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Abstract Most of lasers used for imaging and heating
gold nanorods are single-wavelength lasers and their effi-
ciency to interact with different gold nanorods is limited. In
this study, we demonstrated that supercontinuum light
could be a fast, effective and energy efficient excitation
source for heating of gold nanorods. The photothermal
effect and the heating speed of gold nanorods illuminated
by a supercontinuum light and femtosecond pulses through
two-photon excitation are experimentally studied through
using transmission electron microscopy images and pho-
toluminescence images of gold nanorods. It is found that
the supercontinuum light improves the heating speed by
39 %, and melts 30 % more of gold nanorods compared
with the femtosecond pulse excitation approach. The
heating speed of gold nanorods by supercontinuum light
depends not only on its polarization states, but also on the
pulse width and numerical aperture of its focused beam. It
has been found that the supercontinuum is more efficient in
heating of gold nanorods, making it potentially valuable for
clinical applications.

1 Introduction

Gold nanorods (NRs) have been widely used as multi-
functional agents in plasmon-assisted imaging and photo-
thermal treatments owing to their biocompatibility and
unique optical properties [1]. The favorable property that
their plasmon-resonant absorption can be shifted from the
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visible to near-infrared (NIR) range opens a window for
deep tissue imaging. Gold NRs can also convert the light
energy into heat via a series of photo-physical processes
[2]. Recent studies have reported that gold NRs can be used
for three-dimensional (3D) two-photon-excited photolu-
minescence imaging of cancer cells [3, 4], localized
photothermal cancer therapy [5—7] and high-density optical
data storage [8].

The heating speed and the heating efficiency of gold
NRs directly affect the safety and the time required for the
photothermal treatment, and the writing speed of optical
data storage. Efficient and fast heating of gold NRs have
been sought through optimizing the pulse width, the energy
level, and the polarization state of an excitation laser beam
[2, 9—11]. The impact of energy, pulse width, circular
polarization and radial polarization of the excitation laser
beam on the gold NR heating have been studied [2, 7,
9-11]. However, the broadband coherent supercontinuum
(SC) source, which could be more efficient in heating gold
NRs that usually show a finite size distribution, has not yet
been investigated.

In this study, a linearly polarized coherent SC source is
newly employed for heating gold NRs. The difference
between the heating processes of gold NRs by the SC
source and femtosecond pulses (FP) is studied. Our
experiments show that the gold NRs can be heated faster by
the broadband SC source and the SC source also shows the
advantage in heating more gold NRs.

2 Experimental details

Figure la illustrates the central part of the experimental
arrangement for a comparison of gold NR heating by a SC
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source and a FP source. Gold NRs with an average aspect
ratio of 4 and a maximal absorption at the wavelength of
780 nm were prepared using a seed-mediated growth
method [12]. The gold NR solution was centrifuged several
times and spin-coated onto a microscope cover glass as a
NR sample. The NR sample, which was mounted on a 3D
scanning stage, was scanned by a SC source or a FP source
through an oil-immersion objective lens (100x, UplsApo,
Olympus) with a numerical aperture (NA) 1.4. The scan-
ning area of the sample was 100 pm x 100 pm and one
scan of such the area took 120 s. The immersion oil nearly
matched the index of the cover glass, providing a homo-
geneous optical medium between NRs and the objective.
Photoluminescence (PL) signal (/) from the samples was
separated from the reflected light (/) by a dichroic mirror
and detected by a photomultiplier tube (PMT) after a filter.
The illumination beam size and the effective NA of the
focused beam can be adjusted by an iris.

Femtosecond pulses were generated directly from a
Ti:Sapphire laser which produces 100 fs 80 MHz passive
mode-locked ultra-short pulses. A SC source was obtained
through propagating the FP in a 0.3-m long single-mode
polarization-maintaining high-nonlinear photonic crystal
fiber (HN-PCF, Crystal-Fiber) with a core diameter of
1.8 um [13]. Figure 1b displays the structure of the HN-
PCF and its polarization maintaining direction. The HN-
PCF has two zero-dispersion wavelengths of 760 and
1,260 nm, and the HN-PCF is at the anomalous dispersion

Fig. 1 a Schematic diagram of (a)
the experimental set-up for

region between 760 and 1,260 nm. When the 800 nm pulses
enter the HN-PCF, they undergo a transformation to form a
high-order soliton and then convert into lower order solitons
[13-15]. The output spectrum from the HN-PCF can be
adjusted by changing the pulse width, the power, the
wavelength and the polarization state of the pump FP [13].
The degree of polarization of the SC source, defined as
Y = (Imax — Imin)/(Imax + Imin), 1 displayed in Fig. 1c. The
incident angle 0 is the angle between the polarization
direction of the incident FP and the polarization maintain-
ing direction of the HN-PCF (Fig. 1b). The SC source is
close to be linearly polarized when 0 is 0° and 90°, corre-
sponding to y = 0.83 and 0.94, respectively (Fig. lc).
Figure 1d shows the extinction spectrum of gold NRs as
recorded by a spectrophotometer. For gold NRs, the plas-
mon absorption splits into the longitudinal plasmon
absorption and the transverse plasmon absorption corre-
sponding to the oscillation of the free electrons along and
perpendicular to the long axis of the gold NRs. The longi-
tudinal plasmon absorption is much higher than the trans-
verse plasmon absorption. An absorption spectrum of gold
NRs clearly shows the presence of the two absorption
maxima as shown in Fig. 1d. The longitudinal plasmon
mode is excited by the electric field of light with the
direction along the long axis of the gold NRs. Therefore, the
light intensity along the longitudinal direction of NRs is
effective in exciting the longitudinal plasmon mode and
generating heat in gold NRs.

excitation of the SC source or
the FP on NRs. DM dichroic
mirror. b Structure of the HN-
PCF. Arrows indicate fiber
polarization maintaining
direction. ¢ Degree of
polarization of the SC source (y)
versus the polarization direction
of the incident FP (0). d The
absorption of gold NRs with a
longitudinal plasmon mode
centered at 780 nm and a
transverse mode centered at
515 nm
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Fig. 2 a The two-photon-
excited PL imaging of gold NRs
by SC. Scale bar 10 pm.

b Quadratic dependence of two-
photon-excited PL intensity on
excitation power

3 Results and discussion

The PL image of gold NRs under the irradiation of the SC
is shown Fig. 2a. Gold NRs give strong PL excited by the
SC. The dependence of PL intensity against the incident
power on a logarithm scale is revealed in Fig. 2b. Like
optical pulses with the single central wavelength [7, 16],
the logarithm scale plot of the PL intensity against the
incident power fits a straight line with a gradient of 1.5,
which is close to 2, indicating the generated PL from gold
NRs excited by the SC is mainly a two-photon excitation
process.

The PL images of the NRs excited by a linearly polar-
ized SC source beam (6 = 0°) after the NRs being scanned
for 1, 5, 15 and 20 times are revealed in Fig. 3a, b, c and d,
respectively. The PL intensity of most gold NRs drops with
the increase of the scan number, while that of some gold
NRs (arrowed) does not show an obvious change. The
absorption of the SC source transforms the shape of NRs
into shorter rods or spherical particles [2]. Therefore, the
absorption peak and the absorption intensity of the longi-
tudinal plasmon band of the transformed NRs can be blue
shifted and decreased. As a result, the PL intensity from the
NRs declines. Some NRs show no obvious change of the
PL intensity because their elongating direction is perpen-
dicular to the polarization direction of the SC source and
they absorb little of the SC source. The average PL
intensity of NRs decreases with the increase of the scan
number, as shown in Fig. 3e. The declining speed of the
average PL intensity, which is defined as the ratio of the
drop of the average PL intensity over the scan number,
directly reflects the heating speed of NRs. Figure 3e shows
that the average PL intensity declining speed of the NRs is
10.5.

To compare the heating speed of gold NRs between the
SC source and the FP, we measured the average PL
intensity declining speed of gold NRs excited by the SC
source and the FP. The excitation power on the samples for
both cases is 2 mW. Figure 4a shows the average PL
intensity declining speed of NRs induced by the SC source
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Fig. 3 The PL images of gold NRs after a 1 scan, b 5 scans, ¢ 15
scans and d 20 scans by the linearly polarized SC source.
Bidirectional arrows indicate polarization direction of the SC source.
Scale bar 5 ym. e Average PL intensity of gold NRs, Ip, as a
function of the scan number

and by the FP as the effective NA of the focused beam is
0.75, 0.95 and 1.4, respectively. The different NAs are
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obtained by changing the aperture of the iris. The PL
intensity declining speed of the NRs induced by the SC
source is 26, 39 and 35 % faster than that by the FP for the
NA 0.75, 0.95 and 1.4, respectively.

The influence of the incident polarization states of the
SC source on heating of the gold NRs is illustrated in
Fig. 4b, which shows the PL intensity declining speed of
NRs scanned by the SC source when 6 is 0°, 45° and 90°,
respectively. The heating speed for 6 = 0° and 0 = 90°,
where the generated SC source from the HN-PCF is close
to be linearly polarized (Fig. lc), is faster than that for
0 = 45°. In the heating process, only the light intensity
along the longitudinal direction of gold NRs is effective in
melting. For the linearly polarized SC source, all the light
intensity can be aligned with the longitudinal direction of
NRs. Since gold NRs are randomly orientated, there are
always a certain number of gold NRs with their orientation
direction along the linear polarization direction of the
incident light in 0° and 90° cases. Those gold NRs have the
maximum absorption of photons. On the other hand, as 0 is
45°, the light intensity is dispersed on all directions
(y = 0.12, Fig. 1c). For every particular direction, the light
intensity is weak. Although more gold NRs could absorb
some photons, the absorption of a given gold NR is less
than the maximum absorption in 0° and 90° cases.
Compared with the spectrum as 6 = 0° (Fig. 4c), more

components move to wavelengths >850 nm for 0 = 90°
(Fig. 4e), which is outside the absorption region of most
NRs. Therefore, the heating speed at 0 = 90° is lower than
that at 6 = 0°. The heating speed with the effective NA 1.4
is approximately 19 and 54 % faster compared with that for
NA of 0.95 and 0.75, respectively. The light intensity in the
small focus spot of the high NA beam is higher and the
amount of the energy absorbed by the gold NRs is pro-
portional to the focused light intensity [17]. However, as
NA is over 0.6, the polarization of the focused light beam
starts to depolarize [18]. Depolarization would slightly
reduce the absorption increase; however, the decrease of
the photon absorption due to the depolarization is much
less than the increase of photon absorption due to the
intensity increase of the focused light beam as NA
increases [18]. Therefore, the intensity increase of the
focused light beam dominates the increase of the photon
absorption as NA increases. Although the use of other
polarization states [11] or their combinations [19] of the
laser beam may enhance the interaction of the light with
NRs in an arbitrary orientation, the broadband feature of a
SC source can enhance the depolarization in the focus of a
high NA objective.

Figure 5a—c shows the transmission electron microscopy
(TEM) images of the NRs prior to the laser irradiation,
after scanning by the SC source and the FP for 10 times at a
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Fig. 4 a Dependence of the PL intensity declining speed of gold NRs
on the effective NAs of FP and SC beams. b PL intensity declining
speed of gold NRs using the SC source versus the polarization
directions of the incident FP to the polarization maintaining direction
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(a)

Length (nm)

Fig. 5 a TEM images of original gold NRs. b, ¢ TEM images of the
NRs after irradiation with the SC source and the FP for 10 scans. The size

given power of 2 mW. During scanning by the SC source
or the FP, the absorption of photon energy induced the
process of electron—photon coupling and caused the shape
transformation of gold NRs [2, 8, 17]. This process results
in a variation of the aspect ratio distribution of NRs. A
comparison of Fig. 5b with Fig 5¢ shows that more NRs
melted and the melted NRs were shorter in the case that
NRs were excited by the SC source. This is confirmed
quantitatively by a statistical size distribution of a large
number of NRs before and after exposure to the light
sources (Fig. 5d—f). The mean lengths of the NRs after
illuminated by the SC source (Fig. 5e) and the FP (Fig. 5f)
are 15 and 19 nm, respectively. In addition, 80 % of the
NRs were found to be transformed their shape into shorter
and wider rods or spherical particles after the excitation by
the SC source, while only 50 % were in the FP excitation
case. The NRs have a broad distribution of aspect ratios (or
lengths, Fig. 5d) and the different aspect ratios of the NRs
have different absorption wavelengths. The narrow spectral
bandwidth of the FP (15 nm in the experiment) can only
heat a small population of NRs which have the peak
absorption wavelength matching with the wavelength of
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distribution of the NRs before (d) and after irradiation with the SC
(e) source and the FP (f). The scale bars of all the TEM images are 50 nm

the FP. On the other hand, the SC source can heat a large
number of the NRs because the broadband SC source can
cover the different absorption wavelengths of the NRs with
the different aspect ratios.

4 Conclusion

In summary, we report that photothermal heating of gold
NRs induced by the SC source is faster and more effective
than that of a FP excitation and the heating speed is
strongly dependent on the polarization directions of the
illumination light and the NA of the focused beam. High
NA focusing by the linearly polarized SC beam is found to
be more efficient and fast on heating of gold NRs. The SC
source could be advantageous in melting gold NRs as they
are utilized in plasmon-assisted photothermal therapy and
high-density optical data storage.
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