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Abstract

:

In this work, plasmonic thin films composed of Au nanoparticles embedded in a TiO2 matrix were prepared in a transparent polymer substrate of poly(dimethylsiloxane) (PDMS). The thin films were deposited by reactive DC magnetron sputtering, and then subjected to heat treatment up to 150 °C in order to promote the growth of the Au nanoparticles throughout the TiO2 matrix. The transmittance spectrum of the thin films was monitored in situ during the heat treatment, and the minimum time required to have a defined localized surface plasmon resonance (LSPR) band was about 10 min. The average size of Au nanoparticles was estimated to be about 21 nm—the majority of them are sized in the range 10–40 nm, but also extend to larger sizes, with irregular shapes. The refractive index sensitivity of the films was estimated by using two test fluids (H2O and DMSO), and the average value reached in the assays was 37.3 ± 1.5 nm/RIU, resulting from an average shift of 5.4 ± 0.2 nm. The results show that it is possible to produce sensitive plasmonic Au-TiO2 thin films in transparent polymer substrates such as PDMS, the base material to develop microfluidic channels to be incorporated in LSPR sensing systems.
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1. Introduction


The field of nanoplasmonics deals with the study of the electromagnetic phenomena in the nanoscale vicinity of metal surfaces [1]. Although it may sound strange, the awareness of the resonant properties of plasmonic metal nanoparticles are readily apparent to the naked eye. Because the nanoparticles absorb and scatter visible light, they can generate a wide palette of colors, depending on their concentration, geometries and dimensions [2]. Indeed, these optical effects have been used since antiquity [3], which inspired several other practical uses in different scientific and technological areas [4].



The physical interpretation of plasmonic effects only started to gain relevance at the beginning of the 20th century with the theory proposed by Gustav Mie, who deduced a solution of Maxwell’s equations to calculate the extinction spectrum of a metallic nanoparticle in the quasi-static condition [5]. Yet, only in the 1950s, was the existence of self-sustained collective excitations at metal surfaces experimentally demonstrated, which were named, thereafter, as surface plasmons [6]. About two decades later, in 1974, the phenomenon of surface-enhanced Raman scattering was reported for the first time, which made a decisive contribution to the general interest in surface plasmons [7].



Surface plasmons are commonly divided in two main types: The surface plasmon polaritons, which are propagating surface electromagnetic waves, resulting from the collective oscillation of electrons at a metal-dielectric interface [6,8]; and localized surface plasmons (LSPs), when the collective oscillations are confined to nanostructured metal systems, and the associated electromagnetic field is typically localized on the scale of the nanoparticles and hence do not propagate [1,9].



In the last decades, there has been significant advances in both theoretical and experimental investigations of surface plasmons, which led to the development of new simulation methods to calculate the optical properties of nanoplasmonic systems [5,10,11], and has delivered a relevant number of important applications [12,13,14]. Among them, is the detection of biomolecules, either by plasmonic sensing [15,16,17,18,19,20,21], plasmon-enhanced fluorescence [22] or surface-enhanced Raman scattering (SERS) [23,24,25], the enhancement of absorbed light in solar cells [26,27,28,29], biological imaging and phototherapy of tumors [30,31,32], as well as photocatalytic applications [33,34,35,36,37].



Regarding plasmonic sensing, thin films composed of noble metal nanoparticles, such as gold, embedded in semiconductor/dielectric matrixes are particularly interesting for molecular detection, either gas molecules [38,39] or biomolecules [40]. These kind of thin films can be deposited in a cost-effective way by reactive magnetron sputtering, yet a post-deposition thermal annealing treatment is required to promote the growth of nanoparticles [41].



The working principle of localized surface plasmon resonance (LSPR) sensors results from molecular adsorption in the vicinity of the nanoparticles, as it induces subtle changes in the refractive index, a change that can be detected as a modification of the LSPR peak (shift) and curvature [42]. Biosensors based on LSPR are recognized as advantageous candidates in the design of lab-on-a-chip platforms, providing a valid approach to achieve label-free quantitative analysis, while offering the possibility to be miniaturized [40,43]. Furthermore, compared to the well-established surface plasmon resonance (SPR) technology, the development of LSPR sensors brought the simplification of detection systems, since they can work using transmitted light (T-LSPR systems) [21], making their integration possible in different platforms for lab-on-a-chip applications [44,45,46]. Nevertheless, due to the confined nature of localized surface plasmons, it is claimed that the sensitivities of LSPR sensors can be higher than SPR, for low concentrations of molecules to be detected [43].



To be integrated into lab-on-a-chip [47] or other portable T-LSPR devices [21], including SERS chips [48,49], the LSPR thin films might be combined with microfluidic chips [50,51,52], significantly reducing the consumption of analytes, among other advantages [44,46,53]. The microfluidic LSPR chip might be composed of two main components, where the plasmonic thin film, e.g., deposited on glass, is chemically bonded to a microfluidic module, usually a polymer like poly(dimethylsiloxane) (PDMS), using plasma treatment to functionalize its surface [21,50,54]. Another approach is the deposition of plasmonic thin films, directly on the microfluidic channel walls [25,46,55]. The latter approach seems to be a cost-effective way to prepare such devices, but the control over the size and morphology of the nanoparticles remains a challenge, since the temperatures involved in the preparation must be as low as possible to avoid damaging the polymer. Therefore, an important step in the development of LSPR biosensors is the optimization of deposition parameters and annealing conditions of the thin films, to be suitable for microfluidic device applications.



In this work, thin films of Au-TiO2 were deposited onto a polymer substrate (PDMS) by reactive magnetron sputtering. Then, the transmittance spectrum was measured in situ during the heat treatment in vacuum, in order to monitor the appearance of the LSPR band. The main aim was to obtain a plasmonic behavior in the Au-TiO2/PDMS system, maintaining the processing temperature as low as possible, envisaging its use in microfluidic channels for the development of lab-on-a-chip devices integrating LSPR biosensors.




2. Materials and Methods


The Au-TiO2 thin films were deposited by reactive DC magnetron sputtering, in a custom-made vacuum deposition system (Figure 1a) [41]. The sputtering target was titanium (99.99% purity, 200 × 100 × 6 mm3), containing small disks of gold (“pellets”) symmetrically placed in its preferential erosion zone. The area of each pellet was 16 mm2, with a thickness of about 0.5 mm.



The plasma was generated with a gas mixture of Ar (4.0 × 10−1 Pa partial pressure) and O2 (0.5 × 10−1 Pa partial pressure). To avoid damaging the polymer substrates, the deposition parameters were adjusted relatively to what was reported in [41], applying a constant current density of 75 A/m2 in the target for a duration of 9 min. Furthermore, the total area of pellets used was 32 mm2, taking into account previous results [56]. The target potential stabilized at about 364 (-V) within the first few seconds. The Au-TiO2 films were deposited in different substrates: Si (p-type, (100), boron-doped), for chemical analysis; glass substrates, for optical characterization (transmittance mode) and to quantify the distribution of nanoparticles by scanning electron microscopy (SEM); and poly(dimethylsiloxane) (PDMS), for in situ transmittance measurements and sensitivity tests. To remove contaminants from the substrates and increase the adhesion of the thin films, a pre-activation was performed using a Zepto plasma system (Diener Electronic, Ebhausen, Germany), which was equipped with a 40 kHz RF generator. For silicon and glass substrates, firstly, an O2 plasma (partial pressure of 80 Pa) was applied for 5 min, and then an Ar plasma (partial pressure of 80 Pa), for 15 min. For the PDMS substrate, only O2 activation was performed.



For elemental concentration analysis of the as-deposited thin film, the Rutherford backscattering spectrometry (RBS) technique was used. RBS measurements were made in the small chamber, where three detectors were installed: Standard at 140°, and two pin-diode detectors located symmetrical each other, both at 165°. Spectra were collected for 2 MeV 4He+. The angle of incidence was 0° (normal incidence) and 25°. The RBS data were analyzed with the IBA DataFurnace NDF v10.0a. [57]. Double scattering and pileup were calculated according to the algorithms developed by Barradas et al. [58,59].



As aforementioned, after the deposition, a heat treatment was required to induce the formation and growth of the Au nanoparticles, which are responsible for the appearance of plasmonic (LSPR) bands. Nevertheless, since the heat-treatment can damage the PDMS substrate, in this work the thin films were annealed up to 150 °C, in vacuum. The optical response of the thin films, deposited onto glass and PDMS, was evaluated during the thermal treatment process. A heating system was associated to the optical (T-LSPR) system. The thin films were placed in a heater inside a flow cell, where it is possible to obtain a primary vacuum. As depicted in Figure 1b, a tungsten lamp (light source) and a modular spectrometer (Ocean Optics HR4000, Edinburgh, UK)) were connected to the flow cell in opposite directions, allowing the light beam to cross the sample, and thus to measure its transmittance spectrum. The vacuum inside the flow cell was controlled by a primary pump that led to a base pressure of 10 Pa. The transmittance spectra were measured as a function of the temperature, using an integration time of 4 ms, and an average was made with 1250 spectra, giving an acquisition rate of 0.2 spectra/s. An algorithm was written to smooth the spectra and find the position of the LSPR peak over time.



The Au nanoparticle distributions (Feret diameter, aspect ratio and the nearest neighbor) after the heat treatment were investigated by scanning electron microscopy (SEM), using FEI equipment, model Quanta 650 FEG (Thermo Fisher SCIENTIFIC, MA, USA, with the backscattered electron detector mounted and in high vacuum mode, from the International Iberian Nanotechnology Laboratory. The micrographs were analyzed and processed using an algorithm. The algorithm included the locally adaptive threshold function “adaptthresh”, from the image processing toolbox, to binarize the micrographs of the heterogeneous films’ surface. After the binarization and scaling of the SEM images, the nanoparticles were analyzed using the “regionprops” and “bwboundaries” functions. The calculated parameters, namely the distributions for nanoparticle size, nearest neighbor distance and aspect ratio were then plotted using the “histogram” function.



The sensitivity of the thin films to refractive index changes was evaluated by the optical response when their surface was exposed to different fluids, namely H2O (refractive index of 1.333) and DMSO (refractive index of 1.477).




3. Results and Discussion


3.1. In situ Transmittance during Heat Treatment


From RBS analysis, a gold concentration of 22.1 at.% dispersed into the TiO2 matrix was obtained. As a result of small-sized nanoparticles (below the quantum size limit [41]), the plasmonic absorption was very faint, and thus explains the absence of an LSPR band in the transmittance spectrum of the film, both for the films deposited onto glass or PDMS (Figure 2).



On the other hand, the host matrix where Au was embedded, was not crystallized after the deposition. Since the deposition process occurs at relatively low temperatures [60], the growing thin film is far from thermodynamic equilibrium, and thus it is expected to be highly disordered, leading to the formation of quasi-amorphous structures [61]. To promote a more efficient diffusion of Au throughout the matrix and induce the formation of Au nanoparticles, the thin films should be subjected to thermal annealing after the deposition. The heat treatment promotes some structural and morphological changes that are required to obtain an LSPR band [62].



The Au-TiO2 thin films, deposited onto PDMS and glass, for comparison, were heated up to 150 °C (the minimum temperature that permitted obtaining an LSPR band). The transmittance spectra were monitored in situ with the heat treatment for the duration of 40 min for the glass substrate, which allowed the minimum time to obtain a plasmonic band (about 10 min) to be selected. Afterwards, this heating time was employed to the Au-TiO2 film deposited on PDMS. The results are displayed in Figure 2, showing the transmittance spectrum evolution during the heating ramp for both substrates. As anticipated, the as-deposited thin film has a transmittance spectrum without any particular feature, regarding the presence of an LSPR band. Before the heat treatment, an important fraction of gold was still “dissolved” in the matrix, and the few Au nuclei that exist are of a few nm [41]. Under these conditions, quantum effects rule the optical properties; the LSPR band is still broad and damped and thus difficult to detect in transmittance mode [11].



As the temperature of the system was increased, the transmittance spectrum of the thin film suffered considerable changes, and the LSPR band started to be observed for temperatures below 150 °C. In the case of the film deposited onto the glass substrate, the transmittance minimum appears initially at about 640 nm, corresponding to a broad LSPR band, progressively shifting to higher wavelengths with increasing time, and temperature, towards 675 nm. After 40 min, the LSPR band profile was already comparable to what was achieved in a previous work (see also Figure 3), which already permits its use in LSPR sensing tests [38].



This is a significant result considering the importance of preparing plasmonic thin films at low temperature to be applied directly onto polymers. In this case, the polymer used was PDMS since it is transparent, usually used in microfluidic channels for the development of optical biosensors and T-LSPR systems. As can be perceivable from Figure 2b, a heating time of 10 min was enough to obtain a noticeable LSPR band. Although the transmittance of the PDMS substrate is lower than glass, the evolution of the transmittance band of both samples with heating time is rather similar, and thus it was expected that they have similar nanoparticles’ size distributions.



In addition, a small feature can be observed in the first seconds of the heat treatment of the Au-TiO2/PDMS sample, namely an increase of transmittance relatively to the as-deposited condition. This behavior is most probably related to some release of contaminants (e.g., hydrocarbons layer) lying at the back surface of the polymer.




3.2. Nanoparticles Distribution after Heat Treatment


The surface of the thin film after the heat treatment (deposited on the glass substrate) was analyzed by SEM using chemical weight contrast (backscattered electrons). This allowed the sizes of the individual nanoparticles, their distribution throughout the surface of the film, and their shapes to be observed. This analysis was performed in top-view, since the basic principle of LSPR sensing requires an interaction between surface nanoparticles and targeted analyte.



The influence of the annealing temperature on the nanoparticles size distribution in Au-TiO2 thin films was previously studied by transmission electron microscopy, in a recent work [41]. The analysis of the as-deposited Au-TiO2 thin film showed an early presence of a distribution of “small” nanoparticles with a size distribution typically up to 10 nm and an average size of 6.3 nm (Figure 3a,c). When the nanoparticles have these sizes, the plasmon resonances become more sensitive to quantum effects [11]. As a result, the LSPR peaks are too weak to be measured.



However, during the annealing treatment at 400 °C those “small-sized” nanoparticles, formed during the sputter deposition process itself, acted as nucleation sites for “normal growth” mechanisms. They gave rise to “intermediate” sizes from 10 to 40 nm, explaining the appearance of an LSPR band (Figure 3b). Furthermore, other nuclei were formed at the expense of Au atoms initially dispersed in the matrix (sizes below 10 nm), also contributing to the distribution. Nevertheless, it is believed that this group have negligible influence in the LSPR band, taking into account the behavior of the as-deposited sample. A further increase of the annealing temperature to 600 °C induced the formation of “big-sized” nanoparticles with an average size of 48 nm, resulting from coalescence and/or Ostwald ripening phenomena. Although the “intermediate-sized” group of nanoparticles were still present, the bimodal distribution (intermediate plus big-sized nanoparticles) (Figure 3a,c) originated a redshift and a small broadening of the LSPR (extinction) band due to a scattering effect of larger nanoparticles (Figure 3b) [41].



In the same way, and in order to quantify the Au nanoparticles exhibited in the thin film’s surface (annealed at 150 °C), the corresponding top-view micrograph (obtained using backscattered electrons, Figure 4a) was processed in the MATLAB software environment to produce thresholded black (matrix) and white (Au nanoparticles) regions (Figure 4b). The results for Feret diameter, nearest neighbor and aspect ratio distributions are plotted in the histograms in Figure 4. The average size of the nanoparticles is 21 nm, but with a relatively broad distribution (Figure 4c). This means that, under the used preparation conditions, it is possible to obtain a distribution of Au nanoparticles that agrees qualitatively and quantitatively with the results previously reported for an annealing temperature of 400 °C (see Figure 3 and Reference [41]). However, it is also perceivable that, on average, they are separated by higher distances (Figure 4d), and that their shapes are more irregular (Figure 4e). This effect is more evident for the larger nanoparticles, showing irregular and random shapes, which probably result from coalescence processes. During coalescence, some neighboring nanoparticles might merge into one, decreasing their number but creating larger and irregular nanoparticles, as can be observed in Figure 4a,b.



These results suggest that although these Au nanoparticles distribution gave rise to a well-defined LSPR band, some deposition parameters and heating conditions might be further optimized to obtain narrower distributions and higher covered areas.




3.3. Sensitivity Tests on the Au-TiO2 Thin Film Deposited onto PDMS


The sensitivity of the Au-TiO2 thin film, deposited in the polymer (PDMS) substrate, annealed at 150 °C, was evaluated by immersing it into two test fluids: i) Deionized water (H2O), and ii) DMSO, during several cycles. Since the chosen fluids exhibit different refractive indices, 1.333 RIU and 1.477 RIU (where RIU means refractive index units), it was possible to determine the refractive index sensitivity (RIS) of the plasmonic Au-TiO2 thin film. The RIS value was calculated based on a relation deduced in the literature [63] by considering an infinite layer of “analyte”, which simplifies the calculation in   R I S = Δ λ / Δ η   (nm/RIU), where   Δ λ   represents the peak wavelength shift and   Δ η   the difference of the refractive index of surrounding media.



In Figure 5, the peak wavelength shift observed in the transmittance spectrum of the film when it is immersed into the two fluids is shown. The RIS values were calculated from different cycles H2O/DMSO (each cycle with 1 min/ 1 min monitorization). The average absolute value is about 37.3 ± 1.5 nm/RIU, resulting from a blueshift when H2O is replaced by DMSO (average shift of 5.4 ± 0.2 nm).



According to SEM analysis (Figure 4), the number of surface nanoparticles is scarce, and this explains why the refractive index sensitivity of the film is not very high. Furthermore, the fact that the RIS is negative suggests that there are two contributions for the LSPR band of the thin film. One might be related to semi-exposed Au nanoparticles, while the second is associated to the Au nanoparticles totally embedded in the matrix. Indeed, it would be initially expected that the semi-exposed Au nanoparticles would respond with a redshift to positive variations in the refractive index of surrounding medium. Yet, the contribution of the Au nanoparticles totally embedded throughout the matrix is probably hindering significant changes of the LSPR band.





4. Conclusions


A simple, cost-effective and versatile preparation method was used to produce plasmonic thin films of Au-TiO2 on a transparent polymer substrate (PDMS). It consists, as a first step, of the deposition of an oxide (TiO2) thin film and the incorporation of Au atoms in this matrix by reactive DC magnetron sputtering. In a second step, a heat treatment was required to promote the growth of the Au nanoparticles. Due to temperature restrictions, the maximum heating temperature was relatively low, i.e., 150 °C. However, the average size of Au nanoparticles was estimated to be about 21 nm, and the corresponding size distribution was convenient for the envisaged application, the number of nanoparticles was still scarce (at the surface), and a considerable number had irregular shape. So, their recrystallization was probably not completed. Yet, the formation of these Au nanoparticles was responsible for the manifestation of the LSPR phenomenon, observed as a transmittance minimum in the visible spectrum. The transmittance spectrum of the thin film was monitored in situ during the heat-treatment and it was possible to observe the appearance, and evolution, of the LSPR band during the 10 minutes of heat treatment.



After a standard sensitivity test, the Au-TiO2 films showed some sensitivity to refractive index changes, in the order of a few tens of nm/RIU (in the same order of magnitude of this type of thin films, using other matrixes). To improve the sensitivity to hundreds of nm/RIU (desirable for high-resolution systems) the nanostructure of the film must be further tailored, either by changing the deposition parameters, or by optimizing the heating treatment conditions. In fact, the deposition of thin films with inclined architectures (using glancing angle deposition), and the application of a surface plasma treatment, to enhance the number of exposed nanoparticles, might improve the sensitivity of the nanoplasmonic thin film.



This work shows that it is possible to produce plasmonic Au-TiO2 thin films in transparent polymer substrates such as PDMS. Since PDMS can be used as a film’s substrate and, also, is the base material for microfluidic channels, an LSPR sensing system based on a plasmonic thin film deposited in polymer substrate can have several advantages. This is a promising step for the development of an optical (bio)sensitive platform based on the plasmonic effect of Au-TiO2 thin film. Furthermore, due to the flexible nature of the PDMS substrate a new field of LSPR-based sensors and plasmon-enhanced applications can be explored.
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Figure 1. Simplified schematics of (a) the magnetron sputtering deposition system, and (b) custom-made optical system for transmittance-LSPR measurements in controlled atmosphere and temperature. 
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Figure 2. Transmittance spectrum of Au-TiO2 thin films deposited onto (a) glass, and (b) PDMS substrates, monitored in situ with heat treatment in vacuum (P~ 10 Pa), from room temperature to 150 °C. 
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Figure 3. (a) Size distribution of Au nanoparticles embedded in a TiO2 matrix for different annealing temperature conditions, (b) corresponding transmittance spectra, and (c) transmission electron microscopy images of the thin films. 
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Figure 4. Nanoparticle distribution analysis: (a) Shows the top-view SEM micrograph with atomic weight contrast, and (b) depicts the processed and thresholded micrographs evidencing the Au nanoparticles. Distribution histograms are also displayed in (c) for nanoparticles Feret diameter, (d) for nearest neighbor distance, and (e) for aspect ratio. 
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Figure 5. Peak wavelength shift of the Au-TiO2 thin film (annealed at 150 °C), during H2O/DMSO cycles. 
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