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Nanomechanical and Morphological Characterization of Tungsten
Trioxide (WO3) Thin Films Grown by Atomic Layer Deposition
M. A. Mamun,a,b K. Zhang,b,c H. Baumgart,b,c,∗ and A. A. Elmustafaa,b,z

aDepartment of Mechanical and Aerospace Engineering, Old Dominion University, Norfolk, Virginia 23529, USA
bApplied Research Center, Thomas Jefferson Lab, Newport News, Virginia 23606, USA
cDepartment of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529, USA

This study investigates the nanomechanical properties and surface morphology of tungsten oxide (WO3) thin films deposited on
p-type Si (100) substrates using atomic layer deposition (ALD) technology with 2000 ALD deposition cycles at a growth temperature
of 300◦C and annealed at different temperatures. The samples were further furnace annealed at 500, 600 and 700◦C for 60 min. The
influence of the deposition process on the structure and properties of the WO3 films is discussed, presented and correlated to the
characteristic features of the ALD technique. The results depict significant difference in the hardness and modulus measurements
between the as deposited sample and the annealed ones. The hardness and modulus drop from 14 and 170 GPa for the as deposited
sample to 10 and 140 GPa for the annealed ones respectively. Surface roughness was observed to increase with annealing temperature
and the initially amorphous as deposited sample reached complete recrystallization and transformed into polycrystalline films as
indicated by XRD.
© The Author(s) 2015. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0241509jss] All rights reserved.

Manuscript submitted January 12, 2015; revised manuscript received August 24, 2015. Published September 5, 2015. This was Paper
1623 presented at the Cancun, Mexico, Meeting of the Society, October 5–9, 2014.

In the past the transition metal oxide tungsten trioxide (WO3) oc-
curred primarily as an intermediate compound during the recovery of
tungsten metal from mining ores. Today tungsten trioxide is specifi-
cally synthesized as thin films for various technological applications.
Tungsten trioxide (WO3) films possess interesting properties, making
them useful in various thin-film applications, such as smart windows
or flat-panel displays,1,2 in electrochromic devices,3 gas sensors,3 and
photo catalysis/photoconductivity.4 Many studies have shown that
tungsten oxide experiences elecrochromic color changes.5–9 It is pos-
tulated that electro-coloration of tungsten oxide is the result of a double
injection of cations and electrons into the host lattice.10 Theoretical
calculations and experimental observations confirmed polymorphism
of tungsten oxide crystals.11–25 Tungsten trioxide has been utilized for
a long time for the manufacture of X-ray screen phosphors. In recent
years tungsten trioxide has been successfully employed in the indus-
trial fabrication of electrochromic windows. These smart windows
receive a thin coating of tungsten trioxide with transparent electrical
contacts that allow changing the light transmission properties through
the window with an applied voltage. Such a WO3 coating on the win-
dow glass enables modulation of the amount of tint of the window
as a function of the applied voltage, changing the amount of light
or heat passing through. The newest generation of modern aircraft
has already implemented such actively switched smart windows with
high technology thin film coatings. Tungsten oxides are also known
for their use as solid lubricants at elevated temperatures and they have
been used as powdery materials for tribological coatings or as com-
ponent of ceramics.26 In addition WO3 is one of the more popular
compounds for water splitting research with an extensive body of lit-
erature. However, only recently has ALD been successfully utilized
to synthesize tungsten oxide WO3 films as catalyst for water splitting
into hydrogen and oxygen.27 Many of these applications especially as
solid lubricants at elevated temperatures, powdery materials for tribo-
logical coatings, components of ceramics, and electrochromic devices
are strongly dependent on tungsten oxide’s crystal morphology, mi-
crostructure, and mechanical properties. The fabrication techniques
and conditions strongly influence the microstructure, which in turn
impacts the electrochromic behavior and degradation of the films.28

Also the mechanical properties are closely related to the microstruc-
ture and can affect the durability and stability of the electrochromic
devices associated with any mechanical damage.29 Tungsten trioxide
is monoclinic at room temperature and moderate temperatures until
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330◦C. If heated at temperatures above 740◦C, tungsten trioxide is
tetragonal. At intermediate temperatures in the range of 330◦C until
740◦C WO3 films exhibit orthorhombic crystal structure. Aside from
tungsten trioxide WO3 or Tungsten (VI) oxide there exist other tung-
sten oxides, notably WO2, which is highly electrically conductive and
which is obtained by reduction of WO3.

Sample Fabrication

The ALD tungsten trioxide WO3 films were deposited on native
oxide covered (100) oriented Si substrates of four inch diameter by
a thermal ALD synthesis process in a Savannah 100 cross-flow re-
actor from Ultratech Cambridge Nanotech. For this study tungsten
hexacarbonyl W(CO)6 of 99.9% purity was chosen as ALD tungsten
precursor 1 and H2O vapor from deionized DI water was used as
oxidation precursor 2 source. The DI H2O vapor of ALD precursor
2 acted as oxidizing agent to complete the reaction for the synthesis
of ALD tungsten trioxide WO3 films. Nitrogen was used as a carrier
gas at a flow of 20 standard cubic centimeters per minute (sccm) and
also served as the purge gas. ALD tungsten trioxide WO3 film deposi-
tions were carried out over the reactor temperature range of 150◦C to
320◦C in order to establish the optimum ALD process window. The
final ALD growth temperature of the WO3 thin films was set at 300◦C.
The Tungsten trioxide films were deposited on a native silicon oxide
covered (100) Si substrate with the following ALD growth conditions:
the pulse time of the ALD precursor # 1 H2O was 0.05 s, the purging
time was 5 s, the pulse time of ALD precursor #2 W(CO)6 was 0.5 s
and the purging time was 5 s. The base pressure was 20 mTorr. Fol-
lowing successful ALD synthesis, the WO3 films were subsequently
annealed for 60 min in a quartz tube furnace at atmospheric pressure
with O2 flow at temperature range of 500 to 700◦C in order to ensure
optimum crystallinity and solid phase grain growth.

Experimental

Tungsten hexacarbonyl W(CO)6 is a solid ALD precursor with a
melting point at 170◦C, which requires pre-heating of the stainless
steel precursor cylinder. The vapor pressure of solid W(CO)6 at 67◦C
is 1.2 mmHg and yielded satisfactory thin film results in our exper-
iments when reacted with DI H2O. In contrast to our work the only
previous ALD studies on the synthesis of WO3 films utilized a differ-
ent metal organic precursor bis(tert-butylimido)bis(dimethylamido)-
tungsten(VI) (tBuN)2(Me2N)2W.27 In our investigation ALD synthesis
with tungsten hexacarbonyl W(CO)6 and deionized H2O resulted in
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Figure 1. X-ray diffraction of ALD WO3 thin films shows an amorphous
phase of as-deposited ALD films at 300◦C for ALD 2000 cycles on Si substrates
and a polycrystalline WO3 structure after post-deposition annealing at 600◦C
for 60 min.

good crystalline WO3 films following subsequent furnace annealing.
The surface morphology and roughness parameters of the ALD de-
posited WO3 films were determined by AFM measurements. For this
study we focused on conducting nanoindentation testing to investigate
the mechanical properties of the ALD WO3 thin films. A nanoinden-
ter XP equipped with a three sided Berkovich diamond tip was used
in conjunction with the continuous stiffness method in depth control

mode to measure the hardness and modulus of the WO3 thin films.
The CSM method enables the continuous evaluation of the mechanical
properties of materials as a function of the contact depth as detailed
elsewhere.30 As our standard experimental procedure a total of 15
indents with maximum indentation depth of 500 nm were performed
on each sample. The allowable drift rate and the strain rate for load-
ing were specified as 0.05 nm/s and 0.05 s−1 respectively. During the
loading of the indenter the WO3 thin film material undergoes elastic
and plastic deformation.

Results and Discussion

The X-ray diffraction (XRD) analysis of Figure 1 indicates that the
as deposited ALD WO3 thin film at 300◦C was initially amorphous.
The ALD films of Figure 1 recrystallized and transformed into poly-
crystalline films subsequent to thermal annealing at 600◦C for 60 min
under atmospheric condtions.

The AFM micrographs of Figure 2 highlight the surface morphol-
ogy of films grown with 2000 ALD deposition cycles for as the de-
posited sample and annealed samples with a temperature range from
500 to 700◦C. The 3-D AFM micrograph of Figure 2a displays an
as deposited sample with a relative smooth surface interspersed with
some larger grains, while Figure 2b represents a the film annealed
at 500◦C, whereas Figures 1c and 1d represent a 3 D AFM micro-
graph of the films annealed at 600 and 700◦C respectively. Higher
annealing temperature results in increased surface roughness The root
mean square roughness of the film surfaces were analyzed as 1.03,
1.12, 1.26, and 1.6 nm respectively for the as deposited and the 500,
600, and 700◦C annealed samples. This indicates that the rms sur-
face roughness increases as a function of the post-deposition furnace
annealing temperature The analysis of the AFM images of Figure 2
revealed a steady decrease in the grain with thermal annealing. The
grain height was measured as 10.9, 9.7, 8.3, and 6.3 nm for the as
deposited and the 500, 600, and 700◦C annealed samples. The grain

Figure 2. AFM micrographs of the surface morphology of 2000 ALD cycles WO3 samples (a) As deposited, (b) 500◦C thermally annealed (c) 600◦C thermally
annealed (d) 700◦C thermally annealed.
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Figure 3. FE-SEM micrographs of surface morphology cross-section of as-
deposited WO3 films grown at 300◦C with 2000 ALD cycles on Si substrates.

size of the as deposited sample was 51 nm and 58.9, 58.8, and 39.2 nm
for the 500, 600, and 700◦C annealed samples respectively.

The as-deposited WO3 thin films surface morphology was charac-
terized by FE-SEM as shown in Figure 3. It is clearly evident from
the surface of the as-deposited films with 2000 ALD cycles at 300◦C
growth temperature that the deposition was uniform and the film is
approximately 40 nm thick. The resulting growth rate in these films
saturated to around 0.2 Å/ALD cycle.

Among the nanomechanical properties of interest in this study
of these ALD WO3 films are the hardness and the modulus. The
nanoindentation hardness is defined as the indention load divided
by the projected contact area of the indenter tip and the modulus
is calculated from the contact stiffness and the contact area. The
hardness and modulus results versus contact depth of indentation
are shown in Figures 4 and 5. The scatter in the nanomechanical
measurements from different indents on each sample is illustrated as
3σ error bar, where σ is the standard deviation. The hardness plotted as
a function of indentation depth in Figure 4 shows that the crystalline
WO3 ALD films annealed at 500, 600, and 700◦C have a hardness
of approximately 13 GPa, which is harder than the single crystal Si
substrate of 12 GPa. As the indenter proceeds deeper into the film and
eventually reaches into the Si substrate underneath, the hardness value
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Figure 4. Hardness versus contact depth of indentation for as deposited, and
500, 600, and 700◦C thermally annealed WO3 films grown at 300◦C with 2000
ALD cycles.
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Figure 5. Modulus versus contact depth of indentation for as deposited, and
500, 600, and 700◦C thermally annealed WO3 films grown at 300◦C with 2000
ALD cycles.

converges to the expected bulk Si value of 12 GPa. The plot of Figure 4
reveals that the hardness drops subsequent to thermal annealing of the
as deposited samples, which indicates a softening of the ALD WO3

film when thermally annealed. Similar trends were also observed
for the modulus measurements as depicted by the plot of Figure 5.
The results depict significant difference in the hardness and modulus
measurements between the as deposited sample and the annealed
ones. The hardness and modulus drop from 14 and 170 GPa for the as
deposited sample to 10 and 140 GPa for the annealed ones respectively.

Conclusions

In summary, the nanoindentation hardness of WO3 ALD synthe-
sized films has been determined as 14 GPa and the modulus was found
to be 170 GPa for the as deposited samples. As the samples are sub-
sequently thermally annealed, the indentation hardness is observed to
decrease. The modulus also drops from 170 GPa of the as deposited
samples to 140 GPa when the samples were thermally annealed.
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