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This work reports on the optical response and morphological changes of gold nanoparticles �NPs�
induced by laser irradiation with single nanosecond laser pulses of different fluences and
wavelengths. The as-grown specimens consist of irregularly shaped NPs �10–13 nm in average
dimensions� produced by pulsed laser deposition on a substrate. They exhibit a broad optical
absorption band related to the surface plasmon resonance �SPR� peaking in the range of
634–685 nm. After irradiation with fluences above a threshold value, a blueshift, a decrease of the
overall absorption, and a narrowing of the SPR band are observed. The SPR peak wavelength and
amplitude after irradiation at increasing fluences reach an approximately constant value, irrespective
of the irradiation wavelength. This value is consistent with a homogeneous distribution of spherical
gold NPs with a mean diameter close to the average initial dimensions as determined by
transmission electron microscopy. The results demonstrate that the conversion of irregularly shaped
NPs into spherical NPs with reduced dimension dispersion is a thermally driven process and occurs
within a fluence interval defined by the melting threshold of all NPs and the ablation threshold.
Whereas the useful fluence interval is controlled by the effective fluence absorbed, that is dependent
on the laser wavelength and thermal properties of the substrate, the final shape and dimensions of
the NPs are independent of the irradiation wavelength provided the fluence is within this useful
interval. © 2006 American Institute of Physics. �DOI: 10.1063/1.2358822�

INTRODUCTION

Nanoparticles �NPs� are the subject of renewed interest
in part because they can be used as building blocks for the
formation of nanostructured materials with possible applica-
tions in fields ranging from information-related applications,
such as data storage or all-optical switching, to different
types of sensors for environment, medical, or biological ap-
plications. Since the properties of NPs depend on their di-
mensions, shape, and surrounding media, irrespective of
whether the NPs are on surfaces or dissolved/embedded in
media, it is of primary importance to develop techniques able
to achieve low dimension and shape dispersion.

The optical response of metal NPs is characterized by an
absorption band related to the surface plasmon resonance
�SPR�.1–3 Laser irradiation with nanosecond pulses or shorter
at wavelengths within this band thus provides a means for
selectively heating NPs while keeping the surrounding non-
absorbing media cool. This approach has widely been used in
the case of noble metals to change both dimensions and
shape of NPs via melting and evaporation.1,4 Whereas laser
irradiation of NPs dissolved in liquids often leads to a reduc-
tion of dimensions5 or fragmentation,6 the most widely re-
ported result when irradiating NPs on substrates is the con-
version of irregular NPs or islands into spherical NPs.7–10

Furthermore, colloidal gold nanorods are converted into
spherical NPs after irradiation with laser pulses, the effi-
ciency of the process being higher for femtosecond than for

nanosecond laser pulses and independent of the excitation
wavelength.1,4 These results are in contrast to the control of
the aspect ratio by changing the wavelength reported for sil-
ver NPs.11

A case material for most of these studies has been Au,
most likely because the SPR of Au NPs can be tuned from
the visible to the near IR range of the spectrum by changing
the dimensions, shape, or surrounding media. This is differ-
ent for Ag, for which the SPR can also be tuned but in a
range shifted to the near UV. Most of the work reported on
laser irradiation of Au NPs on surfaces8–10 uses a single
wavelength much shorter �248 and 355 nm� than that of the
SPR of spherical Au NPs �typically around 530 nm�.2 At
those short irradiation wavelengths, the absorption is domi-
nated by interband transitions that may screen the possible
size selectivity effect from resonant plasmon excitation re-
ported elsewhere for the case of Ag NPs during growth.11 In
addition, a single laser fluence is used in most cases,7–10 and
the results relate to large NPs ��35 nm�7,8,10 for which the
melting temperature is expected to be close to that of the
bulk material.12

The aim of this work is to determine the role of laser
fluence and wavelength in sharpening the dimension and
shape distributions of irregularly shaped NPs on substrates
by laser irradiation. The NPs studied in this work are pro-
duced by pulsed laser deposition �PLD� and thus by nucle-
ation and diffusion at the substrate following the Volmer-
Weber growth.13 This method leads to sharp distributions of
quasispherical NPs for low metal contents ��5
�1015 at. cm−2� and to irregularly shaped NPs due to coars-
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ening and coalescence for higher values ��6
�1015 at. cm−2�.14,15 In this work, we have selected the latter
type of NPs with average dimensions of 10–13 nm and we
have used irradiation wavelengths up to that of the SPR peak
in order to explore the possibility of tailoring the NP dimen-
sions and shape through the laser irradiation wavelength as
suggested elsewhere.11

EXPERIMENT

The samples were produced by PLD in vacuum �5
�10−6 mbar� on glass and carbon-coated mica �C-mica� sub-
strates held at room temperature. The substrates were placed
in front of the target and rotated in order to obtain a homo-
geneously thick specimen �within 5%� in an area
�150 mm2. A 10 nm layer of amorphous Al2O3 was first
deposited in order to have the NPs always nucleated on the
same surface and irrespective of the substrate used. The
specimens have been produced by focusing an ArF laser
beam ��=193 nm, �=20 ns full width half maximum
�FWHM�� alternatively on Al2O3 and Au targets at an angle
of 45° with respect to the target normal. The laser repetition
rate was set at 20 Hz and the fluence at the target site was
�2.7 J cm−2. Further details on the deposition procedure on
static substrates can be found elsewhere.14

After deposition, the specimens have been irradiated in
air using single �6 ns pulses from a tunable optical paramet-
ric oscillator �Spectra Physics, MOPO-HF� pumped by the
third harmonic of a Nd:YAG �yttrium aluminum garnet� laser
�Spectra Physics Quanta-Ray PRO-250� at several wave-
lengths in the range of 470–650 nm. A beam homogenizer
has been used to obtain a homogeneous top-hat intensity
profile at the sample site with constant laser energy over a
square region of 2.5�2.5 mm2. After each laser pulse, the
sample was translated to expose a new fresh area to the next
pulse. The optical extinction spectra of the specimens are
determined from the experimentally measured transmission
�T� spectra as ln�1/T�. The latter were measured ex situ us-
ing a spectroscopic ellipsometer �WVASE� in the range of
350–850 nm. Since measurements at different angles of in-
cidence �0°, 25°, 45°, 65°� and both p and s polarizations
showed no significant differences, all results reported in this
work have been obtained at 0° of incidence angle with po-
larized light. The changes induced in the neighborhood of the
SPR by laser irradiation were also evaluated in situ by mea-
suring the transmission spectrum of the specimen at normal
incidence before and after irradiation using an unpolarized
beam from a Hg–Xe lamp as illumination source and a fiber-
coupled spectrometer �CVI-SM-240� as detector.

Both as-grown and laser irradiated areas of specimens
deposited on C-mica substrates were floated off the mica
substrate in distilled water and collected on transmission
electron microscope �TEM� grids. The NP features have been
determined by imaging these specimens in a JEOL 4000EX
�400 kV� TEM with 0.17 nm point-to-point resolution. The
analysis of the images was performed by manually outlining
the NP boundaries contained in an area of at least 200
�200 nm2 in order to convert them into binary images from
which the dimensions of NPs were determined.

A selection of as-grown and irradiated areas of speci-
mens deposited on glass substrates was analyzed by Ruther-
ford backscattering �RBS� using a 3 MeV proton beam. The
results show that both as-grown and irradiated areas have on
average 13�1015 at. cm−2 of Au �within 8%�. For very large
laser fluences �depending on substrate and wavelength�, a
reduction of the Au content with respect to the as-grown
specimen is in some cases observed, most likely due to
evaporation/ablation. In the following, only results related to
fluences below this threshold are presented.

RESULTS

Figure 1 shows the ex situ measured optical extinction
spectra of a selection of as-grown and laser irradiated areas
of a specimen deposited on glass substrate. The as-grown
area shows a broad absorption band related to the SPR peak-
ing at 685 nm. The spectra of areas irradiated at a wave-
length of 530 nm and low fluence �see spectrum obtained for
49 mJ cm−2� show an overall lower absorption amplitude and
a SPR shifted to shorter wavelengths. At higher fluences �see
spectra obtained for �94 mJ cm−2�, a significant narrowing
of the SPR and a strong reduction of the absorption in the
near IR are observed. These changes are seen in a quantita-
tive way in Fig. 2 where the peak wavelength, extinction,
and width of the SPR are plotted as a function of the irradia-
tion fluence. In spite of the fact that these three magnitudes
decrease as fluence increases, there is a noticeable difference
between them: whereas the width �Fig. 2�c�� follows a quasi-
monotonous decrease, the peak wavelength and extinction
�Figs. 2�a� and 2�b�� follow a saturation-like behavior that
can be appreciated for fluences above �90 mJ cm−2, when
both magnitudes reach an approximately constant value.

Figure 3 shows the wavelength of the SPR peak deter-
mined from in situ measurements after irradiation at 530 nm
as a function of laser fluence for specimens grown on C-mica
and glass substrates produced in the same deposition run. As
in the case of Fig. 2, the values plotted at zero fluence refer
to the as-grown specimens and they show that both films
exhibit the same SPR peak position, confirming both speci-
mens have NPs with similar features. The figure also in-
cludes results for a different specimen on C-mica substrate
that has initially slightly smaller or more spherical NPs as
evidenced by the fact that the SPR peak in the as-grown
specimen appears at slightly shorter wavelength. The speci-

FIG. 1. Extinction spectra determined from ex situ optical measurements
from �solid line� as-grown and laser irradiated areas at 530 nm with �dash-
dotted line� 49 mJ cm−2, �dashed line�, 94 mJ cm−2, and �dash-double dotted
line� 136 mJ cm−2. The specimen has been produced on glass substrate.
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men on glass is the specimen in which the results plotted in
Figs. 1 and 2 are obtained. The comparison of Figs. 2 and 3
evidences the agreement between results from in situ and ex
situ experiments. The spread of the data observed in Fig. 3
for specimens on C-mica substrates is most likely related to
inhomogeneities of the carbon deposit. Within this disper-
sion, the evolution of the SPR peak as a function of irradia-
tion fluence in the two specimens on C-mica substrates is
very similar irrespective of the initial wavelength of the SPR
peak. The overall evolution of the SPR peak in specimens on
C-mica substrates is also similar to the one observed on
glass, the only remarkable difference being the fact that the
blueshift of the SPR peak for specimens on C-mica sub-
strates occurs at lower fluences. Consistently, the ablation
threshold for specimens on C-mica substrates is also lower
and thus, the interval of useful fluences is narrower and
shifted to lower values in this case. This interpretation is
based on the observation of a reduction of metal when irra-

diating films on C-mica substrates at 530 nm with fluences
�65 mJ cm−2 whereas no such reduction is observed at the
same wavelength for films on glass substrates up to the high-
est fluence used �168 mJ cm−2�.

In order to take into account the different absorptions of
the specimens at different laser wavelengths and thus use a
parameter that directly relates to the temperature increase
eventually achieved, we have defined the effective fluence as
the irradiation fluence multiplied by the average value of the
extinction coefficient of the as-grown specimen at the irra-
diation wavelength. Figure 4 shows the wavelength of the
SPR peak as a function of this effective fluence after irradi-
ating a specimen on glass substrate at several different wave-
lengths in the range of 470–650 nm. Both the extinction
before irradiation and the SPR wavelength peak after irradia-
tion are determined from in situ transmission measurements
and all the as-grown areas had a SPR peaking in the
634–685 nm range. Similar results have been achieved in
the specimens on C-mica although with a higher dispersion
due to the inhomogeneities in the carbon coating. The com-
bination of higher specimen absorption and higher output of
the irradiation laser in the range of 530–610 nm results that
the whole fluence interval could only be covered for these
wavelengths. The results show that irrespective of the laser
wavelength and the initial position of the SPR peak, the blue-
shift of the SPR after irradiation increases continuously with
effective fluences in the range of 10–35 mJ cm−2. For higher
fluences, it remains approximately constant and close to
530 nm.

Figure 5 shows representative TEM images of an as-
grown area �Fig. 5�a�� and three areas after laser irradiation
�Figs. 5�b�–5�d��, corresponding to the specimen on C-mica
whose optical data after irradiation are plotted in Fig. 3 and
exhibits the shortest SPR peak wavelength before irradiation.
The as-grown area �Fig. 5�a�� shows irregularly shaped and
large NPs, many of them elongated due to coalescence. The
area irradiated at the highest laser fluence �61 mJ cm−2 at
530 nm in Fig. 5�c�� only shows round NPs. The areas irra-
diated at intermediate fluences show either irregularly shaped
NPs along with some round NPs �35 mJ cm−2 at 530 nm in
Fig. 5�b�� or mostly round NPs with some irregularly shaped
ones �32 mJ cm−2 at 610 nm in Fig. 5�d��. In spite of using
slightly lower fluence, the fraction of round NPs is higher in
the area irradiated at 610 nm �Fig. 5�d�� than in the one

FIG. 2. �a� Peak wavelength, �b� extinction, and �c� FWHM of SPR deter-
mined from ex situ optical measurements as a function of the laser fluence
used to irradiate at 530 nm a specimen produced on glass substrate. The
values at zero fluence correspond to the as-grown specimen.

FIG. 3. Peak wavelength of SPR determined from in situ optical measure-
ments as a function of the laser fluence used to irradiate at 530 nm speci-
mens on ��� glass and ��, �� C-mica substrates. The values at zero fluence
correspond to the as-grown specimens.

FIG. 4. Peak wavelength of SPR determined from in situ optical measure-
ments in laser irradiated areas as a function of the effective laser fluence
used to irradiate specimens on glass substrates at several wavelengths: ���
470 nm, ��� 530 nm, ��� 610 nm, and ��� 650 nm. The values at zero
fluence correspond to the as-grown specimen.
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irradiated at 530 nm �Fig. 5�b��. However, the effective flu-
ence is higher in the former than in the latter case. This result
together with those shown in Fig. 4 thus evidences that the
conversion of irregularly shaped NPs to round ones scales
with the effective fluence irrespective of the irradiation
wavelength.

The in-plane NP dimensions have been determined from
images in Fig. 5 by defining for each NP a length l �the
longer dimension� and a width w �the in-plane dimension in
the direction perpendicular to the length� and averaging data
of more than 100 NPs. The results are summarized in Table I.
The in-plane aspect ratio is calculated as l /w and is 1.38 in
the as-grown area. After laser irradiation, the in-plane aspect
ratio decreases and the dimension dispersion and the number
density of NPs are reduced as the small NPs preferentially
disappear. For the highest fluence, all NPs are round �aspect

ratio of 1.0� and the diameter dispersion is very small. It is
worth noting that this laser fluence is close to the one pro-
ducing the highest SPR shift in Fig. 3 for specimens on
C-mica substrates.

DISCUSSION

The results obtained in this work show that three fluence
regimes can be identified: �1� a low fluence regime where no
significant changes are observed, �2� an intermediate fluence
interval where the SPR continuously shifts to shorter wave-
lengths as fluence is increased, and �3� a high fluence regime
where the SPR remains approximately constant. The bound-
ary between regimes for the specimen on glass �Fig. 4� oc-
curs at effective fluences of �10–15 mJ cm−2 and
�30–35 mJ cm−2 and these boundaries generally depend on
the thermal response of the system �Fig. 3� that in our case is
mostly controlled by the thermal properties of the substrate.
Once the fluence is above the threshold for transformation,
round NPs start to appear. The number of round NPs is larger
the higher the fluence within regime 2 �Figs. 5�b�–5�d��, thus
leading to a continuous decrease of the NP in-plane aspect
ratio within this regime.

A similar fluence dependence of the evolution of NP
features has been reported elsewhere for NPs of very differ-
ent initial features and irradiation conditions.7,10 In the case
of Au and Ag islands produced by sputtering on a substrate,7

thus having similar features to the ones studied in this work,
the conversion of irregularly shaped NPs into spherical ones
upon laser irradiation at 532 nm occurs in a narrow fluence
interval �our fluence regime 3� that has been related to laser-
induced melting. A similar shape conversion is reported after
irradiation of much larger NPs �38 nm of average major axis�
at shorter wavelength �355 nm� and picosecond laser
pulses.10 These results further support the idea that the mor-
phological transformations depend neither on the irradiation
wavelength nor on the starting dimensions of the NPs. This
conclusion is also in agreement with results achieved after
irradiation of colloidal Au nanorods with both nanosecond
and femtosecond laser pulses.1,4 It is worth pointing out that
most of the work reported in the literature on laser irradiation
of metal NPs does not report the beam profile used.7,8,10 The
top-hat profile used in this work guarantees that the laser
fluence is constant over the entire irradiated area. This is
particularly important when measuring the optical spectra of
the irradiated area using a white light source in order to

FIG. 5. TEM images of �a� as-grown and ��b�–�d�� laser irradiated areas.
The laser wavelength and fluence are indicated in each image.

TABLE I. NP dimensions determined by TEM �Fig. 5� from as-grown and
laser irradiated �LI� areas at a wavelength �, where l and w are, respectively,
the in-plane length and width of NPs, l /w is the aspect ratio, and N is the NP
number density. The data are obtained by averaging values over 100 NPs
and the errors are the dispersion of the data.

Area
�

�nm�
Fluence

�mJ cm−2�

Effective
fluence

�mJ cm−2�
l

�nm�
w

�nm� l /w
N

��1011 cm−2�

As-grown ¯ ¯ ¯ 11±4 8±1 1.38 6
LI 530 35 8 11±2 9±1 1.22 6
LI 530 61 17 9±2 9±2 1.00 3
LI 610 32 11 10±2 9±2 1.11 5
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prevent averaging of the optical response of areas having a
different degree of transformation or even no transformation.

In our case, the conversion of irregularly shaped NPs
into round ones occurs along with the preferential disappear-
ance of smaller NPs. A similar process has earlier been ob-
served when irradiating large triangular Au NPs.8 In that
case, the first pulses lead to the formation of small NPs at the
corners of the triangles, which disappear when the number of
pulses was increased and the NPs became spherical. The
round morphology of NPs after irradiation is consistent with
melting followed by rapid solidification due to the cold sub-
strate acting as an efficient heat sink. Since shape changes
have a higher impact on the blueshift of the SPR peak than
small changes in the average dimensions,2 the SPR peak
shifts observed in Figs. 2–4 within regime 2 are most likely
dominated by the partial conversion of irregularly shaped
NPs into round ones, in agreement with the TEM images in
Fig. 5. The existence of a fluence interval in which this con-
version is not complete can be understood by taking into
account that the melting temperature of NPs is lower the
smaller the NPs,12 together with the fact that the smaller NPs
possibly have lower evaporation/ablation coefficient and thus
disappear first. This conclusion is further supported by the
fact that all irradiation wavelengths studied lead to a single
fluence regime 2 interval once the laser fluence has been
converted into effective fluence �Fig. 4�. Moreover, the shift
of fluence regime 2 to lower fluences when changing the
substrate �Fig. 3� further supports the thermal nature of the
process. The thermal properties of the substrate control the
thermal response of the specimen; the higher the thermal
diffusivity, the lower the peak temperature and the faster the
cooling rate. The thermal diffusivity of the substrates used
has been calculated using the heat capacity, density, and ther-
mal conductivity published elsewhere,16 leading to a value
for mica that is 0.6 times that of glass. However, this factor
might be even lower due to the poor adhesion of the film to
the C-mica substrate, effectively introducing an interface re-
sistance. The peak temperature achieved when using the
same fluence for specimens on C-mica substrates should thus
be higher than that achieved on the same specimen on glass.
The threshold fluence for producing changes is consequently
lower and the fluence interval for complete transformation
into round NPs should be narrower for specimens on C-mica
as observed in Fig. 3. This reasoning is experimentally sup-
ported by the lower ablation threshold of the specimen on
C-mica substrate that is at least a factor of 0.4 lower than that
on glass.

At the limit between fluence regimes 2 and 3, most NPs
become round �Fig. 5�c�� and this causes the wavelength and
amplitude of the SPR peak to reach an approximately con-
stant value. However, the width of the SPR remains decreas-
ing as fluence is increased within regime 3 as seen in Fig. 1
�see spectrum obtained at 136 mJ cm−2� and Fig. 2�c�. Since
the in-plane shape of NPs has become constant, the narrow-
ing of the SPR as fluence is increased must be related to a
further decrease of the dimension dispersion of the NPs
while keeping constant the average dimension value. This
can be explained by the fact that as fluence is increased, the
substrate starts to be heated too and thus the cooling process

slows down. Once this happens, the time the system stays
molten becomes longer and thus longer diffusion lengths are
achievable. This facilitates further coalescence of smaller
NPs that contributes to decrease the dimension dispersion
while keeping the average dimensions approximately con-
stant. Besides, in the particular case of specimens studied in
this work produced by PLD, it has been reported for several
metals including Au that some metal ��2�1015 at. cm−2� is
implanted in the substrate �to a depth �2 nm� during the
growth process in addition to the NPs formed at the
surface.14,15 The diffusion of implanted metal towards the
surface and eventually reaching a NP can be promoted at
high temperatures, thus providing a possible additional pro-
cess contributing to regime 3.

Our experimental approach to determine the morphology
of the NPs is based on plan view TEM observations and thus
provides information on the dimensions of the NPs parallel
to the substrate surface. The question whether the NPs are
indeed spherical still remains, i.e., their height or dimension
along the direction perpendicular to the substrate is similar to
the in-plane dimensions. In the as-produced NPs, this height
is most likely smaller than the average in-plane diameter
according to earlier reports on different metallic NPs pro-
duced by alternate PLD under similar conditions.13–15 How-
ever, this situation can change after laser-induced melting
and solidification since these processes tend to reduce the
surface energy and spheres are the most favorable geometry.
This reasoning is consistent with the fact that while the av-
erage numbers of atoms determined by RBS and average
in-plane dimensions do not change significantly upon irradia-
tion, the number density is reduced. Therefore, the height of
the NPs has to increase after irradiation and can approach
that of spheres. Using the data in Table I for the highest
fluence for which all NPs have converted into round NPs and
assuming that the number of metal atoms remains approxi-
mately constant, the estimated height of the NPs after irra-
diation agrees with that of a sphere within the experimental
error. Further support to this conclusion is the fact that both
the shape and position of the SPR band within fluence re-
gime 3 in Figs. 1–3 are very similar to the ones calculated for
spherical NPs.2

CONCLUSIONS

Laser irradiation is a suitable tool for transforming ir-
regularly shaped �10–13 nm average dimensions� gold nano-
particles on a substrate into spherical NPs with little dimen-
sion dispersion provided the fluence used is sufficiently high
to melt all NPs. The transformation process is thermally
driven and takes place in a useful fluence interval determined
by this fluence and the ablation threshold. This interval de-
pends on the thermal diffusivity of the substrate and shifts to
lower values and narrows as the thermal diffusivity de-
creases. For fluences below the useful interval, the different
absorptions and melting temperatures of NPs as a function of
their morphology lead to preferential disappearance of small
NPs and selective melting. The changes observed in the sur-
face plasmon resonance are dominated by morphological
changes as the NPs convert from irregularly shaped into
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spherical ones rather than by significant variations in the
average dimensions.
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