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Abstract: Parametric optimization of the laser-assisted photocatalytic growth of Ag and Au
nanoparticles for high SERS enhancement factor performance informed by design of experiment
is demonstrated. The photodeposition process was divided into two phases –seeding and growth–
in order to achieve the highest possible nanoparticle surface coverage for the size range from 10
to 100 nm. A substantial difference in the parameter effects between the Ag and Au seeding and
growth was found. The SERS performance of the photodeposited Ag and Au nanostructures was
evaluated at 532, 633 and 785 nm with thiophenol as a probe molecule. A high-enhancement
broadband SERS operation was attained with Ag nanostructure grown at high laser fluences. The
SERS enhancement factors of 105 were achieved with both Ag and Au nanostructures.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1.

Introduction

Surface-Enhanced Raman Scattering (SERS) is an extremely powerful optical detection platform
for the development of sensitive and quantitative analytical methods suitable for real-time
monitoring. This technique provides information about the vibronic ‘fingerprint’ of a molecule
located close to plasmonic nanostructures and therefore allows for a unique classification of the
type of analyte detected. This method has also been proven to have a single-molecule detection
capability [1,2]. SERS-based approaches have enabled a number of important applications in
bioanalytical sensing [3] such as in-vivo tumor targeting [4], glucose sensing at clinically relevant
concentrations [5] and microbial system analysis [6], and are considered a major prerequisite for
progress in areas such as nanobiotechnology and personalized medicine. Despite the apparent
advantages over commonly used fluorescence-based methods, SERS is yet to be established as
an analytical tool. In part, this is due to the fact that small variations in the SERS substrate, i.e.
preparation, aggregation, surface morphology, etc., have drastic effects on the SERS performance.
Therefore, the stability and reproducibility issues of SERS-active substrates have to be addressed
in order to facilitate its application in quantitative analysis. Current fabrication techniques of
SERS substrates with moderate to high enhancement factors, and reproducible and uniform
responses are dominated by e-beam lithography, nanoimprint, self-assembled nanosphere, hybrid
nanoporous lithography methods, etc. [7–9]. However, these techniques are still costly and rather
cumbersome to produce large area SERS substrates, elevating the price of commercially available
SERS platforms.
The applicability of photocatalytic deposition method to production of SERS substrates was
first demonstrated using porous SiO2 monolith containing gold nanoparticles (NPs) formed in
volume of the gel upon irradiation with ultraviolet (UV) light [10]. This showed systematic
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and simple approach to control of the particle size and spatial distribution by adjusting the
irradiation time and light source type (i.e. laser or lamp). The renewed interest in this production
method for SERS applications [11–26] has been supported by the ongoing developments in the
field of titanium dioxide (TiO2 ) – based photocatalysts for water splitting, organic compounds
decomposition, air purification, etc. [27,28]. TiO2 is a nontoxic semiconductor with a wide
bandgap of ⇠3.2 eV that allows photocatalytic deposition of a variety of noble metals without
photocorrosion observed in other semiconductors such as ZnO and CdS [28]. Besides the
inherent simplicity and scalability of the photodeposition method, the TiO2 -based nanocomposite
SERS substrates benefit further from the SERS performance enhancement owing to the charge
transfer by the semiconductor [13,14], and are recognized as renewable under UV irradiation
[14–17]. The reported nanoarchitecture optimization strategies for the nanocomposite SERS
substrates on TiO2 thin films, using coherent and incoherent light sources, are predominantly
focused on the effects of the precursor concentration [13,14], illumination time and power
[11,16,18,29]. Although the NP growth dynamics during photodeposition is well understood
[30,31], the results of these studies vary significantly in terms of the mean particle size and SERS
enhancement. This is due to the fact that small variations in the thin film fabrication process,
post processing steps and thin-film substrate material [32,33] have considerable influence on
the resulting nanostructure [15,34,35]. Besides, the established optimization routes consider
the influence of a single process parameter only, lacking examination of the joint influence
of the multiple process parameters. Therefore, in order to harness the full potential of the
photodeposition method for SERS applications a more holistic approach to the optimization of
nanoarchitecture has to be taken.
Recently in the photocatalysis field, where the photodeposition of noble metal NPs is extensively
used to improve photocatalytic efficiency [28], a parametric study on the photodeposition of
platinum was undertaken using the orthogonal-array experimental design method according to
G. Taguchi [36]. This showed that a comprehensive optimization procedure can be built by
monitoring the influence of a full parameter set whilst keeping the sample number low.
Here, we implemented design of experiment approach for the optimization of nanosecondpulsed laser-assisted photodeposition of metallic Ag and Au on TiO2 film. This resulted in
enhanced control over nanoarchitecture for high performance SERS applications. The parametric
optimization was performed to examine single and combined influence of the laser irradiation
parameters, precursor and sacrificial reagent concentrations, enabling a definitive choice of the
photodeposition process parameters leading to the smallest possible interparticle distance at high
particle densities. The TiO2 thin film properties were optimized specifically to inhibit the NP
growth outside the laser illuminated area to enable future integration of this production method
into microfluidic devices for rapid multiplexed SERS assays [37].
2.

Experimental methods

Film production: TiO2 thin films used in the photodeposition were synthesized according to
a previously reported method for the production of optically transparent films [38]. Briefly,
solution for the sol-gel reaction was prepared by mixing 0.625 g of polyethylene glycol (Mw = 600,
Alfa Aesar) and 2.07 mL of diethylene glycol (Fisher Chemical) with ethanol ( 99.5% pure,
Honeywell). After 10 min of stirring, 1.69 mL of titanium (IV) isopropoxide (99.995% metal
basis, Alfa Aesar) were quickly added to the solution, and the mixture was stirred for further
15 min. The resulting sol was degassed for 20 min, flushed with nitrogen (N2 ) and sealed.
Borosilicate glass (Ø22 ⇥ 0.21 mm2 , D263, Schott) was used as a substrate for the thin film
deposition in order to alleviate effect of sodium (Na+ ) doping on the photocatalytic activity of the
resulting films [33]. Before the film deposition substrates were cleaned with acetone, methanol
and dried with N2 . A sequential spin-coating deposition at 2500 rpm for 30 s was used to achieve
the desired film thickness. For each step 75 µL of the sol-gel were pipetted onto the substrate.
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After each coating step, the substrates were dried at 80°C. The amorphous films were transferred
into a preheated oven for calcination at 400, 450 and 500 °C for 30 min.
Laser-assisted photodeposition: The Au and Ag precursor solutions were prepared by mixing
the appropriate amounts of 10 mM HAuCl4 (99.99% metal basis, Alfa Aesar) or 10 mM AgNO3
(>99.9% metal basis, Alfa Aesar) stock solutions, double distilled water and methanol (MeOH,
>99.8%, Fisher Chemical). For the photodeposition, the TiO2 substrates were placed in a
two-part aluminum sample holder with a machined through hole to prevent back reflection. A
rubber O-ring, sandwiched between the glass substrate and the upper part of the sample holder
assembly, was used to seal the precursor pool. 190 µL of the precursor solution, sufficient to
fully cover the open TiO2 film surface, were used for each photodeposition experiment.
A 355-nm Nd:YVO4 laser (Violino, Laservall) with a maximum average power of 3 W and a
pulse length of 10 ns operating at 30 and 50 kHz was utilized for the Au and Ag photodeposition
respectively. The laser beam with a Gaussian intensity profile (M2 ⇠1.1) was focused onto the
glass surface using a flat-field scanning lens system. The laser beam spot size at the focal plane
was measured to be 65 µm at the 1/e2 intensity level. The energy fluences in the range from 13 to
38 mJ/cm2 were employed for the Ag and Au deposition. The laser beam was raster scanned
over the TiO2 surface with the precursor solution in place at different speeds. Depending on the
number of pulses per spot required, the scanning speed was varied from 0.36 to 10 mm/s using a
computer-controlled two-axis scan head system.
Sample characterization: The transmittance and reflectance spectra of the films prior and
post photodeposition were measured in the spectral range from 250 to 1100 nm using a Jasco
V-670 UV/VIS/NIR spectrophotometer equipped with a 60-mm integrating sphere. The TiO2 film
thickness was measured using Bruker Dektak XT stylus profiler equipped with a 2-µm stylus.
A JEOL JSM-7400F field emission scanning electron microscope (SEM) was used to obtain
high magnification images of the sample surfaces after the photodeposition. A center line area of
3.2 µm2 was imaged at 60000x magnification to allow automatic particle discrimination. The
SEM image segmentation was conducted using an open-source software package ilastik [39].
The segmentation was followed by binarization and image analysis using Fiji [40]. The Feret
diameters (Dm ), mean NP centroid distances (dm ) and normalized volumes per surface area (Vn )
were evaluated to estimate the NP density (nNP ) and photodeposition rate. The NP volume was
calculated assuming a hemispherical shape with the diameter corresponding to a circle of equal
projection of the measured area. These results were normalized to the largest value achieved in
the experiment. The number of NP per image used in the analysis ranged from ⇠220 to ⇠3400
NPs from the lowest to highest observed densities.
The phase composition of the resulting TiO2 films was examined using an in-house built
Raman microprobe system, equipped with a continuous wave laser source emitting at 633 nm
and Oriel MS257 monochromator fitted with Andor Newton EMCCD detector, TE cooled to 70°C. The backscattering configuration was used for the signal collection. The incident power on
the samples was 8.05 mW. The Raman spectra were recorded using a 40x objective (Plan Fluor,
Nikon), an accumulation time of 1 s with a total of 10 accumulations, a slit width of 50 µm and a
1200 lines/mm grating.
The SERS performance evaluation was conducted at 532, 633 and 785 nm excitation wavelengths ( exc ). The upright microprobe system described above was used for the measurements at
532 and 633 nm. A purpose-built Raman imaging system based on Nikon Eclipse Ti-U inverted
microscope equipped with an XYZ nanopositioning stage (Physik Instrumente) was used for the
measurements and surface mapping at exc = 785 nm utilizing a single frequency MOPA system
(Innovative Photonic Solution). Andor Shamrock 500i imaging spectrometer fitted with the Andor
Newton CCD was employed for the signal acquisition. Here, a 600 lines/mm diffraction grating
was used. The slit widths for the SERS evaluation were 100, 150 and 200 µm for 532-, 633and 785-nm excitation respectively, allowing for >90% of the SERS signal collection in both

Vol. 11, No. 9 / 1 Sep 2021 / Optical Materials Express

Research Article

3082

systems. The objective magnification, exposure time and incident power were selected to achieve
the highest signal-to-noise ratio and to mitigate photochemical damage to the analyte and SERS
substrate. The 40x and 60x Plan Fluor objectives (Nikon) with the maximum exposure time of
10 s were used. The maximum incident power measured at the back aperture of the objective was
0.25, 1.5 and 10 mW for exc = 532 nm, 633 nm and 785 nm respectively. The acquired Raman
and SERS spectra were post processed to remove the background signal, originating from the
glass substrate, by applying a fully automated model-free baseline correction method [41].
Thiophenol ( 99%, Sigma Aldrich) was chosen as an analyte compound for the SERS
enhancement study due to its selective binding affinity to metal surfaces [42]. Self-assembled
monolayers (SAM) of thiophenol on the Ag and Au NPs were achieved by soaking the substrates
in a 5-mM ethanolic solution for 1 and 2 h respectively [42,43]. The substrates were then rinsed
with ethanol for 90 s and left to dry in air before the measurements. At least 21 SERS spectra
were taken from each sample with a 10-µm displacement between each measurement point.
The SERS enhancement factor (EF) was calculated according to [44]:
EF =

ISERS /Nsurf
IRS /Nvol

(1)

as the intensity ratio between SERS (ISERS ) and normal Raman (IRS ) scattering normalized by
the respective number of analyte molecules Nsurf and Nvol , probed using the 1076 cm 1 band of
thiophenol. The normal Raman spectrum was measured on pure thiophenol, contained within a
cell with a defined height of 70 µm. For all combinations of exc /objective magnification, the
number of molecules in the normal Raman scattering measurement (Nvol ) was found from the
measurements of the effective scattering hight Heff and area Aeff as Nvol = Heff ⇥ Aeff ⇥ cRS [44].
The number of molecules per unit volume (cRS ) was assumed to be 5.86 ⇥1021 1/mL. In the SERS
experiment, the number of excited molecules per unit area (Nsurf = µs ⇥ µM ⇥ AM ⇥ Aeff ) was
calculated based on the NP surface areas (µs ) and densities (µM ), retrieved from the SEM images
the photodeposits, assuming hemispherical NP shape profile. The highest reported SAM packing
density (AM ) of 6.8 ⇥1014 molecules/cm2 was utilized, allowing for a conservative estimate of
the EF substrate performance [45]. The background corrected peak signal intensities were used
in the EF calculations.
Photodeposition process optimization: A parametric optimization of the laser-assisted photodeposition process was conducted to achieve the highest possible SERS EF in the visible
and near-infrared spectral regions. An average value of SERS EF for Ag- and Au-based SERS
substrates is around 106 , but the localized enhancement may reach peaks of 1010 –1011 at
certain sub-wavelength regions of the nanostructure, where NPs are in aggregate geometries,
supporting plasmon hot spots [46–48]. In accordance with plasmon hybridization and classical
electromagnetic theories, the interparticle separation distance required to achieve such large
SERS EFs is in the sub-10 nm range [49,50]. Thus, the goal of the parametric optimization was
to achieve the highest possible NP density for the NP size ranging from 10 to 100 nm.
The process parameters typically considered for Ag and Au photodeposition are the illumination
time and intensity [10,11,16,18–21,29,36,51,52], precursor and sacrificial reagent concentrations
[13,14,19,20,35,36,52], precursor solution acidity (pH) [36,53,54], as well as the properties of
the semiconductor film [15,34–36]. For the parametric optimization carried out in this work four
process parameters were selected, namely the precursor and sacrificial reagent concentrations,
number of pulses per spot and laser fluence. For the purpose of the experimental design, the
chosen parameters were grouped in accordance with their influence on the NP growth dynamics,
i.e. the deposition rate, particle density and interparticle distance. The initial parameter screening
and published data showed that the optimization towards the highest particle density and smallest
interparticle distance require two different sets of the optimization parameters. Thus, the
photodeposition experiment was conducted in two stages – the NP seeding and growth.
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The laser-assisted Ag and Au NP seeding dynamics was investigated using the 2k full factorial
experimental design [55] which enabled examination of both single and joint effects of the process
parameters (i.e. k-factors) on the photodeposition rate and particle density at fixed number of
pulses per spot. Subsequently, factorial analysis of variance (factorial ANOVA) was employed to
confirm the magnitude of the process parameters effects on the photodeposition. The levels and
factors, listed in Table 1 (NP seeding), were selected after an initial photodeposition parameter
screening. The levels 1 and 1 were chosen to reflect the k-factor sets with low and high NP
depositions respectively, corresponding to the seeding range from low to high NP density points.
The upper density point was chosen so that the influence of static coalescence of NPs [56] and
radiation shielding [28] effects on the true factor effects could be negated. A total of eight images
were analysed for the required experimental runs of the 23 –factorial experiment. The validity of
this experimental design was additionally verified by introduction of a center point (see Table 1,
level 0) to test the assumption of a unidirectional response of the photodeposition results to the
factors in the chosen parameter ranges (e.g. a linear increase in the NP size with increase in the
precursor concentration, laser fluence, etc.). The process variance was calculated by the repeat
measurements of the centre point. The centre point was measured by analysing six and four areas
of Ag and Au NPs respectively, photodeposited at different locations on the same substrate.
Table 1. Photodeposition parameters used in the NP seeding and growth experiments
NP seeding: 23 factorial experiment levels and factors
Levels
Ag

Au

1

0a

1

1

0a

1

(A) Laser fluence (FL , mJ/cm2 )

13

23

33

20

28

36

(B) Precursor concentration (CP , mM)

1

2

3

2

5

8

(C) MeOH concentration (CS , vol-%)

5

7.5

10

5

12.5

20

k-factors

Number of pulses per spot (NL , pulses/spot)
Repetition Rate (kHz)

1625

975

50

30

NP growth: photodeposition growth parameters
Laser fluence (FL , mJ/cm2 )

27.5/ 33/ 38

36

Precursor concentration (CP , mM)

3

2

MeOH concentration (CS , vol-%)

10

Number of pulses per spot (NL , pulses/spot)
a Level

13

1625-13047

20
8
20

8784

975 - 8960

975 - 9970

0 corresponds to the centre point

The laser-assisted Ag NP growth dynamics was investigated at fixed precursor (CP ) and
sacrificial reagent (CS ) concentrations enabling optimization towards the smallest possible
interparticle distance for the 10–100 nm NP size range based on variation of the number of
pulses per spot (NL ) at two different laser fluence levels (FL ). For the Au NP growth, in addition
to the above-mentioned parameters, two different precursor concentrations were considered.
The parameter sets used in the NP growth study are summarized in Table 1 (NP growth). This
particular choice of the growth parameters was made to take into account the achieved NP seeding
density and the antenna effect, leading to the preferential reduction on the already deposited NP
[30,31].
The TiO2 film properties influencing the photodeposition process were not directly incorporated
in the parametric optimization to reduce the number of experimental runs required. Instead, the
thin film properties were tailored independently to achieve localized NP deposition to enable
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further SERS performance enhancement via tailoring plasmonic properties of the NP arrays
accessible with the laser-assisted nano-/micro-structuring techniques.
3.

Results and discussion

Photodeposition localization study: Photodeposition process is based on light-induced electrochemistry with two reactions occurring at the same time: oxidation by photogenerated holes, and
reduction involving photogenerated electrons (e ). To enable photodeposition, the redox potential
of the metal to be deposited has to match the energy band structure of the semiconductor. It also
has to be accompanied by charge carrier separation and migration in the semiconductor. The latter
leads to the diffusion of the photogenerated e and particle nucleation away from the illuminated
area. The diffusion length of the photogenerated e is defined by the square root of the product
of the e lifetime and the diffusion coefficient. The e lifetime is governed by the recombination
times and reduction kinetics of the ionic species at the surface [57], whereas the diffusion
coefficient is determined by the semiconductor properties. The photogenerated e diffusion in
polycrystalline semiconductors is commonly characterized by the hopping mechanism, governed
by surface trapping as well as interfacial properties between the crystals [58]. A decrease in
crystal sizes was shown to slow the e transport as a result of increase in the trap densities [59].
An increased ratio of the amorphous phase with a slightly larger bandgap than the crystalline
TiO2 was also suggested to further decrease the e diffusion length [60,61]. The crystal sizes and
degree of crystallization are known to depend on the crystallization temperatures and time. Thus,
the TiO2 film optimization strategy was based on the variation of the film calcination temperature.
The measured Raman response of the TiO2 films (see Fig. 1(a)), calcined at 400, 450 and
500 °C for 30 min, confirmed formation of anatase TiO2 phase at all calcination temperatures as
previously found in the similar material systems [32]. The presence of metastable brookite phase
was also observed. The increase in crystallinity of the TiO2 films with the increase in calcination
temperature was confirmed by the observed increase in the intensity of anatase bands [62]. The
observed formation of the metastable polymorph and increase in the amorphous to anatase phase
transition temperature were associated with diffusion of Na+ ions from the glass substrate into
the TiO2 films [32]. The transmittance measurements of the produced films (Fig. 1(b)) showed a
high optical transparency of > 90% in the spectral region from 370 to 1000 nm for all calcination
temperatures. The thickness of the produced TiO2 films was measured to be 200 nm for the
films calcined at 450 and 500 °C, and 220 nm for the 400 °C calcination. The indirect optical
bandgap values of the TiO2 films were determined by using the Tauc relation [63]. The bandgap
was estimated from the Tauc plots (see the inset in Fig. 1(b)), based on the published approach
accounting for the reflections at the air-film-substrate-air interface [64]. The resulting plots
showed presence of two distinct linear regions, associated with the presence of two phases,
yielding the bandgap values of ⇠3.46 eV and ⇠3.32 eV for the high and low energy regions
respectively. The observed bandgap increase, compared with the typically reported values of 3.2
eV [65] for anatase phase, was attributed to Na+ doping of the TiO2 films [66,67].
Figure 2 shows the results of the laser-assisted photodeposition localization study of the
TiO2 films. For the study, a 3-mM AgNO3 precursor solution containing 10 vol % of MeOH
was irradiated with FL = 33 mJ/cm2 at 50 kHz, with NL = 1625 pulses/spot. The observed lack
of readable features for the logotypes shown in Fig. 2(a) and (b) is due to a considerable Ag
NP deposition outside the laser irradiated areas, confirmed by the SEM examination of the
areas adjacent to the laser-written lines. In contrast, the TiO2 films calcined at 400 °C (see
Fig. 2(c), (d)-(f)) demonstrate a high degree of localized NP deposition, associated with a reduced
diffusion length of the photogenerated e due to lower crystallinity of the film. All subsequent
photodeposition experiments were conducted with the TiO2 films calcined at 400 °C.
Photodeposition process optimization — 1. NP seeding: In the NP seeding dynamics study,
the photodeposition results were evaluated to establish the influence of the processing parameters
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Fig. 1. (a) Raman spectra of the TiO2 films calcined at different temperatures. Anatase (A)
and brookite (B) phase peak locations are assigned according to Ref. [68]. (b) Transmittance
spectra of the produced films with the Tauc plot of the film calcined at 400 °C shown in the
inset.

Fig. 2. Laser-assisted photodeposition localization study: Ag NP deposition on the TiO2
films calcined at (a) 500 °C, (b) 450°C and (c) 400 °C; (d) A close-up of the Ag deposition
on film calcined at 400 °C; (e) SEM image of the laser-written line with Ag NP; (f) SEM
image of the area between the laser-written lines showing no observable NP deposition. The
distance between the laser-written lines is 100 µm, the beam spot diameter is 65 µm at the
1/e2 intensity level.

(k-factors, Table 1: NP seeding) on the NP seeding rate and deposition density. These were
estimated using the normalized NP volume per unit area (Vn ) and NP mean centroid distance
(dm ). The results of the 23 -factorial photodeposition experiment for the Ag and Au NP seeding
are summarized in Fig. 3. The main factor influences, shown in Fig. 3(a, b) and Fig. 3(d, e),
qualitatively confirm existence of a combined parameter effect influencing the Ag and Au NP
seeding dynamics. The analysis of the main factor effects shows that the NP seeding stage is
mainly influenced by the laser fluence FL (A) and ion concentration CP (B), with only minor
contribution from the increase in MeOH concentration CS (C). This was confirmed by estimation
of the percentage contribution of each parameter relative to the total sum of squares, plotted in
Fig. 3(c, f). The probability of the parameter contribution calculations, performed using ANOVA,
validated the significant influence of FL (A) and CP (B) on the Ag and Au NP dm and Vn with
the p-values (p) below 0.05, see Fig. 3(c, f). Thus, for the chosen parameter set, the increase
in FL (A) and CP (B) resulted in increase in the seeding rate for both Ag and Au NPs. These
results conform to the photochemical theory for semiconductor-liquid interfaces that predicts an
increase in charge transfer with light intensity, which is further dependent on the concentration of
the redox couple at the electrolyte side [69]. However, the relatively small impact of the increase
in CS (C) suggests that the NP seeding dynamics is mass transfer limited rather than charge
transfer limited, i.e. dominated by the depletion of the reductants at the TiO2 surface but not
the availability of photogenerated e for the metal ion reduction [19,57]. This could explain the
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absence of any appreciable combined influence of FL and CS (AC) on the deposition, which
should result in a noticeable current doubling effect [30,31,57,70]. The observed joined influence
of FL and CP (AB) can also include contribution from an increase in the ion diffusion due to the
laser-induced heating.

Fig. 3. 23 factorial experiments for the laser-assisted Ag (a - c) and Au (d - f) NP seeding
stage. The main process parameter (k-factors) effects on the mean NP centroid distance (dm )
and normalized NP volume per area (Vn ), averaged over all level combinations, for Ag (a, b)
and Au (d, e) depositions. Contribution of the process parameters and their interactions,
based on the sum of squares, for Ag (c) and Au (f) NP depositions. The significant factor
influences (p < 0.05) are calculated by ANOVA.

The laser-induced temperature change was estimated in terms of the optical properties of
the TiO2 film, using the method described in Ref. [71]. For the temperature calculations, the
specific heat capacity of the film was taken to be equal to the value for mesoporous TiO2 thin
film, adapted from [72]. The mass density of the film was assumed to be 10% lower than the
bulk, a typically observed reduction for the spin coated thin films [73]. The film refractive index
was retrieved from the transmission spectrum by applying the numerical method described in
[74]. For the Ag NP seeding case, the maximum resultant temperature change at the surface of
the film in the centre of the gaussian beam after one pulse was estimated to be 41 K for FL = 13
mJ/cm2 and 105 K for 33 mJ/cm2 . Furthermore, the mass diffusion limitation is stronger in the
Ag NP seeding case, due to a large number of photogenerated valence electrons, a lower ion
concentration and a higher pulse repetition rate. This leads to a larger number of excess charge
carriers with a limited diffusion length in the TiO2 film resulting in further temperature increase
and a stronger influence of the laser fluence on the Ag NP seeding rate. These temperature
considerations can explain some deviation from the unidirectional process response evident from
the center point positions in the Ag and Au NP seeding experiments (level 0, Fig. 3(b, d)).
The results of the factorial experiment are summarized in Table 2. For the Ag NP seeding,
the increase in the laser fluence FL (A) and ion concentration CP (B) led to the increase in the
seeding rate, hence the increase in the NP deposition density (nNP ). The lowest and highest NP
densities of 152 and 1070 µm 2 were achieved for the lowest and highest A and B parameter
combinations, corresponding to the levels 1 and 1 respectively (see Table 2). The obtained
mean centroid distances (dm ) varied from 48 ± 19 nm to 22 ± 5 nm for the low and high nNP
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respectively with a corresponding averaged center point (levels 0, Table 2) distance of 34 ± 11
nm. The mean Ag seed diameters (Dm ) varied only slightly from 14 ± 9 to 18 ± 5 nm for the
lowest and highest parameter combinations respectively.
Table 2. Results of the 2k factorial experiment for Ag and Au NP seeding
Ag

Levels
A

B

C

1

1

1

1

1

1
1
1
1
1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

0

0

0

Dm (nm)

dm (nm)

14 ± 9

48 ± 19

16 ± 6

40 ± 15

15 ± 4

46 ± 18

16 ± 5

37 ± 12

15 ± 5

34 ± 11

14 ± 4
16 ± 6
18 ± 5
16 ± 5

Au
nNP (µm 2 )
152

25 ± 7

708

23 ± 6

907

31 ± 9

369

22 ± 5

1070

220
156
257
335

Dm (nm)

dm (nm)

nNP (µm 2 )

16 ± 5

41 ± 15

181

23 ± 6

63 ± 30

16 ± 5
28 ± 9
17 ± 5

16 ± 5

30 ± 10

409

47 ± 17

164

28 ± 8

506

38 ± 13

239

38 ± 15

26 ± 7

61 ± 26

24 ± 7

49 ± 20

24 ± 8

69
212
83
134

A different parameter combination leading to the high- and low-density NP coverage was
observed in the Au NP seeding experiment. The lowest nNP of 69 µm 2 , corresponding to dm
of 63 ± 30 nm, was found for the combination of low laser fluence (A level 1, Table 2) and
high ion concentration (B level 1, Table 2). The highest Au NP density of 506 µm 2 , with dm of
28 ± 8 nm, was observed for the high laser fluence (A level 1, Table 2) and low ion concentration
(B level 1, Table 2). The mean Au seed diameters appeared to be influenced by the initial ion
concentration varying from a minimum value of 16 ± 5 nm at 2 mM (level 1) to a maximum of
28 ± 9 nm at 8 mM (level 1). The observed differences in the Ag and Au seeding behavior can
be explained by dynamic coalescence of NPs during early stages of the Au seeding and before
the critical particle size is reached which inhibits the surface diffusion and Ostwald ripening
[75]. Both dynamic effects are common for small NP with decreased particle-substrate adhesion
and increased temperature [75]. Furthermore, the reported exothermic nature of migration
coalescence [76] facilitates an autocatalytic effect leading to further coalescence. Recent studies
confirmed that the higher activation energy is required for migration of Ag atoms compared to
Au atoms on the TiO2 surface due to lower Au bonding energy at the preferred metal binding
sites on TiO2 [77]. It has to be noted that for the chosen irradiation parameters in the Ag and Au
NP seeding study the effect of static coalescence was not observed.
2. NP growth: The optimization towards the smallest interparticle distance was conducted
by varying the applied number of pulses per spot (NL ), as this stage is known to be dominated
by so-called antenna effect leading to preferential ion reduction on the already deposited NP
[30,31]. Based on the results of the factorial experiment, different parameter combinations were
used for Ag and Au NP growth with the aim to achieve varying NP densities, thus exploring the
possibility to manipulate the NP sizes at short interparticle distances.
The Ag NP growth study was conducted using 3-mM AgNO3 precursor solution containing
10 vol-% of MeOH, consistent with the level 1 concentrations used in the seeding experiment
(Table 1, factors B and C). Since the laser fluence (FL ) had the largest impact on the particle
density, the growth phase was carried out using a set of FL in the range from 13 and 38 mJ/cm2
with NL varied from 1625 to 13047 (see Table 1: NP growth). The results of the Ag NP growth
are summarized in Table 3. Figure 4(a) and 4(b) show somewhat limited Ag NP growth at FL = 13
mJ/cm2 for the NL range from 1625 to 8784 pulses delivered to the TiO2 surface in a continuous
manner. Considerable acceleration in the NP growth was observed for the NL range from 8784 to
13047 pulses (Fig. 4(a, b), Table 3), delivered in discrete reirradiation steps of 203 pulses/spot.
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The observed growth dynamics is associated with the depletion of the precursor at the TiO2
film surface during continuous pulse deposition, leading to a slow, mass-transfer-limited NP
growth, whereas the step-like reirradiation enables diffusive re-equilibration of the depleted layer,
resulting in the increased NP growth rate. A significant increase in nNP observed in the NL range
from 8784 to 9596 pulses/spot suggests that additional NP seeding events are also taking place.
For NL >10611 pulses/spot, the onset of static coalescence may also contribute to the observed
increase in the Ag NP size as the growth is accompanied by small increase in dm and decrease in
nNP (see Fig. 4(a), Table 3). A sharp increase of ⇠17% in the NP surface coverage was observed
in the NL range from 8784 to 10611 pulses/spot (see Table 3). However, at longer illumination
times, NL > 10611 pulses/spot, the rate of surface coverage appears to decrease which can be
associated with radiation shielding of the TiO2 surface by the already deposited NP [28].

Fig. 4. Regular photocatalytic growth of Ag NPs for CP = 3 mM, CS = 10 vol-%, FL = 13
mJ/cm2 . Evolution of the mean NP diameter (Dm ) and centroid distance (dm ) (a), and
surface coverage (b) with increase in the number of pulses per spot (NL ) from 1625 to 13047.
SEM images of the Ag NPs deposited at different NL (c - f).

The Ag NP growth at higher laser fluences (i.e. FL >13 mJ/cm2 ) led to formation of larger
NPs with the surface coverage reaching 55% at FL = 38 mJ/cm2 , NL = 8784 pulses/ spot (see
Fig. 5(a); Table 3: Dewetted NP growth). The spheroidal shape of the Ag deposits, shown in
Fig. 5(b-d), suggests that the NP growth was influenced by melting of the deposited NP followed
by coalescence and re-solidification [78]. This process is similar to the thermal dewetting of thin
metal films [79], which relies on the minimization of Gibbs free energy to form nano-islands at
elevated temperatures, governed by surface-limited diffusion [78]. Unlike conventional dewetting
methods, requiring sequential heating with additional metal film deposition in order to achieve
high NP density [80], the laser-assisted photodeposition combined with dewetting does not
require intermediate metal deposition steps as the photoinduced metal reduction continues while
the NP are being dewetted. Moreover, this combined process appears to negate the radiation
shielding effect, observed during the low laser fluence growth (Table 3: NP growth), allowing for
further nanostructure refinement towards high SERS EFs.
The Au NP growth was performed using 2- and 8-mM HAuCl4 precursor solutions containing
20 vol-% of MeOH at 36 and 20 mJ/cm2 respectively to facilitate a wide range of the resulting
NP sizes and densities. The total NL was varied from 975 to 8970 pulses/spot in successive
reirradiations steps of 203 pulses/spot to prevent mass transfer limited growth. The results of
Au NP growth are shown in Fig. 6 and are summarized in Table 4. A rapid increase in the NP
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Table 3. Results of the Ag NP growth experiment (CP = 3 mM, CS = 10 vol-%)
Dm (nm)

dm (nm)

nNP (µm 2 )

Coverage (%)

Regular NP growth
FL = 13 mJ/cm2

NL (pulses/spot)
1625
8784
9596
10611
11626
12641
13047
Dewetted NP growth

12 ± 3

26 ± 7

608
642

8.54

17 ± 6

23 ± 5

1039

17.61

23 ± 5

1005

25.42

25 ± 5

979

28.56

842

30.95

25 ± 10

27 ± 5

26 ± 5

886

31.5

31 ± 13

30 ± 6

665

39.51

354

50.14

49 ± 19

43 ± 8

337

54.96

15 ± 6
20 ± 6
22 ± 6
25 ± 9

27 ± 7

FL (mJ/cm2 )
27.5
33
38

4.97

NL = 8784 pulses/spot
46 ± 19

42 ± 8

Fig. 5. Dewetted growth of Ag NPs (CP = 3 mM, CS = 10 vol%, NL = 8784 pulses/spot).
Evolution of the mean NP diameter (Dm ) and NP surface coverage (a) is for the laser fluence
(FL ) ranging from 27.5 to 38 mJ/cm2 . Corresponding SEM images of the NP (b-d).

density at almost constant NP size was observed at the initial stages of Au growth at NL = 975
and 1560 pulses/spot with CP = 2 mM (see Fig. 6(a, b)), suggesting that NP nucleation is still
taking place at low NP surface coverage levels, as was also observed during the Ag NP growth.
The highest nNP of 599 µm 2 with the lowest dm was found after 1560 pulses/spot (see Table 4:
CP = 2 mM, FL = 36 mJ/cm2 ). The increase in NL led to the formation of mainly skewed Au NPs,
as seen in Fig. 6(e), and decrease in nNP to 483 µm 2 as a result of increasing static coalescence at
larger NL . The rate of surface coverage increased with the number of delivered pulses, reaching a
plateau at NL = 8970 pulses/spot (see Fig. 6(b, e)) due to the onset of radiation shielding. The
increase in ion concentration to 8 mM at FL = 20 mJ/cm2 led to the deposition of larger NPs at
lower density for the same NL (see Table 4: CP = 8 mM, FL = 20 mJ/cm2 ). This is consistent
with the dynamic coalescence of Au NPs, also observed in the Au seeding experiment. At
NL = 2145 pulses/spot, formation of Au nanostructures with skewed morphologies was observed
(see Fig. 6(f-g)). Further increase in NL led to formation of the Au films with the surface coverage
reaching 95.6% at 9970 pulses/spot (see Fig. 6(h)). Thus, the Au NP growth with high precursor
concentrations led to an early onset of static coalescence leading to formation of a peculated film
at high NL . The overall larger standard deviation observed in the Au NP growth study, compared
to the Ag growth, are attributed to increased influence of coalescence effects during the Au NP
growth.
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Fig. 6. Au NP growth with CP = 2 mM, CS = 20 vol%, FL = 36 mJ/cm2 (a - e) and
CP = 8 mM, CS = 20%, FL = 20 mJ/cm2 (f - h). Evolution of the mean NP diameter (Dm )
and mean centroid distance (dm ) (a) and surface coverage (b) with increase in the number of
pulses per spot (NL ) from 975 to 8970. Corresponding SEM images of the NP (c-h).

Table 4. Results of the Au NP growth experiment (CS = 20 vol-%)
NL (pulses/spot)

Dm (nm)

dm (nm)

nNP (µm 2 )

Coverage (%)

CP = 2 mM, FL = 36 mJ/cm2
975
1560
2145
2730
3315
8970
975
1170
1560
2145
8970
9970

26 ± 11

36 ± 10

340

14.99

30 ± 7

599

29.12

30 ± 12

30 ± 6

584

34.30

34 ± 6

453

32.39

35 ± 8

456

39.36

34 ± 7

483

42.85

48 ± 23

61 ± 19

60 ± 26

63 ± 19

27 ± 14

34 ± 13
37 ± 18
38 ± 17

51 ± 24

81 ± 49

CP = 8 mM, FL = 20 mJ/cm2
119

18.86

61 ± 17

116

20.37

111

25.36

73 ± 23

88

38.86

film formation

79.98

film formation

95.59
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SERS performance study: The photodeposited Ag and Au nanostructures examined in the
SERS study were selected based on previously described criteria for high SERS EF performance.
The photodeposition process parameters and SERS performance results are summarized in
Table 5. The extinction spectra of the Ag NP used in the study are shown in Fig. 7(a, b). Both
sets of spectra for the regular photoinduced (Fig. 7(a)) and combined with dewetting (Fig. 7(b))
Ag NP growth show presence of two extinction bands peaked at ⇠387 nm and ⇠520 nm. The
long-wavelength band ( SPR2 ) can be clearly attributed to the surface plasmon resonance (SPR)
of the Ag NPs on TiO2 surface. The red shift of the SPR band (see Table 5: Regular NP growth,
SPR2 ) observed on increase of the number of pulses per spot (NL ) was ascribed to the increase in
the mean NP size [81,82]. The dewetted NP growth mode (see Table 5: Dewetted NP growth,
SPR2 ) resulted in the SPR band broadening with a negligible spectral shift of the peak (see
Fig. 7(b)). Maxwell-Garnett theory suggests that the SPR broadening is the result of an increase
in the mean NP size and increase in the volume filling factor or surface coverage of the Ag NP
[83]. The additional short-wavelength band ( SPR1 ) was previously observed in the similar Ag TiO2 SERS systems [11,19,25], and was attributed to the absorption either due to the presence of
small NPs [11] or trapped holes in the TiO2 film [84]. However, the observed spectral position
of the peak and bandwidth of the measured SPR1 band (Fig. 7(a, b)) as well as the spectral
shift of SPR1 peak with increase in NL appear to support neither hypotheses. Thus, it can be
concluded that SPR1 band originates from the hybridization effect between the dielectric TiO2
film and NPs [49]. The asymmetry of dielectric environment at the air/film interface leads to
the emergence of additional plasmonic modes normal and parallel to the interface which were
shown to be increasingly prominent with increasing film refractive index [85]. Consistent with
the hybridization model, these multipolar modes at a planar interface arise from changes to the
effective field experienced by the NP due to the reflected and scattered fields at the interface,
influenced by the substrate/medium refractive index ratio and NP size [25,86].
Table 5. Results of the SERS performance study
NL (pulses/spot) /
FL (mJ/cm2 )

SPR1

(nm)

SPR2

(nm)

EF532 (%RSD)

EF633 (%RSD)

EF785 (%RSD)

Ag NP: CP = 3 mM, CS = 10 vol-%
Regular NP growth
11626 / 13

383

515

8.30E+04 (8.45%)

5.09E+04 (14.72%)

12235 / 13

386

518

9.20E+04 (5.17%)

5.17E+04 (16.29%)

12641 / 13

388

523

1.01E+05 (16.38%) 4.68E+04 (15.26%)

Dewetted NP growth
8784 / 27.5

392

528

1.36E+05 (6.3%)

8784 / 33

395

527

1.56E+05 (21.2%)

1.52E+05 (20.67%)
2.73E+05 (28.8%)

8784 / 38

391

518

1.36E+05 (9.52%)

5.37E+05 (27.81%) 1.68E+05 (20.69%)

2145 / 36

391

540

8.52E+04 (10.7%)

2730 / 36

394

549

9.60E+04 (7.92%)

3315 / 36

395

552

1.50E+05 (6.4%)

8970 / 36

398

547

1.26E+05 (19.52%)

1.10E+05 (22.24%)

Au NP: CP = 2 mM, CS = 20 vol-%

The Raman spectra of the pure and Ag NP-adsorbed thiophenol used in calculation of the
EF are shown in Fig. 7(c). It has to be noted that all SERS measurements were taken in the
center of the laser-deposited lines as gaussian intensity distribution of the laser source induces
transversal inhomogeneity in the NP deposits, resulting in the decreased EFs towards the edges the
laser-written line, as shown for the 785-nm excitation in Fig. 7(d, e). The SERS EF performance of
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Fig. 7. Extinction spectra and calculated EF with RSD of regularly grown (a) and dewetted
(b) Ag NPs. (c) Representative Raman spectra used the EF calculations: 1) Pure thiophenol
reference spectrum; 2) SERS spectrum of thiophenol at exc = 633 nm after background
correction; 3) SERS spectrum without background correction with the calculated background
shown in blue. (d) Microscope image of the Ag laser deposition at FL = 38 mJ/cm2 under
100x magnification. (e) 100 ⇥ 100 µm2 SERS signal mapping of (d) at exc = 785 nm with a
10-µm step size with. The black dot in (d) corresponds to (0, 20) µm position coordinate in
(e).

the regularly grown Ag NPs is shown in Fig. 7(a) and is listed in Table 5. The signal enhancement
was observed at 532 and 633 nm excitation which coincides with the long-wavelength shoulder
of the SPR2 band, with the highest EF of 1.01 ⇥ 105 achieved for NL = 12641 pulses/spot at
exc = 532 nm. A decrease in the EF accompanied by an increase in the relative standard deviation
(RSD) of the 1070 cm 1 band integrated intensity (n=21) was found further away from the
maximum of the SPR2 band at exc = 633 nm. The observed RSD for all regularly grown Ag
NP substrates was in the range from 5.2 to 16.4%. No SERS signal was observed at exc = 785
nm. The dewetted Ag NP growth resulted in a superior SERS performance at all three excitation
wavelengths, with the highest mean EF reaching 5.37 ⇥ 105 for FL = 38 mJ/cm2 at exc = 633 nm
(see Fig. 7(b), Table 5: Dewetted NP growth). Compared to the regular growth, these Ag NPs
had a larger mean diameter as well as higher surface coverage (see Table 3), resulting in the SPR
band broadening and larger scattering cross section [87]. The increase in the RSD correlates with
the increase in the NP size distribution for the dewetted growth mode (see Table 3: Dewetted NP
growth).
The extinction spectra of the Au NP are shown in Fig. 8(a). A similar long-wavelength shift
of the SPR2 band (see Table 5) associated with an increase in the mean NP size was observed
with increase in NL . The SERS performance of the Au NP substrates was limited to the 633 nm
excitation; no SERS signal was observed at 532 and 785 nm excitations. The increase in Au EFs
with the number of deposited pulsed followed the general trend observed for the Ag NPs, with
the highest EF reaching 1.5 ⇥ 105 (RSD = 6.9%) for NL = 3315 pulses/spot and FL = 36 mJ/cm2
(Fig. 8(b)). At NL = 8970 pulses/spot, a small reduction in EF accompanied by a substantial RSD
increase to ⇠20% was associated with the skewed Au NP shapes resulting from coalescence as
shown in Fig. 6(e).

Research Article

Vol. 11, No. 9 / 1 Sep 2021 / Optical Materials Express

3093

Fig. 8. Extinction spectra (a) and corresponding mean SERS EF at 633 nm (b) achieved on
Au NPs (CP = 2 mM, CS = 20 vol%, FL = 36 mJ/cm2 ) deposited at increasing number of
pulses per spot (NL ).

Thus, the SERS study showed the optimized photodeposition parameter set for high EF with
the Ag-TiO2 composite substrates should target growth of larger NP in the 10 - 100 nm diameter
range at short interparticle distances below 10 nm, as seen from Table 3 and 5 for the regularly
grown Ag NPs at exc = 532 nm. This was further confirmed by the high SERS EF performance
achieved with the dewetted Ag NPs (Dm > 30 nm) at all three excitation wavelengths (see
Table 5: Dewetted NP growth). Here, the high levels of Cp = 3 mM and FL = 38 mJ/cm2 at
NL = 8784 pulses/spot and Cs = 10 vol-% ensured sufficient thermalization and deposition rate
for the dewetted NP growth mode. The trends observed in the factorial experiment demonstrate
that lower NP densities, thus larger Dm before reaching static coalescence, can be targeted by
decreasing Cp and FL in the regular NP growth. For the dewetted growth case, Dm can be further
increased with increase in FL at otherwise constant parameters. The trend towards larger NP
at short interparticle distances for high SERS EF remains true for the Au NP photodeposition,
however the influence of dynamic coalescence on final surface morphology has to be taken
into account. Here, the high deposition rate at reduced dynamic coalescence was observed for
the Au-TiO2 substrates produced with Cp = 2 mM and FL = 36 mJ/cm2 at NL = 2145 - 8970
pulses/spot and Cs = 20 vol-%. At CP = 8 mM, strong influence of dynamic coalescence led to
the skewed NP shapes and reduced surface coverage (see Table 4: CP = 8 mM, FL = 20 mJ/cm2 ).
Therefore, the Au NP with Dm > 30 nm can be achieved by a small increase in CP , below 8 mM.
Typically reported SERS EF values of the photodeposited Ag-TiO2 composite substrates are
in the range from 105 to 106 [21,22,25] for exc in the range from 514 to 532 nm. The highest
EF value of 1.2 ⇥ 106 was reported for 4-MBA probe molecules under nonresonant excitation
[25]. Despite similarities between the nanostructures, the EFs achieved in this work are on
average one order of magnitude smaller than reported in Ref. [25]. This can be attributed to
a strong binding affinity of 4-MBA to TiO2 [88] which leads to an additional increase in the
EF value due to the charge-transfer-induced SERS through electron injection from the TiO2
conduction band to the surface bonded molecules [13]. The opposing EF trends with increase
in Dm observed in Ref. [25] can be attributed to the NP size dependent charge transfer kinetics
[89]. The SERS performance of the Au nanostructures produced in this work appears to surpass
the values reported earlier for the Au-TiO2 systems. The EF values of similar substrates range
from 7 ⇥ 103 [14] to 7 ⇥ 104 [26] at exc = 633 nm using 4-MBA as a probe molecule. Herein
the higher surface coverage with larger Au NP enabled further improvement of the SERS
performance with the EF reaching 1.5 ⇥ 105 with thiophenol probe. Admittedly the EF values of
the photodeposited SERS platforms are still short of those achieved by other established methods
such as nanosphere lithography with SERS EFs of ⇠108 for the substrate matched exc [45].
However, the simplicity and scalability of the photocatalytic production method is increasingly
recognized as a prerequisite for translating SERS platforms to practical analytical applications.
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Further increase in the SERS EF performance, beyond the 105 mark, can be achieved for the
SERS composite platforms with larger NP sizes at high surface coverages (e.g. for the Ag-TiO2
composite substrate, Dm > 50 nm at surface coverage > 55% should be attained). This can
be realised in the Ag-TiO2 systems via the dewetted growth mode. The regular growth mode
at the precursor concentrations below 8 mM can be employed for the Au-TiO2 systems at low
NP seeding densities. For the probe molecules benefiting from the charge-transfer effect (e.g.
4-MBA), smaller Dm at higher NP seeding densities are required to achieve large charge-transfer
contributed SERS EFs. The self-cleaning performance of the Ag/Au-TiO2 substrate will be
studied in our future works as a route towards recyclable SERS platforms.
4.

Conclusion

The ns-pulsed laser-assisted photocatalytic growth optimization procedure based on the design of
experiment approach is demonstrated by monitoring single and combined influences of the laser
fluence, number of pulses per spot, precursor and sacrificial agent concentrations. The TiO2
film properties were independently optimized to achieve highly localized photodeposition. It
was found that the Ag and Au NP seeding rates increase with increase in the laser fluence and
metal ion concentration in a mass-transport-limited process. The increase in the sacrificial agent
concentrations had little to no effect on the NP deposition rate. However, the initial screening
experiments showed that the process is significantly slowed down if no sacrificial agent was
added. In the case of Au NP seeding, the metal ion concentrations above 2 mM led to increase in
surface migration and dynamic coalescence resulting in decrease in Au NP seeding density. In
contrast, the Ag NP seeding density increased with increase in the precursor concentration. The
NP growth mode was supported by the increasing in the number of delivered pulses per spot.
Some additional NP seeding during the growth was noted, particularly when the step reirradiation
was applied. The examined processes were additionally influenced by the laser induced heating.
At high laser fluences, the laser induced heating enable a different NP growth mode accompanied
by NP melting, coalescence and re-solidification. This resulted in a larger mean NP size as
well as higher surface coverage thus circumventing the problem of static coalescence occurring
during the regular photocatalytic growth. The SERS performance study conducted at 532, 633
and 785 nm showed that the high enhancement SERS nanostructures can be reliably achieved by
controlling a small number of the film-independent parameters. Considering the conservative
approach used in the SERS EF calculation, the values presented here provide a meaningful
baseline for the EFs achievable with photodeposited SERS platforms.
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