other gas that was reduced or stopped for operation 105.
Another portion of the tungsten layer is deposited. Another pulse of nitrogen is then
introduced in an operation 109, to deposit another portion of the tungsten layer again
in the presence of nitrogen. One or more additional cycles of no-N2 and N2 H2
reductions of WF6 are then performed if necessary to reach the desired thickness. In

certain embodiments, the process may also end after a H2-only reduction.

In another embodiment, pulses of N2 and tungsten containing precursor are

simultaneously introduced into the chamber (e.g., with N2 as the carrier gas for the

.
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tungsten precursor) with delays such that pulsed N2-present reduction operations are
performed without any intervening H2-only reduction operations. As shown in the schematic
of Figure 3A, multi-stack bulk tungsten layers formed either by alternating H2-only CVD
reduction with N2-present CVD (301) or formed by only using N2-present CVD (303) both
have higher reflectivity than a single N2 -present stack (305), which in turn is more
reflective than a single H2-only stack (307). Note that there is at least a one second delay

between N2 pulses to form the multiple N2-present stacks.

Figure 3B shows an example of a timing sequence according to certain embodiments
of the invention. Prior to beginning the N2 CVD cycles described in operations 103-109
above, a pre-heat and first H2 (no N2) reduction may occur as indicated. Both the pre-heat
the first deposition are optional. In certain embodiments, pre-heating the wafer, e.g. to 395 C,
aids in decreasing resistance non-uniformity. Also, in certain embodiments, to achieve good
response and repeatability, the tungsten precursor agent may be diverted to a process vacuum
pump. This allows the flow to stabilize before introducing the precursor into the deposition
chamber. In the embodiment depicted in Figure 3B, the WE6 flow is diverted before and
after each CVD deposition, with the WF6 flowed into the chamber during the deposition.
‘Two cycles of the N2-CVD deposition are depicted in Figure 3B, though the number of N2-
CVD cycles may range from 1 to any desired number. It has been found that multiple N2-
CVD cycles, e.g., 2-5, improve the roughness over a single cycle. Each N2-CVD cycle has a
H2-only reduction, followed by a delay (delay 1). This delay may range from 0-1 min, e.g., 2
or 3 seconds. Note that although depicted sequentially, the WF6 divert and the delays are
typically concurrent, i.e., the WF6 is diverted during the delay between reductions. In certain
embodiments, there is no divert and tungsten is flowed into the chamber throughout the
process. Each N2-CVD cycle also has a H2 reduction with N2, also followed by a delay
(delay 2). A delay of at least 1-3 seconds has been shown to improve the roughness over
processes that do not have a delay after the N2-present H2 reduction. It is believed that this
is due to the nitrogen remaining in the chamber passivating the surface of the deposited film,
allowing the following H2-only film to deposit in a smoother fashion.

Tungsten precursor flow is indicated on the timing sequence. Argon or other carrier
gas, hydrogen and nitrogen flow into the chamber is indicated below the sequence. As shown,
argon flow remains constant, except for the H2 reduction in N2, in which it is reduced or

stopped  to account  for  the  additional N2 gas, H2  remains
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constant throughout the process, while N2 is flowed only during the H2 reduction in

the presence of N2.

Note that this process differs considerably from previous H2-WF6 CVD
reduction processes to deposit bulk tungsten layers. Previous processes use one set of
CVD conditions and gases to deposit the bulk layer. U.S. Patent No. 7,141,494
describes H2 reduction of WF6 in the presence of nitrogen to deposit a tungsten bulk
layer. Asdescribed in that patent, a process gas including, e.g., WF6-H2, WF6-B2H6
or W(CO)6 is introduced into the chamber,
deposition chamber, either before, during or after the process gas is introduced into

Nitrogen is also introduced .into the

the chamber. In certain situations, the nitrogen is introduced just after the deposition
process begins in order to allow the tungsten to nucleate. Once the nitrogen is
introduced, however, the deposition proceeds without additional pulsing of the
nitrogen. As described below, however, while the process described in the ‘494
patent results in improved roughness over tungsten deposited in the absence of
hydrogen, pulsing nitrogen throughout the process results in improving roughness and

improving reflectivity.

Table 1 shows comparisons in reflectivity between tungsten film produced
with H2 reduction with alternating N2 pulses, film produced by H2 reduction without
any N2, and film produced by H2 reduction with N2 mnning during the entire

deposition.
Table 1
Nucleatio | CVD Thickness | Resistivit | Reflectivity | Reflectivity | Ref
n Layer | Process (Angstroms | y (micro- | {(centerpoint | (centerpoint | NU
Process (H2 ) chm-cm) | ) compared | ) compared
reduction to St wafer | to Si wafer
(PNL 1 of wre)
deposition
of W
nucleation
)
Process 1 | Without N2 | 1000 11.12 1.13 1.11 1.6
0
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Process 1 | With N2 | 1026 12.08 1.19 1.18 0.8
{throughout 7
)

Process 1 | Without 1034 12.82 1.20 1.20 0.8
N2/With 0
N2/Withou
t N2/With
N2

Process 2 | With N2 | 1060 12.35 1.15 1.14 0.5
(throughout 3
)

Process 2 | Without 1049 12.44 1.19 1.18 0.5
N2/With 7
N2/Withou
t N2/With
N2

Tungsten nucleation layer deposition was performed by a PNL process as described
above. Both processes 1 and 2 used alternating pulses of diborane and tungsten
hexafluoride at low temperature, with process 2 also including a low resistivity
treatment as described above with respect to Figure 2. Compared to both the H2-only
and the H2, with N2 throughout, reductions, the altemating N2 process shows higher
reflectivity (average reflectivity 1.2 vs. 1.18 and 1.17 for process I; 1.18 vs. 1.14 for
process 2). Resistance non-uniformity is also improved for process 1.

In addition to the improvement in reflectivity, roughness is improved for the
alternating pulse process over both of the other processes. While it is generally
known that H2 reduction of WF6 in the presence of N2 improves roughness, as
compared to H2 reduction of WF6 with no N2, unexpectedly alternating H2-only
CVD reduction with N2 H2 CVD reduction further improves roughness reduction.
Without being bound by a particular theory, it is believed that the following

mechanism may account for this phenomena: tungsten deposition with nitrogen gas

10
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present during the entire period may grow grains in certain preferred, such that
alternating the nitrogen gas flow may break this continuity of grain growth; the
presence of nitrogen gas may suppress certain nucleation sites on the tungsten
growing surface, therefore some ensured tungsten grains may not follow the previous

template.

in Table 1, while film resistivity increases slightly with the addition of N2, the
process still produces films having resistivities below 13 micro-ohm-cm. Thus, the
process is able to achieve the low resistivities obtainable with large grain size and still
have the smoothness normally achieved with small grain size. This is because the

grain size remains approximately the same as without the nitrogen exposure.

In another aspect of the invention, the film resistivity and roughness is
optimized by the mixture of H2-CVD in the presence of N2 stacks and H2-only CVD
stacks. (H2-CVD referring to H2 reduction of WF6 to deposit W by CVD),
Specifically, by controlling the ratio of film deposited by H2 reduction in the presence
of H2 to the total film, the resistivity and reflectivity can be optimized. This is shown
in Figure 4, which shows film resistivity and reflectivity of 1000A W films for
various alphas, where alpha is the total thickness deposited by H2 reduction in the
presence of N2 divide by the total thickness deposited by H2 reduction without N2.
The total thickness includes thickness deposited by all cycles, The data for alpha =0
corresponds to H2-only processes, and the data for alpha = 1 corresponds to processes
in which N2 is present for most or substantially all of the CVD reduction. Figure 4
shows that the resistivity increases with alpha, and then begins to plateau or even
decrease with alpha around 0.8. Reflectivity increases for alpha between about 0 and
0.8, and then decreases around 1.0, Accordingly, optimize the reflectivity and
resistivity (desiring higher reflectivity and lower resistivity), in certain embodiments,
alphas between about 0.2 and 0.9 are used. In particular embodiments, alphas
between 0.4 and 0.8 are used. In other embodiments, alphas between 0.4 and 0.8 are
used, or more particularly between 0.6 and L8, Alipha is controlled by controlling the
amount of film deposited by each of the H2-only CVD operations and each of the N2-
present CVD operations. Thus, to get alpha of 0.5, each reduction operation in a
single N2-CVD cycle (a cycling including a H2-only reduction and a N2-present

reduction) deposits about the same amount of material,

In another aspect of the invention, the temperature at which the CVD

operation is performed is increased to improve reflectivity, Specifically, temperatures

11
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above about 400C using a N2-present H2 reduction provide better reflectivity than
those below 400C. This result is unexpected as the reflectivity for H2-only CVD
shows the opposite effect. Figures 5 and 6 show resistivity and reflectivity,
respectively, for H2-only CVD films and N2-present CVD films, Figure 5 shows that
film resistivity for both processes decreases with increasing temperature; this is
expected as the faster growth rates result in larger grain sizes, and fewer grain
boundaries. Figure 6 shows that for H2-only CVD, the reflectivity decreases with the
increases in temperature. This is also expected as the larger grains that result in
lower resistivity increase both the roughness and decrease the reflectivity as they
cause more diffuse scattering. Unexpectedly, however, the reflectivity for the N2-
present process increases with the increase in temperature: while reflectivity for the
415C process, for example, decreases from 111% to 108% for the H2-only process,

while increasing from 116% to 118% for the N2-present process.

In certain embodiments, the temperature during the N2-CVD cycles are higher
than H2-only operations that are performed prior to the N2-CVD cycles. Also, in
certain embodiments, the temperature is higher for the N2-present reduction of the
N2-CVD cycle than during the H2-only portion of that cycle.

APPARATUS

The methods of the invention may be carried out in various types of deposition
apparatus available from various vendors. Examples of snitable apparatus include a
Novellus 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, the process can be performed on multiple deposition stations
sequentially. See, e.g., U.S. Patent No. 6,143,082, which is incorporated herein by
reference for all purposes. In some embodiments, the pulsed mucleation process is
performed at a first station that is one of two, five or even more deposition stations
positioned within a single deposition chamber. Thus, the reducing gases and the
tungsten-containing gases are alternately introduced to the surface of the
semiconductor substrate, at the first station, using an individual gas supply system that

creates a localized atmosphere at the substrate surface.

Another station is then used to perform CVD as described above. Two or

more stations may be used to perform CVD in a parallel processing. Alternatively a

12
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wafer may be indexed to have the CVD operations performed over two or more

stations sequentially.

Figure 7 is a block diagram of a processing system suitable for conducting
tungsten thin fili deposition processes in accordance with embodiments of the
invention. The system 700 includes a transfer module 703. The transfer module 703
provides a clean, pressurized environment to minimize the risk of contamination of
substrates being processed as they are moved between the various reactor modules.
Mounted on the transfer module 703 is a multi-station reactor 709 capable of
performing PNL deposition, multi-pulse treatment if desired, and CVD according to
embodiments of the invention. Chamber 709 may include multiple stations 711, 713,
713, and 717 that may sequentially perform these operations. For example, chamber
709 could be configured such that station 711 performs PNL deposition, station 713
performs multi-pulse treatment, and stations 715 and 717 perform CVD.

Also mounted on the transfer module 703 may be one or more single or multi-
station modules 707 capable of performing plasma or chemical (non-plasma) pre-
cleans, The module may also be used for various other treatments, e.g., post liner
tungsten nitride treatments. The system 700 also includes one or more (in this case
two) wafer source modules 701 where wafers are stored before and after processing.
An atmospheric robot (not shown) in the atmospheric transfer chamber 719 first
removes wafers from the source modules 701 to loadlocks 721, A wafer transfer
device (generally a robot arm unit) in the transfer module 703 moves the wafers from
loadlocks 721 to and among the modules mounted on the transfer module 703.

In certain embodiments, a system controller is employed to control process
conditions during deposition. The controller 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/ontput connections, stepper motor controller

boards, etc.

The controller may control all of the activities of the deposition apparatus,
The system controller executes system control software including sets of instructions
for controlling the timing, mixture of gases, chamber pressure, chamber temperature,
wafer temperature, RF power levels, wafer chuck or pedestal position, and other
parameters of a particular process, Other computer programs stored on memory

devices associated with the controller may be employed in some embodiments.

i3
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Typically there will be a user interface associated with the controller. 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.

The computer program code for controlling the deposition and other processes
in a process sequence can be written in any conventional computer 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.

The controller parameters relate to process conditions such as, for example,
process gas composition and flow rates, temperature, pressure, plasma conditions
such as RF power levels and the low frequency RF frequency, cooling gas pressure,
and chamber wall temperature. These parameters are provided to the user in the form

of a recipe, and may be entered utilizing the user interface.

Signals for monitoring the process may be provided by analog and/or digital
input connections of the system controller, The signals for controlling the process are

output on the analog and digital output connections of the deposition apparatus.

The system software may be designed or configured 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
inventive deposition processes. Examples of programs or sections of programs for
this purpose include substrate positioning code, process gas control code, pressure

control cede, heater contro! code, and plasma control code.

A substrate positioning program may include program 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 composition 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 inclode code for controlling the current to a heating unit

14
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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.

Examples of chamber sensors that may be monitored during deposition
include mass flow controllers, pressure sensors such as manometers, and
thermocouples located in pedestal or chuck. Appropriately programmed feedback

and control algorithms may be used with data from these sensors to maintain desired

process conditions.

The foregoing describes implementation of embodiments of the invention in a

single or multi-chamber semiconductor processing tool.

APPLICATIONS

The present invention may be used to deposit thin, low resistivity tungsten
layers for many different applications. One preferred application is for interconnects
in integrated circuits such as memory chips and microprocessors. Interconnects are
current lines found on a single metallization layer and are generally long thin flat
structures. These may be formed by a blanket deposition of a tungsten layer (by a
process as described above), followed by a patterning operation that defines the
location of current carrying tungsten lines and removal of the tungsten from regions

outside the tungsten lines,

A primary example of an interconnect application is a bit line in 2 memory
chip. Of course, the invention is not limited to interconnect applications and extends
to vias, contacts and other tungsten structures commonly found in electronic devices.
In general, the invention finds application in any environment where thin, low-

resistivity tungsten layers are required.

Another parameter of interest for many applications is a relatively low
roughness of the ultimately deposited tungsten layer. Preferably, the roughness of the
tungsten layer is not greater than about 10% of the total thickness of the deposited
tungsten layer, and more preferably not greater than about 5% of the total thickness of
the deposited tungsten layer. The roughness of a tungsten layer can be measured by

various techniques such as atomic force microscopy.

15



WO 2010/025357 PCT/US2009/055349

Attorney Docket No. NOVLP274W0/NVLS-3435PCT

OTHER EMBODIMENTS

While this invention has been described in terms of several embodiments,
there are alterations, modifications, permutations, and substitute equivalents, which
fall within the scope of this invention. It should also be noted that there are many
alternative ways of implementing the methods and apparatuses of the present
invention. It is therefore intended that the following appended claims be interpreted as
including all such alterations, modifications, permutations, and substitute equivalents

as fall within the true spirit and scope of the present invention,
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Claims:

1. A method of forming a tungsten film on a semiconductor substrate, the method
comprising:

depositing a tungsten nucleation layer on the semiconductor substrate; and

depositing a tungsten bulk layer on the tungsten nucleation layer by a CVD
process in which the semiconductor substrate is exposed to multiples pulses of nitrogen
during deposition of the tungsten bulk layer with delays between the nitrogen pulses,
wherein the CVD deposition of the bulk layer is performed without depositing tungsten
by a pulsed nucleation layer (PNL) process during the CVD deposition of the bulk

layer.

2. The method of claim 1 wherein depositing a tungsten bulk layer comprises one
or more cycles, wherein a cycle comprises at least one CVD operation in which a
tungsten-containing precursor is reduced by a reducing agent in the absence of nitrogen
to deposit tungsten and at least one CVD operation in which a tungsten-containing

precursor is reduced by a reducing agent in the presence of nitrogen to deposit

tungsten.
3. The method of claim 2 comprising at least two cycles.
4. The method of claim 1 wherein the reflectivity of the deposited tungsten bulk

layer is 20% greater than that of a bare silicon wafer.

5. The method of claim 1 wherein the resistivity of the deposited tungsten bulk

layer is less than about 15 micro-ohm-cm.

6. The method of claim 1 wherein the resistivity of the deposited tungsten bulk

layer is less than about 13 micro-ohm-cm.

17



MCSLLP

7. The method of claim 1 wherein the deposited bulk layer comprises a first
thickness deposited by reduction of a tungsten-containing precursor in the presence of
nitrogen and a second thickness deposited by reduction of a tungsten-containing
precursor in the absence of nitrogen, wherein the total thickness is the summation of
the first and second thicknesses and wherein the ratio of the first thickness to the total

thickness is between about 0.2 and 0.9.

8. The method of claim 7 wherein the ratio of the first thickness to the total

thickness is between about 0.4 and 0.8.

9. The method of claim 7 wherein the ratio of the first thickness to the total

thickness is between about 0.5 and 0.8.

10. The method of claim 7 wherein the ratio of the first thickness to the total

thickness is between about 0.6 and 0.8.

1. The method of claim 1 wherein depositing the tungsten nucleation layer
comprises alternating pulses of a reducing agent and a tungsten containing precursor

over the substrate to deposit the nucleation layer by a PNL process.

12. The method of claim 1 wherein depositing the tungsten bulk layer comprises at
least one CVD operation in which a tungsten-containing precursor is reduced by a
reducing agent in the absence of nitrogen to deposit tungsten and at least one CVD
operation in which a tungsten-containing precursor is reduced by a reducing agent in
the presence of nitrogen to deposit tungsten, and the temperature during the CVD
operation in the presence of nitrogen in higher than that during the CVD operation in

the absence of nitrogen.

13. The method of claim 1 wherein depositing the tungsten bulk layer comprises
reducing WF6 with H2.

14. The method of claim 2 wherein the tungsten-containing precursor is WF6 and

the reducing agent is H2.
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15. The method of claim 1 wherein depositing the tungsten bulk layer comprises
multiple sequential CVD operations in which a reducing agent reduces a tungsten-
containing precursor in the presence of nitrogen, wherein there is a delay between the

multiple sequential CVD operations of at least 1 second.

16. A method of forming a tungsten film on a semiconductor substrate, the method
comprising:
depositing a tungsten nucleation layer on the semiconductor substrate; and
depositing a tungsten bulk layer on the tungsten nucleation layer by reduction of
a tungsten-containing precursor in a CVD process in which the semiconductor substrate
is exposed to multiples pulses of nitrogen during deposition of the tungsten bulk layer
with delays between the nitrogen pulses such that a is between 0.2 and 0.9, wherein o
is the thickness of the tungsten of the tungsten bulk layer deposited in the presence of

nitrogen divided by the total thickness of the tungsten bulk layer.

17. The method of claim 16 wherein a is between 0.5 and 0.8.

18.  The method of claim 16 wherein the tungsten bulk layer is deposited by H2
reduction of WF6.

19. A method of forming a tungsten film on a semiconductor substrate, the method
comprising:

depositing a tungsten nucleation layer on the semiconductor substrate;

depositing a tungsten bulk layer on the tungsten nucleation layer by a CVD
process in which the semiconductor substrate is exposed to multiple pulses of nitrogen
during CVD deposition of the tungsten bulk layer with delays between the nitrogen
pulses;

wherein depositing a tungsten bulk layer comprises one or more cycles, wherein
a cycle comprises at least one CVD operation in which a tungsten-containing precursor
is reduced by a reducing agent in the absence of nitrogen to deposit tungsten and at
least one CVD operation in which a tungsten-containing precursor is reduced by a

reducing agent in the presence of nitrogen to deposit tungsten,
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wherein the semiconductor substrate is continuously exposed to a tungsten-
containing precursor throughout each CVD operation and the tungsten bulk layer does

not include intervening pulsed nucleation layer (PNL)-deposited layers.

20. A method of forming a tungsten film on a semiconductor substrate, the method
comprising:

depositing a tungsten nucleation layer on the semiconductor substrate;

depositing a tungsten bulk layer on the tungsten nucleation layer by a CVD
process in which the semiconductor substrate is exposed to multiple pulses of nitrogen
during CVD deposition of the tungsten bulk layer with delays between the nitrogen
pulses,

wherein the semiconductor substrate is continuously exposed to a reducing
agent throughout deposition of the tungsten bulk layer and the tungsten bulk layer does

not include intervening non-bulk layers.

21. An apparatus for depositing tungsten film on a substrate comprising:

a) deposition chamber comprising: a substrate support and one or more gas
inlets configured to expose the substrate to pulses of gas; and

b) a controller for controlling the operations in the deposition chamber, the
controller comprising instructions for simultaneously flowing a tungsten-containing
precursor and a reducing agent into the chamber; and for pulsing nitrogen into the
chamber with delays between the nitrogen pulses, including instructions for
simultaneously flowing the tungsten-containing precursor and the reducing agent into
the chamber during a delay and instructions for simultaneously flowing the tungsten-

containing precursor and the reducing agent into the chamber during a nitrogen pulse.

22. The apparatus of claim 21, wherein the controller further comprises instructions
for simultaneously flowing the tungsten-containing precursor and the reducing agent
into the chamber throughout a delay and instructions for simultaneously flowing the
tungsten-containing precursor and the reducing agent into the chamber throughout a

nitrogen pulse.
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23.  The apparatus of claim 21, wherein the controller further comprises instructions
for maintaining a higher substrate support temperature during a nitrogen pulse than

during a nitrogen delay.

24.  The apparatus of claim 21, wherein the delay is at least 1 second.
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