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ABSTRACT: In this paper, a nanostructured W-Cr Janus thin film was synthesized using the GLancing Angle Deposition co-
sputtering technique. The film was elaborated using pure W and Cr targets positioned at equal and fixed deposition angles of
80°, resulting in vertically aligned bicomponent nanocolumns. The morphological and crystallographic properties of W-Cr
Janus thin film were studied before and after an annealing treatment in air, as high as 500°C. Investigations revealed that
annealing induces the formation of a fully oxidized surface envelope composed of p-type Cr,03; and n-type WOz, which non-
uniformly covers the Janus nanocolumns. The chemical gas sensor based on the annealed W-Cr Janus thin film demonstrated
promising sensing performances, achieving detection limits of approximately 37 £ 5, 26 + 5, and 36 = 5 ppb for benzene,
formaldehyde, and propanol, respectively. Beyond representing a technical advancement in the field of co-sputtered thin
films, this study underscores the potential of this bicomponent heterojunction structure for the detection of trace-level air

pollutants.

1. INTRODUCTION

Metal oxide semiconductor (MOS) gas sensors have
gained considerable attention in recent decades since they
are essential for environmental monitoring, industrial
safety, and medical diagnostics.! Besides their simplicity
and low manufacturing cost, MOS gas sensors provide a
wide range of materials, as their semiconducting properties
vary according to the atmosphere. The growing need for
highly sensitive, selective, and stable gas sensors has driven
extensive research into innovative nanomaterials with cus-
tomized physicochemical properties. Although selectivity
remains a challenge, the extensive literature on advanced
materials for MOS gas sensor applications showcases a
growing trend toward innovative approaches in developing
highly sensitive and stable materials. Although tin oxide
(Sn02) remains the reference material, with numerous stud-
ies leveraging its remarkable properties for gas sensing,? re-
cent years have seen increased interest in other metal ox-
ides that show real potential for the development of more
and more efficient sensors.® # It is well known that the

morphology and dimensions of metal oxides strongly influ-
ence the sensing performance of MOS gas sensors.> ¢ For ex-
ample, 0D, 1D, 2D or 3D nanostructured materials have
been synthesized and studied to evaluate their capacities as
sensing layers.” 8 These innovative materials are designed,
for example, to improve the surface area of the material in
order to enhance sensitivity or to lower the operating tem-
perature of sensors.%12

In addition to the material's morphology and dimension,
other strategies can enhance detection performances, such
as doping with metals (noble or not)*3 14 or forming hetero-
junctions.'> 16 In recent decades, research on heterojunc-
tions has surged, with a strong emphasis on innovative fab-
rication technologies. The goal is to combine two or more
MOS materials in order to achieve better sensing perfor-
mances than using a single metal oxide. This is mainly be-
cause the interface of two individual MOS materials exhibits
conspicuous resistance modulation effects, which will fur-
ther affect the gas sensing performance.l” These hetero-
junctions can be categorized into n-n, p-p, or p-n junctions,



depending on the type of materials used. Various elabora-
tion methods can be employed to develop these materials,
including the hydrothermal process,'®1° the sol-gel
method,?%2! thermal evaporation techniques,?? or pulsed la-
ser deposition.?? It is worth noting that these materials have
been used as sensitive layers for gas sensing applications.

Since the late 1990s, following the work of Brett et al. on
structured thin films,?* the GLancing Angle Deposition
(GLAD) method has been used in reactive sputtering to
grow nanoscale columnar films with controlled and innova-
tive architectures.

(a)

Crtarget W target
200 pm

(b) Cr target current I, (mA}

300 250 200 150 100 50 0

1004

80

804

404

204

Atomic concentration (at. %)

(IJ 5‘0 160 150 2(‘)0 250 360
W target current |, (mA)
Figure 1: (a) Schematic illustration of the GLAD co-sputter-
ing system implemented to deposit W-Cr Janus thin film onto
micro-hotplate (the purple spot indicates the region of the
thin film deposition), (b) Evolution of the thin film atomic
concentrations of W and Cr with respect to the reverse evo-

lution of target currents.

In most cases, the GLAD process relies on a single source
to deposit 3D nanostructured materials such as nanopillars,
zigzags, nanospirals, nanotubes or branched nanocol-
umns.?>-27 The recent development of dual-source deposi-
tion is emerging as a promising strategy for producing com-
plex heterojunction thin films with tailored architectures,?s
29 such as Janus structures, in reference to the two-faced Ro-
man God of the same name.30-33 These thin films structures
have asymmetrically designed materials featuring two dis-
tinct compositions or functionalities within a single entity.
The unique bifunctional nature of Janus structures makes
them promising candidates for charge transport and sur-
face reactivity. This is particularly important for the devel-
opment of chemical gas sensors, as this configuration can
improve gas adsorption, thereby enhancing sensing perfor-
mances in terms of both sensitivity and response time. De-
spite the versatility of Janus structures fabricated via the
GLAD process, to our knowledge, no studies have reported
their use for chemical gas sensing application to date. Addi-
tionally, it is important to note that the impact of

temperature on this type of nanostructured material has
been rarely explored.

However, the literature contains a few studies that have
investigated Janus-like nanostructures synthesized using
alternative methods for gas sensing applications. For in-
stance, Hu et al. reported the fabrication of ZnO-SnO, Janus
nanofibers using electrospinning method for the detection
of triethylamine.?* Wang et al. demonstrated the perfor-
mance of carbon/silica thin film coated on quartz crystal
microbalance resonator for the detection of H2S and NH3 .35
Another work on the elaboration of Janus material made of
ultrathin gold nanowires and PEDOT:PSS conjugated con-
ducting polymers has been reported by Jiang et al. for the
identification of ammonia.3¢ It is important to note that
other studies have been primarily focused on computa-
tional approaches to assess the potential of material combi-
nations for the design and development of Janus structures
in gas sensing applications.37-39

In this paper, we focus on nanostructured W-Cr thin
films co-deposited by magnetron sputtering using two dif-
ferent targets: Tungsten and chromium, in order to achieve
a Janus nanostructure for gas sensing applications. These
two elements were chosen for several reasons: Both exhibit
columnar growth,*? 41 share a similar body centered cubic
(bcc) structure, and have lattice constants in the same order
of magnitude (ao(Cr) = 0.288 nm and ao(W) = 0.316 nm).*2
Furthermore, oxidized tungsten displays n-type behavior,
while oxidized chromium exhibits p-type behavior,** mak-
ing their combination promising for the development of
heterojunctions. Here, to evaluate the sensing performance
of this Janus structure, we selected one volatile organic
compound (VOC) -benzene - and two very volatile organic
compounds (VVOCs) -formaldehyde and propanol.#* All
these compounds are associated with human activities and
considered as indoor air pollutants, even at very low level.
Several safety and occupational health authorities world-
wide have established permissible exposure limits for inha-
lation of these compounds. For example, the long-term ob-
jective (annual average) limit for benzene is approximately
1.5 ppb (or 1 ppm over an 8-hour period), the 30-minute
exposure limit for formaldehyde is around 80 ppb, and the
daily exposure limit for propanol is about 280 ppm.*5-47 Pro-
longed inhalation of these compounds leads to toxic effect
for humans.

Beyond the technological challenge of developing highly
uniform and homogeneous nanostructured bi-component
materials, this paper provides a detailed physico-chemical
characterization of W-Cr Janus structures and reports on
their potential for air pollutant detection. This work differs
from previous studies that primarily investigate the doping
of a bulk material (e.g., W03 nanoflakes or nanorods) with a
small amount of a secondary component (e.g., Cr or Cr203
nanoparticles),*8 49 whereas in the present study both ma-
terials are introduced in nearly equal amounts to form Janus
nanocolumns. Since chemiresistive gas sensors typically op-
erate at high temperatures, we also studied the evolution of
the nanostructured thin film before and after thermal treat-
ment at temperatures as high as 500 °C. It is important to
highlight that only a limited number of studies investigate
how Janus materials developed by physical methods evolve
with temperature.
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Figure 2: SEM top-view images of the W-Cr Janus thin film: (a) As-deposited and (b) after annealing in air at 250°C for 18 hours,
followed by a thermal treatment at 500°C for an additional 6 hours in air. Insets display higher-magnification views. White
arrows indicate the flux directions of Cr and W particles during the deposition process.

2. EXPERIMENTAL SECTION
2.1 W-CrJanus thin film growth

DC magnetron sputtering was used to deposit W-Cr Ja-
nus thin films in a homemade vacuum chamber at a base
pressure below 10-¢ Pa. The distance between the sub-
strates and the centers of W and Cr targets were 65 mm and
95 mm, respectively. These targets, having 99.9 at. % of pu-
rity and 51 mm diameter, were co-sputtered at room tem-
perature in a pure argon atmosphere with a flow rate of 2.6
sccm and a sputtering pressure of 0.27 Pa. Deposition an-
gles (aw and ocr) were both equal and fixed at 80°. W-Cr Ja-
nus thin films were produced by carefully and reversely ad-
justing the current of each target from 0 to 300 mA to
achieve a composition with approximately 50 at. % of each
material. The deposition time was adjusted to 32 minutes in
order to obtain a film thickness of approximately 300 nm.
W-Cr Janus films were deposited onto (100) silicon sub-
strates for physico-chemical characterization and also onto
commercial micro-hotplate platforms with integrated mi-
cro-electrodes for sensing experiments.

2.2 Characterization of material

Elemental compositions were obtained using an XFlash
6 | 60 SDD energy-dispersive X-ray spectroscopy (EDS) de-
tector. The surface views of W-Cr Janus thin films were ob-
served with a Thermo Fisher Scientific Apreo S LoVac scan-
ning electron microscope (SEM). The microstructural anal-
ysis was also performed using a TALOS F200X (Thermo Sci-
entific) transmission electron microscope (TEM) operating
at 200 kV. Before TEM observations, sample preparation
was carried out using focused ion beam (FIB) technique
(Thermofisher Helios 5 UC). TEM images were analyzed us-
ing GATAN Digital Micrograph software and their simula-
tions were obtained with the Java Electron Microscopy Soft-
ware (JEMS). The elemental chemical composition was also
determined under scanning-transmission (STEM) mode us-
ing Super-X EDS system equipped with four windowless
SDD detectors. Crystal structure of films was characterized

by grazing incidence X-ray diffraction (GIXRD) using a
Bruker D8 focus diffractometer with a copper X-ray tube
(Cu AKa1 = 0.15419 nm). Scans were performed with a step
0f 0.02° per 8s and a 26 angle ranging from 20 to 90°. Raman
spectra were obtained with a Renishaw inVia spectrometer
using a 532 nm laser. X-ray photoelectron spectroscopy
(XPS) data were obtained with a PHI VersaProbe I system
using a non-monochromatized Al Ka X-ray source (hv =
1486.7 eV, power of 50 W). Energy calibrations were done
on adventitious carbon (CC/CH bonds) at 248.8 eV. CasaXPS
software was used for data treatment.

2.3 Fabrication of gas sensors and measurements

For sensing tests, W-Cr thin films were deposited onto
micro-hotplate platforms from SGX Sensortech, equipped
with interdigitated electrodes and allowed both the heating
control and conductance measurement of the sensitive ma-
terial as a function of time (cf. Fig. 1 (a)). In this case, a spe-
cially designed shadow mask was employed to selectively
deposit materials onto interdigitated micro-electrodes, re-
sulting in a sensitive area of approximately 0.0314 mm?
(see the purple spot in Fig. 1 (a) reflecting the W-Cr thin
film). Before exposing the sensor to pollutants, a condition-
ing sequence was performed to progressively age the sensi-
tive surface. This process involved exposing the sensor to a
synthetic air flow (mixture of nitrogen 80 vol. % and oxygen
20 vol. % with low levels of water (~ 2 % Relative Humidity
(RH) at 25°C) and with a flow rate of 100 mL min™) at
250°C for 18 hours, followed by a thermal treatment at
500°C for an additional 6 hours always under synthetic air.
This step is essential to promote material crystallization
and stabilization. Films deposited onto silicon substrates
were also thermally treated using the same procedure. The
pollutants were generated using permeation Teflon tubes
placed inside controlled-temperature ovens. The initial con-
centrations of vapors were 157 + 5 ppb for benzene, 288 + 5
ppb for formaldehyde, and 408 + 5 ppb for propanol.
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Figure 3: (a) Bright-field STEM image of the as-deposited film, (b) STEM-EDX elemental mapping, and (c) zoomed-in of the
elemental map focused on a nanocolumn, along with the corresponding elemental composition analysis retrieved from the
marked area. The white arrow shows the scan direction used for the elemental analysis.

The normalized response of the gas sensor was defined
as S = (R-Ro)/Ro, where R is the sensor resistance in the
presence of the pollutant (€2) and Ro is the resistance in pure
synthetic air (). A signal processing step was applied to the
normalized response using a curve-fitting procedure imple-
mented in Python, in order to smooth the data and enable
accurate fitting. This step improved the signal-to-noise ra-
tio, allowing a more precise evaluation of response ampli-
tudes, especially at low analyte concentrations.

3 RESULTS AND DISCUSSION

3.1 Morphology, structure and composition of the
W-Cr Janus thin film

To determine the optimal deposition conditions for get-
ting a composition of approximately 50 at. % of each ele-
ment, EDS analyses were conducted on films produced us-
ing different target currents. Figure 1 (b) illustrates the evo-
lution of the composition by SEM-EDS of each element as a
function of W and Cr target currents. To achieve a composi-
tion close to 50 at. % for each element, the current was set
to 175 mA for the Cr target and 125 mA for the W target.
Figure 2 reveals SEM top-views of the W-Cr film obtained
with these deposition conditions (Iw =125 mA and lcr=175
mA), as-deposited and after the annealing treatment under
synthetic air. As-deposited film’s surface (Fig. 2 (a)) exhibits
quadrilateral elongated-shapes perpendicular to the parti-
cle fluxes, with significant size heterogeneity, from ca. 5 to

ca. 250 nm. These shapes correspond to the tops of individ-
ual columns formed during the co-deposition of W and Cr.
The elongation observed perpendicular to the W and Cr par-
ticle fluxes, commonly seen in GLAD films produced with a
single source, is primarily attributed to shadowing asym-
metry inherent to the GLAD process, especially significant
for grazing angle > 70°.5° This anisotropic microstructure
results in the formation of distinct ridge-like features at the
apex of the columns, arising from the oriented growth of
both metal elements and contributing to notable surface
roughness. The distinct contrast and separation between
columns indicate shadowing effects during growth, con-
sistent with a structure zone model (SZM) Type I regime.>!
Indeed, during the initial stage of growth, nucleation sites
are formed randomly across the substrate surface. As col-
umns evolve, they produce a shadowing effect that inhibits
further growth in the shaded regions, leading to the extinc-
tion of some columns, which is particularly governed with
the GLAD process. In addition, the dense columnar struc-
ture with minimal void spaces observed on the surface indi-
cates the presence of surface porosity within the micro- to
mesoporous range (i.e, pores with diameters below 2 nm
up to approximately 50 nm).

After annealing (Fig. 2 (b)), the film reveals a nanogran-
ular texture with densely packed, near-spherical grains,
with sizes ranging from ca. 10 to ca. 300 nm, uniformly dis-
tributed across the substrate.
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Figure 4: (a) Bright-field STEM image of the annealed film (arrows indicate the tungsten oxide growth), (b) STEM-EDX ele-
mental mapping, and (c) zoomed-in of the elemental map focused on a nanocolumn, along with the corresponding elemental
composition analysis retrieved from the marked area. The white arrow shows the scan direction used for the elemental anal-

Ysis.

The apexes formed by the ridge-lines become less dis-
tinct, while the roughness remains significant and appears
homogeneously distributed. The absence of large-scale de-
fects or anisotropic features indicates uniform thermal en-
ergy distribution during the thermal treatment. Further-
more, the limited presence of voids on the annealed surface
suggests that porosity remains largely unchanged by the an-
nealing process.

To investigate in more detail the morphology and the el-
emental composition of these films, cross-sectional images
were obtained using TEM, both before and after annealing
at 500 °C. The bright-field STEM image of the as-deposited
film (Fig. 3 (a)) reveals a film thickness close to 300 nm with
a structure composed of vertically aligned, densely packed,
and oriented wedge-shaped columns perpendicular to the
substrate, confirming the film microstructure and texture in
Zone I. The combination of columnar alignment and con-
trast variations strongly suggests that both targets contrib-
uted equally during the deposition. The images also high-
light a pronounced heterogeneity in the nanocolumn
growth, with larger columns appearing periodically along
the substrate, a feature attributed to the shadowing effect
previously discussed. As the columns grow in height, they
expand progressively, resulting in a wedge-like cross-sec-
tional morphology indicative of a faceted crystalline struc-
ture at the column apexes. The asymmetrical structure is
closely related to the particle flux, which can be directly cor-
related to the trajectory regime of tungsten (W) and

chromium (Cr) (Fig. 3 (a)). A detailed analysis of the angles
between the facets and the theoretical trajectory of parti-
cles, denoted Bcr and Pw, reveals that the angle associated
with the tungsten flux is smaller than that observed for
chromium, ie., Bw < Bcr. Assuming a common initial deposi-
tion angle o = 80° for both materials, with respective target-
to-substrate distances of 65 mm for W and 95 mm for Cr,
and a background gas temperature of 300 K, the degree of
thermalization can be evaluated. Considering the number of
elastic collisions required for thermalization (n = 9 for W
and n = 3 for Cr),5% 53 the proportions of ballistic and ther-
malized atoms were estimated as a function of the sputter-
ing pressure (Fig. S1 in Supporting Information (SI)). At a
sputtering pressure of 0.27 Pa, approximately 55% of W at-
oms follow a ballistic trajectory, while about 58% of Cr at-
oms become thermalized due to the Ar background gas at
0.27 Pa and the Cr target-to-substrate of 95 mm. Conse-
quently, tungsten tends to follow a more ballistic path,
aligning more closely with the geometric deposition angle
(ow = 80°). In contrast, chromium, subject to greater ther-
malization, displays a more diffuse particle flow, resulting
in increased atomic scattering and a larger deviation be-
tween the facet angles and the theoretical geometric depo-
sition trajectory (oucr).

The cross-sectional micrograph also reveals a voided ar-
chitecture within the thin film, confirming the presence of
well-developed porosity between and along the entire
length of the nanocolumns.
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Figure 5: (a) XRD patterns and (b) Raman spectra of Janus thin films as-deposited and after the annealing treatment. Asterisks

indicate characteristic silicon peaks.

High-resolution transmission electron microscopy (HR-
TEM) images taken from various regions within an isolated
column (Fig. S2 (a) in SI) reveal that the chromium-rich side
is predominantly amorphous, although a few small crystal-
lites - averaging less than 10 nm in size - are still present,
corresponding to the body-centered cubic (bcc) phase of
chromium. In contrast, the tungsten-rich side of the nano-
columns appears to be more crystallized, as lattice planes
corresponding to both the a- and B-phases of tungsten were
identified. In the aforementioned figure, each HR-TEM mi-
crograph is labeled with the zone axis (i.e, lattice direction)
along which the identified material is being observed under
the microscope.

Janus nanocolumns are also confirmed by STEM-EDX
measurements using atomic percentage maps (Fig. 3(b)),
with one side composed of chromium and the other of tung-
sten. A small amount of native oxygen is detected at the sur-
face of the nanocolumns, and the zoomed-in view in Fig. 3(c)
reveals a well-defined interface between both elements.
Figure 3(c) illustrates the distribution of W, Cr, and O within
the column, based on counts collected from the entire out-
lined rectangle and along the indicated direction. The data
reveal the presence of Cr (approximately 10 at. %) on the
W-rich side of the Janus column. This observation suggests
that Cr may have diffused across the interface, contributing
to the formation of a distinct substitutional alloy, likely cor-
responding to CrxWix with x ~ 0.1.

Figure 4 (a) shows the cross-sectional STEM image of
the film after annealing in air at 250 °C for 18 hours, fol-
lowed by an additional thermal treatment at 500 °C for 6
hours. The film's morphology undergoes significant
changes, characterized by the formation of outgrowths pri-
marily localized at the top of the nanocolumns and partially
protruding from their right sides (see arrows in fig. 4 (a)).
The overall film thickness increases by approximately 30%
relative to its initial value, reaching up to 400 nm, mainly
due to the development of these protrusions. Nevertheless,
a closer examination of the image reveals that the thickness

of the nanocolumns themselves appears to remain un-
changed. HR-TEM images taken from various regions within
an isolated column, including the outgrowth (Fig. S2 (b) in
SI), reveal that the a- and B-phases of tungsten as well as the
bcc phase of chromium remain present in the bulk of the
nanocolumn. Supplementary investigations further indicate
that the outgrowths are composed primarily of amorphous
tungsten oxide, with a few crystallites—measuring as small
as 10 nm—corresponding to a distorted cubic phase of WOs3.
The images were obtained at room temperature, and alt-
hough the literature indicates that the orthorhombic phase
is the most stable at 500 °C,>* it is difficult to clearly identify
this crystalline phase due to the very small crystallite size
and the possibility of an allotropic transition occurring dur-
ing cooling. Fig. 4 (b) shows an STEM-EDX atomic percent-
age map confirming that the Janus architecture is preserved
as well as the clearly defined interface between both ele-
ments, even after the thermal treatment. It is also clear that
the outgrowths are predominantly formed on the W side of
the nanocolumns with the oxidation proceeding perpendic-
ular to the tungsten facets (Fig. 4 (a)). An attempt to explain
this behavior can be suggested using thermodynamic con-
cepts, specifically the Gibbs energy-temperature diagram,
commonly known as the Ellingham diagram. This diagram
summarizes the relative thermodynamic stability of oxides
as a function of the temperature. Figure S3 in SI presents the
Ellingham diagram for W and Cr, from which it can be pre-
dicted that oxide formation occurs preferentially on tung-
sten rather than chromium. Indeed, a lower position on the
diagram indicates a more negative standard free energy of
formation, signifying greater oxide stability. In our case, the
Ellingham diagram shows that the line for Cr,03 is posi-
tioned lower than that for WOj3, indicating that Cr,05; is the
more stable oxide. This leads to the formation of a pas-
sivation layer on the chromium-rich side of the Janus nano-
columns, contributing to the stabilization of the oxide. The
variation in elemental composition along a column over a
distance of approximately 140 nm is shown in Fig. 4 (c). It
can be noticed that the interface between both elements is



still preserved even after a thermal treatment higher than
500°C, and the outgrowths are predominantly composed of
tungsten oxide. These hypotheses will be further supported
by results from complementary analytical techniques pre-
sented in the following sections.

Figure 5 (a) displays the GIXRD patterns of the films rec-
orded before and after the annealing treatment. As-depos-
ited Janus film exhibits diffracted signal with peaks between
20 and 90°, which were labeled with the corresponding set
of Miller indices. These peaks were attributed to the a- and
B-phases of tungsten (PDF 00-073-0412 and PDF 00-047-
1319, respectively) along with the bcc phase of metallic
chromium (PDF 00-006-0694). Additionally, the presence
of a Cr-substituted tungsten alloy (Cro.oaWo91) was identi-
fied (PDF 04-020-5045), suggesting the diffusion of Cr at-
oms into the W-rich region of the Janus columns. These
structural insights are consistent with the local atomic ar-
rangements observed by STEM-EDX (Fig. 3 (d) and S2 (a)).
After a thermal treatment at 500°C, the pattern of Janus film
reveals new peaks which can be associated to WOs (PDF 01-
073-6498). The broad peak widths, typically associated
with small crystallite sizes, make it difficult to determine the
exact nature of the phase. It is also interesting to note that
the phases associated to pure metals (Cr and W) remain
present in the thin film even after the annealing treatment.
This finding confirms the TEM observations, showing that
the main structure of the nanocolumns remained intact
even after annealing at temperatures as high as 500 °C. No
peaks of impurities were observed confirming the high pu-
rity of the as-prepared Janus thin film.

Further information on the crystal structure of the W-Cr
Janus film sputtered onto (100) silicon substrate were ob-
tained from Raman spectra. Figure 5 (b) presents the spec-
tra of both the as-deposited and annealed W-Cr Janus films.
For comparison, reference spectra of separately sputtered
W and Cr films, each one annealed at 500 °C, are also shown.
The spectrum of the annealed pure tungsten film exhibits
the characteristic silicon substrate peak at around
520 cm™, along with several lower-intensity peaks identi-
fied with asterisks in Fig. 5 (b). This indicates that the exci-
tation beam passes through the film and reaches the silicon
substrate. In contrast, these peaks are not present in the
spectra of the annealed pure chromium and W-Cr films, in-
dicating that these films are opaque to the excitation laser.
This confirms that the metallic chromium film is protected
by a thin passivating oxide layer after annealing. In the case
of the annealed W-Cr film, the results suggest the presence
of sufficient metallic tungsten and chromium, which is con-
sistent with previous TEM observations.

The spectrum of the as-deposited W-Cr film shows very
weak and broad peaks, indicating surface oxidation of the
deposited material forming an amorphous surface layer.
The spectrum exhibits two bands centered around ~668
cm™ and 844 cm™, attributed to stretching modes of W-0-

W bonds,’5 along with another band near ~940 cm™, asso-

ciated with the Wé+=0 stretching mode of terminal oxygen
atoms, which may be present on the film surface (i.e., at the
grain surface).5¢

For the annealed W-Cr film, the intensity of Raman sig-
nal is higher, and the bandwidth of individual bands is re-
duced compared to the as-deposited film. This suggests that
the oxides formed in the annealed film are at least partially
crystallized. In particular, the small peak observed at 548
cm ! matches with the position of the peak observed for the
annealed pure chromium film and identified as the Alg vi-
brational mode of a-Cr203.57 This result is relevant, as it
complements previous analyses.

Beyond the Cr203 peak, the Raman spectrum of the an-
nealed W-Cr film shows strong similarity to that of the oxi-
dized pure W film. However, the observed peak broadening
and positional shifts indicate the presence of structural
and/or compositional disorder in the annealed W-Cr film. In
the low-frequency region, below 200 cm, WO3 lattice
modes are clearly observed, as in the case of the annealed
W film.58 The distinct peaks at 275 and 326 cm™ associated
with W-0-W bending vibrations in monoclinic WO3 become
a broad band at 240-350 cm! for the annealed W-Cr film.>°
Literature reports associate the disappearance of the
325 cm™ peak with a significant presence of oxygen vacan-
cies.60

At higher frequencies, the spectrum of the annealed W
film shows the main peaks characteristic of monoclinic W03
at 714 and 806 cm!, which are assigned to W-0-W stretch-
ing vibrations.¢! 62 These peaks are broadened and slightly
shifted to lower frequencies for the annealed W-Cr film, sug-
gesting structural disorder likely induced by the presence
of chromium.

In the 900-1100 cm range, the spectrum of the an-
nealed W-Cr film displays a prominent band, in contrast to
the annealed W film, which shows only low-intensity peaks
originating from the Si substrate. The broadband observed
at ~940 cm™ for the as-deposited W-Cr film, assigned to
stretching vibrations of Wé*=0 terminal oxygen atoms,>¢ 5°
is still present for the annealed W-Cr film, accompanied by
the appearance of a narrower peak at 987 cm™. According
to the literature, the intensity and the position of the Wé+=0
peak is influenced by crystallite size, increasing as the crys-
tallite size decreases.®® This observation is consistent with
previous TEM and XRD analysis, which indicated crystal-
lites as small as 10 nm.

In summary, these spectral analyses confirm that the an-
nealed W-Cr film mostly consists of tungsten oxide, and that
the nearby presence of chromium induces structural disor-
der. As described previously, in the Janus configuration, ox-
idation is confined to the edges of the nanocolumns, result-
ing in a continuous protective oxide shell surrounding the
metallic nanostructures.
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To complete these analyses, XPS studies were also per-
formed to get information on the surface chemistry (chem-
ical bonding and defect states) of Janus thin film samples,
as-deposited and after annealing at 500°C. The complete
measured spectra for each sample, presented in Fig. 6 (a),
appear nearly identical. However, a focus on the W 4f and
Cr 2p core lines decomposition reveals important differ-
ences between as-deposited and annealed film (Fig. 6 (b)
and (c)). In the as-deposited film, two W 4f doublets are ob-
served at binding energies of 30.91 and 33.08 eV, corre-
sponding to the W 4f;/2 and W 4fs/2 states of metallic W°,
and at 35.47 and 37.52 eV, attributed to W®* in WOs;.

After thermal treatment, only the typical doublet associ-
ated with W°* in WOs, at 35.40 and 37.53 eV, remains de-
tectable, indicating the disappearance of the metallic tung-
sten component at the surface of the film. Similar observa-
tions can be made for the Cr 2p region where the as-depos-
ited film exhibit Cr 2p1/2and Cr 2p3,2 states essentially build-
up of metallic Cr® and Cr®* in Cr,03. Following the annealing
treatment, only the contribution of Cr®* in Cr,0; is identi-
fied in the Cr 2p1/2and Cr 2ps,2 states. These observations

confirm that, prior to annealing in air, the surface consists
of metallic Cr and W, along with a thin metal oxide layer. Af-
ter annealing at 500°C, the surface becomes fully oxidized,
with no detectable presence of metallic elements.

The high-resolution spectra of O 1s, represented in Fig.
6 (d), are categorized into two types of oxygen species: Lat-
tice oxygen (OL) corresponding to ions directly connected to
metal cations (Cr3* and W¢*) and chemisorbed oxygen (Oc)
associating to species resulting to the adsorption, at the
near surface of material, of atmospheric water and CO/CO2
from the ambient air. The oxygen species and their contents,
derived from peak intensities, are illustrated in the pie
charts in Fig. 6 (d). It is worth noting that the contribution
of the 0=C binding disappears after the thermal treatment
at 500°C.

This physico-chemical characterization provided a
deeper understanding of the morphology, structure, and
chemical composition of the W-Cr Janus structure. Subse-
quently, the annealed W-Cr Janus film was employed as a
sensitive layer for the detection of various volatile organic
compounds in air.
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3.2 Sensing performance

Before conducting sensing tests under pollutants, the
stability and the charge transport mechanism within the
Janus film were explored by recording the evolution of the
dynamic resistance variation with temperature interval as
a function of time in synthetic air. From Fig. 7 (a) it can be
noticed that the annealed W-Cr Janus film is thermally ul-
trasensitive, with resistance decreasing from around
6.65x107 Q at ~280°C to 1.43x106 Q at ~470°C. Below
280°C, the film’s resistance is too high to be measured us-
ing a conventional setup. Based on the dynamic resistance
variation with temperature interval, the curve of re-
sistance (measured when the resistance is stable and be-
fore each temperature increment) as a function of temper-
ature can be plotted (red dashed line in Fig. 7 (a)). This
curve exhibits a nonlinear decrease of resistance with in-
creasing temperature, consistent with Arrhenius behavior
dominated by thermal activation, as described in Equation
D).

This trend is characteristic of semiconducting materi-
als.

Normalized response

R(T) = Roexp (Ea/ksT) (1)
Eais the activation energy and kg is the Boltzmann con-
stant (8.62x10-5eV.K1).

The activation energy Ea (eV) of the material can be ob-
tained from the fitted linear Arrhenius plot of the loga-
rithm of the resistance In(R) vs. the reciprocal tempera-
ture T-1 shown in Figure 7 (b), following Equation (2).

In(R) = In(Ro) +Ea/ksT (2)

For the annealed W-Cr Janus structure, the activation
energy was calculated to be 726 + 10 meV, which is con-
sistent with values reported in the literature for semicon-
ducting materials, typically ranging from 50 to 860 meV.*
As commonly suggested by several authors, the Schottky
barrier - associated with the potential barrier formed at
grain boundaries - can be approximated by the deter-
mined activation energy.®> For our thin film, the presence
of high intergranular potential barriers significantly limits
the mobility of charge carriers within the material, result-
ing in high resistance under air.
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After these first experiments under air flow, the gas
sensing performances of the annealed W-Cr Janus film were
investigated with three different indoor air pollutants, i.e.,
benzene, formaldehyde and propanol. It is admitted that the
gas sensing properties of MOS gas sensors are significantly
affected by the sensing layer’s temperature. Fig. 8 shows an
example of the resistance variation for propanol detection
at 450 °C before and after signal processing, while Fig. S4 in
SI presents several sequences illustrating the evolution of
the annealed W-Cr Janus sensor resistance at different op-
erating temperatures under exposure to benzene, formal-
dehyde, and propanol. Pollutant concentrations were equal
to 157+5 ppb, 28845 ppb, and 408+5 ppb for benzene, for-
maldehyde and propanol, respectively. Each pollutant expo-
sure lasted for 3 minutes, followed by a 10-minute recovery
period under synthetic air flow. This sequence was re-
peated three times to enable statistical analysis (e.g., error
bars). When changing the operating temperature, a slight
baseline drift and variations in signal amplitude can be ob-
served. These effects may be attributed to the long stabili-
zation time required by the sensor, as well as the chemical
nature of the pollutant, which can require more time to
completely desorb from the sensitive surface. It is interest-
ing to note that the annealed W-Cr Janus thin film exhibits a
p-type behavior since the resistance increase when exposed
to a reducing gas. Based on the previously described phys-
ico-chemical characterization, it can be concluded that the
structures are primarily composed of Cr,03 and W03 after
the annealing treatment, which are p-type and n-type metal
oxide semiconductors, respectively. In our case, the electri-
cal response measurements suggest that Cr,03 predomi-
nantly governs the overall semiconducting behavior of the
gas sensor.

It is possible to evaluate the optimized temperatures for
the detection of benzene, formaldehyde, and propanol by
plotting the average amplitude of the normalized response
(S), after a signal processing, as a function of the sensitive
layer temperature (Fig. 9 (a)). As is typically observed with

resistive gas sensors, the optimal operating temperatures
differed slightly for each target pollutant and were deter-
mined to be 300, 400, and 350 °C for benzene, formalde-
hyde, and propanol, respectively. It is noteworthy that the
gas sensor does not exhibit any resistance variation under
pollutants below 250 °C. Figure S5 in Supporting Infor-
mation shows the long-term exposure sequence obtained
for the detection of various concentrations of each pollu-
tant. Each pollutant concentration was chosen randomly
and replicated at least two times to assess both the repeat-
ability and the long-term stability of the sensor. For each
pollutant, these sequences represent more than six hours of
continuous acquisition under alternating air and pollutant
exposures. Each sequence was replicated three times, rep-
resenting approximately one month of experiments, includ-
ing all pollutants. The W-Cr sensor demonstrates an excel-
lent repeatability and long-term stability across all tested
pollutants, as the response amplitudes consistently corre-
late with the corresponding concentrations. Fig. 9 (b) de-
picts the calibration curves for each pollutant at their opti-
mized sensing temperature. As expected, these calibration
curves consist ofa dynamic linear region, where the concen-
tration is directly proportional to the sensor response, fol-
lowed by a plateau that can be attributed to the saturation
of the sensitive surface. The detection limit is defined as the
minimum concentration at which pollutants can be reliably
identified. In this study, we estimated the detection limit
from the dilution curves as the concentration correspond-
ing to a signal-to-noise ratio of 3 (S/N = 3). After the
smoothing step (see Fig. 8 (c) and Fig. S5 in SI), the average
noise was significantly reduced and estimated to be approx-
imately 0,054, 0,002 and 0,008 for benzene, formaldehyde
and propanol sensing tests, respectively. For each pollutant,
the detection limit was estimated to be approximately 37 +
5,26 £ 5, and 36 + 5 ppb for benzene, formaldehyde, and
propanol, respectively. These values comply with the per-
missible short-term exposure limits for inhalation of these
compounds.
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3.3 Influence of humidity

Under real-world conditions, humidity is a well-known
interfering factor for chemical gas sensors and can reach
levels as high as 60% RH at 25 °C. Fig. S6 in the Supplemen-
tary Information presents preliminary experiments for pro-
panol detection under varying humidity levels, from 8% to
60% RH at 25 °C. This figure clearly shows that even at a
very low humidity level (i.e.,, 8% RH at 25 °C), water has a
strong influence on the sensing response of the annealed
W-Cr Janus film. Specifically, the amplitude of the response
decreases compared to measurements performed in nearly
dry air (2% RH at 25°C). The competitive adsorption of wa-
ter and propanol molecules on the surface of the nanostruc-
tured Janus material during detection significantly affects
the sensor’s performance toward propanol. Up to 45% RH
at 25 °C, it remains possible to detect 102 + 5 ppb of propa-
nol, which is still within the permissible short-term expo-
sure limit. However, above this humidity level, the sensor
signal becomes too strongly affected by water to clearly
identify the presence of propanol. It is worth noting that the
baseline level of the sensor varies directly with the relative
humidity and exhibits good repeatability.

3.4 A possible gas sensing mechanisms

Although various interaction mechanisms can occur be-
tween a metal oxide surface and gas molecules, the litera-
ture generally agrees that variations in the material’s re-
sistance are primarily explained by electronic conductivity
mechanisms involving adsorbed oxygen species at the sur-
face. In our case, the gas-sensing mechanism of the W-Cr Ja-
nus sensor can be interpreted based on the well-established
space-charge layer model describing the interface of a p-n
heterojunction.t¢-67In the as-elaborated composite material,
Cr203 is a p-type MOS with a reported work function and
electron affinity equal to 5.9 eV and 3.76 eV, respectively,
while W03 is a n-type MOS with work function and electron

affinity equal to 4.8 eV and 3.94 eV, respectively.®® Based on
these values, a schematic diagram of the band gap structure
(Figure S7 in SI) and gas sensing mechanism can be pro-
posed. Due to the difference in work function, electrons
transfer from WOs3 (which has a higher Fermi level) to Cr,03
(with a lower Fermi level) until equilibrium is achieved, as
illustrated in Fig. S7 in SI. When exposed to air, oxygen mol-
ecules adsorb onto the surface of the material and capture
free electrons from both W03 and Cr20s particles. This pro-
cess leads to the formation of an electron depletion layer
(EDL) and a hole accumulation layer (HAL) at the shell of
the W03 and Cr203 particles, respectively, thereby establish-
ing a p-n heterojunction at the interface (Fig. 10 (a)). Gas
sensing results indicate that the annealed W-Cr Janus ma-
terial exhibits p-type MOS behavior, characterized by an in-
crease in resistance when exposed to reducing gases. This
implies that the overall conductance is mainly controlled by
holes in the outer shell layer, which act as the majority car-
riers.

When exposed to electron-donating gases (e.g., benzene,
formaldehyde, and propanol), these gases react with the
ionosorbed oxygen species near the surface of W03 and
Cr203 particles. The overall mechanisms describing the gas-
solid interactions involved in the sensing process are com-
plex; however, a few representative reactions can be out-
lined as follows:

C3H70Hads) + 9 O°(aas)— 3CO2 + 4 H20 + 9 e cn. 3
C3H70H(ads) + 9 0% (ads) > 3 CO2 + 4 H20 + 18 ecn.  (4)
CH20(ads) + 2 O(ads)y = CO2 + H20 + 2 e cp. (5)
CH20(ads) + 2 0%~ (ags) — COz + H20 + 4 e ch. (6)
CeHé(ads) + 15 O-ads) = 6CO2 + 3 H20 + 15 e-c». (7)
CeHe(ads) + 15 02 (adsy—= 6 CO2 + 3 H20 + 30 ech. (8)



The oxidation reactions release electrons into the con-
duction band (c.b.) of both Cr203 and W03 materials, which
subsequently recombine with holes in the hole accumula-
tion layer (Fig. 10 (b)). This recombination reduces the hole
concentration, leading to an increase of the oxidized W-Cr
Janus material's resistance (i.e., a decrease of the conduct-
ance) since holes are the charge carriers. An increased elec-
tron transfer to the material enhances electron-hole recom-
bination, resulting in a larger variation in resistance. Ac-
cording to Egs. (3)-(8), the reaction of benzene with the
sensitive surface induces the highest electron transfer,
which may explain its higher response compared to the
other pollutants.

Since the literature does not report any study on the de-
velopment of W-Cr Janus structures for air pollutant detec-
tion, a direct comparison is challenging. Nevertheless, some
investigations have explored Cr-doped WOs; for the detec-
tion of VOCs, formaldehyde, and alcohol vapors, providing
relevant reference points.6% 6870 Table 1 in Supporting In-
formation reports on a non-exhaustive selection of studies
utilizing Cr and W in the design of sensitive materials made
of heterojunctions. We notice that the used of the GLAD co-
sputtering method for thin film growth yields significantly
better results in term of sensitivity to VOCs of the same fam-
ily compared to the current state of the art.

4 CONCLUSION

In this study, we reported on the elaboration of
nanostructured W-Cr Janus heterojunction thin films using
GLAD process in reactive co-sputtering mode and demon-
strated their ability to detect various indoor air pollutants,
at the ppb level. Electron microscopy investigations re-
vealed the formation of vertically aligned and well-orga-
nized W-Cr columns with distinct interfaces, preserved
even after annealing at temperatures as high as 500 °C. An-
nealing treatment of the film leads to the formation of a su-
perficial oxide layer that envelops the Janus nanocolumns,
accompanied by the emergence of outgrowths predomi-
nantly on the W-rich side of the columns. Crystallographic
analysis of the W-rich region of the Janus nanocolumns re-
vealed the coexistence of multiple tungsten phases (o and
B), along with a Cr-substituted tungsten alloy (ie,
Cro.09Wo.01), resulting from slight chromium diffusion during
deposition. Outgrowths observed on the W-side surface af-
ter the thermal treatment were primarily composed of dis-
torted cubic WO3. On the other hand, the bulk of the Cr-rich
region is mainly amorphous, whereas the superficial oxide
layer is composed of a-Cr,03.

Electrical measurements revealed a p-type behavior of
the film, despite the fact that W03 and Cr203 compounds are
typically associated with n-type and p-type conductivity, re-
spectively. The developed Janus heterojunctions not only
demonstrate excellent stability and repeatability as VOC
sensors, but also highly promising sensitivity with detection
limits of 37 £ 5 ppb for benzene, 26 + 5 ppb for formalde-
hyde, and 36 £ 5 ppb for propanol were achieved in nearly
dry air.

Further studies will address a broader set of indoor air
interferents, including ammonia, toluene and xylene, as well

as investigations about alternative Janus nanostructures
based on diverse material compositions. The integration of
multiple Janus nanostructures on a single sensor platform
will enable the design of matrix-type sensor systems capa-
ble of obtaining a chemical signature of complex environ-
ments.

This work paves the way for future innovative materials
in pollutant detection technologies, where the design of Ja-
nus nanocolumns with carefully selected components could
lead to major breakthroughs in environmental sensing.
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