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Incipient plasmonic bubble formation is observed around gold nanopillars with different inter-nanopillar sep-
arations. The experimental measurements and theoretical analysis show that the nanobubble formation is due to
the enhanced plasmonic resonance rather than from the laser heating. Inter-nanopillar distribution may lead to
threshold fluence variations. The lifetime of plasmonic bubbles can reach several minutes. Furthermore, both the
radius and the growth rate of the plasmonic nanobubble increase as the inter-nanopillar distribution decreases.
Smaller-spacing distributed arrays produced larger bubbles. The maximum growth rate of the bubbles can be
reached at about 883.5 × 10−6 m∕s on 1 μm nanopillars, but it is only 56.9 × 10−6 m∕s on 4 μm nanopillars.
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The increasing interest in golden nanoparticles nowadays
is coming from the fundamentally new properties that
they express and that have related to them opportunities
for new applications[1,2]. The generation of nanobubbles
around plasmonic nanostructures opened new trends,
especially in biology and medicine, including in photother-
mal cancer therapy[3], photothermal imaging[4], drug and
gene delivery[5], and photoacoustic imaging[6]. For exam-
ple, in terms of imaging, there has been widespread inter-
est in using plasmonic nanoparticles as contrast agents
for photoacoustic imaging. For therapeutic applications,
nanoparticle-targeted regions of tissue can be selectively
heated using continuous wave (CW) laser sources, produc-
ing hyperthermia and inducing cell death in the targeted
region[7,8]. To gain detailed insight into the physical mech-
anisms of these applications and resultantly improve the
efficiency, it is important to quantitatively understand the
physical behavior of individual nanobubbles[9].
When a CW laser with a wavelength coinciding with the

plasmon resonance of the golden nanoparticles is focused
onto the substrate, it resonantly excites the electronic plas-
mon modes in the nanostructure, and this energy is con-
verted to lattice vibrations on a picosecond time scale.
This results in very rapid heating of the golden particle,
and this heat is quickly transferred to the surrounding fluid,
causing it to be vaporized and the bubble to grow[10]. This
generated plasmonic bubble grows continually for tens of
minutes without collapsing. The most promising direction
of nanoparticle applications, however, is combining the
photothermal properties of plasmonic (gold) nanoparticles
with the mechanical and optical properties of transient
plasmonic nanobubbles in a variety of medical applica-
tions, including nanoparticle-based imaging, diagnostics,
and therapies, including drug delivery with gold nanopar-
ticles[11–14] and, ultimately, for theranostics[10,15].
Numerous studies have been conducted over the past 50

years to understand the formation of photothermal bubble

generation mainly under pulsed illumination[16]. In fact,
the plasmonic bubble generation under CW illumination
had received considerable attention until recently[17]. In
2009, Adleman et al.[18] were the first scholars who focused
a CW laser on a flowing ethanol-water mixture over gold
nanoparticles and provided the necessary heat of hetero-
geneous catalysis. In 2012, Hühn et al.[19] studied bubble
generation around nanoparticles under CW heating and
to hypothesize superheating. Zheng et al.[20] investigated
a vapor bubble created by a focused CW laser beam on
the surface of a silver film and changed the diameter
and velocity of the vapor bubble by tuning the laser
power. In 2013, Oara et al.[21] described the bubble gener-
ation around metal nanoparticles under illumination theo-
retically, based on simple thermodynamics considerations.
Zhao et al.[22] proposed a first application of plasmon-in-
duced microbubbles (MBs) that consisted of generating
a surface MB on a metal film as an effective lens for surface
plasmon waves in a microfluidic environment. In 2014,
Baffou et al.[17] investigated a temperature threshold for
plasmonic bubble formation, explained their unexpectedly
long lifetime, and described the MB steady state main-
tained under CW illumination. Lombard et al.[23] ad-
dressed the kinetics of formation of the nanobubbles
using a hydrodynamic free-energy model. They proved
that the expansion of nanobubble radius is adiabatic
and the collapse is an isothermal evolution. Hou et al.[24]

investigated the explosive formation and dynamics of
vapor nanobubbles around a continuously heated gold
nanosphere. However, despite these few recent break-
throughs in plasmonics, the mechanisms involved in plas-
monic bubble formation are far from being understood,
and the potential application are not exhaustively de-
scribed. In this Letter, the nature of the plasmonic bubble
generation is presented. The expansion and shrinkage of
plasmonic bubbles created by different inter-golden nano-
pillars heated under CW laser illumination is described,
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and the effect of spatial control on the diameter and the
expanding velocity of plasmonic bubbles is also explained.
The substrate consists of a uniform array of vertical

gold nanopillars on a quartz coverslip. There is a matrix
of 4 × 4 quadrants of vertical nanotubes made of gold
fabricated on the substrate, with the inter-nanopillars
varying from 1 to 4 μm (Fig. 1(a)), which increases with
the columns on the substrate. Each quadrant contains
20 × 20 gold nanopillars (Fig. 1(b)), and these three-
dimensional nanopillars have a hollow nanostructure
(Fig. 1(c)). The nanopillars consist of a polymeric hollow
nanocylinder with internal and external diameters of, re-
spectively, 100 and 130 nm. On the external nanocylinder
wall, a 25 nm-thick gold layer is deposited, resulting in a
total external diameter of about 180 nm[25]. The nanocy-
linders are produced, starting with the polymer spin
coated on the quartz coverslip. The final height of the
nanocylinders is defined by the thickness of this polymer
film and is therefore very homogeneous among the nano-
structures. The thickness can be tuned precisely by
changing the spinning conditions. For inter-nanopillar
of 1 μm, the quadrant will be 19 μm× 19 μm, and the dis-
tance between each quadrant is 500 μm.
One advantage of such a sample is that the nanopillar

distribution is regular and perfectly uniform in every
quadrant. This way, for a given laser beam diameter
and power, the plasmonic bubble is the same irrespective
of the location of the laser beam on the sample. Besides the
uniformity of the nanopillar distribution, the other advan-
tage is the adjustable inter-nanopillar distance. When the
laser illuminates different spatially controlled nanopillars
on the same sample, such as from 1 to 4 μm, the effect of
the inter-nanopillars on the plasmonic bubble can be
investigated.
The experimental setup is shown in Fig. 2. A CW laser

(Cobolt Samba™) with a 532 nm wavelength is used; its
power is controlled by a variable attenuator (Zaber tech-
nologies T-RS60A). The laser beam passes through a
beam expander (10×) and is then focused on the gold
nanopillars from the bottom through the microscope ob-
jective (Olympus 50×, 0.45 NA). A filter was used to block
the reflected laser light to prevent damage to the camera.

The motion of the plasmonic bubble was recorded by a
high-speed camera with a frame rate of 500 fps (Photron
Fastcam SA2). Illumination for the camera was provided
by a fiber lamp (Olympus ILP-1) emitting a light spec-
trum, part of which passed through the filter to the
camera.

To investigate the mechanisms underlying the bubble
formation, we produced bubbles with an initial degassing
treatment. Here, the Milli-Q water was initially degassed
using a sealed round flask connected to an external pump.
The water was stirred as the flask was pumped by the vac-
uum, and the degassing process was complete after one
hour, when no more bubbles were visible. The treated
water was used in the experiment immediately. Strictly
speaking, the degassed water was turned into partially
degassed water during the experiments because it was
unavoidable that some air re-dissolved in the water.

A drop of degassed water was deposited on top of the
sample and then covered with another coverslip to obtain
a 1 mm-thick water layer. In such a configuration, the
plasmonic resonance of the nanoparticle assembly is
located around 532 nm. When such a system is locally
illuminated by the CW laser (532 nm), the gold nanopil-
lars are quickly heated up, and as a result, a plasmonic
bubble forms around the laser spot on the gold nanopil-
lars. The location and diameter of the plasmonic bubble
can be modulated by moving the laser spot on different
spatially controlled nanopillars and adjusting the laser
power, respectively. It should be noted that, after its
generation, the bubble remains in contact with the gold
nanopillars, and the lifetime of the plasmonic bubbles
can reach several minutes.

The evolution of a bubble produced by a CW laser
heated on 1 μm inter-nanopillars of a hydrophilic surface
is shown as a series of images in Fig. 3. Initially, the plas-
monic bubble appeared rapidly at the top of the 1 μm
nanopillars after the degassed water has absorbed
12.97 mW from the laser. The bubble is a small sphere
and keeps expanding spherically while the laser is on. It
grows slowly for several seconds (Fig. 3(a)–3(h)) and
reached its maximum radius at 2.004 s. Then, the bubble

Fig. 1. (a) Optical images of the gold nanopillar arrays.
(b) Optical image of the gold nanopillar array with the spacing
of 1 μm. (c) Scanning electron microscope image of an individual
gold nanopillar.

Fig. 2. Schematic of the experimental setup.

COL 14(8), 081402(2016) CHINESE OPTICS LETTERS August 10, 2016

081402-2



begins to shrink when the laser is turned off (Fig. 3(h)) and
becomes smaller as time goes on (Fig. 3(i)–3(o)). Finally,
the bubble is gone at 5.538 s (Fig. 3(p)).
The time evolution of the plasmonic bubble can be

obtained by tracking the contour of the bubble, which
is shown in Fig. 4. Initially, a bubble is created with an
initial diameter of 2.32 μm because the plasmonic reso-
nance is relatively strong. After its creation, the bubble
expands for 2.032 s, with the incident laser power being
maintained at 12.97 mW, and reaches the maximum ra-
dius of bubble (Rmax) 9.22 μm, shown in Phase I of Fig. 4.
The bubble exhibits rapid expansion at the beginning of
Phase I, but the expansion slows down at the end of this
phase. Phase II in Fig. 4 shows that the laser was turned
off to induce the shrinkage of the bubbles. The bubbles
created in the degassed water promptly shrank after
the interruption of the laser because the decrease in tem-
perature returns the water vapor to the liquid. The bubble
contracts rapidly at the beginning and undergoes a rela-
tively smooth contraction process before it eventually col-
lapses and disappears. The collapse time is 3.496 s, which
is longer than the expansion time. Remarkably, the dy-
namics of the nanobubbles is asymmetrical: the growth
is faster than the collapse. The fact that the plasmonic
bubble does not collapse as soon as the heating beam
switched off vanishes from the nature of the bubble: it
is not made of steam, but of air molecules. If the plasmonic
bubbles were made of steam, they would disappear as soon

as the heating stopped[17]. Furthermore, the shape of a
collapsing bubble is not regular due to the existence of
nanopillars, so there are peaks in the picture.

As the three-dimensional plasmonic nanopillars used in
our experiment are tunable in space, the effect of spatially
controlled nanopillars on the plasmonic bubble could
be investigated. The generation of a plasmonic bubble
around the golden nanopillars requires a specific threshold
of the fluence of the laser power. When the threshold is
exceeded, the optical energy is converted to the golden
nanopillars by the mechanism of plasmon resonance into
a sufficient amount of thermal energy that is rapidly evap-
orates this nano-environment and provides for the expan-
sion of the nanobubble. Figure 5 shows the threshold for
bubble creation on the spatially controlled nanopillars. It
is noted that different inter-nanopillars need different
laser powers. The experiments were repeated four times.
The minimum power needed for the 1 μm nanopillars is
12.97 mW, and 15.18 mW for the 2 μm nanopillars, while
it remains at 17.56 mW for the other controlled spatial
nanopillars. They are approximately 17%, 35.4%, and
35.4% higher than on the 1 μm nanopillars. The clustering
of the plasmonic nanopillars was shown to reduce the plas-
monic bubble generation threshold[10].

Below, we provide a quantitative analysis of the corre-
lation between the bubble size and the spatially controlled
nanopillars. In order to better study the expansion of the
MBs localized on the golden nanoparticles, the incident
light power needs to be increased to 17.56 mW. At time
t ¼ 100 ms, the images of a forming MB on different spa-
tially controlled nanopillars are shown in Fig. 6(a). A no-
ticeable feature is that the bubble size is different with the
spatially controlled nanopillars for a given illumination
duration. With the increasing nanopillar intensity, the
radii of the nanobubbles increase because of the increasing
number of excited nanopillars under illumination. Smaller
spacing or more densely distributed arrays produced
larger bubbles. The number of excited nanopillars is cal-
culated from the nanopillar spacing and from the laser
diameter of 2.9 μm, assuming that those pillars outside

Fig. 3. Sequential images (a)–(h) demonstrate the formation
and (i)–(p) show the shrink of a single plasmonic bubble (bottom
view) on 1 μm nanopillars. The fluid is degassed water and the
absorbed laser power is 12.97 mw.

Fig. 4. Plot of the bubble radius versus the time extracted from
the top-view images in Fig. 3.

Fig. 5. Threshold of laser power required for the onset of the
plasmonic bubble formation in partially degassed water.
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of the bubble footprint did not contribute to the heat gen-
eration. Within the circular area of illumination, there
were 9 pillars for the 1 μm array, 4 pillars for the 2 μm
array, 2 pillars for the 3 μm array, and 1 pillar for the
4 μm array, all of which are shown in Fig. 6(b). We also
know from the experiments that the bubble on the 4 μm
array is produced by heating a single pillar, as the laser
had to be aligned to certain locations before the bubble
generation. High-density arrays of nanopillars have more
power to transform into bubbles by plasmonic resonance.
In the stationary state, the heat and mass generated by

the nanopillars reached an equilibrated state with the heat
loss to the environment. The heat required to maintain a
large bubble is larger than a small bubble, due to the fact
that the generated heat from the nanopillars is balanced
by the energy loss from the bubble to the surrounding
liquid at room temperature. According to Fourier’s law,
the heat flux out of a spherical bubble with a radius of
R and temperature gradient (∂rT) at the edge is

dQ∕dt ≈ 4πkRΔT ; (1)

where Q is the heat power (J), k is the thermal conduc-
tivity of the material (J s−1 m−1 K−1), and ΔT is the tem-
perature difference across the bubble’s surface (K). The
temperature difference (ΔT) is assumed to be the same
for all the bubbles, so at the steady state, the heat loss
from the bubble is proportional to the bubble radius (R).
For the spatially controlled nanopillars varying from 1

to 4 μm, the evolution curves of the bubble in Fig. 6 are
obtained and are presented in Fig. 7. The radii of the bub-
bles are found to increase as the interaction time and the
inter-distance of the nanopillars decrease. It indicates that
the maximum radius of the bubbles increases as the
inter-nanopillars decrease when the laser power is the
same. The maximum radii of the bubbles can reach
7.23, 4.47, 3.48, and 1.61 μm for the inter-nanopillars of
1, 2, 3, and 4 μm at 0.3 s, respectively. Clearly, the smaller
the inter-nanopillars, the larger the bubbles. This effect
can be attributed to nanopillars’ density in the case of
bubble creation, with high-density arrays of nanopillars
absorbing more laser power and thus having more power
to transform into bubbles by plasmonic resonance.

Because plasmonic resonance is a rapid process that
happens on a picosecond time scale[18], we focus the rapid
expansion process of plasmonic bubbles within 0.025 s.
Notice that the velocity of the plasmonic bubbles also
depends on the inter-nanopillars. By simulating the
radius curve, the velocity of the bubbles can be derived
by differentiating the simulated curve, as shown in Fig. 8.
It is shown that at the moment the laser heats the
nanopillars, the growth rate of the bubbles is as high as
883.5 × 10−6 m∕s. The velocity of the bubble on the
1 μm inter-nanopillar decreases exponentially from
883.5 × 10−6 to 7.4 × 10−6 m∕s within 0.025 s. Further-
more, the initial bubble growth rates on different inter-
nanopillars are obviously not the same. The maximum
growth velocity of the bubbles on the 1 μm nanopillar
is 883.5 × 10−6 m∕s, and reaches 822.6 × 10−6 m∕s on
the 2 μm nanopillars and 225.4 × 10−6 m∕s on the 3 μm
nanopillars, while it reaches just 56.9 × 10−6 m∕s on the
4 μm nanopillars. The larger the inter-nanopillar is, the
smaller the growth velocity is.

In conclusion, a detailed experimental study is per-
formed on plasmonic bubbles generated by exposing dif-
ferent spatially controlled nanopillars to CW laser power.
With the help of golden nanopillars, the plasmonic reso-
nance is enhanced, and bubbles are efficiently created.

Fig. 6. MB on spatially controlled nanopillars. (a) The images of
anMB on different spatially controlled nanopillars at t ¼ 100 ms
(the error bar is 10 μm). (b) Schematics depicting MB formation
due to plasmonic resonance.

Fig. 7. Plasmonic bubble on different spatially controlled nano-
pillars in degassed water.

Fig. 8. Bubble growth velocity vs. time on different nanopillars.
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The results demonstrate the significant impact of spatially
controlled golden nanopillars on the nucleation and ampli-
fication of the cavitation process. In the case of the ex-
panding bubble, the inter-nanopillar distribution may
lead to threshold fluence variations. The maximum radius
of the plasmonic bubbles decreases as the inter-nanopillars
increase because of the high-density arrays of nanopillars
absorbing and having more power to transform into
bubbles by plasmonic resonance. Furthermore, the initial
bubble growth rates on different spatially controlled
golden nanopillars are obviously different. The larger
the inter-nanopillar is, the smaller the growth velocity
is. These effects can be achieved at well below the maxi-
mum permissible exposure (MPE) for tissues and the
mechanical index (MI) limit for diagnostic ultrasounds,
making the approach attractive for both inducing and
monitoring nanoparticle-mediated tissue therapy.
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