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Abstract: Tungsten oxide WO3 thin films are deposited by DC reactive magnetron sputtering. The
Reactive Gas Pulsing Process (RGPP) associated with the GLancing Angle Deposition method (GLAD)
are implemented to produce zigzag columnar structures. The oxygen injection time (tON time) and
the pulsing period are kept constant. Three tilt angles α are used: 75, 80, and 85◦ and the number
of zigzags N is progressively changed from N = 0.5, 1, 2, 4, 8 to 16. For each film, refractive index,
extinction coefficient, and absorption coefficient are calculated from optical transmission spectra of
the films measured in the visible region from wavelength values only. Absorption and extinction
coefficients monotonously drop as the number of zigzags increases. Refractive indices are the lowest
for the most grazing tilt angle α = 85◦. The highest refractive index is nevertheless obtained for a
number of zigzags close to four. This optimized optical property is directly correlated to changes of
the microstructure, especially a porous architecture, which is favored for high tilt angles, and tunable
as a function of the number of zigzags.

Keywords: WO3 films; GLAD; zigzag columns; refractive index; porosity

1. Introduction

Structuring of solid materials at the micro- and nanoscale appeared as a key strategy to
generate novel materials properties. Based-on two major approaches to achieve nanoscale
engineering, the top-down and bottom-up approaches also generated technological and
scientific challenges, especially in thin films science [1,2]. This structuring of thin films may
become a complex task for ceramic materials produced by bottom-up methods since they
may require reactive processes [3–5]. Accordingly, resulting film properties do not only
depend on composition (many chemical and physical characteristics of metal oxide thin
films are closely linked to their chemical composition, especially the oxygen-to-metal con-
centrations ratio), but the role of structure becomes a fundamental parameter particularly
for optical materials [6,7]. It is well known that the films structure at the sub-micrometric
scale can also influence their performances [8]. As a result, design and growth control of
nanostructures turn into a fundamental issue in order to tune the optical properties by
playing on architectural features of ceramic thin films [9].

Among ceramic compounds, transition metal oxides represent an exciting class of
materials since they exhibit a wide range of physical and chemical behaviors [10,11]. Of
interest, tungsten trioxide (WO3) thin films have been thoroughly studied due to their
strong potential and concrete applications as active layers for gas sensors [12], optical
coatings due to their high refractive index [13], transparent conducting oxides [14], and
electrochromic devices [15]. However, whatever the end-user and the WO3 functionality,
understanding some correlations between micro- and nanostructure of WO3 thin films and
their physical properties still remains a scientific motivation. To this aim, structuring of thin
films by means of bottom-up ways has been the focus of substantial efforts and promising
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routes emerged in the last half century [16,17]. To play with micro- and nanostructure of
thin films, the GLancing Angle Deposition method (GLAD) is a recent and very attractive
approach [18]. Typically, two degrees of freedom characterizes the GLAD experimental
setup: the deposition angle α defined as the angle between the substrate normal and the
direction of incident vapor flux (also called tilt angle), and the substrate rotation φ about
its normal defining the azimuthal position of the substrate [19]. These two key parameters
modify in an indirect way, the position of the particle source. The produced architectures
can be of several types: (i) oriented columns; (ii) columnar zigzags by alternating peri-
odically the deposition angle from +α to −α maintaining constant the azimuthal angle φ
around the substrate or with a 180◦ rotation of φ keeping constant α angle; (iii) helices
by means of a continuous rotation of φ keeping a constant tilt angle α [20]. In addition,
adjusting precisely α and φ parameters and combining some recent improvements such
as a phisweep motion [21] or a co-deposition process [22], more original structures can be
obtained. Such developments exploit the effects of shadowing created by a tilted substrate
relative to normal incidence, and also by a change of the direction of the particle flux
through a rotating substrate during the film growth, which extend even more the panel of
engineered nanostructures [23]. As a result, the GLAD process allows fabricating a wide
range of architectures (tilted columns, spirals, zigzags, pillars, and so on . . . ), controlling
only two operating parameters, namely, the tilt angle α and the substrate rotation φ angle,
providing several degrees of freedom to create original and innovative columnar patterns.
In addition, it is important to note that thin films obtained by this GLAD technique sys-
tematically exhibited many extended behaviors (optics, acoustics, electronics, and so on)
compared to coatings produced by conventional sputtering approaches [12,18,20].

Till now, the GLAD technique has ever been explored for metallic oxides, and some-
times for WO3 thin films [24]. Most investigations have been devoted to tilted columnar
thin films showing that their refractive index drops as the incident angle of the particle
flux rises due to an increasing porous structure [25–27]. In this paper, we report on WO3
thin films exhibiting a zigzag columnar architecture (WO3 material was chosen since it
exhibits a high refractive index, which allows a significant tuneability of optical properties
by playing on the film microstructure). The purpose is mainly focused on the effect of a
zigzag architecture, especially the tilt angle α and the number of zigzags N, on the optical
properties of WO3 thin films. For a constant film’s thickness and by increasing the number
of zigzags N, a maximum refractive index can be reached whatever the tilt angle used to
prepare WO3 films. This optimized index is discussed, considering the evolution of the
films’ morphology and structure at the micro- and nanoscale.

2. Materials and Methods
2.1. Operating Conditions for WO3 Films Growth

WO3 thin films were prepared by the Reactive Gas Pulsing Process (RGPP) in a custom-
made magnetron sputtering system consisting of a 40 L vacuum chamber as shown in
Figure 1. It was evacuated with a turbomolecular pump, backed by a mechanical pump
leading to an ultimate pressure lower than 10−5 Pa. A tungsten circular target (54 mm
diameter and purity 99.9 at.%) was fixed at 65 mm from the center of the substrate holder.
The target was DC sputtered using a constant current IW = 100 mA (the corresponding
current density was JW = 50 A m−2). A pre-sputtering time was applied for 5 min in order
to remove the contamination layer on the target surface and stabilize the process. The argon
flow rate was kept constant at qAr = 1.2 sccm. A constant pumping speed S = 10 L s−1

was used leading to an argon partial pressure pAr = 2.8 × 10−3 mbar. Oxygen mass
flow rate qO2 was pulsed during WO3 deposition by means of the Reactive Gas Pulsing
Process (RGPP) [28]. A constant pulsing period P = 16 s was used. For all depositions, the
oxygen injection time tON was 12.8 s, which corresponds to a duty cycle dc = 80% of the
pulsing period P (dc = tON/P). This duty cycle was selected since such operating conditions
correspond to the deposition of stoichiometric WO3 thin films [29]. The maximum oxygen
flow rate was qO2Max = 2.4 sccm. This value corresponds to the oxygen amount required



Coatings 2021, 11, 438 3 of 13

to completely avalanche the reactive sputtering process in the oxidized sputtering mode.
During the tOFF time, the oxygen mass flow rate was completely stopped (qO2min = 0 sccm).
The substrate holder was grounded, and no external heating was added. The angle of
inclination of the substrate holder (tilt angle, namely, α), could be changed from 0 to 90◦

compared to the substrate normal. The rotating speed φ was computer-controlled and
could be adjusted from 0 to a few revolutions per hour.
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ness was measured by profilometry, and the deposition time was adjusted in order to 
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Figure 1. Schematic illustration of the vacuum sputtering system used to deposit tungsten oxide thin films coupling
GLancing Angle Deposition (GLAD) and Reactive Gas Pulsing Process (RGPP) techniques. The substrate can be tilted
(angle α between the normal axes of the substrate and target), fixed or rotated (φ parameter) during the deposition stage.
The tilt angle α can be adjusted from 0 to 90◦ and the substrate rotation φ can be 0 to a few revolutions per hour. Argon
mass flow rate is kept constant, whereas oxygen mass flow rate is periodically controlled vs. time following a rectangular
signal. Maximum and minimum oxygen flow rates (qO2Max and qO2min, respectively), pulsing period P and oxygen injection
time tON are computer-controlled.

Substrates were standard microscope glass and (100) silicon wafer. Glass was used for
optical transmission measurements, whereas silicon allows a frank fracture for microscopic
cross-section observations. They were ultrasonically cleaned in acetone, ethanol, and
deionized water for 10 min and dried in an oven at 60 ◦C for 20 min. The film’s thickness
was measured by profilometry, and the deposition time was adjusted in order to prepare
WO3 films with a thickness of 1 µm. For the deposition of a zigzag columnar structure,
3 tilt angles α were used: 75, 80, and 85◦. For each tilt angle, the substrate was periodically
turned with discrete 180◦ rotations. The number of zigzags N was gradually increased
following N = 0.5, 1, 2, 4, 8, and 16 keeping a total film thickness of 1 µm. As a result, the
number of 180◦ rotations directly gives the number of zigzags, which can be checked from
cross-section SEM observations.

2.2. Characterization

Morphology of WO3 films was observed with a Dual Beam SEM/FIB FEI Helios
600i microscope on the fractured cross-section. Optical transmission spectra of the films
deposited on glass substrates were recorded with a Lambda 900 UV–visible optical spec-
trometer. A mask (black piece) with a hole of 1 mm diameter was placed in the light path,
to limit the observed area on the film. This mask allows probing a nearly constant thickness
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and avoid thickness gradient, which is especially substantial in GLAD films (intrinsic to
the GLAD process). Placing such a mask, the thickness gradient was estimated to be less
than 1% of the probed film thickness. Optical transmittance spectra of thin films deposited
on glass substrate were recorded in the visible range. The scanning wavelength ranged
from 300 nm to 850 nm, with 1 nm s−1 scanning speed. In order to get optical properties of
WO3 films, the Swanepoel’s method was implemented. This method was used because it
requires only two transmission spectra (one at normal incidence and another at oblique
incidence) and optical properties can be determined from wavelength values only [30].
To this aim, optical transmission vs. wavelength was recorded at 0◦ (normal incidence),
and at ±30◦ (oblique incidence) in order to check the homogeneity of the probed part of
the sample.

3. Results and Discussion
3.1. Microstructure

Cross-sections of WO3 thin films were systematically observed by SEM. Figure 2
illustrates a typical series of zigzag columnar structures prepared with a duty cycle dc = 80%
of the pulsing period P and with a tilt angle α = 80◦. The number of zigzags N as well as
the column tilt angle β (angle between the substrate normal and the column center axis)
can be easily measured. For N = 0.5 (i.e., tilted columns), β changes from 50, 52, and 53◦

as α rises from 75, 80, and 85◦, respectively. As usually reported with the GLAD process,
this column angle β is always lower than α angle. These β vs. α values well correlate
with Tait et al. equation (also known as the cosine rule) relating both angles together via a
geometric analysis of the intercolumn shadowing geometry [31]. As the number of zigzags
increases, it is worth of noting that the column tilt angle β is not uniform but gradually
varies from sublayer to sublayer. As previously reported by Hawkeye et al. [32], the angle
β is incremented up to a few degrees after each column arm deposition, then saturates
after several arm numbers for any initial tilt angle.
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Figure 2. Cross-section views of WO3 thin films 1 µm thick exhibiting a zigzag structure. Films were sputter-deposited on
(100) Si wafer with a tilt angle α = 80◦ and a duty cycle dc = 80% of the pulsing period P. The number of zigzags N was
systematically increased: (a) 1/2, (b) 1, (c) 2, (d) 4, (e) 8, and (f) 16. The scale is the same for all pictures.

This β evolution is due to the modified surface topography when depositing onto a
pre-existing columnar arm. As a result, the effective tilt angle is not the real tilt angle α and
varies over the film surface. The shadowing effect strongly depends on local variations of
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the surface geometry. From the second arm growth, particles impinge on the growing film
and so, on the column apex according to an effective tilt angle significantly higher than
angle α leading to an increase of β after a few deposited arms.

As the zigzag films thickness increases, widening of the column cross-section can also
be observed as commonly noticed in tilted columnar GLAD films, and although the change
of the growth direction induced by the 180◦ φ rotations. This structural broadening is
well described by a power law connecting column width and film’s thickness via a scaling
exponent describing how quickly the columns enlarge [33]. Despite the abrupt alternation
of the tilt angle from +α to −α during the zigzag fabrication process, the column widening
is intrinsic to the surface growth due to the ballistic regime of sputtered particles and the
shadowing effect.

As the number of zigzags N increases, the zigzag architecture becomes less and less
distinguishable, i.e., the column angle β and the zigzag design still remain observable
for N = 16 (Figure 2f). However, a further increase of N definitely leads to an undefined
zigzag shape, but wide and spaced columns perpendicular to the substrate surface instead.
By increasing the number of zigzags, the length of a column arm reduces and becomes
lower than a few tens nanometers. The deposition process behaves as a segmented growth.
Intervals associated to the abrupt 180◦ φ rotations produce the growth of a new column.
The latter develops on the opposite side at the apex of the previous column. The new
column does not grow long enough for producing a significant shadowing effect leading to
vertically oriented columns.

This segmented characteristic of the zigzag growth also produces some effects on
the films’ density. Gu et al. [34] and Hass et al. [35] clearly reported that the porous
structure changes as a function of the number of zigzags, and such a zigzag architecture
exhibits three types of porosities with a distinct pores scale for each type. This hierarchical
nature of the film’s porosity cannot be clearly distinguished from our SEM cross-section
observations (Figure 2). However, these different types of porosities will be considered in
§ 3.3 to discuss some correlations between refractive index of WO3 zigzag films and their
porous microstructure.

3.2. Optical Properties

Optical transmittance spectra of WO3 thin films deposited on glass substrate were
measured in the visible range and for various numbers of zigzags (Figure 3). A standard
WO3 films (tilt angle α = 0◦ and without oxygen pulsing, i.e., dc = 100% of the pulsing period
P) was also recorded and taken as a reference. Typical interference fringes (as commonly
observed for dielectric thin films) are obtained whatever the number of zigzags. The film
prepared by conventional sputtering process (α = 0◦) exhibits the highest amplitude of the
interference fringes.

Such amplitude is strongly reduced for zigzag films. This is directly connected to the
dense structure produced for WO3 film with α = 0◦, whereas a more porous architecture
is obtained for tilted and zigzag films (cf. discussion later). In addition, fringes tend to
disappear at wavelengths close to the absorption edge and the average transmittance of
zigzag films smoothly increases as a function of the wavelength, especially from 400 nm
where it is around 60–70%, and beyond 80–90% at 800 nm (average transmittance is below
80% in the visible range for WO3 film with α = 0◦). This is mainly assigned to a more
dispersive character of GLAD metal oxide thin films [36,37]. Changes of the growth
direction (φ angle alternates from 0 to 180◦ for zigzags deposition) create interfaces, which
disturb the wave propagation through the films and favor absorption phenomena. Surface
roughness of GLAD films also increases significantly for grazing incident angles (i.e., higher
than 70◦), and contributes in the same manner to the light dispersion [38].
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Figure 3. Optical transmittance spectra in the visible range of 1 µm thick WO3 zigzag thin films
prepared on glass substrate with various numbers of zigzags N = 0.5 to 16. Films were deposited
with a tilt angle α = 80◦ and a duty cycle dc = 80% of the pulsing period P. A standard WO3 films is
shown as a reference (α = 0◦ and without oxygen pulsing, i.e., dc = 100% of the pulsing period P).

Figure 4 shows typical spectra of WO3 thin film 1 µm thick sputter-deposited on glass
substrate with a tilt angle α = 85◦ and a duty cycle dc = 80% of the pulsing period P (i.e.,
number of zigzags N = 0.5). The sample was tilted at 0◦, +30◦, and −30◦ and the optical
transmittance spectra were measured. The highest average transmittance is obtained at
normal incidence (0◦), whereas tilting the sample at ±30◦ reduces the transmittance and
systematically shifts all optima to lower wavelengths. Tilting the sample to a given angle
lengthens the optical pathlength through the film’s thickness. In addition, it is commonly
admitted that in the GLAD process, deposition angles α higher than 70◦ (i.e., at grazing
incidence) favor the films roughness, emphasizing the light scattering phenomenon at
the film/air interface. As a result, optical transmittance measured at ±30◦ is reduced
compared to that recorded at normal incidence and film’s thickness crosses by the light is
geometrically extended, increasing the number of interference fringes.

Optical transmittance spectra in the visible range of the films deposited on glass
substrate were used to determine the evolution of refractive index vs. wavelength by
means of the Swanepoel’s method involving measurements of the optical transmission vs.
wavelength at normal incidence (0◦) and at oblique incidence angles (±30◦) [30]. Refractive
index in the visible range of all zigzag WO3 films exhibit a typical Cauchy’s dispersion law
(Figure 5). Whatever the number of zigzags, the film ‘s index is lower than that of the WO3
bulk value (n589 = 2.50 at 589 nm [39]). This is mainly assigned to the porous architecture
commonly reported in oxide thin films prepared by GLAD, and exhibiting tilted columns,
zigzags, or helices [40]. The shadowing effect induced by the high deposition angle (α = 80◦)
and the periodic change of φ angle (180◦ rotations) to produce zigzag columns both favor
the growth of a voided microstructure.
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nected to each other and directly represent how easily a volume of material can be pene-
trated by the light. As a result, these high coefficient values mean a strong attenuation of 
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Figure 5. Refractive index as a function of the wavelength of 1 µm thick WO3 zigzag thin films
sputter-deposited on glass substrate with various numbers of zigzags (N = 0.5 to 16). All films were
obtained with a tilt angle α = 80◦ and a duty cycle dc = 80% of the pulsing period P.
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It is also worth of noting that the number of zigzags strongly influences the refractive
index. The lowest indices are obtained for N = 16 and N = 0.5 (tilted columns as shown in
Figure 2a) with n589 below 2.0. In contrast, the highest refractive indices are produced for
WO3 films exhibiting N = 4 and 8 zigzags through the thickness of 1 µm. This optimized
refractive index of WO3 thin films exhibiting a zigzag columnar architecture for a number
of zigzags close to 4–8 agrees with former experimental and simulated optical properties
of tungsten oxide nanostructured thin films [41]. As a result, optical properties, and thus
the films’ density can be tuned and optimized by a simple adjustment of the number of
zigzags (cf. Section 3.3 for correlating with the microstructure).

The Swanepoel’s method was also used to determine extinction and absorption co-
efficients of WO3 zigzag films as a function of the number of zigzags, and for a given
wavelength (Figure 6). Both coefficients exhibit the same trend as the number of zigzags
increases, i.e., a continuous reduction as N changes from 0.5 to 16. However, films contain-
ing the lowest number of zigzags (0.5 < N < 4) show the highest extinction and absorption
coefficients, as well as the most significant drop vs. N. These two coefficients are connected
to each other and directly represent how easily a volume of material can be penetrated
by the light. As a result, these high coefficient values mean a strong attenuation of the
beam light when crossing the zigzag structure. Reducing the number of zigzags down
to N = 0.5, WO3 films give rise to a tilted columnar architecture with column broadening
effect and an increase of surface roughness as the film’s thickness or the column angle
increases [42]. Basically, the termination of the slanted nanocolumns at the film surface
produces an unusual topography, which is characterized by a high surface roughness [43].

Coatings 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

 
Figure 6. Refractive index, extinction coefficient, and absorption coefficient at 589 nm of WO3 films vs. number of zigzags 
N. All films were sputter-deposited with a tilt angle α = 80° and a duty cycle dc = 80% of the pulsing period P. Fit lines are 
used to guide the eye.  

It is also important to notice that reduction of extinction and absorption coefficients 
is not so noticeable as the number of zigzags is higher than 4. This smooth decrease for N 
> 4 also corresponds to the maximum of refractive index (Figure 6). A more voided struc-
ture is produced, and the films become more transparent. 

3.3. Microstructure vs. Refractive Index 
Refractive index of zigzag WO3 films prepared with three deposition angles (α = 75°, 

80·and 85°) has been systematically calculated at 589 nm and as a function of the number 
of zigzags (Figure 7). Whatever the deposition angle, all films exhibit the same evolution 
of refractive index vs. N, i.e., a maximum value around N = 4. In addition, refractive index 
is always lower than that of WO3 film prepared by conventional sputtering (α = 0°). An 
increase of the deposition angle from 70° to 85° steadily shifts indices to lower values for 
all numbers of zigzags. This trend has ever been reported for WO3 films exhibiting a tilted 
columnar architecture [46]. It is mainly ascribed to the growth of a more porous structure 
as the deposition angle rises. The shadowing effect is emphasized for high deposition an-
gles, which leads to higher amounts of voids in the films, and thus a decrease in the overall 
film’s density. For zigzags, a similar explanation can be suggested for discussing this drop 
of refractive index vs. deposition angle. However, the number of zigzags also influences 
the optical properties and thus, the peculiar growth and geometry of zigzags architecture 
has to be considered for understanding these optimized refractive indices close to N = 4. 

Because of the change in the growing direction at every 180° ϕ rotation, such a change 
disturbs the widening of the column cross-section and thus interrupts the shadowing ef-
fect from arm to arm. After the first growing stage, the subsequent column arms grow on 
the column apex and partially on the columns side previously located in the shadowing 
zone. It somewhat fills the serrated zone, voids, and defects created by the preceding 

Figure 6. Refractive index, extinction coefficient, and absorption coefficient at 589 nm of WO3 films vs. number of zigzags
N. All films were sputter-deposited with a tilt angle α = 80◦ and a duty cycle dc = 80% of the pulsing period P. Fit lines are
used to guide the eye.

As the deposition angle α rising from 0 to 85◦, typical RMS (root-mean-square) rough-
ness ranging from a few nm to more than 20 nm have been reported for GLAD thin films
produced by evaporation or magnetron sputtering [44]. This high surface roughness favors
the light scattering at the air/film interface and thus contributes to the high extinction and
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absorption coefficients. By increasing the number of zigzags, the length of a single zigzag
reduces. Assuming Backholm et al. investigation [45], RMS roughness significantly drops
when the length scale (dimension of a single zigzag) is lower than 100 nm and becomes
below 2–3 nm as the length scale decreases down to a few nm.

It is also important to notice that reduction of extinction and absorption coefficients is
not so noticeable as the number of zigzags is higher than 4. This smooth decrease for N > 4
also corresponds to the maximum of refractive index (Figure 6). A more voided structure
is produced, and the films become more transparent.

3.3. Microstructure vs. Refractive Index

Refractive index of zigzag WO3 films prepared with three deposition angles (α = 75◦,
80·and 85◦) has been systematically calculated at 589 nm and as a function of the number
of zigzags (Figure 7). Whatever the deposition angle, all films exhibit the same evolution of
refractive index vs. N, i.e., a maximum value around N = 4. In addition, refractive index
is always lower than that of WO3 film prepared by conventional sputtering (α = 0◦). An
increase of the deposition angle from 70◦ to 85◦ steadily shifts indices to lower values for
all numbers of zigzags. This trend has ever been reported for WO3 films exhibiting a tilted
columnar architecture [46]. It is mainly ascribed to the growth of a more porous structure
as the deposition angle rises. The shadowing effect is emphasized for high deposition
angles, which leads to higher amounts of voids in the films, and thus a decrease in the
overall film’s density. For zigzags, a similar explanation can be suggested for discussing
this drop of refractive index vs. deposition angle. However, the number of zigzags also
influences the optical properties and thus, the peculiar growth and geometry of zigzags
architecture has to be considered for understanding these optimized refractive indices close
to N = 4.
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Because of the change in the growing direction at every 180◦ φ rotation, such a change
disturbs the widening of the column cross-section and thus interrupts the shadowing effect
from arm to arm. After the first growing stage, the subsequent column arms grow on the
column apex and partially on the columns side previously located in the shadowing zone.
It somewhat fills the serrated zone, voids, and defects created by the preceding growth
interval [47]. This partial filling of the defecting growth, roughness, and porosities on a part
of the columns becomes more and more significant when the number of zigzags increases
(i.e., N > 2 in our study). The voided structure of a given column is reduced and the films
tend to be denser.

As the number of zigzags increases, the 180◦ φ rotation becomes more frequent and
leads to a less and less undistinguishable zigzag shape of the columnar structure. As-
deposited architecture looks like a field of columns perpendicular to the substrate surface
with large spaces between columns (as shown in Figure 2f). By shortening the growth
interval of each arm, the incident vapor cannot fully form a new arm and the structure
gradually broadens. It is also interesting to note that the GLAD film porosity strongly
depends on the thickness. As previously reported by Amassian et al. [48], a transition occurs
from a high coverage film to a porous film during the first growing stage (first monolayers)
and above 1 nm of deposition. Shadowing phenomenon prevails over smoothing effects
due to surface diffusion of atoms impinging on the columns. For the highest number of
zigzags, the shadowing length reduces and for each new grow direction, the formation of a
new arm vanishes. A new column nucleates at the start of each grow interval and produces
a nearly constant column width preventing columns extinction.

This atypical growth of zigzag architectures also influences shape and dimension of
the resulting porous structure, as suggested by Hass et al. [34,35]. These authors proposed
the occurrence of three types of pores. The largest pores (type I) with a width exceeding
0.3 µm separating primary growth columns that are a few µm in width (intermediate
columns of about 1 µm width exist within the primary columns). They are bounded by
narrower type II pores that are ~0.1 µm wide. Finally, type III pores of ~20 nm width
existing between even finer growth columns (20–80 nm in width) present within the
secondary growth columns. These type III pores are usually discontinuous. The same
authors showed that the thermal conductivity of zigzag films exhibits a minimum value as
a function of the number of zigzags, as also reported by Amaya et al. [49]. They assigned
this minimum value to the type I pores, which have a longer wavelength and greater
inclination angle than type II and III pores. As a result, type I pores mainly rule heat flow
propagation through the zigzag films thickness. Assuming such an approach, the analogy
can be suggested for explaining the maximum of refractive index that we systematically
obtained in zigzag WO3 thin films for a number of zigzags around 4. For the smallest
numbers of zigzags (N < 2), the type I pores wavelength is higher corresponding to a high
porous structure, and thus a low refractive index (type II and III pores also contribute to
lower the refractive index). For the highest numbers of zigzags (N > 8), type I pores tend to
be perpendicular to the substrate surface (contribution from type II and II pores become
negligible) with a pore amplitude larger than the columns width, and so, a reduction of the
films refractive index.

4. Conclusions

WO3 thin films 1 µm thick exhibiting a zigzag columnar architecture were produced
by magnetron reactive sputtering combining GLancing Angle Deposition (GLAD) and
Reactive Gas Pulsing Process (RGPP). The number of zigzags was systematically changed
from 0.5 to 16 leading to a tunable zigzag architecture with adjustable arm lengths. For the
shortest numbers of zigzags, a series of column arms with alternating growth direction
was clearly produced, whereas a reduction of growth interval between each 180◦ φ rotation
(highest numbers of zigzags) led to single vertically oriented columns.

Optical properties were investigated, especially refractive index, extinction, and ab-
sorption coefficient in the visible range. Both coefficients exhibited a continuous decrease as
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a function of the number of zigzags. It was mainly assigned to the high surface roughness
favoring the light scattering at the air/film interface particularly when the number of
zigzags changed from 0.5 to 4.

WO3 zigzag films prepared with the highest deposition angle (α = 85◦) gave rise to
the lowest refractive indices because of the largest voided structure mostly produced as
the deposition angle tend to the most grazing incidence. Refractive index interestingly
showed a maximum value as a function of the number of zigzags whatever the deposition
angle (α = 70◦, 80◦, or 85◦). A correlation was proposed between this optimized optical
characteristic and the hierarchical pore structure, especially the width and the inclination
of the biggest pores between zigzags as a function of their number. As a result, such a
zigzag architecture appears as an original way to precisely tune the optical properties of
metallic oxide thin films and can be certainly extended to other properties.
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