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Abstract: Sputtering is a well-known physical vapor deposition method for the synthesis of coatings and 8 
thin films. When combined with other techniques, such as electrospinning, it becomes a straightforward 9 
yet effective method to prepare substrates that can render various morphological structures at the nano 10 
and micrometer scale. The resulting substrates possess high surface area, making them suitable for 11 
applications such as gas sensing and surface-enhanced Raman scattering (SERS). The present work 12 
reports the successful magnetron sputtering deposition of silver/zinc oxide (Ag@ZnO) onto cellulose 13 
acetate fibers. By adjusting the sputtering process parameters, we limited the deposition of ZnO and Ag to 14 
be under limited adatom mobility conditions. Secondary electron imaging revealed that the resulting ZnO 15 
morphology on the fibers presented a columnar grain morphology at the nanometer scale. The ZnO 16 
crystallites of the said grains possessed a wurtzite structure, as shown by Raman spectroscopy. Ag 17 
sputtering deposition onto the previously deposited ZnO-covered fibers, produced under limited adatom 18 
mobility and short deposition time, rendered nanoparticles of various shapes and sizes, as revealed by 19 
electron microscopy. Then, using benzenethiol (BZT) and rhodamine 6G (R6G) as the probe molecules, 20 
the Ag@ZnO/CA fibers were tested as SERS substrates. All the prepared composite materials showed 21 
good SERS response towards the BZT and R6G. In summary, the novel approach is a practical and 22 
straightforward route for preparing Ag/ZnO-based SERS substrates. 23 
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1 Introduction 38 

     As an analytical technique, Surface-enhanced Raman Scattering (SERS) is of great interest to 39 
researchers for its potential applications in various fields such as environmental science [1,2], food safety 40 
[3,4], agriculture [5], and forensic sciences [6,7], due to its ability to detect molecules at trace levels. In 41 
SERS, the characteristic vibrational modes of a molecule can be identified from the interaction between 42 
the electromagnetic radiation and the molecule being studied [8]. This is similar to Raman scattering, 43 
although SERS signals are enhanced several orders of magnitude. The origin of this enhancement lies in 44 
the physical properties of the substrates. These substrates are typically metals where charge density 45 
oscillations couple resonantly with the electromagnetic radiation forming a surface plasmon, for 46 
continuous metal surfaces, or a localized surface plasmon (LSP) for metallic nanoparticles [9]. Surface 47 
plasmons (continuous or localized) and the lightning rod effect contribute to the electromagnetic (EM) 48 
enhancement mechanism, one of the two main enhancement mechanisms known in SERS, the other one 49 
being the chemical enhancement mechanism [10]. 50 

    Early studies on metallic nanoparticles showed that the SERS effect could be optimized by tuning the 51 
size and shape of the nanoparticles. For instance, Barbosa et al. [11], tuned the LSP resonance frequency 52 
of star-shaped Au nanoparticles by changing their dimensions. Similarly, Zhang et al. [12], demonstrated 53 
that the LSP could be tuned by controlling the thickness and shape of the Ag nanoplates. Another aspect 54 
of shapes such as nanostars and nanoplates is the occurrence of tips and sharp edges that can concentrate 55 
electromagnetic radiation, contributing to EM enhancement, as indicated by Barbosa. The extra 56 
enhancement is also attributed to tips in other shapes, such as popcorn-like nanoparticles [13]. Despite the 57 
advantage of easy preparation and tunable optical properties, the agglomeration of the nanoparticles is a 58 
significant drawback for practical applications because they can be randomly organized, making it 59 
challenging to control them, therefore, affecting the reproducibility of those experiments. 60 

     The agglomeration problem was offset by fabricating highly oriented arrays of metallic nanostructures 61 
on rigid substrates [14–16]. One example is the dimmer-based optical antennas fabricated by Zhu et al. 62 
[16]. These antennas are made of an array of dimers fabricated on an indium tin oxide-coated glass via e-63 
beam lithography. This method allows for the precise control of the dimmer size and the gap between the 64 
dimers where the EM field is intense. These authors also fabricated antennas with gaps between the 65 
dimers as small as 3 nm allowing for a high SERS response. Like the tips and sharp edges of the 66 
nanoparticles, gaps play an essential role as the EM field within the nanoparticles provide a considerable 67 
EM enhancement compared to an isolated nanoparticle [17]. Although these nanostructures show high 68 
SERS performance, their practical application can be limited by their production methods since they can 69 
be expensive, time-consuming, and technically challenging.  70 

     Metal oxide composite-based SERS substrates such as copper(II) oxide Nanowires/ copper(I) oxide 71 
(CuO Nanowires/Cu2O) [18], silver/zinc oxide (Ag@ZnO) [19], and gold/zinc oxide (Ag@ZnO) [20] 72 
composites have the potential to overcome the abovementioned difficulties and have also attracted 73 
attention due to their multifunctional properties. Compared to SERS substrates based on pure metallic 74 
nanoparticles, metal-metal oxide composite based on Ag@ZnO or Au@ZnO inherit their 75 
multifunctionality from the ZnO properties, in addition to displaying high SERS enhancement [21], low 76 
detection limit of probe molecules [22,23], and good SERS signal uniformity [20,24]. For example, a 77 
porous ZnO layer covering the Au nanoparticles can provide adsorption sites for gas molecules to detect 78 
benzene-volatile organic compounds [25]. Furthermore, the said layer contributes to the SERS signal 79 
through the chemical enhancement mechanism. Additionally, ZnO photocatalytic properties are known 80 
for helping develop recyclable or reusable SERS substrates [19,22,26,27]. In the past decade, researchers 81 
have prepared these composites in remarkable morphologies like nanoneedles arrays [28], nanorods 82 



arrays [29,30], nanodomes [31], nanomaces [32], multipods [27], nanoflowers [33], fibers [34,35]  and 83 
nanofibers [36]. Specifically, fiber-based SERS substrates are very interesting for fabricating wearable 84 
SERS optical sensors [37]. 85 

    Different methods have been applied to fabricate Ag@ZnO, Au@ZnO fibers, and nanofibers. Most 86 
combine techniques such as hydrothermal, electrospinning, and sputtering. For example, Park et al. 87 
worked on electrospun Ag@ZnO nanofibers using polyvinyl alcohol (PVA) and metal-polymer precursors 88 
followed by thermal treatments [36]. Fang Lu et al. [38] combined electrospinning with hydrothermal and 89 
photoreduction processes to synthesize Ag nanoparticles on ZnO nanorods grown on polyimide/Ag 90 
nanofibers. Other methods rely on the use of sputtering deposition either alone or in combination with 91 
another technique. For example, a hydrothermal method was used to prepare ZnO nanorods on a 92 
stainless-steel fiber decorated with Au nanoparticles deposited by ion sputtering [35]. Yuan et al. sputtered 93 
Ag/ZnO thin films on polyester fibers [34]. In summary, different combinations of techniques were 94 
available to prepare Ag@ZnO on nanofibers. Nonetheless, little attention has been paid to the sputtering 95 
deposition of both constituents of the composite onto the fibers. 96 

     Combining sputtering deposition and electrospinning turns into a simple and effective method for 97 
fabricating substrates that yield high surface area and interesting morphological structures where the 98 
fibers are used as scaffolds. By adjusting the sputtering process parameters, the morphological structures 99 
can be varied at the micro and nanoscale. For example, Pantojas et al. [39] prepared palladium nanoshells 100 
by sputtering palladium onto electrospun polyethylene oxide (PO) nanofibers. After the sputtering 101 
deposition, they heated the samples in air to remove the PO nanofibers. By tuning the sputtering 102 
parameters, these authors modified three types of structures within the palladium nanoshells: the 103 
columnar structure, the shape of the nanoshell walls, and their crystallinity. The shape of the nanoshell 104 
walls could change from nanoribbons to fully formed tubes by increasing the sputtering time such that the 105 
sputtered material covered the PO nanofibers completely. Under low adatom mobility conditions (e.g., 106 
low substrate temperature and relatively high sputtering pressure), the palladium nanoshells had columnar 107 
grains. This approach is suitable for substrates with a high surface area that could be used in many 108 
applications, such as gas sensing and SERS. 109 

     In the present work, we follow the ideas presented by Pantojas et al. and extend them to the sputtering 110 
deposition of ZnO and Ag onto cellulose acetate (CA) fibers. By adapting the said technology, we have 111 
successfully prepared an Ag@ZnO composite magnetron-sputtered onto electrospun CA fibers 112 
(Ag@ZnO/CA fibers) under low adatom mobility conditions. Our work offers a facile approach to 113 
produce Ag@ZnO/CA fibers that can be used as SERS sensors for various applications. This research also 114 
provided insight into the effects of limited adatoms mobility conditions on the morphology and optical 115 
properties of Ag@ZnO/CA fibers. The resulting composite fibers were tested as a SERS substrate using 116 
benzenethiol (BZT) and rhodamine 6 G (R6G) as probe molecules.  117 

2 Methodology 118 

     The present study aims to prepare an Ag@ZnO composite sputtered onto electrospun CA fibers that 119 
were subsequently tested as SERS substrates using BZT. Preparing the composite structure comprised 120 
three steps: (a) the synthesis of the cellulose acetate fibers; (b) the ZnO sputtering deposition onto the AC 121 
fibers, and (c) the Ag sputtering deposition onto the ZnO-fiber composite. The following sections describe 122 
the methodology and the characterization used in this work. 123 

2.1 Synthesis of cellulose acetate fibers 124 



     We first dissolved cellulose acetate powder into a mixture of dimethylformamide (DMF), ethanol, and 125 
acetone to synthesize the CA fibers preparation. Subsequently, we magnetically stirred the solution 126 
overnight to obtain a homogeneous one. Then, the solution was electrospun using a laboratory-made 127 
electrospinning system under a potential difference of 20 kV and a 0.5 ml/h flow rate. Finally, we 128 
collected the fibers onto 1 cm2 glass slides placed on a collector. 129 

2.2 ZnO sputtering  130 

     A reactive direct current (DC) magnetron sputtering deposited a ZnO layer on the cellulose acetate 131 
fibers. The fibers were placed in a 1.3x10-4 Pa  pressure chamber. For the ZnO sputtering, we used a 50.8 132 
mm metallic Zn target at 6 cm from the substrate. Before the sputtering deposition of ZnO, the Zn target 133 
was pre-sputtered in an Ar atmosphere for 120 s to clean the target and do the depositions in the metallic 134 
mode. A 1.3 Pa pressure, using Ar and oxygen as reactive gas, and 100 W sputtering power were used for 135 
the deposition. The oxygen-to-argon flow ratio and the sputtering deposition time were set at 30 % and 136 
600 s, respectively. 137 

2.3 Sputtering deposition of Ag 138 

     We silver-coated the ZnO/CA fibers via DC magnetron sputtering. The deposition was carried out 139 
under an Ar atmosphere of 1.7 Pa, using a 25.4 mm diameter Ag target and 50 W of sputtering power. The 140 
target-to-substrate distance was 6.5 cm, and the sputtering times were 5, 10, and 15 s. All the sputtering 141 
depositions were carried out without intentionally heating the substrate. 142 

2.4 Characterization of the substrates  143 

     A masked silicon substrate, included alongside the CA fibers during the sputtering deposition, was 144 
used to create a ZnO step that was measured using a stylus profilometer to obtain the deposited thickness. 145 
The ZnO layer thickness was measured as a function of the sputtering time. The deposition rate was 146 
estimated by dividing the layer thickness by the sputtering deposition time. The same procedure was 147 
followed to determine the Ag deposition rate. The morphology and elemental composition were evaluated 148 
using a scanning electron microscope with an energy-dispersive spectroscopy module. As the Ag 149 
deposited on the ZnO/CA fibers can suffer from oxidation due to the ambient conditions and thus reduce 150 
the performance of the SERS substrate, we stored the samples in a vacuum desiccator under partial 151 
vacuum conditions until each characterization. For the BZT SERS measurements, a Raman microscope 152 
(Thermo Fisher Scientific Inc, USA), with an excitation source of 532 nm. All the spectra were obtained 153 
using a 10x objective lens with a 5 mW laser power and 5 s exposure time with two accumulations. To 154 
minimize the fluorescence effect of the R6G molecules on the SERS spectra, we used 0.5 mW power to 155 
collect the R6G spectra with 2 s exposure time and eight acquisitions. The SERS spectra were baseline-156 
corrected Asymmetric Least Square Smoothing. The peaks were fitted using the Multi-Peak Fitting 157 
package from Igor Pro (WaveMetrics, Lake Oswego, OR, USA), with Gaussian shape peaks and a 158 
constant function baseline. 159 

3. Results and discussion 160 

3.1 Sputtering deposition of ZnO onto the CA fibers 161 

     The magnetron sputtering technique will permit the deposition of ZnO on cellulose nanofibers [40–162 
44]. Sputtering is a widely used coating technique where through a cold plasma glow discharge and gas 163 
ion bombardment onto the target material’s surface; atoms are sputtered on a substrate [45]. With this 164 
technique, one can make coatings of any material, including compounds such as ZnO. One way to prepare 165 
compounds is reactive sputtering [41]. The ZnO’s deposition by reactive sputtering using a Zn target has 166 



some advantages compared to the direct sputtering from a ZnO target. Firstly, Zn targets have higher 167 
purity than ZnO targets. ZnO targets are made by hot pressing and sintering powder; during this process, 168 
gases, porosity, and impurities are incorporated into the target, reducing its purity [45]. Secondly, 169 
considerable changes in the composition and properties of the reactively sputtered films from metallic 170 
targets are possible, depending on processing parameters such as the amount of reactive gas [44,46]. 171 
Thus, the first step to prepare the Ag@ZnO composite with a fiber morphological structure was the ZnO 172 
deposition onto the CA fibers. We deposited ZnO from a Zn target onto the electrospun CA fibers that 173 
served as scaffolds. Fig. 1 shows the average thickness of ZnO thin films as a function of the deposition 174 
time obtained from profilometry. For the sputtering parameters used in this work, the ZnO deposition rate 175 
was around 18.3 nm/min, as obtained from a linear fitting of two data points and the origin. 176 

 177 

Fig. 1 The sputtering deposition rate of thin films grown on a Si substrate by reactive magnetron sputtering using a 178 
DC power supply at 30 % O2/(Ar+O2) flow ratio. The two data points are means ± 1 standard error (SE) (n=5) 179 

Next, we evaluated the surface morphology and elemental composition of the sputtered material on the 180 
CA fibers using Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), 181 
respectively. The SEM micrographs (Fig. 2a) show the entwined CA fibers after the reactive DC 182 
magnetron sputtering at a 30% O2/(Ar+O2) flow ratio for a 900 s deposition, corresponding to 200 nm 183 
thickness of sputtered material. As expected, the EDS results show the presence of Zn and O 184 
characteristic transition energies suggesting the possible formation of ZnO on the CA fibers. Fig. 3a 185 
shows a high-magnification SEM micrograph of a fiber. The structure of the sputtered layer consists of 186 
nanoscaled columnar grains covering the top of the fibers with a top dome morphology typical of zone 1 187 
of the structure-zone models of Thornton [39] and Messier [40]. Sputtering is a line-of-sight deposition 188 
process [38], and the fiber is a variable-angle surface. The thickness of ZnO deposited on top of the CA 189 
fiber is expected to be around 200 nm, the same as the flat Si surface. But, at the edges of the fibers, the 190 
amount of material deposited will be smaller, and shadowing will tend to separate the columns. On the top 191 
of the CA fibers, the dome diameter averaged 54.7 nm for the middle section (estimated using ImageJ 192 
software tools), as shown in Fig. 3b. ZnO columns, 200nm of height and ~ 50 nm diameter on top are 193 
expected in the top midsection of the fiber, while smaller height columns with a wider spread, should 194 
come forth at the edges of the CA fibers. 195 

The structure of the sputtered material is linked to the mobility of the atoms absorbed on the surface of 196 
the growing film. In the structure-zone model proposed by Thornton [47], the film structure results from 197 
many concurrent processes (i.e., surface diffusion, bulk diffusion, and desorption). The homologous 198 
temperature Tm (i.e., the ratio between the substrate temperature and the melting point of the growing 199 
material) and the sputtering gas pressure are dominant mechanisms during film growth. The model was 200 



extended by Messier [48] to account for bombardment-induced mobility, thermal effects, and the 201 
evolution of the growing film at low mobility conditions. In the present work, the sputtering of ZnO was 202 
carried out by avoiding heating the substrate, which remained at 300 K, and no electrical biasing of the 203 
substrate. Thus, using the melting temperature of 2248 K [49] for ZnO and a substrate temperature of 300 204 
K, the homologous temperature is Tm = 0.1, corresponding to Zone 1 of the structure-zone models. At an 205 
extremely low Tm, the surface mobility due to thermal effects is negligible; as a result, the microstructure 206 
in Zone 1 consists of columnar grains. In addition, these columns have poor crystallinity and voids 207 
between them. The full coverage observed on the CA fiber (Fig. 3a) by the sputtered layer could be 208 
explained by considering the sputtering time, the deposition pressure, and the power used. An advantage 209 
of the combined fiber morphology and columnar grain structure of the sputtered layers, topped in a dome 210 
surface morphology, is the abundance of surface area for the analyte to be absorbed and, therefore, be 211 
detected using SERS. 212 

 213 

Fig. 2 SEM image (a) and EDS spectra (b) of the ZnO/CA fibers substrates  214 

 215 

Fig. 3 High magnification SEM image of ZnO deposited on CA (a); particle diameter distribution (b). The number 216 
of bins in the histogram and their width are 5 and 7.7, respectively 217 

Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy are valuable techniques for 218 
identifying crystalline structures. Fig. 4a shows the FTIR spectra of the as-spun CA and CA fibers after 219 
the reactive DC sputtering deposition. We can identify the vibrational features of cellulose acetate and 220 
wurtzite ZnO from the spectra. The 1,743 cm-1 and 1,226 cm-1 bands are assigned to the vibrational modes 221 



of cellulose acetate [50]. The band between 500 cm-1 and 600 cm-1 is ascribed to the stretching mode of 222 
the Zn-O bond in the ZnO lattice [51].  223 

Fig. 4b shows the Raman spectra of CA and ZnO/CA. As seen in Fig. 4b, the intensities of the CA 224 
peaks are attenuated, whereas three peaks become apparent in the 60-1000 cm-1 range after the sputtering 225 
deposition of ZnO. These predominant peaks are around 97 cm-1, 435 cm-1, and 580 cm-1. The assignment 226 
of the peak identity was made following the published literature [52]. The peak near 97 cm-1 is assigned to 227 
the E2 (low) phonon mode, and the 435 cm-1 peak corresponds to the E2(high) phonon mode of ZnO with 228 
the wurtzite crystal structure.  229 

 230 

Fig. 4 FT-IR spectra for CA fibers (black) and ZnO/CA fibers (red) (a). The peak near 524 cm-1 indicates the 231 
vibrational stretching mode of the Zn-O bond in the ZnO lattice. Raman spectra of the CA fibers (black) and for the 232 
ZnO/CA fibers (b). The peaks near 97 cm-1 and 435 cm-1 are characteristic of the ZnO wurtzite structure 233 

The peak near 580 cm-1 has been ascribed to the A1(Low) [53,54] or the E1(Low) [55,56] phonon modes. 234 
These modes are attributed to ZnO lattice defects [48,49] . Because we are depositing ZnO from a 235 
metallic Zn target by adding a relatively small amount of oxygen to the sputtering gas mixture, the 236 
occurrence of oxygen vacancies in the ZnO lattice is likely. Consequently, the observed 580 cm-1 peak can 237 
be associated with the phonon mode that arises from oxygen vacancies in the ZnO lattice. Clearly, the 238 
FTIR and Raman results confirm the wurtzite ZnO deposition onto the CA fibers.  239 

3.2 Sputtering deposition of Ag 240 

As in the ZnO deposition, Ag was sputtered onto the ZnO/CA fibers under limited adatom mobility 241 
conditions. The substrate temperature remained at 300 K, and the power was set to 50 W to minimize the 242 
bombardment-induced adatom mobility. At pressures above 1 Pa, scattering events of the sputtered atoms 243 
with neutrals and ions in the plasma reduce their induced mobility when they arrive to the substrate. Thus, 244 
considering this effect, we selected a pressure of 1.7 Pa for the Ag deposition onto the ZnO/CA fibers.  245 

Chang et al. [58], used ion-beam sputtering for the deposition of Ag nanoparticles on ZnO:Al 246 
nanoneedles, observed that by extending the sputtering deposition time, the Ag nanoparticles size and 247 
surface coverage gradually increased until Ag film completely covered the nanoneedles. However, they 248 
did not behave similarly for the SERS intensity as a function of the sputtering time. The SERS intensity 249 
first rose to a maximum and decreased at longer sputtering times. Thus, to assess the sputtering time 250 
effect on the Ag surface morphology and the compound SERS intensity, we sputtered Ag onto the 251 
ZnO/CA nanofibers at 5, 10, and 15 seconds.  252 



The morphology and elemental composition of the ZnO/CA fibers decorated with Ag at different 253 
deposition times were examined with SEM and EDS, respectively. Fig. 5 shows the low magnification 254 
SEM image (inset Fig. 5) and EDS spectrum of the Ag@ZnO/CA fibers sputtered with Ag for 5 seconds. 255 
The appearance of their respective peaks confirms the constituent elements for Ag@ZnO, Zn, O, and Ag. 256 
Fig. 6 shows the high magnification micrographs of Ag on the ZnO/CA fibers as deposited by DC 257 
sputtering at various deposition times: (a) 5 s, (b) 10 s, (c) 15 s, (d) 20 s and (e) 25s. As shown in Fig. 6a, 258 
at five seconds, the resulting Ag morphology consists of nanoparticles of different shapes and sizes 259 
distributed on top and along the ZnO/CA fiber surface. Albeit, at 10, 15, 20 and 25 seconds, the Ag 260 
surface coverage of the surface of ZnO/CA fibers increased promptly, rendering a more continuous Ag 261 
film. Interestingly, this result, i.e., the expedited rising of surface coverage, contrasts with the gradual 262 
increase in surface coverage reported by Chang et al. The difference could be related to the sputtering 263 
parameters used in their experiment or the orientation between the nanoneedle surface and the incoming 264 
flux of sputtered material.  265 

 266 

Fig. 5 EDS spectra and low magnification SEM image of Ag@ZnO/CA fibers substrates. The EDS spectrum 267 
confirms the presence of Ag in Ag@ZnO with Ag deposition for 5 s 268 

 269 



 270 

Fig 6 High magnification SEM micrographs of Ag@ZnO/CA fibers/glass substrates after depositing Ag at 5 s (a), 271 
10 s (b), 15 s (c), 20 s (d) and 25 s (e) 272 

In brief, one can identify three morphological structures at the micro and nanometric levels that 273 
constitute the Ag@ZnO/CA fibers prepared. At the micro level, we obtained ZnO fibers by providing 274 
sufficient sputtering time to cover the CA fibers. In addition, under limited adatom mobility, sputtered 275 
ZnO has columnar grain morphology at the nano level, which provides plenty of surface area for the 276 
adsorption of molecules. Regarding the Ag layer, nanoparticles were obtained by sputtering under limited 277 
adatom mobility and a short deposition time, i.e., 5 s. An important question for future studies is 278 
determining the substrate temperature effect on the size and shape of the Ag nanoparticles. As a proof of 279 
concept, we tested the Ag@ZnO/CA fibers as SERS substrates using BZT as the probe molecule. 280 

3.3 Ag@ZnO/CA nanofibers as a SERS substrate 281 

The SERS effect of the Ag@ZnO/CA fibers was studied using BZT as a probe molecule. Fig. 7a 282 
shows the SERS spectra in the 600 – 1800 cm-1 region of BZT adsorbed on the surface of ZnO/CA and 283 
Ag@ZnO/CA nanofibers sputtered with Ag for 5 seconds. The BZT Raman peaks were assigned 284 
following reported literature data [59]. No peaks of the dispersed BZT solution (10-3 M) on the ZnO/CA 285 
fibers could be observed. Conversely, four prominent peaks came forth for the BZT solution dispersed on 286 
the Ag@ZnO/CA fibers. The peak near 994 cm-1 is the carbon ring in-plane bending mode; the peak near 287 
1016 cm-1 corresponds to the CH in-plane bending mode; the 1065 cm-1 peak is the carbon breathing 288 
mode, and the peak near 1567 cm-1 is the C=C stretching mode.  289 

 290 



 291 

Fig. 7 SERS spectra of BZT adsorbed on ZnO/CA fibers (black) and Ag@ZnO/CA fibers (red) sputtered with Ag at 292 
a sputtering deposition time of 5 s (a). Peaks mean amplitude (b). The data in Fig. 7b are means ± 1 standard error 293 
(SE) (n=5) 294 

 295 

   Previous results on the SERS enhancement of sputtered Ag and Au nanoparticles revealed that 296 
extending the sputtering time raised the size and coverage of the nanoparticles. Such enhancement in size 297 
and surface coverage leads to a higher intensity of the SERS signal up to a particular value of sputtering 298 
time, followed by lower intensity values for a longer sputtering time [35,60]. To study the influence of the 299 
Ag sputtering time, we examined the intensity of the 994 cm-1, 1016 cm-1, and 1065 cm-1 peaks for the 300 
Ag@ZnO/CA fibers sputtered with Ag for 5, 10, 15, 20 and 25 seconds. Overall, the peaks mean 301 
amplitude increased when the sputtering deposition time extended from 5 to 10 s; then, a decrease in the 302 
mean amplitude, for 15 s, 20 s and 25 s sputtering time (Fig. 7b), is observed. The SERS intensity change 303 
with sputtering time observed agrees, in general, with the behavior reported in the works mentioned 304 
above. As discussed by Bo Li [35], increasing the size of the nanoparticles decreases the gaps between 305 
them, and the electromagnetic field intensifies in these regions, thus increasing the EM enhancement. 306 
However, if the size and surface coverage of the nanoparticles expands to develop a film structure, it 307 
reduces the number of gaps by filling these regions; as a result, the SERS enhancement diminishes. 308 

     In addition, to evaluate the reproducibility of the SERS signal of the Ag@ZnO/CA fibers with a 10 s 309 
AG deposition, we used BZT 10-3 M as the probe molecule as shown in Fig 8a. We randomly measured 310 
five spots on the same fiber and kept the same measurement conditions for each spot. We calculated the 311 
relative standard deviation (RSD) from the SERS spectra obtained at each spot. The estimated RSD was 312 
11.6 %, which indicates that the SERS signal has good reproducibility. The substrate showed good 313 
reproducibility in the SERS measurements, which we attribute to two main factors. First, the successful 314 
coating of ZnO on the CA fibers by sputtering deposition under limited adatom mobility, resulted in a 315 
combined fiber morphology and columnar grain structure of the sputtered layers. This created a 316 
morphology with a large surface area for the BZT to adsorb and be detected by SERS. Second, the growth 317 
of Ag nanoparticles on top of ZnO, which generated a high density of SERS 'hot spots' between the 318 
nanoparticles and between the nanoparticles and ZnO. These 'hot spots' enhanced the electromagnetic 319 
field and increased the Raman signal of the BZT molecules. 320 

 321 



 322 

Fig. 8 Intensity distribution collected at five random spots of 1065 cm-1 peak of 10 -3 M BZT on Ag@ZnO/CA fibers 323 
substrate with a 10 s Ag deposition. (a) SERS spectra of BZT adsorbed on Ag@ZnO/CA fibers collected at different 324 
shelf times. (b) SERS spectra of BZT adsorbed on Ag@ZnO/CA fibers obtained from different concentrations (10-3 325 
M, 10-4 M, 10-5 M, 10-6 M). (c) 1065 cm-1 peak intensity vs BZT concentration. (d) The data points in Fig 8d are 326 
means ± 1 standard error (SE) (n=5) 327 

One of the challenges for using SERS substrates in real-world scenarios is their stability over time. The 328 
SERS signal of BZT did not show any significant difference after 24 days compared to the signal from a 329 
new substrate (Fig. 8b). This suggests that Ag@ZnO is a stable SERS substrate that can be kept for 330 
almost a month at room temperature. A possible way to further improve the stability of our SERS 331 
substrate is to functionalize it with a bioinspired polymer, as suggested by a recent study [61]. The authors 332 
showed that polydopamine-coated aluminum nanocrystals could maintain their plasmonic properties in 333 
aqueous media for over two weeks, while uncoated nanocrystals rapidly oxidized and lost their 334 
functionality. We could apply a similar approach to our Ag@ZnO substrate and investigate how it affects 335 
the SERS signal of BZT and other probe molecules over time. 336 

To evaluate the sensitivity of the SERS substrates, we selected Ag@ZnO/CA fibers with 10 s Ag 337 

deposition as the optimal condition based on the previous analysis. We performed SERS measurements 338 

for different concentrations of BZT ranging from 10-3 M to 10-6 M. The corresponding spectra are shown 339 

in Fig. 8c. The peak intensity at 1065 cm-1, was used to quantify the SERS signal. As shown in Fig. 8d, 340 

the peak intensity decreased with a decrease of BZT concentration, but it was still clearly observable at 341 

10-6 M level, indicating a high sensitivity of our substrates. 342 



The Ag@ZnO/CA fibers (10 s Ag deposition) were further applied as the SERS substrate to detect R6G. 343 
We prepared a solution with 10-3 M R6G concentration and drop-casted it on the substrate. After drying in 344 
air, we obtained the SERS spectra in Fig. 9a, which shows the characteristic peaks of R6G. We observed 345 
five peaks of R6G at around 612 cm-1, 771 cm-1, 1360 cm-1, 1506 cm-1 and 1650 cm-1. According to the 346 
literature [43,62] , the peaks around 612 cm-1 and 771 cm-1 were assigned to in-plane and out-of-plane 347 
bending motions of the C-H bond, respectively, whereas the peaks at 1360 cm-1 and 1650 cm-1 are related 348 
to the C-C stretching mode of the aromatic ring.  349 

 350 

Fig. 9 SERS spectra of R6G adsorbed on ZnO/CA fibers (black) and Ag@ZnO/CA fibers (red) sputtered with Ag at 351 
a sputtering deposition time of 10 s (a) Intensity distribution collected at five random spots of 610 cm-1 peak of 10 -3 352 
M R6G on Ag@ZnO/CA fibers substrate with a 10 s Ag deposition. (b) SERS spectra of R6G adsorbed on 353 
Ag@ZnO/CA fibers obtained from different concentrations (10-3 M, 10-4 M, 10-5 M, 10-6 M). (c) 610 cm-1 peak 354 
intensity vs R6G concentration. (d) The data points in Fig 9c indicate mean intensity of peak 610 cm-1 of five 355 
measurements and the error bar represents the standard error of the mean. 356 

The reproducibility of Ag@ZnO/CA fibers was also tested using R6G. We randomly measured six spots 357 
on the same fiber and estimated the relative standard deviation (RSD) from the SERS spectra obtained at 358 
each location. The estimated RSD was 16.6 %, indicating good signal reproducibility as in the cases of 359 
the BZT probe molecule. Lastly, we also observed the SERS signals with a low concentration, as shown 360 
in Fig. 9c and Fig. 9d. These results indicate that Ag@ZnO/CA fibers can detect R6G at a concentration 361 
as low as 10-6 M. The limit of detection Ag@ZnO/CA fibers towards R6G is comparable to other SERS 362 
substrates, such as TiN SERS substrates of various morphologies (nanoporous films [63] and nanorods 363 
arrays [64]). 364 



All things considered, our findings demonstrate the feasibility of sputtering materials under limited 365 
adatom mobility conditions onto templates to obtain SERS substrates with various morphological 366 
structures at the micro and nanometric levels capable of detecting BZT and R6G at low concentrations. 367 

4 Conclusions 368 

By combining sputtering deposition and electrospinning technique, we developed a straightforward and 369 
effective method for preparing SERS substrate with various morphological structures at the micro and 370 
nanoscales. We successfully prepared Ag@ZnO/CA fiber composites by sputtering ZnO and Ag onto 371 
cellulose acetate fibers. The selected sputtering process parameters for the deposition of ZnO allowed 372 
reducing the adatoms' thermally induced mobility. Whereas for Ag, the sputtering parameters were 373 
selected so as to cut down the bombardment-induced and thermally-induced mobility. Under such limited 374 
adatom mobility, the cellulose acetate fibers were covered by ZnO columnar grains at the nanoscale. 375 
Moreover, under low adatom mobility and short deposition times, the Ag sputtering yielded nanoparticles 376 
of different sizes and shapes on the ZnO surface. All the synthesized composites rendered good SERS 377 
responses towards BZT. An improvement is observed for the composite prepared at an Ag deposition time 378 
of 10s. One can attribute this occurrence to an enhancement of the electromagnetic field due mainly to (a) 379 
small gaps between the Ag nanoparticles and (b) an increase in particle size. The Ag@ZnO/CA fiber 380 
composites with 10 s Ag deposition also shows good uniformity and response at low concentrations of 381 
BZT and R6G, which could be used for the detection of these probe molecules with a detection limit of 382 
10−6 M. Our work offers a facile approach to produce Ag@ZnO/CA fibers that can be used as SERS 383 
sensors for various applications. This research also provided insight into the effects of limited adatoms 384 
mobility conditions on the morphological structure developed for the deposited Ag@ZnO composite at 385 
various length scales.  386 
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