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W(CO)s and H,O, were used in an atomic layer deposition (ALD)-like process to grow thin WO, films onto TiO, pow-
ders in a fluidized bed reactor. Carbonyl precursors are not widely used in this application, so that deviations from an
ideal ALD process, previously not examined with W(CO )y, were identified. The resulting WO, films were a result of
both ALD-like and chemical vapor deposition-based growth modes. A chemical reaction mechanism incorporating a
combination of these two growth modes was inferred. As the move to expand the range of ALD precursors meets with
the desire to scale up these processes, the simultaneous appearance of both these growth modes is likely to become
more and more common, and so understanding the interaction of these two types of surface reactions is key to progress
in the field. The films were observed to inhibit the anatase-to-rutile phase transformation in the TiO, powders upon high
temperature annealing, while crystallization of the amorphous WO3 was also not observed. Changes in the local bond-
ing within the WO3 were observed and associated with changes in the structural nature of the film and its interface to

the substrate. © 2014 American Institute of Chemical Engineers AIChE J, 60: 1278—1286, 2014
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Introduction

The formation of a new class of functional thin films
requires control over the composition and structure at the
atomic level. These applications include, perhaps most nota-
bly, the formation of nm-thick dielectric layers for the gate
oxide in metal oxide semiconductor field effect transistors.
The need for such atomically controlled and conformal films
has been now recognized in many technologies. In the area of
energy storage, the use of thin layer structures as coatings on
battery anode and cathode materials is being investigated as
an alternative to the use of spontaneously formed solid elec-
trolyte interphase (SEI) layers.l_3 These intentional SEI layers
would need to coat, intimately and conformally, the highly
textured surface of these polycrystalline materials. The devel-
opment of new catalysts for molecular transformation has
begun to utilize nm-thick films or substrate coatings to
increase the function and, in many cases, the stability of the
catalyst-support system. For example, a nm-thick coating of
Al O3 over a Pd or Cu catalyst particle can greatly reduce or
eliminate metal leaching into an aqueous environment as well
as coking during use* (O’Neill B, Nature Mater., Submitted).

Several approaches have been used in the development of
nm-thick coatings of controlled structure and composition.
Film or coating formation from the gas or vapor phase has
become the approach of choice in most application areas.
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Gas-phase processing is perhaps the most promising
approach as the high gas-phase diffusion coefficients allow
for rapid infiltration of a structurally complex substrate
allowing for conformal film deposition well within a sub-
strate medium. Atomic layer deposition (ALD) and ALD-
like processes are vapor phase thin film deposition methods
which allow for highly conformal films with submonolayer
control over film thickness.! A variety of high throughput
ALD reactor configurations are currently in use.’ Deposition
onto high surface area powders requires special considera-
tions including the prevention of particle aggomeration.® Flu-
idized bed ALD reactors are a promising approach with
potential for scale up and have been previously reported.””®

ALD-based processes are useful in the deposition of materials
where the film formation can be separated into two distinct
types of process steps: the formation of a surface which is ter-
minated by a saturated layer of a reactive chemical species and
the reaction of the surface-terminated layer, to completion, with
a gas-phase reactant resulting again in a surface terminated by a
different functional group or reactive moiety. ALD is, therefore,
performed using sequential pulsing of vapor phase precursors,
which undergo a set of complementary self-saturating surface
reactions. For the purposes of this article, we will describe all
such sequential deposition processes as ALD, however, the spe-
cific term, ALD, describes truly self-limiting growth processes.

To date, processes for the deposition of a wide variety of
binary materials (oxides, nitrides, and sulfides) have been
investigated and utilized. For example, layers of TiO, are
formed through the sequential exposure of the surface to
T1C14 and Hzo
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Reaction 1: n(—OH)(s)+TiCls(g) — (—O0—),TiCls—,(s)+nHCI (g)
Reaction 2: (—0—),TiCly_,(s)+(4—n)H,0(g) — (—0—),Ti(OH),_,(s)+(4—n)HCI (g)

where (s) indicates a solid surface species and (g) indicates
gas-phase precursors or byproducts. There are many such
combinations of reactions which can be used in this binary
(or higher) reaction scheme leading to the deposition of a
wide variety of elements, such as metal nanoparticles and
compounds. The extension to multicomponent and hybrid
materials is clear.

Although many simple molecules can be utilized in the
ALD process, often the growth of specific thin films requires
“custom” precursors or reaction components, which will
allow for self-limiting growth. In such cases, the synthetic
complexity and prohibitive cost both play a role in reducing
the economic viability of an ALD route to film formation.
As a result, there is an interest to utilize more readily obtain-
able precursors, to facilitate the use of ALD in various
industries such as microelectronics and catalysis.

WO; is among the materials where the availability and
choice of ALD precursors is limited. WO;3 enjoys widespread
use in electrochromic, photoelectrochemical, gas sensing,
and fuel cell applications.”® ALD of tungsten oxide has
been previously demonstrated by passing WF¢ through a
packed bed of WOs3, generating WO,F, precursors,'* and by
using Wo(NMe»)s!? and W(tBuN),(Me,N), !> These precur-
sors, however, require relatively complex preparation and
handling. W(CO)s has been used extensively as a precursor
in chemical vapor deposition (CVD), a related form of vapor
phase thin film synthesis using continuous, nonsequential or
nonself-limited deposition, with all source precursors coinci-
dent on the growth surface. CVD of WO; and WO, were
performed at temperatures in excess of 200°C, and required
the presence of an oxygen source such as O, or N,0.!63
ALD of tungsten oxide using W(CO)s was also reported
recently using ozone as an oxygen source.”* A narrow tem-
perature window of conformal, self-limited growth between
195 and 205°C was reported. In an older study investigating
the applications of W(CO)g in an ALD-like deposition of
dispersed tungsten on y-alumina, a separate reduction step to
decarbonylate the surface was used.”” In that study, the W
metal loading was a function of precursor temperature and
pulse length, which is not consistent with ALD growth
modes, but is instead indicative of a CVD-type continuous
deposition process. These previous studies present conflicting
results despite similar processing conditions. Given the desir-
ability of the use of W(CO)q within an ALD-like process for
the deposition of this material, the present study looks to the
more detailed reaction kinetics associated with the use of
this precursor in the application of coating high surface area
substrates.

Herein, we report on the reaction kinetics and product
characteristics of WO, formed when utilizing W(CO)¢ and
H,0,; in a fluidized bed ALD reactor. The WO, coating of
Degussa P25 TiO, as a commercial high surface area sub-
strate convenient for catalytic applications is investigated.
Previous studies have shown that water is not an effective
oxygen precursor in ALD in combination with metal carbon-
yls.”® H,0, has not been used in these previous applications
but offers advantages in the ALD process. H>O, is a stronger
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oxidant than water and was, therefore, chosen for this study.
The effects of ALD deposition conditions on the film charac-
teristics were investigated and used to infer a kinetic surface
reaction mechanism. Structural changes in the product material
due to in situ and postdeposition annealing were measured.

Experimental Details
Sample preparation

Tungsten oxide films were deposited in a fluidized bed
reactor similar to one previously described.” Briefly, the dep-
osition chamber consists of a vertical stainless steel tube
45-cm tall, 5 cm in diameter at the bottom, and flared out at
the top to 9 cm. The chamber is lined with a removable
insert that has a stainless steel frit with 10-lm pores at the
bottom to hold the powder. Powder is kept from entering the
reactor exhaust by two cylindrical stainless steel frits (10-lm
pores) covering the exhaust openings. Argon was used as a
carrier gas at a flow of 15 sccm, with the reactor pressure
varying between 560 = 67 Pa during depositions. W(CO)g
(Sigma Aldrich, 97%) was held in a bubbler at 80 *=1°C,
with the 15-sccm argon carrier stream diverted through the
bubbler to entrain the precursor. It should be noted that
maintaining W(CO)jg at this temperature for extended periods
of time (>1 month) led to irreproducibility of deposition
results, presumably due to partial decomposition of the
W(CO)¢ within the source container. H,O, (analytical grade,
50%, Fisher) was held in a cooling bath at 12°C, and
replaced before each deposition. Depositions were performed
over the reactor temperature range of 180-200°C, using a
pulse sequence of W(CO)s—Purge—-H,O,—Purge. Precursor
pulse lengths were varied, whereas argon purge times were
fixed at 10 min. Five hundred milligram of Degussa P25 TiO,
(surface area 50 = 15 mz/g, average primary particle size 21
nm) was used as a substrate for depositions. Typical residence
times within the fluidized bed were estimated to be ~17 s.

The deposition process was monitored in situ using a
Stanford Research Systems Residual Gas Analyzer 300 quad-
rupole mass spectrometer (RGA). The RGA chamber was
pumped differentially through a 40-um orifice giving a pres-
sure of 2.7 X 107° Pa in the analysis chamber. The RGA
was placed downstream of the deposition chamber and moni-
tored the composition of the reactor effluent. The RGA was
used as a process monitor, allowing for the completion of a
specific reaction step in the two reaction process and to
determine the reaction byproducts.

Selected samples were annealed ex situ of the fluidized
bed reactor in air in a tube furnace for 2 h at constant tem-
perature of either 500 or 750°C. These samples were subse-
quently used in x-ray diffraction (XRD) measurements and
high resolution transmission electron microscopy (HRTEM).

Characterization

Energy dispersive x-ray spectroscopy (EDS) was per-
formed on a Zeiss LEO-1530 scanning electron microscope
equipped with silicon drift detector. Six points evenly spaced
across a 500-um region were analyzed for each sample, with
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Figure 1. (A) W/Ti atomic ratio as determined by EDS vs. deposition temperature resulting from CVD-based depo-
sition consisting of 100 min continuous exposure to W(CO)s (CVD test).

(B) W/Ti vs. W(CO)4 pulse length. Cycle number was fixed at 25, H,O, pulse length was fixed at 1 min. Data for depositions at
180 and 200°C, and CVD test results with scaled W(CO), pulse lengths are included.

an accelerating voltage of 10 kV. Matrix approximations of
elemental compositions were used to estimate tungsten
deposited onto Degussa TiO, powders, in terms of a W/Ti
atomic ratio.

A Tecnai TF-30 transmission electron microscope oper-
ated at 300 keV was used for HRTEM imaging. The as-
deposited and annealed samples were suspended in analytical
grade methanol and then collected on a 300 mesh carbon
holey support film.

XRD measurements in a 0 — 20 geometry were performed
on a Brucker D8 Discovery using a Cu K, source.

X-ray photoelectron spectroscopy (XPS) was performed
with an Al K, source and a hemispherical electron energy
analyzer. XPS measurements were carried out at room tem-
perature in a ultra-high vacuum (UHV) system with a base
pressure of ~1.3 X 107® Pa.XPS scans were acquired using
a 30° takeoff angle for the Ti2p, W4d, W4p, Ols, and Cls
spectral regions with 22-eV pass energy. No changes greater
than +0.05 eV were observed in the uncorrected Ti2p;, or
Ti2p,,, peaks centered at 458.7 and 464.5 eV so charge cor-
rection was performed using the TiO, Ti2p;, peak adjusting
the values from measured values of 459.15 = 0.05 to 458.7
eV.?” Peaks in the core-level spectra were fit using CasaXPS
software, version 2.3.15. A convolution of Lorentzian and
Gaussian line shapes was used to fit the peaks. Shirley func-
tions were used to model the signal background. Error bars
for peak models were computed using Monte Carlo error
analysis. In principle, the technique provides as error esti-
mate for the precision given the expected noise in the data.®
The sample was degassed at 100°C under vacuum in the
auxiliary chamber prior to introduction into the XPS cham-
ber. In situ heating was performed with a resistive heater
built into the sample manipulator with the powder pressed
into a gold mesh. Samples were heated for 2 h after reaching
their target temperature and then cooled to room
temperature.

Results
Growth behavior

An initial series of depositions investigating the amount of
CVD-type deposition of W(CO)g onto the Degussa titania
substrate were performed at 180, 190, and 200°C (Figure
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1A), by continuously flowing the W(CO)¢ precursor for 100
min. No oxidant was used in these experiments, however,
after depositions the reactor was cooled to less than 100°C
and opened, exposing the powder to air. Flowing the
W(CO)¢ precursor alone should lead to a mixture of metallic
W and W(CO),. Some of these species would be oxidized to
WO, after exposure to air. This extended time would allow
any steady-state deposition to be noted as opposed to the
self-limiting adsorption of the W precursor. In the 190°C
sample, the deposition in this CVD mode corresponded to a
~0.61 nm thick film, which is much thicker than the
expected thickness for any ALD film. For example,
the trimethylaluminum (TMA)—H,O process used to grow
Al,O3 has one of the thickest reported growth per cycle val-
ues of ~0.11 nm." It was observed that the highest amount
of WO, deposited onto films by this experiment were at
190°C, whereas the 180°C experiment produced the least
deposition. The powder after the 190°C deposition was also
much darker in color than the 180 and 200°C depositions,
indicating the presence of carbon or metallic tungsten. How-
ever, EDS quantification of the amount of carbon deposited
in these films was not possible due to interferences from
oxygen and titanium. In depth investigation of deposition
parameters was only performed at 180 and 200°C where
continuous deposition was minimized, and hence could pro-
vide results for temperature effects on an ALD-based deposi-
tion. On alumina, the predominant chemisorbed surface
species at 200°C is W(CO);, whereas at lower temperatures
it is W(CO), ~ 3.25’29 Similar trends might be expected in this
case with TiO,. The higher rate of deposition seen at 190°C
was reproducible. The visible change in color seen only at
190°C is suspected to be related to the increased deposition.
If there is a transition in the dominant W(CO), surface spe-
cies at ~200°C,*>* then the decomposition products formed
at 180 and 190°C (W(CO),~ 3) would be a different species
than that formed at 200°C (W(CO)3). The increased deposi-
tion at 190°C would result from accelerated deposition in the
same mode as at 180°C. The reduction in deposition going
from 190 to 200°C would result from the onset of a new
mode of deposition, resulting from change in dominant sur-
face species.

Investigations into the ALD process window, if present, of
W(CO)¢ in combination with H,O, were carried out using
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Figure 2. A comparison W/Ti atomic ratio deposited
with 5, 15, and 25 cycles at 180°C.

A best fit line displayed to show any deviation from lin-
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25 cycles of alternating W(CO)s and H,O, at 180 and
200°C. H,0; pulses were fixed at 1 min, whereas W(CO)q
pulses were varied from 4 to 18 min (Figure 1B). Variations
in the amount of WO, deposited onto the powder as a func-
tion of exposure time did not show evidence of surface satu-
ration in agreement with previous studies.”” Surface
saturation is a necessary phenomenon for the ALD growth
mode, so under these deposition conditions of time and reac-
tant partial pressure W(CO)¢ does not result in a pure form
of ALD growth. The increase in W/Ti atomic fraction, as
determined by EDS, is roughly linear with respect to pulse
length. Interestingly, the previously mentioned 100 min
pulses producing films grown in a purely CVD growth mode
resulted in lower deposition rates at equal total precursor
exposure time. Thus, there is an accelerated reaction rate
due to the sequencing of W(CO)s and H,O, into the fluid-
ized bed in an ALD-like process over that of the continuous
flow of W(CO)s.

At thel80°C deposition temperature, with pulse times
fixed and cycle number varied, W/Ti atomic ratio increased
with increasing number of cycles, however, the relationship
did not appear perfectly linear (Figure 2). A line fit to the
W/Ti ratio vs. cycle number had a slope of 1.24 =0.17 X
103, The samples with varying cycle number were selected
for characterization, and will later on be denoted in the form
“WT-5,” representing WO, deposited onto TiO, with the
number “5” indicating five complete binary reaction cycles.

The W(CO)g precursor was held at a continuous flow rate
using standard deposition conditions during a programmed
temperature ramp of 1°C/min to investigate the decomposi-
tion of W(CO)¢ as a function of temperature into an empty
reactor, that is, no TiO, substrate. During this pulse, the
decomposition byproduct CO (m/z=28") was monitored
using the RGA as shown in Figure 3. The CO signal
increased only slightly until a reactor temperature of
~325°C whereupon the onset of a rapid increase was
observed. The m/z = 28" signal is also in part attributed to a
W(CO)¢ fragmentation product upon electron ionization
within the RGA.

This result indicates that there is little or no gas-phase
decomposition of the W(CO)g until Tyeaeror = ~325°C. Thus,
the nonself-limiting growth observed is most likely the result
of decomposition products formed by heterogeneous reactions.
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Nonself-limiting growth can result from the presence of a
surface species caused by heterogeneous reactions between
the precursor and surface. This species could be metallic
tungsten, or a subcarbonyl decomposition product. This
excess, that is, more than a monolayer of W species, then
reacts with the oxygen precursor during the subsequent oxi-
dation pulse leading to a varying amount of WO, depending
on the W(CO)¢ pulse time. The higher reaction rate of the
sequentially pulsed (ALD-mode) precursors indicated that
H,O, can facilitate the deposition of all surface species,
whether they be chemisorbed W(CO)4 _ , surface species or
decomposition products. The generation of new reactive
groups by H,O, increases deposition rate. These modes of
growth, incorporated into the reaction cycle normally used
by ALD and adapted for this precursor system, are shown in
Figure 4. In a typical ALD process, all species beyond the
initial monolayer would desorb during purging and only
chemisorbed species bonded to the substrate surface would
remain. A representation of possible decomposition products
are shown as extra reactions in Figure 4C, though the other
reactions discussed in this paragraph may also be responsible
for the nonself-limiting growth observed.

During deposition of WO, onto the TiO, powder, it was
observed by RGA that water (m/z=18") was generated dur-
ing the beginning of each W(CO)s pulse. This water genera-
tion was confirmed by comparison to a control RGA spectrum
taken with no substrate. The water most likely originates from
hydroxyl groups, generated during the initial reaction between
the W(CO)q and the substrate. The hydroxyl that acts as a
nucleophile to form a chemical bond with the tungsten atom
must lose a proton by forming a water molecule with a neigh-
boring hydroxyl. This is due to the lack of stable protonated
form of CO to act as a leaving group aside from forming a
carbonate salt. Loss of a water in this manner would form a
corresponding Ti* on the surface.

It should also be noted that maintaining the W(CO)g bub-
bler at 80°C for greater than a month led to irreproducibility
of deposition results, indicating decomposition of the precur-
sor even at this very low temperature. This occurred at tem-
peratures much lower than the rapid homogeneous gas-phase
decomposition observed at ~325°C in this study. Precursor
decomposition at temperatures as low as 80°C provides evi-
dence of the nonself-limiting behavior observed.

High resolution transmission electron microscopy

HRTEM micrographs of the WT-25 sample as deposited
and after annealing at 500°C (Figure 5) shows that the films
are conformally coated around the TiO, nanoparticle. The
WO, coating remains amorphous as deposited and after
annealing. Film thickness of the WT-25 sample was esti-
mated to be ~0.27 = 0.02 nm using atomic ratios from EDS.
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Figure 3. CO partial pressure during a programmed
temperature ramp, shows observable ther-
mal decomposition of the W(CO)g precursor.
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The initial TiO, substrate is depicted in (A), the initial surface reaction including loss of water in (B), further reaction with
W(CO);4 leading to nonself-limiting growth in (C), and cleavage of remaining carbonyls by H,O0, in (D).

The thickness estimated by TEM is ~0.46 = 0.11 nm. In the
EDS estimation, it was assumed that W/T1 atomic ratio cor-
responds to WO3/TiO, molar ratio and that the density of
WO3 is 7.16 g/em®. The difference in the two values may
be explained by the lack of crystallinity of the deposited
films, and thus, a lower density than crystalline WO;,

X-ray diffraction

Coated powders that underwent postdeposition annealing
at 500 and 750°C showed distinctive changes in their XRD
spectra. In all samples, no WOj; crystalline phases were
observed. As HRTEM indicated, the deposited films were
amorphous and did not crystallize upon annealing. The TiO,
crystalline phases were observed and showed significant dif-
ferences between samples annealed at different temperatures.
Degussa P25 contains a mixture of roughly 25% rutile and
75% anatase phases.”® Upon annealing at temperatures of
700°C, the anatase phase converts almost completely to
rutile.*’ However, this phase transformation was suppressed
in powders coated with WO;. Anatase fraction (x,) may be
calculated from the intensity of the largest anatase (/,) and
rutile peaks (Ig) using the Spurr equation’

1

AT 1265

It was observed that coating thickness had a profound effect
on the TiO, phase stability during the 750°C annealing. Typi-
cally, annealing at this temperature causes a near complete
conversion to rutile phase, as seen in Figure 6A. All coated
powders showed some suppression of the anatase-rutile phase
transformation. WT-15 and WT-25 showed retention of 89
and 95%, respectively, of the starting anatase fraction, (Figure
6B). This stability indicates that the phase transformation is
surface initiated through a local atomic rearrangement and
propagates into the bulk of the particle. The coating suppresses
this phase transformation by altering the surface stoichiometry
and restricting the atomic mobility at the interface. Suppres-
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sion of the phase transformation was near complete at 25
cycles, (95% retention of anatase fraction) so that thicker films
are expected to show little to no difference.

X-ray photoelectron spectroscopy

In situ heating within the XPS chamber under UHV condi-
tions was performed on the WT-25 sample to further investi-
gate the effects of post deposition annealing on WO, films.
Annealing temperatures between 200 and 500°C were
employed. The W-related peaks underwent changes in peak
shape and position due to thermal annealing. W-based peaks
showed overall trends of shifting to lower binding energies
(BE), and of increasing full width at half maximum (FWHM),
with increasing temperature. The W4ds,, and W4p;,, peaks in
crystalline WO;3 are known to reside at ~248 and ~428
eV.?8:333% Aq seen in Figures 7A, C, the observed W4ds,, and
W4ps,, peaks deviated from these reported values. The W4ds,
» peak measured after the 200°C anneal, the lowest annealing
temperature used, had maximum peak energy at 246.82 eV,
and shifted to lower BE with heat treatment, until reaching
246.66 eV after the 500°C treatment. The W4p;3,, peak fol-
lowed a weaker shift ranging from 426.87 eV after 250°C
treatment to 426.64 eV after 500°C treatment. W4ds,, and
W4ps,, peaks from the coated samples were measured at a
lower BE than in crystalline WO3;, and shifted to even lower
BE. The peaks’ BE continued to change throughout the
course of the annealing without approaching steady values
under the range of annealing conditions employed here. A
likely cause of these peak shifts is the stronger interaction of
the WO, with the TiO, surface. The WO, coating suppresses
the phase transformation of TiO,, as seen in the XRD, indi-
cating that there is strong interaction between the coating and
the surface, which prevents the required atomic rearrange-
ment. This strong interaction leads to a variety of local atomic
coordination and bond lengths deviating from that found in
both homogeneous crystalline and amorphous WO3.

The Cls peak also shifted to lower BE, falling from an
initial position of 284.14 eV after the 200°C anneal, to
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283.81 eV, after the 500°C anneal. Initially, the Cls peak
position was found in an energy range which is normally
associated with hydrocarbons ~284.5 eV. The measured shift
from 284.14 to 283.81 eV over all annealing steps is coupled
with a decrease in peak area, indicating that some adventi-
tious carbon is lost during annealing. The remaining carbon
most likely originates from CO incorporated in the film dur-
ing deposition. The shift in the Cls peak to lower energies
may be due to the formation of tungsten carbide® along
with the tungsten oxide. Evidence of carbide formation is
also seen in the W peaks, and is discussed below. It should
be noted that while Cls peak area decreased with increasing
temperature, all the other peaks examined did not undergo
significant changes in relative peak area.

FWHM of all W peaks showed an overall increase with
increasing annealing temperature. No change in FWHM was
initially observed while annealing at <350°C. The FWHM
increased by 2-3 eV when the annealing temperature
increased from 350 to 500°C. By comparison, the Cls peak
FWHM did not show any clear trend, with less than *£0.02
eV variation measured for all annealing temperatures.

Increase in FWHM is often due to emergence of new
peaks, which indicate the presence of new chemical species
on the surface. However, attempts to deconvolute the W
peaks were unsuccessful because the changes in FWHM
were too small (2-3 eV). Still, these clear trends indicate
that chemical coordination and oxidation state of W species
is changing during the course of annealing. This is to be
expected because as the amorphous WO, layer is annealed,
the film should densify and the local change in coordination
and bond lengths begin to alter. In both Figures 7B, D, the
change in spectral structure begins at an annealing tempera-
ture of ~350°C. From this, it is concluded that disproportio-
nation of two or more species of W with different oxidation
states or atomic bonding begins at 350°C, leading to peak
separation that causes FWHM broadening. This change con-
tinues after the annealing treaments between 350 and 500°C.
The two peaks convoluted within the W4ds, and W4p;),
peaks are tentatively assigned to tungsten oxide and carbide.
The carbide peak assignment is motivated by the shift in the
Cls peak position away from that associated with adventi-
tious carbon, and toward that associated with tungsted
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Figure 7. BE and FWHM of W4ds,,, W4p3/,», and C1s peaks measured by XPS, plotted against annealing temperature.

carbide, and the decrease in peak area, as mentioned earlier.
Additionally, the shift of the W4ds, to lower BE is also
associated with the formation of tungsten carbide.*® An alter-
native explanation could be that an interfacial phase begins
to form with the W atoms interacting with the O atoms in
the TiO, lattice, which is disproportionating from the amor-
phous WO,.

The Ols peak showed little to no change with respect to
temperature. Peak position, FWHM, and relative area
remained constant within £5% at all annealing temperatures,
and is not shown.

Two previously reported metal carbonyl-based ALD proc-
esses using W(CO)>* and Mo(CO)g,2° reported that ALD
growth was confined to a narrow temperature region between
195-205°C and 152-172°C, respectively. The similar narrow
temperature windows seen with both carbonyl precursors
imply similarities between the two ALD processes. Given
these similarities, our results indicate that the Mo(CO)4 pre-
cursor may also undergo self-limiting deposition on low sur-
face area two-dimensional (2-D) substrates, but undergoes
nonself-limiting deposition with higher surface area
substrates.

By varying deposition parameters such as pulse length and
cycle number, and then analyzing W/Ti ratio as a function
of these deposition parameters, a chemical reaction mecha-
nism of the WO, growth can be proposed, shown schemati-
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cally in Figure 4. This reaction mechanism includes surface
reactions seen in ideal ALD processes, and an additional
step showing the nonself-limited, kinetically limited deposi-
tion of W(CO)g. RGA data helped to draw this mechanism,
by showing that rapid decomposition of W(CO)g in the gas
phase has an onset at around 325°C, so that nonself-limiting
growth is predominantly due to reactions catalyzed at the
surface. Monitoring of surface reactions by RGA also
showed the generation of H,O during W(CO)¢ pulses, which
was accounted for in the proposed surface reactions.

To expand on this mechanistic description, in situ heating
performed during XPS analysis showed that there is some
loss of carbon upon heating, and also a gradual shift in the
Cls peak position. These results imply that not all CO is lost
upon oxidation of the film, but remains as an impurity in the
film.

Investigation of the effects of post deposition annealing
also show that despite having some deviation from an ideal
ALD-process, the WO, coatings are conformal and can
inhibit the phase transformation of TiO, powder at tempera-
tures that normally cause anatase to rutile transformation.
Evidence of this conformality was also shown by HRTEM
imaging. Although TiO, phase transformation is suppressed,
XPS showed that upon annealing at temperatures higher than
400°C, the deposited WO, undergoes changes in local coor-
dination and/or bond length. It is also possible that some of

April 2014 Vol. 60, No. 4 AIChE Journal



the CO remaining in the film as an impurity can form WC
upon annealing.

This study identifies modified CVD-type growth of
W(CO)¢ in the ALD of WO, onto TiO, powders, and
attempts to identify the chemical reaction mechanisms that
cause both ALD and CVD-type growth. Although the pro-
cess may exhibit self-limiting growth characteristics on
lower surface area substrates such as wafers, as shown by
other studies,”* scale up of the process onto high surface
area substrates such as powders, as shown here, introduces
longer pulse times in which some kinetically limited CVD-
based growth also occurs. This phenomenon is well known,
however, investigation into the nonideality of ALD process
scale up is rare. There is likely carryover to other types of
precursors aside from carbonyls, and this may become a
point of greater focus as ALD develops into a more widely
used industrial technique.

Conclusions

An ALD-based process utilizing W(CO)s and H,O, to
form WO, coatings on TiO, particles was characterized by
EDS, XRD, HRTEM, RGA, and XPS. W(CO)s does not
undergo entirely self-saturating reactions required for an
ALD process, and the measured W/Ti atomic ratio was par-
tially dependent on the tungsten and oxygen precursor pulse
lengths. It is likely that the longer pulses necessary for depo-
sition onto the TiO, powder allowed parallel deposition path-
ways associated with a CVD-mode growth. For high surface
area substrates, ALD growth modes become compromised
by slow decomposition of precursors. It is not uncommon
that in some ALD processes, precursors undergo some
amount nonself-limiting behavior.*®*” Depending on the
kinetics of CVD type reactions associated with these
nonself-limiting deposition processes, ALD-based growth
modes might dominate the growth on low surface area 2-D
substrates where the exposure time is limited, whereas CVD
dominates on high surface area three-dimensional substrates
where in long times are required. Further studies into this
process as ALD would include the effects of hydrogen or
ozone on the deposition process.
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