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Introduction

Tunable-wavelength nanosecond laser tailoring of
plasmon resonance spectra of gold nanoparticle
colloids+

Thanyada Sukmanee,@j: Michat Szuster,i Aleksander Gorski, @ Marcin Hotdynski
and Sylwester Gawinkowski & *

Metal nanoparticles have applications across a range of fields of science and industry. While there are
numerous existing methods to facilitate their large-scale production, most face limitations, particularly in
achieving reproducible processes and minimizing undesirable impurities. Common issues are varying
particle sizes and aggregates with unfavorable spectral properties. Researchers are currently developing
methods to separate or modify nanoparticle sizes and shapes post-synthesis and to eliminate impurities.
One promising approach involves laser light irradiation and enables the changing of nanoparticle sizes
and shapes while controlling crucial spectral parameters. In this work, we present a novel extension of
this method by irradiating nanoparticle colloids with variable-wavelength nanosecond laser pulses on
both sides of the extinction band. Our results demonstrate the use of gradual laser wavelength tuning to
optimize the photothermal reshaping of gold nanorods and achieve precise control over the plasmon
resonance band. By irradiating both sides of the plasmon resonance band, we execute a multistep tuning
process, controlling the band's width and spectral position. A statistical analysis of SEM images reveals
differences in the nanorod morphology when irradiated on the long- or short-wavelength side of the
plasmon resonance band. The fine-tuning of plasmonic spectral properties is desirable for various
applications, including the development of sensors and filters and the exploitation of the photothermal
effect. The findings of this study can be extended to other plasmonic nanostructures.

dielectric properties of the environment.”** Fine-tuning of the
SPR and optimization for specific applications is possible by

Gold nanoparticles have a wide range of applications across
various fields, such as sensing,’™ imaging,*® single-molecule
detection,”®  optics,"™** catalysis,””™* biology,>**'* and
medicine.””™ As the demand for nanoparticle production
continues to grow, it becomes essential to develop methods that
guarantee high purity, accurate morphology, size, and property
control, while also accommodating industrial-scale
manufacturing capabilities. Gold nanoparticles possess
unique optical properties resulting from the excitation of
surface plasmon resonances (SPR), which are the collective
oscillations of free electrons along metal lattices that allow
them to capture and manipulate light efficiently at the nano-
scale.*®** The SPR energy can be determined from optical
extinction spectra and depends on various factors, such as the
metal, the nanoparticle dimensions and shape, and the
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controlling these factors. However, obtaining large numbers of
nanoparticles with the required optical properties can be chal-
lenging. Various protocols including chemical, photochemical,
and electrochemical methods have been developed.”**
However, controlling these methods and ensuring reproduc-
ibility has proven challenging,*® leading to significant by-
products and nanoparticles with varying sizes, shapes, and
aggregates. Moreover, the amount of each type of contamina-
tion, which causes a broadening of the SPR band, has also been
found to vary between production batches, affecting reproduc-
ibility. The broadening of the SPR band could limit the feasi-
bility of specific applications, as a precise match between the
excitation and SPR wavelengths is often required for optimal
performance. Furthermore, the localization of the electromag-
netic field is much stronger in nanogaps formed in aggregates,
which may dominate the spectral response of the colloid.**"*!
Reproducing the optical properties of nanoparticles using
chemical protocols is a significant obstacle to the widespread
development and use of these materials. Therefore, post-
production methods are being developed to improve the
required properties of nanoparticles. Different methods of
purification and separation have been devised.***
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Alternatively, the optical properties of colloids can be improved
through the modification of nanoparticles. One method that
can be implemented even on a large scale is based on the pulsed
laser irradiation of solutions of nanoparticles. Although still in
its early stages, modification of nanoscale structures using
ultra-short laser pulses has demonstrated considerable
potential.?”3¢3#

In this study, we use laser light to photothermally reshape
gold nanorod (GNR) colloids and precisely adjust their SPR
bands. GNRs have two SPRs (Fig. 1), whose energies depend on
the length and thickness of the rod.*® The longitudinal SPR
(LSPR) of a nanorod can be tuned over a broad range of ener-
gies, primarily by controlling the aspect ratio. Conversely, even
minor changes in the aspect ratio result in significant shifts in
the LSPR spectral position. Due to the challenge associated with
maintaining precise control during synthesis, the resulting
distribution leads to a substantial broadening of the LSPR. The
width and position of the LSPR band can be influenced by
irradiating a nanoparticle colloid with a laser beam. Pulsed
lasers with femto- or nanosecond pulses are typically used to
reshape nanoparticles and alter their SPRs,**** although the
utility of continuous-wave lasers has also been demon-
strated.*>** The detailed reshaping mechanism depends on the
duration and intensity of the laser pulse.**** Generally, when
nanoparticles are exposed to light tuned to the SPR frequency,
their electrons oscillate collectively before thermalizing, which
leads to local melting and atomic rearrangement within the
nanoparticle.***®* However, using only one irradiation wave-
length restricts the method's effectiveness, particularly when
the SPR band is relatively broad. This process can be enhanced
by employing a tunable wavelength laser and systematically
adjusting it during irradiation. It has been shown that the SPR
band of a nanorod colloid can be spectrally narrowed to almost
the limit defined by the bandwidth of individual nanorods by
applying femtosecond laser irradiation to the longer-
wavelength side of the LSPR band.*® Consequently, nanorods
and aggregates with SPRs coinciding with applied laser wave-
lengths have been photothermally reshaped, and their SPRs
shifted toward shorter wavelengths. By applying additional
irradiations on the other side of the LSPR, it should also be
feasible to affect this part of the band and control its position
and width.

Building on this premise, we progressively altered the
wavelength of a tunable nanosecond pulsed laser during such
a process and applied it to both sides of the LSPR band. To our
knowledge, this is the first report of short-wavelength side
irradiation and its influence on the spectral response of the gold
nanorods colloid. Furthermore, we are presenting double-sided
irradiation of the LSPR band. This approach reduced the
initially broad LSPR band below 80 nm for the partially-
aggregated GNR colloid. We monitored the spectral changes
and determined the final nanoparticle morphology using
scanning electron microscopy (SEM). Additionally, we con-
ducted a numerical analysis of the nanoparticle spectral and
shape changes and verified the reproducibility of the procedure.
Our post-synthesis refabrication method, which employs
double-sided LSPR band irradiation, offers a straightforward
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alternative to complex chemical or separation techniques and
can be used to prepare and develop novel plasmonic devices.

Experimental

Gold nanorod colloids were obtained through chemical
synthesis using the seed growth method.* The resulting GNR
colloids were characterized using SEM and extinction spectra
analysis. Different batches of the synthesis produced slightly
different size distributions of the GNRs and spectra, as shown
in Fig. S4 of the ESI.T The colloids were irradiated in 1 cm quartz
cuvettes equipped with a small magnetic stirring magnet driven
by a home-built magnetic stirrer at 400 rpm. The Opotek
Radiant SE 355 LD tunable wavelength nanosecond pulse laser
was used to irradiate the colloids with a 5 ns pulse and 10 Hz
repetition rate. The pulse energy was controlled with a gradient
neutral density filter and set to 1 mJ before the cuvette. The
irradiation time necessary for a slow but complete decrease of
the extinction value at the irradiation wavelength was estimated
at 30 minutes. Irradiation of the long-wavelength side of the
LSPR band was initiated at the band's tail (830 nm) and grad-
ually decreased to 680 nm in 10 nm steps. On the short-
wavelength side of the LSPR band, the irradiation started at
600 nm and increased gradually in steps of 5 nm to 660 nm.
After each irradiation step, the extinction spectrum of the
colloid was measured using a Shimadzu UV-2700 spectrometer
and 20 pl of the colloid was drop-casted onto a silicon substrate
for SEM characterization. The SEM images were analyzed using
custom Python code (details in ESIf) to extract statistical data.

Two-sided irradiation was conducted in a similar way to
single-sided irradiation. Firstly, the long-wavelength side was
irradiated starting at the tail of the LSPR band (830 nm) and
gradually decreased to 750 nm in steps of 10 nm. Then, the
irradiation on the short-wavelength side increased gradually in
steps of 5 nm from 580 to 600 nm. The irradiation in each step
lasted 30 minutes.

Results and discussion

Fig. 1 shows how the extinction spectra of the GNR colloids
evolved with the separate irradiations on each side of the LSPR
band. The band located at 515 nm represents the transverse SPR
(TSPR) mode, while the broad band at 663 nm is the LSPR mode
of the separate GNRs and their aggregates. The LSPR band is
more prone to changes due to laser-induced variations in the
aspect ratios of nanorods and their size dispersion.*** The
irradiation process started at the long-wavelength tail of the
LSPR band and the spectral changes of the colloid were moni-
tored. As the extinction at the irradiation wavelength dropped
close to zero, the irradiation wavelength gradually changed. The
subsequent irradiations were closer to the maximum of the
LSPR band and typically led to a narrower full width at half
maximum (FWHM), decreasing it from 165 to 100 nm (Fig. 1(e)).
A gradual reduction in intensity on the longer-wavelength side
of the LSPR band shapes its towards a Lorentzian profile.
However, concurrently on the other side of the band, an
increase in intensity is observed, resulting in only a moderate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The evolution of the extinction spectra of the GNR colloid during i

Irradiation wavelength (nm)

rradiation on the longer- (a) and shorter- (b) wavelength side of the LSPR

band. The consecutive irradiation starts with the green curve and ends with the red curve. The arrows indicate the directions of changes. Parts (c)
through (h) show the evolution of specific spectral parameters during the irradiation procedure: extinction (c and f), peak position (d and g), and
FWHM (e and h), for longer- and shorter-wavelength LSPR band side irradiations, respectively.

decrease in its FWHM. Consequently, when the wavelength of
irradiation closely approaches the original peak position of the
band, the peak also begins to shift towards shorter wavelengths.
The changes in the extinction values and the positions of the
SPR bands are depicted in Fig. 1(a)—(f).

Irradiating the LSPR band on either side results in an
increase in the extinction of the TSPR band. Fig. 1(c) shows that
when irradiated on the longer-wavelength side of the LSPR
band, the extinction of the LSPR initially increases by around
20% in the first few steps but then starts to decrease with each
subsequent irradiation. In contrast, the extinction of the LSPR
decreases almost immediately from the beginning of the irra-
diation started on the shorter-wavelength side of the band
(Fig. 1(b)). The position of the maximum of the LSPR band

© 2023 The Author(s). Published by the Royal Society of Chemistry

remains constant at the beginning of the long-wavelength-side
irradiation but starts to quickly blue-shift at the same point
when the intensity of the band begins to decrease (Fig. 1(d)). On
the other hand, the intensity of the TSPR band continuously
increases and red-shifts throughout the entire procedure,
regardless of the irradiation side (Fig. 1(d) and (g)). In both
cases, the FWHMs of the LSPRs continuously decrease while the
FWHMs of the TSPRs increase (Fig. 1(e) and (h)).

These results suggest the reshaping of the nanorods,
resulting in an increased population of shorter nanorods and
their thickening, as has been observed in other studies.*”*%*
They also suggest the elimination of aggregates, which have
a longer-wavelength SPR band than separated nanorods. When
irradiated from the longer-wavelength side, the maximum

Nanoscale Adv., 2023, 5, 3697-3704 | 3699
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extinction intensity of the LSPR band is reached when the
irradiation wavelength goes down to 730 nm, suggesting that
the entire irradiation process should be stopped at this point.
However, further narrowing of the band requires continuing the
irradiation process at the cost of slightly lower extinction.

When irradiated from the shorter-wavelength side of the
LSPR band, the band peak position shifts and systematically
narrows while the band loses its intensity (Fig. 1(f)-(h)). This
irradiation mainly decreases the population of short nanorods
in the colloid, converting them into more spherically-shaped
nanoparticles. The energy of the laser pulses was tested and
maintained at a level that induced slow spectral changes
throughout the entire process. Higher laser pulse energies
result in the re-ablation of nanoparticles and do not permit the
precise control of outcomes, leading to the fragmentation and
creation of nanoparticles of varying sizes. Maintaining the laser
pulse energy below the threshold required for nanoparticle
ablation allows for better control of the process and its results.
Under such conditions, structural changes in the nanoparticles
occur due to the melting or thermal reshaping of the irradiated
nanorods, which have the same resonance as the laser wave-
length irradiation.****

The statistical analysis of the SEM images confirmed the
absence of fragmentation of nanoparticles (see ESIf). The
transformation of extinction spectra due to laser irradiation
results from changes in the size, shape, and population dis-
persity of nanoparticles in the colloid. Fig. 2 presents SEM
images of nanorod colloids before and after irradiation.
Initially, the nanorods in Fig. 2(a) and (c) were predominantly
regular rod-shaped particles. Fig. 2(b) shows nanorods with
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shorter lengths and more spheroidal shapes resulting from
irradiation on the long-wavelength (830-680 nm) side of the
LSPR band. Fig. 2(d) reveals more irregular forms when the
nanorods are irradiated on the short-wavelength (600-660 nm)
side.

The observed changes in the spectra can be attributed to the
reshaping of nanorods with different LSPRs under irradiation
with different wavelengths. Specifically, when irradiated at the
longer-wavelength tail of the LSPR band, only the longest GNRs
and aggregates with LSPRs shifted toward longer wavelengths
are affected. As the laser is shifted to a slightly shorter wave-
length, it becomes better tuned to the SPRs of other populations
of nanorods. Due to the photothermal effect, those nanorods
change shape and adopt a more spheroidal morphology (Fig. 2)
with LSPRs at shorter wavelengths. Such morphological
changes are very similar to previously reported for the GNRs
colloids irradiated with femtosecond pulses®**** and single dry
nanorods irradiated under microscope.**® The photothermal
mechanism of laser-induced morphology changes may be sup-
ported by the results of experiments using solely thermal
means, which show the same shape changes.* The progressive
spheroidization of the GNRs is confirmed by the systematic
changes in the population of nanorods with different aspect
ratios (Fig. 3). The additional extinction of reshaped GNRs
contributes to the extinction intensity of the remaining unaf-
fected GNRs, leading to a local increase in the LSPR band
intensity. This may also cause a shift in its maximum (Fig. 4).
Conversely, when irradiated at the shorter-wavelength side of
the LSPR, the resulting more spheroidal nanoparticles have
LSPR resonances shifted even further toward the original
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transverse surface plasmon resonance (TSPR), causing only
a decrease in the local intensity of the LSPR. The decreasing
aspect ratio of the nanorods is also a result of their thickening.
As the transverse dimension of the GNRs is not controlled
during the irradiation process, it results in a larger variation in
the transverse dimension for the whole population of nano-
particles. This causes a broadening of the TSPR band on the
extinction spectrum. Thicker nanorods have a plasmon reso-
nance at slightly lower energies and are more intense, so the
TSPR band appears shifted toward longer wavelengths and is
slightly higher.

Visual inspection of the SEM images only allows for the
identification of significant changes in the morphology of the
GNRs, such as those before and after all irradiation steps
(Fig. 2(a)-(d)). We conducted a numerical analysis (see ESIT) to
analyze these changes further. For each irradiation step, we
selected at least a few hundred GNRs to ensure an accurate
representation of the results. The aspect ratio of the long to
short dimensions was used to parameterize the morphological
changes. The accuracy of the representation of the GNRs as
ellipsoids was tested by using the populations of ellipsoidal
nanoparticles extracted numerically from the SEM images as
input for simulating their absorption spectra (see ESIt). The
simulated spectra of populations of ellipsoidal gold nano-
particles showed qualitative similarity to the experimentally-
measured extinction spectra of GNR colloids from which the
SEM samples were taken (Fig. S3 in ESIt). The analysis revealed
variations in the median and dispersion of the aspect ratio due
to irradiation. The aspect ratios of the GNRs decreased gradu-
ally with irradiation on either side of the LSPR band (Fig. 2(e)
and (f)). However, the dispersion of the aspect ratios decreased
when the colloid was irradiated on the longer-wavelength side

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the LSPR band but increased with irradiation on the shorter-
wavelength side. It is worth noting that the change in the
dispersion was minor in both cases. These results suggest that
the main factor responsible for changes in the SPR bands due to
irradiation was the change in the aspect ratio of the GNRs.
The reproducibility of the results was tested using different
batches of GNR colloids obtained by direct chemical synthesis.
The results for initially significantly different colloidal solutions
(Fig. S4 in the ESIt) are presented in Fig. S5-S7 in the ESL.{ The
later sample has a narrower distribution of GNR sizes, resulting
in a narrower initial range of the LSPR band (an FWHM of 122
nm). A similar irradiation process was applied to it as for the
first sample, except for slightly different laser wavelength
ranges. The induced changes in the spectral parameters of the
TSPR band were also similar (Fig. S6 in the ESIf). The LSPR
band narrowed to 72 nm for irradiation on the longer-
wavelength side of the LSPR band. Statistical analysis of SEM
images of nanorods from these irradiations revealed similar
morphological changes in the GNRs, as shown by the median
and dispersion of the length-to-width ratios and the TSPR band
positions during the procedure (Fig. S7 and S8 in the ESIf).
We have demonstrated that by gradually shifting the irradi-
ation wavelength on one side of the LSPR, we can significantly
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Fig. 5 The evolution of the extinction spectra of the GNR colloid due
to irradiation on both sides of the LSPR band (a). The red and blue
curves represent spectra before and after all irradiations, and the
arrows indicate the directions of the changes. The FWHM evolution
due to irradiation (b).
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alter the optical properties of nanorod colloids and achieve
a high degree of control over the final FWHM and its spectral
position. In order to further investigate the potential of this
method for tailoring the LSPR band and minimizing inhomo-
geneous spectral broadening, we conducted an experiment to
determine if consecutive irradiations on both sides of the LSPR
could further improve the shape of the LSPR band. The results
of this experiment are presented in Fig. 5. Two-sided irradiation
was systematically performed using laser excitations at 830-
750 nm and 580-600 nm. These irradiation ranges were dictated
by the additional goal of holding the LSPR band position at
665 nm, close to the original position of its maximum. The
outcome showed that the LSPR bandwidth decreased to 80 nm
after irradiation on both sides. This result is comparable to the
FWHM obtained with the chemical method* and close to the
boundary range expected for a single GNR,* taking into account
significant variation of shapes. This value of FWHM is similar to
that achieved for irradiation on only one side, but in this case
the extinction intensity at the maximum was almost unaffected.
This also led to a more symmetrical shape of the LSPR band.

Conclusions

This study has presented a novel method to improve the shape
and control the position of the LSPR band maximum while
altering the optical properties of colloidal GNR solutions by
gradually adjusting the laser wavelength. For the first time, the
irradiation has been applied to both short- and long-wavelength
sides of the LSPR band to control the shape and position of the
LSPR band. Gradual tuning of the laser wavelength is crucial for
inducing photothermal changes in GNRs in a controlled
manner. The spectral changes resulting from the irradiation are
due to the reshaping of the GNRs and the changes in their
aspect ratios. Irradiation on the long-wavelength side of the
LSPR band reduces the bandwidth by shortening the length of
longer GNRs and eliminating their aggregates while allowing
for a relatively wide range of peak position adjustments. In
contrast, irradiation on the short-wavelength side of the LSPR
band also narrows the plasmon band, but the spectral range of
the peak position adjustment is much smaller, and the band
remains highly asymmetric.

Optimal control of the LSPR peak shape was achieved by
applying repeated irradiations to both sides of the LSPR peak.
This approach was found to maintain the maximum optical
density while achieving an FWHM close to the limit of a single
GNR, leading to better control of the SPR bands. Improved
control of the LSPR peak shape and position can significantly
enhance the applicability of GNRs in various fields, including
sensor and filter development and photothermal applications
such as phototherapy, photothermal heating, and photo-
thermal cleaning.

Data availability

The data supporting this research is stored in the Repod
repository and is available at https://doi.org/10.18150/LOAR5F.
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