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Abstract


In the current work, the microstructural evolution and CO2 sensing performance of tungsten trioxide (WO3) thin films synthesized by reactive DC magnetron sputtering are investigated. Three specific thicknesses of 42, 66, and 131 nm were obtained and annealed at 500 °C, resulting in a stable monoclinic P21/n phase with a strong (200) preferred orientation. Gas sensing tests toward 10,000 ppm of CO2 revealed that the 42 nm film achieves the highest sensitivity (92%) at an optimal operating temperature of 300 °C. Rietveld refinement and texture analysis (texture index, J) demonstrate that the superior performance of the thinnest film is driven by a synergy between its high surface porosity, a grain size comparable to the Debye length, and a high density of active sites on the (200) plane. While all films exhibit n-type semiconductor behavior, increasing thickness leads to microstructural densification and reduced texture, which hinders gas diffusion and operational stability. These findings establish thickness control as a critical parameter for engineering high-performance WO3-based CO2 sensors.
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1. Introduction


Carbon dioxide (CO2) is one of the primary gases contributing to the greenhouse effect and is among the most concerning due to its long atmospheric lifetime. Rising global temperatures lead to increased atmospheric CO2 concentrations, creating a self-reinforcing cycle [1]. In addition, CO2 has a wide range of applications in the food, energy, and electronics industries, among others. However, whether during its production or utilization, it is essential to continuously monitor its concentration to ensure that permissible exposure limits are not exceeded, thereby preventing adverse effects on human health and the environment. Currently, CO2 sensors are relatively expensive to manufacture and maintain.



Therefore, semiconductor metal oxides—materials extensively studied for the detection of various gases—are expected to effectively address the challenges associated with CO2 sensing [2,3,4]. The sensing behavior of semiconductor metal oxides is typically interpreted through changes in electrical resistance resulting from variations in the surrounding atmosphere. This response depends on several intrinsic material factors, including surface roughness, microstructure, crystalline structure, type and concentration of defects, and the presence of dopants [5]. The scientific literature highlights that the performance of these devices is closely linked to the microstructural and morphological characteristics of the films [6,7,8,9].



Factors such as crystalline structure—which may evolve from amorphous to monoclinic, tetragonal, or orthorhombic phases under different thermal treatments—strongly influence electrical conductivity and response time [10]. Likewise, precise control over the thickness and porosity of nanostructured films is essential to maximize the surface-to-volume ratio and facilitate gas diffusion, thereby optimizing material sensitivity [11,12]. In this work, it is demonstrated that these material-related factors play a decisive role in evaluating sensitivity toward a target gas, specifically in the detection of CO2.




2. Materials and Methods


2.1. Synthesis


WO3 thin films were deposited on glass substrates by reactive sputtering using an ATC ORION 3 system (AJA International, Hingham, MA, USA). Corning 7059 glass substrates (Corning, NY, USA) were cut into small pieces to obtain individual samples for each film. After substrate preparation, tungsten trioxide thin films were deposited at room temperature by reactive DC magnetron sputtering using a high-purity tungsten target (99.99%, 2-inch diameter) applying 60 W of power. The reactive sputtering process was carried out in an Ar/O2 gas mixture with a ratio of 3:1, at a total working pressure of 0.66 Pa. The substrates were positioned at a distance of 28 cm from the magnetron source and rotated at 40 rpm to ensure uniform film deposition. Subsequently, all thin films were annealed simultaneously in a Barnstead Thermolyne Type 47,900 furnace (Thermo Fisher Scientific, Waltham, MA, USA), under ambient atmosphere. The temperature was increased at a controlled heating rate of 2 °C min−1 until reaching 500 °C, where the samples were held for 1 min. After the dwell time, the films were cooled down to room temperature using the same rate (2 °C min−1) applied during the heating stage. This thermal treatment promoted crystallization of the WO3 films and the stabilization of the monoclinic phase.




2.2. Microstructural Characterization


The crystalline phases of the tungsten trioxide thin films were identified by X-ray diffraction (XRD) using a X’pert Pro diffractometer (PANalytical, Almelo, The Netherlands) with CuKα radiation (λ = 1.5418 Å) operated in grazing incidence mode (GIXRD). Diffractograms were collected in the 2θ range from 20° to 60° with an angular step of 0.02°. Structural parameters were refined by the Rietveld method using the GSAS-II software (Lemont, IL, USA) package, 5.6.2 version [13]. The volume-average apparent crystallite size and microstrain were obtained using the same peak profile function implemented in the FullProf Suite software, 5.20 version (Grenoble, Francia) [14] through the GFourier graphical interface, version 04.06 [15].



The surface morphology of the films was examined by field emission scanning electron microscopy (FE-SEM) using a JEOL JSM-7401F (Japan Electron Optics Laboratory Co., Ltd., Tokio, Japan) microscope operated at 2 kV. Elemental composition was analyzed by energy dispersive X-ray spectroscopy (EDS) in a TEAM™ EDS Analysis System (EDAX) (AMETEK, Inc., Edison, NJ, USA) attached to the SEM, operated at 15 kV. The thickness of the films was determined by field-emission scanning electron microscopy (FE-SEM) (JEOL, Tokio, Japan). For these measurements, the samples were prepared in cross-section and carefully positioned to enable accurate thickness evaluation across the film regions using the integrated software of the JSM-7401F microscope. This approach allows measurements with very low uncertainty, on the order of 1–5 nm, at high magnifications.




2.3. Gas Response Measurements


Gas sensing measurements were carried out in a Linkam HFS600E-PB4 (Linkam Scientific Instrument, Redhill, UK), chamber under exposure to CO2. The electrical resistance of the films was recorded in an ultra-dry air (Rair) and in a mixture of ultra-dry air containing 1% of CO2 (Rgas), at a constant total gas flow of 35 mL·min−1. The operating temperature was varied from 150 °C to 350 °C in 50 °C increments. Two tungsten electrodes were attached to the film surface, always using a space of 10 mm between the tips for all measurements. The resistance was measured using an Agilent 4339B meter for high resistances values. The two-probe method was used to measure electrical resistance, due to the contributions associated with the contact resistance between the electrodes and the sample, as well as the resistance of the measuring cables, are several orders of magnitude smaller than the intrinsic resistance of the material. Under these conditions, these parasitic resistances can be considered negligible and do not significantly affect the accuracy of the measurement [16,17].



A dedicated control program regulated gas inlet/outlet, temperature set points, heating ramps, and cycle times with and without test gas, and recorded the resistance as a function of time, enabling the construction of sensitivity curves and the determination of response and recovery times for each film. The CO2 sensitivity (S) of the films was calculated as:


% S = [(Rg − Ra)/Rg] × 100



(1)




where Rg is the electrical resistance in the presence of CO2 gas (ultra-dry air with 1% of CO2) and Ra is the electrical resistance in ultra-dry air gas, as commonly for n-type semiconducting oxides [18].





3. Results


In this section, The influence of thickness variation of sputtered tungsten trioxide thin films on CO2 gas detection is analyzed.



3.1. Crystalline Structure XRD


XRD of the annealed thin films reveal a clear thickness-dependent evolution of the crystalline structure of the WO3 thin films. All samples can be assigned to the monoclinic WO3 phase, see Figure 1, commonly indexed in the literature with the P21/n space group, No. 14 [19]. The most intense reflection in the films is indexed as (200), indicating a pronounced preferred orientation along the (200) plane. A marked increase in diffraction intensity and peak multiplicity is observed as the film thickness increases from 42 to 131 nm, indicating progressive crystallization and improved long-range structural order. The 42 nm film exhibits a weak and relatively broad diffraction feature near the low-angle WO3 reflections, suggesting limited crystallinity or very small coherent diffracting domains. In contrast, the 66 nm and especially the 131 nm films show sharper and more intense reflections, evidencing a substantial enhancement in crystalline quality with thickness. This trend agrees with previous sputtered WO3 studies showing that thicker films generally provide more favorable conditions for nucleation, grain growth, and crystallite alignment during post-deposition annealing [20]. From a structure-property standpoint, the thickness-dependent XRD evolution is important because, in WO3, crystallinity, preferred orientation, and defect chemistry are closely coupled to transport and sensing behavior. Reviews and mechanistic studies have emphasized that the electrical properties of WO3 are strongly affected by oxygen-vacancy-related donor states and by the atomic configuration of the exposed crystal planes. In particular, the literature has linked enhanced reactivity of WO3 surfaces to facet-dependent oxygen chemisorption and vacancy-mediated charge transfer, which means that the development of a stronger (200)-type texture may have direct implications for gas adsorption and resistance modulation. Therefore, the XRD results suggest that film thickness is not merely a geometric parameter, but a key variable controlling the crystalline order and preferred orientation that ultimately govern the functional response of WO3 thin films [11].



Structural characterization was performed by Rietveld refinement using the Thompson–Cox–Hastings pseudo-Voigt (TCH-pV) function implemented in the GSAS-II software [21]. The crystal structure model used as starting point for the refinement was the inorganic crystal structure database ICSD card No. 80056 [22]. The refinement strategy was carried out sequentially, starting with the scale factor and background, followed by correction of the instrumental zero shift. Subsequently, the unit-cell parameters were refined to properly match the Bragg positions. Once a satisfactory fit was obtained, the peak profile parameters, preferred orientation, asymmetry (if required), and atomic positions were refined in the final stage. The atomic displacement parameter (Uiso) was fixed during refinement in order to avoid over-parameterization and ensure refinement stability. The XRD Rietveld refinements are shown in Figure 2.



The agreement factors (Rwp and Rexp), the goodness of fit indicador (χ2), and the structural parameters calculated by the refinement of each thin film are compiled in the Table 1. It can be observed that the cell volume decreases as the thickness of the thin films increases. This behavior is well documented in metal oxides grown and particularly in WO3, which is not an intrinsic chemical effect of the material, instead a structural phenomenon associated with residual stresses, oxygen vacancies, interface effects, surface energy and structural relaxation. In reactive sputtering, thin films grow under conditions far from thermodynamic equilibrium. When the film thickness is very low, the film can be strongly influenced by the substrate, which may lead to an expansion of the unit cell. As the thickness increases, oxygen vacancies are reduced and a transition from W6+ to W5+ occurs, increasing the local effective ionic radius [23]. Additionally, distortions of the WO6 octahedra are generated, accompanied by enhanced structural densification and improved crystallinity [24,25,26,27,28]. The preferred orientation observed in reflection (200) was approximated in the Rietveld refinement using the spherical harmonics model [29,30] because it showed a better fit in approximating the experimental measurement compared to the March–Dollase method [31]. By using this model, it is possible to quantify the preferred orientation using the texture index J. For a random polycrystalline material, J = 1, while for textured polycrystalline materials, J > 1, if the material is monocrystalline, J = ∞ [29,30,32]. The refinement began with three coefficients (minimum number of coefficients for the P 21/n space group, No. 14) and was extended up to eight coefficients (harmonic order 4). Increasing the number of coefficients beyond this value did not significantly improve the fit and resulted in reduced convergence stability.



Figure 3 shows the inverse pole figures (IPFs) for the thin films; the units are Multiple Random Distribution, MRD. Due to the monoclinic symmetry, the (200), (020), and (002) plane families are not symmetry-equivalent, as no operation interchanges the crystallographic axes. Consequently, the three thin films exhibit a concentration of the maximum MRD values associated with the (200) family (symmetrically distributed along planes (100) in the inverse pole figures). The progressive decrease of the texture index J with increasing film thickness suggests a reduction in preferential orientation. This behavior can be attributed to the influence reduction of the substrate during the film growth, which allows competitive grain development in multiple orientations and an increase in defect density, such as the possible rise in microstrains and the reduction in crystallite size, ultimately leading to a gradual weakening of the texture [33].



The volume-average crystallite size and microstrains was calculated using TCH-pV function in Fullprof Suite software. The ISizeModel and StrainModel parameters were set to 15 (monoclinic) and 2, respectively [21]. The selected models are consistent with the monoclinic Laue symmetry (2/m) [34,35]. Since the general methodology has been detailed in our previous work [36], only the parameters specific to the present study are described here. An anisotropic approximation was employed for both strain and crystallite size. The strain anisotropy was modeled through the refinement of S400, S040, S004, S220, S202, S022, S121, S301, and S103 strain parameters along with ξ, while the anisotropic apparent crystallite size was described using Y00, Y22+, Y22−, Y20, Y44+, Y44−, Y42+, Y42−, and Y40 coefficients along with IG parameter. Instrumental broadening was corrected by calibrating the resolution function (Res = 1) against a well-crystallized silicon standard, assuming a constant X-ray wavelength (λ), following the FullProf Suite manual guidelines.



Table 2 shows the profile parameters refined and the microstructure parameters of the thin films. As previously suggested, the volume-average apparent crystallite size decreases from 18.64 nm for the 42 nm thin film to 14.45 nm for the 131 nm thin film due to the increase in defect density as can be seen in the progressive increase of the average maximum strain from 82.74 × 10−4 to 98.93 × 10−4.



In Figure 4 the spherical harmonics projections of both the volume-average apparent crystallite size and the average maximum strain for all thin films are shown. These projections were generated using MATLAB software (NM, United States), package R2023b version, processing the TCH-pV data refinement. The anisotropy degree (DA) quantifies the standard deviation of crystallite size and microstrain as a function of orientation in reciprocal space. A DA value equal to zero denotes an isotropic condition, where the directional distribution of both parameters can be represented by a spherical geometry in their corresponding graphical representations. In other way, increasing DA values reflect progressive deviations from this spherical symmetry, revealing orientation variations associated with different crystallographic directions. The evolution of the microstructural parameters with film thickness reveals two distinct tendencies. In one way, the volume-average apparent crystallite size slightly decreases from 18.64 nm to 14.45 nm as thickness increases and the DA associated with crystallite size exhibits a marked reduction. This behavior suggests a gradual homogenization in crystallite growth directions. In contrast, the average maximum microstrain increases with thickness, accompanied by a moderate rise in its DA. This indicates that although crystallite growth becomes more isotropic, internal microstrains intensify and become slightly more heterogeneously distributed in reciprocal space. Both behaviors are in accordance with the trend shown by the texture index J and support the explanation mentioned before.




3.2. Morphology and Composition


FE-SEM surface micrographs performed in secondary-electron mode reveals that the tungsten trioxide (WO3) thin films, after the crystallization heat treatment, exhibit a continuous surface characterized by an equiaxed granular morphology that appears to originate from central nucleation sites (Figure 5). The thinnest film (42 nm) presents smaller grains at the submicrometric scale (Figure 5a) together with a relatively high and homogeneously distributed surface porosity (Figure 5b). As the film thickness increases, this porosity progressively coalesces, as observed for the 66 nm film (Figure 5d), and becomes nearly absent in the thickest film (131 nm, Figure 5f), resulting in a gradual densification of the microstructure with increasing thickness. A clear grain growth is also evident, first in the 66 nm film (Figure 5c) and more prominently in the 131 nm film (Figure 5e). Despite these changes, well-defined grain boundaries are observed in all samples. In addition, very fine surface lines are visible on the grains, giving rise to a highly textured surface in the WO3 films. From the perspective of gas sensing, these microstructural features are particularly relevant. In resistive gas sensors based on metal-oxide semiconductors, such as WO3, the sensing mechanism is governed by the adsorption of oxidizing or reducing species on the surface and by the modulation of the potential barrier at grain boundaries due to the formation of an electron depletion layer [37]. Consequently, smaller grains and porous microstructures increase the specific surface area and the density of grain junctions, thereby enhancing the modulation of electrical resistance upon gas adsorption [38]. Previous studies have also shown that nanostructures exhibiting high surface roughness and porosity, such as nanoflakes and nanorods, can significantly enhance the response toward gases such as H2S and volatile organic compounds (VOCs), including acetaldehyde and xylene [39,40]. Therefore, parameters such as grain size, porosity, film thickness, and surface texture play a critical role in determining the sensitivity, response kinetics, and stability of WO3-based gas sensors, in agreement with the microstructural characteristics observed in the present films [41].



Figure 6 is an elemental analysis of the samples performed by energy dispersive X-ray spectroscopy (EDS) in general mode to corroborate the existence of tungsten trioxide. It can be seen that there are no contaminants or elements foreign to the tungsten oxide and elements related to the substrate.




3.3. CO2 Gas Response Characteristics


To analyze the semiconductor behavior of thin films grown with different thicknesses, the DC resistance was measured, revealing the drop in electrical resistance with increasing temperature, from room temperature to 300 °C. As shown in Figure 7, the thinner film has a higher resistance than the thicker film, which, according to Bhagwat [42], may be due to a higher concentration of oxygen vacancies that increases resistance.



The tungsten trioxide films CO2 gas detection mechanism, involves the interaction of gas molecules with the materials surface. This interaction results in a measurable response, such as a change in electrical conductivity [42]. To verify the existence of this detection mechanism in these tungsten trioxide films, a constant flow of extra-dry air was initially introduced into the Linkam chamber for a period prior to the introduction of the test gas. In these experiments, humidity measurements were taken using a Fluke 971 thermo-hygrometer. The relative humidity (RH) was maintained at 14% throughout all experiments and, therefore, under these relatively dry conditions, could limit the availability of OH− groups on the surface and interfere with the formation of bicarbonate (HCO3−) species, which in turn would weaken the interaction between CO2 molecules and the oxide surface [43], however, the formation of bicarbonates would result purely from the interaction of the CO2 gas with the WO3 material.



During the experiment, the electrical resistance was measured using tungsten probes placed on the thin films surface. After the selected time, the air was shut off, and then the gas flow containing 10,000 ppm (1%) carbon dioxide was introduced. Measurements were first taken at 150 °C, starting at a temperature slightly below that reported in the literature for this type of material, which detects other gases between 200 and 500 °C [44,45,46,47]. However, no signal was obtained at this temperature for any thickness of the thin films, see Figure 8. The interaction between CO2 gas and the different oxygen species present in the material depends largely on the operating temperature, as the concentration of free electrons due to charge exchange with the adsorbed gaseous species varies considerably [48].



To evaluate whether the electrical resistance changed at other operating temperatures when the film was exposed to the target gas, measurements were conducted at 200, 250, 300, and 350 °C, see Figure 9. The gas-sensing mechanism of WO3 is governed by a chemiresistive process controlled by oxygen vacancies and adsorbed oxygen species. In air, O2 molecules chemisorb on the surface, extracting electrons from the conduction band and forming ionic species such as O2−, O−, and O2−. This process generates an electron-depletion layer near the surface and increases the resistance of the n-type WO3 semiconductor [49]. Upon exposure to reducing gases (e.g., CO, NH3), these species react with the adsorbed oxygen ions, releasing electrons back to the conduction band and thereby decreasing the resistance [50,51]. In contrast, for oxidizing gases such as NO2, additional adsorption results in further electron withdrawal from the semiconductor, leading to an increase in resistance, which is characteristic behavior for n-type metal-oxide sensors [52,53].



In the case of CO2, which behaves as an oxidizing gas, the interaction occurs mainly with surface oxygen species or lattice oxygen from the WO3 crystals. CO2 can adsorb on the surface in both monodentate and bidentate configurations, forming carbonate species (CO32−) [54].



For each film thickness, an optimal response temperature was identified. For the 42 nm film, the response begins very clearly at 250 °C; however, the most pronounced increase is observed around 300 °C, where the resistance increase reaches its maximum value among the evaluated temperatures. This behavior can be explained by the favorable equilibrium between the adsorption of active oxygen species and the surface reaction kinetics at this temperature [54]. At 350 °C, the response decreases, which is consistent with the increase in the desorption rate of surface species typically observed in metal oxide sensors at elevated temperatures. Conversely, the 66 nm film exhibits the greatest resistance modulation at 350 °C. This result suggests that, for this thickness, the thermal activation of surface reactions and gas diffusion in the film’s porous network are more efficient at higher temperatures. In MOX sensors, film thickness influences gas diffusion and the relative contribution of depletion regions, which can shift the optimal operating temperature. For the 131 nm film, the behavior shows a significant response at both 300 °C and 350 °C. This could be related to the fact that in thicker films, electrical conduction involves multiple paths through the grains and grain boundaries. Therefore, the response depends not only on surface reaction but also on gas diffusion processes and the modulation of potential barriers at intergranular contacts. Overall, the results demonstrate that both operating temperature and film thickness significantly influence the sensor response, as they affect the adsorption-desorption equilibrium of oxygen species, surface reaction kinetics, and the modulation of depletion regions and intergranular potential barriers that govern charge transport in semiconducting metal oxide gas sensors.



The dynamic sensing response stability was evaluated over a defined operating period. As a representative example, Figure 10 shows the behavior of a 42 nm tungsten trioxide (WO3) thin film operated at 300 °C during repeated exposure cycles to carbon dioxide (CO2). The resistance exhibits a clear and reproducible modulation associated with the alternating introduction and removal of CO2. During the gas exposure intervals, the electrical resistance progressively increases, while upon returning to the reference atmosphere, the resistance partially recovers to higher values. This behavior is consistent with the typical response of n-type metal oxide semiconductors, where surface interactions between adsorbed oxygen species and the target gas modify the electron concentration in the conduction band through charge transfer processes occurring in the surface depletion layer [55,56].



A notable feature of the response is the gradual upward shift of the reference resistance in successive detection cycles. The resistance increases from approximately 1.3 × 108 Ω at the start of the experiment to values exceeding 2.0 × 108 Ω in later stages, indicating a drift from the baseline. According to established models of defect chemistry for metal oxide gas sensors, this behavior can be attributed to the slow re-equilibration of intrinsic donor defects, particularly oxygen vacancies. In WO3 and other n-type metal oxides, oxygen vacancies act as electron donors, contributing to the material’s conductivity. Following high-temperature film growth and heat treatment, these defects can remain “frozen” at concentrations corresponding to temperatures above the actual operating conditions. During sensor operation at elevated temperatures, a gradual re-equilibration process occurs as oxygen diffuses into the oxide lattice, progressively reducing the concentration of oxygen vacancies and thus decreasing the free electron density in the conduction band. As a result, the electrical resistance of the film slowly increases over time. Despite this baseline shift, the periodic response associated with CO2 exposure remains clearly observable throughout the measurement. This indicates that the fundamental surface sensing mechanism remains active, while the long-term drift is governed primarily by bulk defect relaxation, rather than irreversible surface degradation. This behavior is consistent with previous observations in metal oxide semiconductor sensors, where slow oxygen diffusion and bulk defect equilibrium in the oxide produce gradual baseline shifts without completely suppressing the gas-induced response. Therefore, the results suggest that the sensing dynamics of the WO3 thin film arise from the interaction between surface adsorption processes that control the instantaneous response and the bulk defect chemistry that governs the long-term electrical stability of the device. One of the strategies reported in the literature to mitigate this phenomenon and reduce its impact on real-world applications is the implementation of prolonged thermal preconditioning or the incorporation of metallic dopants [55]. These approaches are currently being investigated in the present films, and the results will be reported in future work.



Figure 11 presents the resistance change in response to CO2 exposure, quantified as the sensitivity (%S) according to Equation (1), as a function of the operating temperature for the three WO3 thin films. In all cases, a general increase in sensor response is observed as the temperature rises from 200 °C to 350 °C, which is consistent with the typical behavior of metal oxide semiconductor gas sensors. This trend can be attributed to the enhanced thermal activation of adsorption–desorption processes and the increased mobility of charge carriers; however, the response does not exhibit a strictly linear dependence on temperature for all film thicknesses. For the thinnest film (42 nm), a high and stable response is observed within the 250–350 °C range, indicating efficient surface reactions under these conditions. In contrast, the 66 nm film appears to require higher thermal activation to reach an effective sensing regime, as evidenced by its more pronounced response at elevated temperatures. For the thickest film (131 nm), a higher degree of instability in sensitivity is observed, which may be associated with the combined effects of anisotropic surface reactivity and the formation of electronic barriers at grain boundaries. These factors can influence both the density and the nature of adsorption sites, thereby affecting the gas–surface interaction. As evidenced by the inverse pole figure analysis, the progressive decrease in the texture index (J) with increasing film thickness indicates a reduction in preferential crystallographic orientation, accompanied by a gradual weakening of the texture. This structural evolution may have a more significant impact on gas sensitivity than the concurrent decrease in crystallite size or the increase in microstrain, as it directly affects the surface reactivity and charge transport mechanisms governing the sensing response [57].



Table 3 summarizes the response and recovery times obtained during the evaluation of the sensitivity toward CO2 gas for each of the analyzed samples. The response time (t90) is commonly defined as the time required for the sensor signal to reach 90% of its steady-state value after gas exposure, while the recovery time corresponds to the time needed to return within 10% of the baseline after gas removal [18]. These parameters are widely used to describe the dynamic performance of MOX gas sensors, which typically exhibit response and recovery times ranging from seconds to minutes due to adsorption–desorption kinetics. To contextualize the results obtained in this work, representative approaches reported in the literature for the semiconductor metal oxide WO3 used in gas sensing are briefly discussed, Table 4. Pristine WO3 rarely exhibits significant gas-sensing performance near room temperature; instead, composites, heterostructures, and/or UV activation are typically employed to achieve faster responses, albeit often with moderate sensitivity. WO3 has been widely investigated for the detection of gases such as NO2, H2, and alcohols, whereas reports on CO2 sensing using this material remain scarce.





4. Discussion


The microstructural evolution of WO3 thin films with increasing thickness, from 42 to 131 nm, reveals a critical transition in transport and gas-sensing properties. Although the crystallite size slightly decreases (from 18.64 to 14.45 nm), the dominant factor governing CO2 sensitivity is the granular morphology and porosity. The 42 nm film exhibits a homogeneously distributed porous structure that maximizes the active surface area, thereby facilitating more efficient gas diffusion compared to the densified microstructure observed in the 131 nm film. The CO2 sensing mechanism for an oxidizing gas is associated with the formation of carbonate species (CO32−) on the surface, which extract electrons from the conduction band, leading to an increase in electrical resistance, as expected for an n-type semiconductor. The texture index (J) indicates that the 42 nm film exhibits the highest preferential orientation along the (200) plane, which has been correlated in the literature with a higher density of adsorption sites and reactive oxygen vacancies. The baseline drift observed during dynamic cycling (Figure 10) is attributed to the slow re-equilibration of intrinsic donor defects (oxygen vacancies) at the operating temperature (300 °C). This process is governed by bulk diffusion phenomena and does not compromise the instantaneous response capability of the sensor.




5. Conclusions


This study demonstrates that the thickness of WO3 thin films is a key control parameter that nonlinearly modulates CO2 sensitivity. It is concluded that the 42 nm film exhibits the best performance (sensitivity > 90% at 300 °C), which is attributed to the synergistic interplay between a grain size comparable to the Debye length and a high surface porosity. Thermal treatment at 500 °C effectively stabilizes the monoclinic P21/n phase, with a preferential (200) texture that enhances surface reactivity. The optimal operating temperature is found to lie between 300 °C and 350 °C, where the thermally activated adsorption/desorption processes of oxygen reach a dynamic equilibrium. These findings provide a clear pathway for the design of low-cost, high-efficiency CO2 sensors based on thickness engineering of WO3 thin films.
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Figure 1. X-ray diffraction patterns after annealing at 500 °C for the three different thicknesses of WO3 films. 
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Figure 2. Structural refinement for WO3 thin films of (a) 42 nm, (b) 66 nm and (c) 131 nm of thickness. Yobs is the observed XRD data measured, Ycalc is the structural model calculated by the refinement and Bragg-positions are vertical green lines. 
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Figure 3. Inverse pole figure for WO3 thin films of (a) 42 nm, (b) 66 nm and (c) 131 nm of thickness. Note: Non-central black dots indicate the (111) family of planes. 
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Figure 4. The spherical harmonics projection of three-dimensional bodies representing average apparent size for (a) 42 nm, (b) 66 nm, and (c) 131 nm thin films, and average maximum strain for (d) 42 nm, (e) 66 nm, (f) 131 nm WO3 thin films. 






Figure 4. The spherical harmonics projection of three-dimensional bodies representing average apparent size for (a) 42 nm, (b) 66 nm, and (c) 131 nm thin films, and average maximum strain for (d) 42 nm, (e) 66 nm, (f) 131 nm WO3 thin films.



[image: Crystals 16 00226 g004]







[image: Crystals 16 00226 g005] 





Figure 5. FE-SEM surface micrographs of WO3 thin films with different thicknesses. Images correspond to the 42 nm film at (a) 10,000× and (b) 20,000× magnification; the 66 nm film at (c) 10,000× and (d) 20,000×; and the 131 nm film at (e) 10,000× and (f) 20,000×. 
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Figure 6. Elemental analysis of the samples performed by energy dispersive X-ray spectroscopy (EDS) on thin film of tungsten oxide. 
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Figure 7. Semiconductor behavior of WO3 thin films. 
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Figure 8. Electrical resistance measurement during CO2 sensitivity test measured at 150 °C for all film thicknesses. 
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Figure 9. CO2 gas response at temperatures from 200 °C to 350 °C. 
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Figure 10. CO2 gas cycles at 300 °C for the 42 nm WO3 thin film. 
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Figure 11. Percentage sensitivity (%S) as a function of the operating temperature for three different thicknesses. 
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Table 1. Lattice parameters, volume, atomic positions, and agreement factors for each Rietveld refinement.
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WO3

	
Thickness




	
Structural Parameters

	
42 nm

	
66 nm

	
131 nm






	
a (Å)

	
7.3221(6)

	
7.3269(3)

	
7.3261(9)




	
b (Å)

	
7.5229(14)

	
7.5207(15)

	
7.4952(13)




	
c (Å)

	
7.6788(17)

	
7.6691(3)

	
7.6735(16)




	
β (°)

	
89.55(3)

	
89.54(3)

	
89.521(13)




	
Volume (Å3)

	
422.96(14)

	
422.60(16)

	
421.34(16)




	
W1 (x, y, z)

	
(0.2583(10), 0.0160(15), 0.2811(16))

	
(0.249(3), 0.022(4), 0.276(3))

	
(0.253(3), 0.015(3), 0.281(3))




	
W2 (x, y, z)

	
(0.2452(13), 0.0337(18), 0.7756(19))

	
(0.250(3), 0.024(4), 0.787(3))

	
(0.250(3), 0.024(3), 0.782(3))




	
O1 (x, y, z)

	
(0.0097, 0.0832, 0.1878)

	
(0.0144, 0.0276, 0.1818)

	
(0.0111, 0.0197, 0.2323)




	
O2 (x, y, z)

	
(0.9834, 0.4410, 0.2251)

	
(0.9950, 0.4319, 0.1821)

	
(0.9975, 0.4494, 0.2197)




	
O3 (x, y, z)

	
(0.2414, 0.2312, 0.2555)

	
(0.2679, 0.2379, 0.2651)

	
(0.2622, 0.2476, 0.2592)




	
O4 (x, y, z)

	
(0.2206, 0.2500, 0.7488)

	
(0.2140, 0.2656, 0.7583)

	
(0.2458, 0.2343, 0.7222)




	
O5 (x, y, z)

	
(0.2842, 0.0536, 0.0068)

	
(0.2785, 0.0121, 0.0145)

	
(0.2658, 0.0579, 0.0355)




	
O6 (x, y, z)

	
(0.2439, 0.4636, 0.9930)

	
(0.2529, 0.4501, 0.9962)

	
(0.2417, 0.5172, 0.9890)




	
Agreement factors




	
Rwp (%)

	
6.34

	
9.69

	
8.87




	
Rexp (%)

	
4.95

	
8.24

	
7.03




	
χ2

	
1.64

	
1.38

	
1.59











 





Table 2. Profile parameters refined (TCH-pV method) and microstructure parameters of the thin films.
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WO3

	
Thickness




	
Profile Parameters

	
42 nm

	
66 nm

	
131 nm






	
IG

	
0.0629

	
0.0765

	
0.1009




	
Y00

	
3.523

	
4.545

	
4.580




	
Y20

	
2.509

	
2.609

	
−0.217




	
Y22+

	
0.464

	
1.989

	
1.699




	
Y22−

	
0.823

	
−0.439

	
0.647




	
Y40

	
−1.735

	
1.373

	
−0.208




	
Y42+

	
0.990

	
0.692

	
−0.336




	
Y42−

	
0.825

	
−0.569

	
1.452




	
Y44+

	
0.071

	
0.020

	
0.123




	
Y44−

	
0.788

	
0.092

	
1.198




	
ξ

	
0.3830

	
0.3444

	
0.3035




	
S400

	
5.280

	
5.562

	
9.892




	
S040

	
19.285

	
15.890

	
16.354




	
S004

	
3.388

	
16.178

	
22.227




	
S220

	
−10.112

	
−3.373

	
8.183




	
S202

	
10.577

	
−4.947

	
−13.617




	
S022

	
3.760

	
−3.918

	
−12.893




	
S121

	
0.712

	
4.046

	
7.726




	
S301

	
0.619

	
8.015

	
19.198




	
S103

	
8.755

	
−1.055

	
−22.340




	
Microstructure parameters

	

	

	




	
Volume-average apparent crystallite size (nm)

	
18.64

	
15.57

	
14.45




	
DA (crystallite size)

	
39.90

	
31.17

	
22.48




	
Average maximum

strain (10−4)

	
82.74

	
88.38

	
98.93




	
DA (maximum strain)

	
28.08

	
29.91

	
31.33











 





Table 3. Response and recovery times obtained at the measured temperatures.
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Thin Film Thickness (nm)

	
Temperature Assessed (°C)

	
Response Time (s)

	
Recovery Time (s)






	
42

	
200

	
648

	
864




	
250

	
576

	
828




	
300

	
504

	
864




	
350

	
576

	
864




	
66

	
200

	
1080

	
900




	
250

	
1080

	
900




	
300

	
1008

	
900




	
350

	
1116

	
828




	
131

	
200

	
756

	
864




	
250

	
864

	
864




	
300

	
864

	
828




	
350

	
972

	
828











 





Table 4. Overview of WO3 gas sensors: fabrication methods and sensing characteristics.






Table 4. Overview of WO3 gas sensors: fabrication methods and sensing characteristics.





	Material/Architecture (Thin Film)
	Main Gas (Key Conditions)
	Sensitivity/Response
	Response Time
	Recovery Time
	Citations





	Co-WO3 (3 mM%) on WO3 (chemiresistive)
	NO2, 10 ppm, 200 °C
	20,776% (≈208 × resistance change)
	15 s
	23 s
	[52]



	Nanocrystalline WO3/Si (RT sputtering)
	NO, 100 ppm, 250 °C
	Maximum “sensor response” (the % is not explicitly given, but the theoretical LOD is 167 ppb)
	~172 s
	~86 s
	[58]



	WO3 thin film (evaporation + 500 °C annealing)
	Triethylamine, LOD 63 ppb, optimal T not explicitly stated (above RT)
	“Very high” response, LOD 63 ppb
	“Fast” (no values given)
	Not specified
	[59]



	Porous Au-WO3 (spin coating + annealing)
	NO2, 150 °C, theoretical LOD 28 ppt
	Sensitivity greatly improved vs. pristine WO3 (exact % not given)
	Reduced relative to pristine WO3 (non-numeric)
	Not specified
	[60]



	Ag:WO3 on SiO2/Si (sputtering + Ag spin coating)
	H2, 100 ppm, RT (30 °C)
	5.08% (vs. 3.40% for pristine WO3)
	3.0 s
	4.5 s
	[61]



	WO3−X/WS2 nanocomposite (~22–23 µm layer)
	Isopropanol, 1000 ppm, RT
	Response 1.25 (R_air/R_gas)
	13 s
	12 s
	[62]



	Mo0.4W0.6O3 nanostructured film (co-sputtering)
	CO2, 0.5 sccm, RT, under UV
	29.19%
	6.53 s
	8.05 s
	[63]



	Powder WO3
	CO2, 500 ppm (300 °C)
	77%
	20 s
	22 s
	[54]



	WO3 thin film (DC reactive sputtering)
	CO2, 10,000 ppm, 300 °C
	92%
	504 s
	864 s
	This work
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