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Novel insight into the mechanisms that govern nucleation during tungsten atomic layer deposition is
presented through a detailed analysis using density functional theory. Using the calculated energetics,
the authors suggest the most probable series of reactions that lead to monolayer formation on desired
growth surfaces, Si(100) and W(110), during sequential doses of WF6 and SiH4. From this analysis,
they conclude that a relatively high-energy barrier exists for initial nucleation of WF6 on a silicon
substrate; therefore, the system is limited to physical adsorption and is only capable of accessing
nucleation pathways once the reaction barrier is energetically accessible. During early doses of WF6,
the initial silicon surface acts as the reductant. Results from this half-reaction provide support for the
noncoalesced growth of initial W layers since nucleation is shown to require a 2:1 ratio of silicon to
WF6. In addition, the release of H2 is significantly favored over HF production leading to the forma-
tion of fluorine-contaminated silicon sites; etching of these sites is heavily supported by the absence
of fluorine observed in experimentally deposited films as well as the high volatility of silicon-sub-
fluorides. In the second half-reaction, SiH4 plays the multipurpose role of stripping fluorine atoms
from W, displacing any adsorbed hydrogen atoms, and depositing a silicon-hydride layer. Saturation
of the previously formed W layer with silicon-hydrides is a crucial step in depositing the consecutive
layer since these surface species act as the reductants in the succeeding dose of WF6. The SiH4 half-
reaction reaches a limit when all fluorine atoms are removed as silicon-subfluorides (SiFxHy) and
tungsten sites are terminated with silicon-hydrides. The WF6 dose reaches a limit in early doses
when the reductant, i.e., the surface, becomes blocked due to the formation of a planar network of
fluorine-containing tungsten intermediates and in later cycles when the reductant, i.e., adsorbed
silicon-hydrides, is etched entirely from the surface. Overall, the calculated energetics indicate that
WFxHy, SiFx, and H2 molecules are the most probable by-products released during the ALD process.
Results from this work contribute significantly to the fundamental understanding of atomic layer
growth of tungsten using silicon species as reducing agents and may be used as a template for ana-
lyzing novel ALD processes. Published by the AVS. https://doi.org/10.1116/1.5044740

I. INTRODUCTION

The semiconductor industry is actively focused on devel-
oping atomic layer deposition (ALD) techniques for insulat-
ing, semiconducting, and conducting materials that allow for
atomically thin device layers with defect-free film composi-
tion. Using ALD, single atomic layers can be deposited
allowing for enhanced control of thin film growth and a
means by which to reduce the restrictive 7-nanometer node
size available to the industry.1 Well-established ALD pro-
cesses exist for specific chemical systems and are currently
employed in the semiconductor industry for the deposition
of metal thin films for source and drain contacts, gate dielec-
trics, and in the deposition of seed layers for Damascene
metal deposition in interconnects and vias.2,3 However, the
potential for ALD application remains abundant and is con-
tingent on increasing the accuracy of existing half-reactions
and development of novel processes. Using existing ALD
half-reactions, atomistic studies can be used to thoroughly

understand self-limiting mechanisms in order to increase the
accuracy of current processes and create a template by which
to design new processes for desirable materials.

Tungsten ALD (W-ALD) is an example of a well-
established process that is currently employed in the semi-
conductor industry. Deposition of W via silane reduction
was first confirmed in 1987 at a high deposition rate in a
low-temperature range,4 and after nearly two decades of
extensive research on W chemical vapor deposition, George
et al. demonstrated deposition of W using sequential doses
of WF6 and Si2H6.

5 Their successful validation of self-
limiting surface reactions led to a new ALD process for tung-
sten that offered enhanced control of composition, thickness,
and conformality.5,6 Tungsten is a highly desirable material
for its properties, such as resistance to high temperatures,
hardness, high thermal and conductive properties, and chem-
ical inertness to oxidation, so the ALD process is widely
used in contact and diffusion barriers, low resistance gates
and interconnect lines in a VLSI circuit and continues to be
developed for applications in Area-Selective ALD and as a
template for novel chemistries.7–9a)Electronic mail: gnp@ncsu.edu
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The most common tungsten ALD and CVD processes use
tungsten hexafluoride, which can be reduced by silane,
hydrogen, or crystalline silicon surface sites, with silane and
crystalline silicon being the most commonly used due to their
high-rate, low-temperature process conditions. Despite the
numerous studies on tungsten ALD/CVD, the physiochemi-
cal characteristics that control tungsten growth have yet to be
sufficiently described and the chemical pathways that drive
deposition remain contested; an example being the disputed
emission of HF and tungsten subfluorides.10–12 In addition,
the self-limiting half-reactions are often described using a
single reaction mechanism with unspecified stoichiometry,
while in reality the half-cycles proceed through a series of
unidentified subreactions. Furthermore, deposited thin films
have a high surface-to-volume ratio making an atomistic
understanding of surface chemistries crucial in increasing the
accuracy and efficiency of the existing process.

In this paper, we present an ab initio analysis of the
W-ALD process in order to enhance the understanding of a
nucleation phenomenon and provide a unique perspective into
the specific chemistries that influence monolayer growth. Using
density functional theory (DFT), we perform a systematic
exploration of potential reaction pathways to identify the most
probable reactions that lead to nucleation during the W-ALD
self-limiting half-reactions. DFT is a standard quantum
mechanical method that is often applied to systems involving
metallic and semiconducting materials13 in which experimental
studies, such as W-ALD, are limited by inconsistent results and
nonequilibrium conditions.14–16 This study focuses specifically
on W-ALD using WF6 and SiH4 as precursors and selectively
terminated Si(100) and W(110) as substrate surfaces.

This work is organized as follows: the Methods section
provides DFT and reaction pathway calculation parameters
as well as the method used to generate geometry files; the
Results and Discussion sections are organized sequentially
according to the corresponding half-cycle. The Results
section provides details on identified reaction mechanisms,
and the Discussion section provides an analysis of the results
in light of experimental evidence.

II. SIMULATION METHODS

We performed calculations using the ab initio plane-wave
pseudopotential approach as implemented in the Vienna Ab
initio Simulation Package.17,18 The Perdew–Wang (PW91)
functional was used to perform periodic DFT calculations with
valence electrons treated explicitly. Interactions within the
ionic cores were described using the projector augmented-wave
method, which allowed for an energy cutoff of 400 eV to be
specified. The gamma point was used in the Brillouin-zone
integration with a 6� 6� 1 k-point mesh, and the positions
of all atoms were relaxed self-consistently until the total
energy difference decreased below 10�4 eV.

Hydrated silicon [Si(100)-H] and fluorinated-tungsten
[W(110)-F] slabs were used to imitate surfaces available during
tungsten ALD. To prepare the slabs, the unit cells of the sub-
strate were allowed to relax in volume, shape, and atomic coor-
dinates. The unit cell was then replicated and cleaved along a

given Miller plane and vacuum was added above and below the
slab to create a semiperiodic simulation. The midsection atoms
were frozen to approximate the bulk substrate and, in some
cases, the surface atoms were passivated to eliminate dangling
electrons. Finally, surfaces were relaxed into their ground state.

Interaction energies were calculated for surface interac-
tions using the general equation:

ΔE0,Interaction ¼ [E(0,Slab) þ E(0,Precursor)]

� [E(0,SlabþAdsorbant)þ E(0,by�products)]:

(1)

The reaction mechanisms and rates were calculated using the
zero-temperature string method (ZTSM). This method is an
interpolation algorithm that requires both reactant and product
configurations to generate a sequence of configurations along
the reaction coordinate.19,20 The coordinates of the generated
configurations are connected by a “string” that is optimized
during the reparametrization step in the direction of the force
normal to the string. The sequence of configurations is then
regenerated along the optimized string. The bulk of computa-
tional time required is due to the cost associated with calculat-
ing forces on each atom in the system, which are used during
the reparametrization step. This cost can be reduced by “freez-
ing” bulk atoms in the slab. One particular advantage of
ZTSM is the ability to choose the parametrization density, or
the spacing of configurations on the reaction coordinate, based
on intrinsic properties that are relevant to the system at hand.
In this particular study, we used two reparametrization condi-
tions in order to develop a more descriptive representation of
the reaction pathway: an equal spacing and energy-weighted
spacing of the configurations (Fig. 1).

FIG. 1. Illustration of image spacing options along the reaction coordinate
during the reparametrization step of the zero-temperature string method:
energy-weighted spacing of configurations and equal spacing of configurations.
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The reaction path was divided into 12–15 configurations,
depending on the complexity of the reaction. The “time-step”
for numerical integration of the equation of motion during
the reparametrization step was chosen so that the maximum
change in atom position was 0.05 Å.

A. Surface model descriptions

Adsorption was performed on the (100) plane of silicon A4
diamond since it is known to have the lowest surface energy
(1.28 eV/Å2) and the semiconductor industry typically works
on this surface.21 The supercell dimensions for the silicon sub-
strate were 11.57Å� 11.57Å� 19.12Å, which was equivalent
to 3� 3� 5 unit cells. The substrate contained a slab of 12
layers thick with 108 silicon atoms and 36 surface hydrogen
atoms and the system contained the equivalent of two unit
cells (7.72 Å) of vacuum. The top half of the hydrogen-
terminated silicon (100) surface is represented in Fig. 2.

Tungsten was modeled as a body-centered cubic lattice
using a supercell with dimensions of 9.51 Å × 13.45 Å ×
17.71 Å ×, which was equivalent to 3� 4� 5 unit cells.
The substrate contained a slab of 7 layers with 63 tungsten
atoms and 18 surface fluorine atoms with the equivalent of
3.5 unit cells (11.06 Å) of vacuum. Adsorption was per-
formed on the W(110) surface since this surface was identi-
fied by Jain et al. to have the lowest surface energy versus
W(111) and W(100).21,22 The top half of the fluorine-
terminated tungsten surface is represented in Fig. 3.

III. RESULTS

The standard W-ALD process proceeds through the fol-
lowing steps: WF6 is exposed to hydrogen-terminated silicon
with 100 orientation to produce surface tungsten fluorides;
the system is purged to remove unused reactants and gaseous
by-products; SiH4 is exposed to the tungsten fluoride surface
to produce silicon-hydrides, analogous to the starting Si-H
surface; the system is purged to remove by-products. These
steps, illustrated in Fig. 4, result in tungsten growth and are
repeated until desired film thickness is achieved.

A. Nucleation of WF6 on hydrogen-terminated Si(100)

During the initial dose of WF6 onto a hydrogen-
terminated silicon [Si(100)-H], the overall, unbalanced reac-
tion can be expressed as follows:

Si(100)�H(s)þWF6,(g)!Si(100)�WFaHb,(s)

þSiFxHy,(g)þH2,(g)=HF(g):
(2)

In reality, the above reaction proceeds through an unidenti-
fied number of subreactions. Using elementary reaction
steps, we identify these subreactions, as well as intermediate
species that exist during nucleation on Si(100). The identi-
fied species and calculated energy differences for each
elementary step are shown in the overall schematic in Fig. 5.
This reaction cascade, detailed through this section, illus-
trates the pathways identified as thermodynamically proba-
ble, indicated by straight, downward paths, and less
probable, indicated by outward reaction paths.

FIG. 3. Top half of tungsten slab with 110 orientation and fluorine passiv-
ation. Periodic boundary conditions were employed to appromixate the bulk
substrate. Periodic boundary conditions were employed to approximate the
bulk substrate.

FIG. 4. Schematic of W-ALD: the top half depicts tungsten hexafluoride mol-
ecules being exposed to a silicon slab and the bottom half depicts silane
molecules being exposed to a WFxHy-terminated silicon slab.

FIG. 2. Top half of a seven-layer silicon slab with 100 orientation and hydrogen
passivation: silicon atoms (dark grey) and hydrogen atoms (white). Periodic
boundary conditions were employed to approximate the bulk substrate.
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As depicted in the first step in Fig. 5, upon the introduction
of WF6 to hydrogen-terminated silicon (100), two elementary
reactions are available to the system. These reaction mecha-
nisms along with corresponding energy differences and acti-
vation barriers are presented in Eqs. (R1) and (R1.hf).
Reaction labels including “hf,” i.e., (R1.hf), denote alternate
reaction paths that result in HF production, while those
including “a” denote an alternate path for the same reactants

H� Si(100)� HþWF6,(g) ! H� Si(100)� FþWF5H(g),

ΔE ¼ �0:34 eV, Ez ¼ 2:01 eV,

(R1)

H� Si(100)� HþWF6,(g) ! H� Si(100)�WF5 þ HF(g),

ΔE ¼ þ0:93 eV, Ez ¼ 2:76 eV,

(R1:hf)

where the given energy values are in eV. For both pathways,
WF6 physisorbs onto the surface with a binding energy of
�0:52 eV. From this state, the ligand exchange reaction,
forming WF5H (R1), is exothermic (ΔE ¼ �0:34 eV) with a
barrier (Ez) of 2.01 eV and is therefore more favorable than
the reaction producing HF (R1.hf) which is endothermic
(þ0:93 eV) with a barrier of 2.76 eV. The pathway for reac-
tion (R1), producing WF5H(g)/Si-F(s), is depicted in Fig. 5 as
a straight, downward arrow.

Following reaction (R1), WF5H can further react with a
hydrogen-terminated site, as depicted in (R2) and (R2.a), to
produce WF4H2 (R2) or chemisorbed WF5 (R2.a):

F� Si(100)� HþWF5H(g) ! H� Si� FþWF4H2,(g),

ΔE ¼ �0:25 eV,

(R2)

FIG. 5. Reaction scheme of WF6 and hydrogen-passivated silicon surface with 100 orientation leading to the production of HF, H2, WFaHb, and chemisorbed
W species. All energy values are given in units of electron volts (eV).
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H� Si(100)� HþWF5H(g) ! H� Si�WF5 þ H2,(g),

ΔE ¼ �0:19 eV, Ez ¼ 1:56 eV:

(R2:a)

Reactions (R2) and (R2.a) are both exothermic with calcu-
lated energy differences of �0:25 eV (R2) and �0:19 eV
(R2.a) with an activation barrier of 1.56 eV for reaction
(R2.a).

In addition, WF5H can react similarly with a partially
fluorinated site, as depicted in reactions (R3) and (R3.a), to
produce WF4H2 (R3) or chemisorbed WF5 (R3.a). However,
in this case, Reaction (3) is exothermic (�0:39 eV) with a
barrier of 2.15 eV, whereas (R3.a) is slightly endothermic
(þ0:06 eV):

F� Si(100)� HþWF5H(g) ! F� Si� FþWF4H2,(g),

ΔE ¼ �0:39 eV, Ez ¼ 2:15 eV,

(R3)

F� Si(100)� HþWF5H(g) ! F � Si�WF5 þ H2,(g),

ΔE ¼ þ0:06 eV:

(R3:a)

The product differences between the above four reactions are
illustrated in Figs. 6 and 7.

Comparing the above four reactions between WF5H and
Si(100) [(R2), (R2.a), (R3), and (R3.a)], we see that WF5H
is more likely to undergo ligand exchange at either passiv-
ation site to produce WF4H2 and is highly unlikely to chemi-
sorb at a partially fluorinated site. Ligand exchange is
favored since it results in the formation of an additional
surface silicon–fluorine bond, the strongest in the system.
Reactions (R2), (R2.a), and (R3) are all thermodynamically
probable; however, the activation barrier associated with
(R2.a) is lowest, suggesting that, although the production of

WF4H2 is thermodynamically favored, both products, chemi-
sorbed WF5 and gaseous WF4H2, will be sampled in the
system. A clear difference between (R2), (R2.a), (R3), and (R3.a)
is that the adsorption of WF5 is likely to occur on a surface
site containing two hydrogen atoms, whereas WF4H2 pro-
duction is favorable at both sites, with the partially fluori-
nated site being more favorable. The production of HF is
highly unlikely at lower temperatures as supported by
(R1.hf ) and parallel endothermic reactions using the products
from (R1), as shown in (R2.hf) and (R3.hf ):

H� Si(100)� HþWF 5H(g)

! H� Si(100)�WF 4Hþ HF(g),

ΔE ¼ þ1:64 eV,

(R2:hf)

F� Si(100)� HþWF5H(g)

! F� Si(100)�WF4Hþ HF(g),

ΔE ¼ þ1:88 eV:

(R3:hf)

For the pathways leading to gas-phase WF4H2 [(R2) and (R3)],
WF4H2 is unlikely to leave the system as a gas-phase
by-product since it strongly physisorbs onto hydrogen-
passivated silicon sites with a downhill energy of �1:32 eV.
Therefore, consecutive interactions between WF4H2 and
neighboring hydrogen-passivated silicon sites are likely and
may lead to chemisorbed WF4H (R4) or gas-phase WF3H3

(R4.a):

H� Si(100)� HþWF4H2,(g)

! H� Si(100)�WF4Hþ H2,(g),

ΔE ¼ �0:20 eV, Ez ¼ 1:54 eV,

(R4)

FIG. 7. Illustration of the product differences between the multiple reaction
pathways for WF5H on a partially fluorinated site.

FIG. 6. Illustration of the product differences between multiple reaction path-
ways for WF5H on hydrogen-passivated surface sites.
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H� Si(100)� HþWF4H2,(g)

! H� Si(100)� FþWF3H3(g),

ΔE ¼ �0:01 eV, Ez ¼ 2:20 eV:

(R4:a)

The production of H2 and chemisorbed WF4H (R4) has
an overall energy difference of �0:20 eV with an activation
barrier of 1.63 eV, while the production of gas-phase WF3H3

(R4.a) is less favorable with an overall energy difference of
�0:01 with an activation barrier of 2:20 eV.

Alternatively, following the divergent pathway involving
chemisorbed WF5 (R2.a) can react successively with a
neighboring site to form a silicon–silicon surface dimer. The
corresponding reaction mechanism is shown in (R5):

H� Si(100)� Hþ H� Si(100)�WF5
! H� Si(100)� Si(100) �WF5 þ H2,(g),

ΔE ¼ �0:13 eV, Ez ¼ 0:78 eV:

(R5)

The reconstruction of the silicon site with chemisorbed WF5
to form a surface silicon dimer is thermodynamically down-
hill (�0:91 eV) with a relatively low barrier (0.79 eV).

In both pathways, surface fluorination through ligand
exchange reactions promotes etching of silicon sites since it
increases volatility of silicon. For further support, we calcu-
lated the complete ligand exchange reaction between molec-
ular WF6 and SiH4. The mechanism for the exothermic
reaction is shown below:

WF6,(g) þ SiH4,(g) ! SiF4,(g) þWF2H4,(g),

ΔE ¼ �0:2 eV:
(3)

The downhill energy associated with the above reaction indi-
cates that if fluorine is present in the system, silicon will act
as a reductant until saturated with fluorine or purged from
the reactor. Once silicon surface sites are removed as volatile
subfluoride species, a reactive site will be available for W
deposition. Therefore, adsorption of WF6 on Si(100) may
proceed through two pathways: (1) at an unetched site to
produce volatile H2 or HF and/or (2) at an etched surface site
(Fig. 8). Notably, W deposition is very unlikely to occur at
sites containing fluorine, which are favorably produced

according to the above reaction scheme, so these sites are
either etched or inactive for the remainder of the ALD
process.

B. Reaction of SiH4 on coalesced, fluorine-terminated
W(110)

After nucleation has led to the formation of a fully coa-
lesced tungsten film, SiH4 is dosed into the system and inter-
acts with deposited W (Fig. 9, bottom half ). Crystalline W is
therefore used to represent the system surface.

Prior to deposition of WF6 in succeeding half-cycles on a
W(110) surface, SiH4 plays an essential role of stripping
fluorine content from the deposited W surface. The mecha-
nism for SiH4 reducing fluorine-terminated tungsten
[W(110)-F] is shown in (R6), with the reaction path and
structures shown in Fig. 10

W(110)� Fþ SiH4,(g)

! W(100)� HBridged þ SiH3F(g),

ΔE ¼ �1:43 eV, Ez ¼ 0:73 eV:

(R6)

As depicted in Fig. 9, SiH4 favorably reacts with W(110)-F
to form SiH3F with a downhill energy of �1:43 eV and an
activation barrier of þ0:73 eV. The reduction of W(110)-F
proceeds until all fluorine content is removed and leads to
increased reactivity at reduced sites [W(110)*], which are
exposed to gas-phase SiH4 to form W(110)-SiHx. The reac-
tion between SiH4 and reduced W sites to form
W(110)-SiHx is highly exothermic with an energy difference
of �3:16 eV. If W(110)* sites and W(110)-F sites are within
proximity, SiH4 favors the removal of fluorine from
W(110)-F to chemisorption at W(110)*. In addition, SiH3F,
produced through a reduction reaction between SiH4 and
W(110)-F, can successively interact with the surface and also
favors the reduction of W(110)-F to chemisorption at
W(110)*. Taking into consideration that SiHxFy species are

FIG. 8. Adsorption of WFxHy on hydrated silicon through an exchange reac-
tion leading to H2 (or HF) elimination or an etch and deposition step.

FIG. 9. Schematic of W-ALD after the initial W-ALD cycle: the top half
depicts tungsten hexafluoride being exposed to a monolayer of tungsten on a
silicon slab and the bottom half depicts silane molecules being exposed to a
WFxHy-terminated monolayer of tungsten on a silicon slab.
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present in a much lower concentration than SiH4, and less
likely to chemisorb due to the steric hindrance of fluorine
ligands, the predominant chemisorbed species at the end of
the cycle is likely SiHx over SiHxFy.

Overall, the reduction of fluorine-terminated W via SiH4

is supported by the exothermic reaction shown in the mecha-
nism below:

4W(110)� Fþ SiH4(g) ! 4W(110) � þ 2H2 þ SiF4,(g),

ΔE ¼ �1:89 eV:

(4)
C. Reaction of WF6 on coalesced, SiHx-terminated
W(110)

WF6 nucleates on W(110)-SiHx after SiHx is removed
from the surface as gaseous SiHxFy (R7). In the mechanism,
the stoichiometry of surface species and products are kept
indefinite since several reaction pathways exist:

WF6,(g) þW(110)� SiHx

! W(110)�WFaHb þ SiFxHy,(g):
(R7)

Terminal SiHx species become volatile as SiHxFy through a
reduction reaction with gas-phase WF6 leaving reactive
surface sites [W(110)*] available to WF6 and WFx exposure.
WFx, a gaseous by-product, is also formed during the surface
reduction. WF6 deposits on W(110)* with an overall energy
difference of �3:42 eV through a reaction involving a simul-
taneous reduction via a neighboring W(110)* site, as
depicted in Fig. 11. The formation of W(110)-F leads to the
loss of reactivity unless a reductant species (SiHxFy) is avail-
able to the fluorinated sites. The experimental observation of
coalesced films implies that significant W site deactivation
must be overcome during deposition or that the depositing

species is the gaseous by-product, WFx. Deposition via inter-
mediate WFx species would lead to less loss of growth sites
per W atom. Based on the calculated results, WF5 and WF4
are likely by-products that react favorably with W(110)*,
with WF4 being the favored adsorbent. Figure 10 illustrates
the loss of reactivity at W(110) sites through WF6 exposure
to form chemisorbed WF5 and WF4.

As previously mentioned, during succeeding SiH4 doses,
if W(110)-F sites are present, SiH4 will preferentially extract
fluorine before silicon deposition proceeds.

IV. DISCUSSION

A. Nucleation of WF6 on hydrogen-terminated Si(100)

According to the calculated reaction energetics, WF6
favorably reacts with a silicon surface site to produce hydro-
gen gas and, at higher temperatures, hydrogen fluoride,
which is in agreement with the experimental observation that
HF is only observed above 800 K. The typical ALD process
is performed at �500 K and, therefore, HF is not considered
vital in the ALD process sequence,12,23–25 leaving one pre-
dominant elementary reaction step to produce WF5H (R1).
The route leading to chemisorbed WF5H is significantly
favored over the release of HF, allowing us to conclude that
tungsten subfluoride vapor products contribute to net W dep-
osition. Furthermore, subfluorides are not detected experi-
mentally using thermal desorption analysis,24 suggesting that
they play a substantial role in the deposition process only as
reactive intermediate species.

Prior to the formation of WF5H, WF6 physisorbs onto
hydrogen-terminated silicon with an energy of �0:52 eV; a
larger than typical value for physisorption. However, a
strong physisorption energy is necessary for the system to
overcome the fairly high transition barriers associated with
adsorption. These high barriers are supported by the experi-
mental finding that chemisorption of WF6 is not achieved
until the system exceeds 150 K.24 Below this temperature,
the energy barrier associated with adsorption (�3 eV) cannot
be overcome and interaction is limited to physical adsorp-
tion. As the temperature of the system is raised, increased
mechanical work and thermal fluctuations contribute to the
probability of activation. Once the initial activation barrier is
overcome, WF5H further reacts with surface sites to produce
chemisorbed WF5 or volatile WF4H2. The favored produc-
tion of WF4H2 and two terminating fluorine atoms on a
single silicon site, along with the exothermic formation of an
additional Si-F surface bond, through WF3H3 production,
supports the formation of volatile SiFx species. The

FIG. 10. Reaction energetics and structures for ligand exchange during SiH4 exposure on fluorine-terminated W(110).

FIG. 11. Illustrations of the interaction between WF6 and W(110) (R9) to
produce chemisorbed tungsten pentafluoride [(R9), �2:63 eV] and chemi-
sorbed tungsten tetrafluoride [(R12), �3:42 eV].
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formation of SiFx (x . 1) surface species promotes etching
since silicon is stabilized and becomes volatile upon further
fluorination. Etching of silicon from the initial Si-H surface
is experimentally supported by observed mass loss during
the WF6 dose26,27 as well as the experimental detection of
SiFx (x¼ 0� 4) above 300 K.24

In addition to surface etching, dimerization of two Si
surface atoms is a well-studied phenomenon28 that is ener-
getically feasible during the initial WF6 dose. This recon-
struction would diminish additional reactivity since adsorbed
tungsten species would sterically hinder further interaction of
adjoined sites. Deactivation of surface sites would support
the finding that, at lower cycle numbers (less than five
cycles), the mass gain is less than the average for the entire
growth period.6 Furthermore, it supports the observed delay
in conformal tungsten growth on Si(100) at lower
cycles.29,30 Another factor that may contribute to lower than
average mass gain in early cycles is the production of stable
Si-F surface bonds which are produced through favorable
ligand exchange reactions with WFxHy. For deposition to
proceed at these sites, the stable Si-F surface species must be
etched as SiFx species, with the predominantly observed
species being SiF4. The removal of the fluorinated surface
sites would create additional availability on the Si surface for
W deposition; an etch/deposition mechanism that is sup-
ported by Elam et al.’s conclusion that during the W-ALD
deposition process, a silicon layer of approximately equal
thickness to the deposited tungsten layer is consumed.10

However, etching would become slower as nucleation pro-
ceeds since the silicon species would be required to diffuse
to the surface before being volatilized.

Based on the energetics and experimental evidence, multi-
ple reaction pathways are occurring simultaneously with the
likely by-products being WFaHb, SiFx, and H2. For these
reaction pathways, WF6 must encounter at least two surface
silicon sites. Since access to two sites would become limited
as WF6 nucleation proceeds, complete W coverage during
early doses would require extended precursor dose times.

B. Reaction of SiH4 on coalesced, fluorine-terminated
W(110)

Silane plays the essential, but sacrificial, role of stripping
surface fluorine atoms to reduce terminal tungsten groups.5

The reduction is highly exothermic [(R7), �1:43 eV] due to
the formation of strong Si-F bonds, and H2 and SiF4 make

up the majority of the products evolved.12,25 As long as fluo-
rine is available on the surface, SiFxHy will exchange a
hydrogen atom for a fluorine atom before reacting with a
bare tungsten site. Once all fluorine content is removed,
silane dissociates readily on reduced tungsten sites to
produce hydrogen-terminated (W(s)-H) and silicon
subhydride-terminated (W(s)-SiHx) sites. For inadequate
exposure of silane, hydrogen-terminated sites will remain at
the end of the cycle dose,31,32 while at higher concentrations,
H atoms, being the more weakly bound species, will be dis-
placed by silicon subhydrides. Sault and Goodman conclude
in their study of silicon-modified W(110) surfaces that the
reduction of WF6 is more favorable when a monolayer of
silicon coverage is present on the tungsten surface.25

Therefore, we can conclude that a strong correlation exists
between silane pressure and conformality.

C. Reaction of WF6 on coalesced, SiHx-terminated
W(110)

During subsequent dose of WF6, previously deposited W
is passivated by silicon-hydride (W(s)-SiHx) species. Upon
exposure to WF6, terminal silicon-hydride groups strip fluo-
rine atoms from WF6 and etch from the surface as volatile
SiFxHy species.33 At lower temperatures (less than 600 K),
experimental evidence shows that all silicon is stripped from
the surface24 and films are fluorine-free. Therefore, we can
conclude that etching of the surface, via WF6 reduction,
leaves reactive W sites available for deposition and that there
is a simultaneous etching of SiFx and deposition of W,
resulting in a nonequilibrated state of the surface, which is a
driving factor in this half-cycle.

If tungsten surface sites are passivated with hydrogen
versus silicon subhydrides, as discussed in Sec. IV B, the
site will be less reactive since hydrogen is a weaker reduc-
tant. For this reason, an adequate exposure of silane is neces-
sary to displace adsorbed hydrogen atoms.32

D. Self-limiting nature of ALD half-cycles

1. Initial tungsten dose

For a true ALD process, doses of WF6 and SiH4 should
be inherently self-limiting. During the tungsten dose, the
self-limiting nature has been attributed to (1) the formation
of a two-dimensional network of chemisorbed tungsten fluo-
rides, which blocks a further reduction of WF6

34,35 and (2)

FIG. 12. SEM images of W nuclei on Si(100) after one, three, and ten ALD cycles. Reprinted from P. C. Lemaire, M. J. King, and G. N. Parsons, J. Chem.
Phys. 146, 052811 (2017), with the permission of AIP Publishing.
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sealing of the Si substrate from WF6 by coalesced
W. However, the latter explanation does not account for the
highly porous films (density of 75% bulk value)23 and the
ability of silicon atoms to penetrate through metallic
tungsten.24,36–38 Therefore, the reduction of WF6 by Si(100)
silicon atoms would be possible until the tungsten film was
coalesced. The density of the nuclei in the W-ALD film is
shown in the SEM image in Fig. 12.30

Our DFT results support the formation of the two-
dimensional network of tungsten sub-fluorides. Specifically,
we find that adsorbed tungsten subfluorides undergo a con-
formational change so that fluorine atoms are close to being
on the same plane (Figs. 11 and 13). This planar conforma-
tion of fluorine atoms creates a network between neighboring
sites and can lead to polymerization into a two-dimensional
network on the substrate surface blocking a further reduction
of WF6 by the silicon surface. Deposition in sequential
doses is highly dependent on the removal of fluorine ligands
by the reductant, in this case, silane. This conclusion is in
agreement with the experimental observation that smaller
reductant exposures lead to less silicon uptake and therefore
less W deposition in successive WF6 half-cycles.

30

As further support, Lifshitz and Green studied similarities
between Mo and W deposition on silicon and found that two
key differences exist: (1) W deposition had a self-limiting
nature, whereas Mo had continuous growth and (2) the fluo-
rine concentration in the W films was an order of magnitude
larger than in Mo. From these findings, they suggested that
the self-limiting reaction was due to the presence of fluorine-
containing intermediates. However, it should be noted that
with adequate concentrations of SiH4, W films will be
fluorine-free.35

2. Silane dose

The self-limiting nature of the SiH4 half-cycle is attrib-
uted to silicon-hydride saturation of the W surface following
the removal of terminal fluorine as SiFxHy. Support for this
conclusion is drawn from the experimental finding that as
silicon coverage increases on a W(110) surface, the probabil-
ity of silane dissociation remains greater than 0.5 until a
monolayer of silicon is deposited. Once the first monolayer
is complete, the probability of silane dissociation decreases

sharply to less than 0.0135. Therefore, the reaction is limited
by the availability of tungsten sites, which become inactive
after adsorption of silicon-hydrides.

V. SUMMARY AND CONCLUSIONS

In this paper, we present a detailed analysis of reaction
mechanisms that lead to nucleation during the deposition
process of tungsten on Si(100) and W(110). Results from
this study support the experimental observation that when
the system is below the ALD temperature “window,” the
system cannot overcome the energy barriers associated with
WF6 chemisorption and is therefore limited to physical
adsorption. Interactions change significantly once the expo-
sure temperature is sufficiently high enough to sample chem-
isorption pathways. During the WF6 dose, WF6 interacts
with silicon surface sites with a ratio of 1:2 to produce chem-
isorbed WFxHy. This ratio would result in incomplete cover-
age on the surface. However, the removal of stable Si-F(s)
sites through SiFxHy etching creates availability on the
surface for additional deposition. Conformal coverage of
tungsten during the first dose therefore depends on the
etching of fluorine-stabilized silicon sites. However, partial
W coverage is supported during the early cycles since
adsorbed WFx species would act as steric inhibitors to
etching and deposition as the cycle proceeds. Therefore,
until the film has coalesced, the Si(100) surface acts as a
reducing agent in the early cycles of WF6. In the sequential
half-cycle, SiH4 plays the essential role of extracting fluorine
atoms from the newly formed W layer. Additional deposition
is dependent on the reduction of chemisorbed WFx since
WF6 cannot adsorb onto WFx. Once all the fluorine is
removed, additional SiH4 molecules dissociate on bare
surface sites to generate a monolayer of silicon-hydrides. The
self-limiting nature is attributed to silicon-hydride saturation
on the W surface. An inadequate concentration of SiH4

would result in hydrogen-passivated sites, which would
lessen the concentration of SiHx sites, which act as reducing
agents in consecutive doses. Once a conformal film has been
deposited, WF6 interacts with a layer of silicon-hydrides on
W(110), which act as the reductants of WF6 and are removed
as volatile SiFxHy species. Conversion of surface silicon-
hydrides to silicon-subfluorides, with WF6 acting as the fluo-
rine donor, is an essential step for the silicon-hydride mono-
layer to “etch” from the surface as a volatile, gas-phase
species. Thermodynamically favorable removal of this mono-
layer reinforces the experimental observation that the
W-ALD films contain no measurable concentration of fluo-
rine or silicon. The self-limiting nature of later half-cycles of
WF6 is attributed to the complete removal of silicon-hydrides
from the surface since these species act as the reductants of
WF6. Based on the energetics and experimental evidence,
WFxHy, SiFx, and H2 molecules are released during the
ALD process. Strong surface attractions calculated for tung-
sten subfluorides, e.g., WF5H and WF4H2, support the
absence of these species in experimental gas-phase analysis.
Conclusions drawn from these data can be extended to study
the selective deposition on silicon and silica.23,30,39,40

FIG. 13. Illustration of the near-planar conformational arrangement of
WF4H2: tungsten (center atom), fluorine (top four atoms) and hydrogen
(bottom two atoms).
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By-products that may contribute to nucleation on the nonse-
lective surfaces are WFaHb, SiFxHy, and H2.
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