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When illuminated by a laser, plasmonic nanoparticles immersed
in water can very quickly and strongly heat up, leading to the
nucleation of so-called plasmonic vapor bubbles. While the long-
time behavior of such bubbles has been well-studied, here, using
ultrahigh-speed imaging, we reveal the nucleation and early life
phase of these bubbles. After some delay time from the begin-
ning of the illumination, a giant bubble explosively grows, and
collapses again within 200 us (bubble life phase 1). The maxi-
mal bubble volume Vjax remarkably increases with decreasing
laser power, leading to less total dumped energy E. This dumped
energy shows a universal linear scaling relation with Vpay, irre-
spective of the gas concentration of the surrounding water. This
finding supports that the initial giant bubble is a pure vapor
bubble. In contrast, the delay time does depend on the gas con-
centration of the water, as gas pockets in the water facilitate
an earlier vapor bubble nucleation, which leads to smaller delay
times and lower bubble nucleation temperatures. After the col-
lapse of the initial giant bubbles, first, much smaller oscillating
bubbles form out of the remaining gas nuclei (bubble life phase 2).
Subsequently, the known vaporization dominated growth phase
takes over, and the bubble stabilizes (life phase 3). In the final life
phase 4, the bubble slowly grows by gas expelling due to heat-
ing of the surrounding. Our findings on the explosive growth and
collapse during the early life phase of a plasmonic vapor bubble
have strong bearings on possible applications of such bubbles.

plasmonic bubbles | vaporization | nucleation dynamics | superheat |
energy conversion

N oble metal nanoparticles under resonant irradiation of
continuous-wave (cw) lasers can produce huge amounts
of heat due to the enhanced plasmonic effect, resulting in
the vaporization of the surrounding water. This will cause the
formation of microsized plasmonic bubbles (1-6). These bub-
bles appear in numerous applications, including micromanipu-
lation/nanomanipulation (7, 8), biomedical therapy (9-13), and
solar energy harvesting (1, 4, 5, 14-17). Understanding the
nucleation mechanism and growth dynamics of these plasmonic
bubbles is key to successfully taking up the challenges connected
to these applications. However, most studies up to now have
not yet focused on the plasmonic microbubble nucleation and
its early dynamics but, instead, are conducted on the long-term
(milliseconds to seconds) timescale (5, 6, 18, 19). In a recent
study, we revealed that the long-time growth of these plasmonic
bubbles can be divided into two phases—namely, a vaporization-
dominated phase in which vapor bubbles grow (up to 10 ms),
followed by a slow diffusion-dominated growth (20). This later
phase reflects the role of dissolved gas in the growth dynamics of
the bubbles (20). Note that the vaporization event for plasmonic
bubbles is different than for normal vapor bubbles, which arise
from simply locally heating the liquid with a laser (21-25).

7676-7681 | PNAS | July 24,2018 | vol. 115 | no. 30

Upon laser irradiation, water around plasmonic nanoparti-
cles at solid-liquid interfaces experiences a rapid temperature
increase, first proportional to the input laser intensity. The
resulting temperature rise can exceed the boiling temperature
(100°C) within a few nanoseconds to microseconds (3, 26-29).
This is several orders of magnitude faster than the millisecond
time scale in which plasmonic bubbles are normally observed.
At the nanosecond to microsecond time scales, the fate of the
plasmonic nanoparticles under cw laser irradiation and that of
the liquid in their vicinity have remained unexplored. The reason
for this primarily lies in the difficulty to visualize the early stage
of the vaporization dynamics around the plasmonic nanoparti-
cles, due to the lack of imaging systems with sufficient temporal
resolution.

In this work, we overcome this bottleneck by means of the
ultrahigh-speed imaging facility Brandaris 128 (30, 31) and
reveal the early dynamics of plasmonic bubbles nucleating
on an immersed gold nanoparticle (GNP)-decorated surface.
Brandaris 128 has a temporal resolution of 100 ns, which allowed
us to reveal that a giant transient vapor bubble arises before
the hitherto-observed plasmonic bubbles (Movie S1). The delay
between the beginning of the laser heating and the bubble nucle-
ation depends on the laser power and the concentration of the
gas dissolved in water. We compare a gas-rich and a gas-poor
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Plasmonic microbubbles are at the center of numerous appli-
cations, including micromanipulation/nanomanipulation, bio-
medical diagnosis and therapy, and solar energy harvesting.
Controlling the dynamics of these microbubbles is key to suc-
cessfully exploiting their potential in the growing number of
applications. Literature has vastly overlooked the nucleation
and early microsecond dynamics by which these microbubbles
arise. It is of utmost importance to understand this early phase,
as it displays the most violent dynamics and is the precursor
and origin of all subsequent dynamics, on which the many
applications rely.

Author contributions: Y.W., M.E.Z,, X.Z,, HJ.W.Z,, and D.L. designed research; Y.W.,
M.E.Z., and G.L. performed research; H.L.T., J.C.T.E., A.v.d.B., M.V,, B.M.W., and X.Z. con-
tributed new reagents/analytic tools; Y.W., M.E.Z.,, and G.L. analyzed data; and Y.W.,
M.E.Z,, G.L, H.J.W.Z, and D.L. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

'Y.W. and M.E.Z. contributed equally to this work.

2To whom correspondence may be addressed. Email: d.lohse@utwente.nl or wangyu-
liang@buaa.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1805912115/-/DCSupplemental.

Published online July 11, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1805912115


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1805912115/video-1
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:d.lohse@utwente.nl
mailto:wangyuliang@buaa.edu.cn
mailto:wangyuliang@buaa.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805912115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805912115/-/DCSupplemental
http://www.pnas.org/cgi/doi/10.1073/pnas.1805912115
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1805912115&domain=pdf

Dosricc rom s rascrg by "UNIVERSITY OF ALBERTA LIBRARY, AQUISITIONSGENERAL COLESIE MRS e e S o X 1/ ' T
Ll

case, with the latter having about half of the gas concentration
as the former. The measured relation between the delay and the
laser power will be used to estimate the nucleation temperature
of the vapor bubbles in water. Combined with the submicrosec-
ond cavitation dynamics, this nucleation delay provides infor-
mation on the energy conversion efficiency. Our findings have
strong bearings on the applications mentioned above and affect
their risk assessment.

An array of GNPs with diameters of 100 nm and spaced by
260 nm (center to center) was deposited on a fused silica sub-
strate to induce plasmonic bubble nucleation. Experiments were
first conducted with the Brandaris 128 ultrahigh-speed imaging
system at frame rates near 8 Mfps. The origin of time (¢ =0 s)
is the instant at which the laser beam hits the substrate. After
a delay time 74, a bubble (Fig. 14) nucleated. During the vio-
lent subsequent growth, the cavitation bubble can reach a size
>100 um within 6 ps, while retaining a hemispherical shape. Fig.
1D shows that an increase of the laser power P; counterintu-
itively led to a decrease in the maximum bubble volume V4.
Also counterintuitively, the gas-poor case led to larger bubbles
compared with the gas-rich case.

After the initial giant bubble collapsed, smaller bubbles expe-
rienced cycles of sustained oscillations (Fig. 1B and Movie S2)
before gradually stabilizing. These bubbles, referred to as oscil-
lating bubbles, were ~100 times smaller in volume than the initial
giant bubble (Fig. 1C). Accordingly, the oscillation period of
these bubbles was substantially shorter than the lifetime 7. of
the giant bubble.

These two life phases—i.e., the giant bubble growth and
collapse (life phase 1) and the oscillating bubbles (life phase
2)—preceded the usually observed plasmonic bubble dynamics
(6, 18-20, 32). As revealed in ref. 20, this later plasmonic bubble
dynamics consists of two subsequent and slower phases—namely,
a vaporization-dominated growth (life phase 3) and a diffusion-
driven growth that is dominated by the influx of dissolved gas
from the water (life phase 4) and correspondingly depends on
the dissolved gas concentration. Fig. 2 summarizes all four life
phases.

Fig. 34 shows the volume V as a function of time ¢ for an ini-
tial giant bubble (life phase 1), a vaporization-dominated bubble
(life phase 3), and a bubble growing slowly by gas diffusion (life
phase 4) for the gas-rich case. The volume of the initial giant
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Fig. 1. (A and B) Evolution of an initial giant bubble (A) and a subsequent oscillating bubble (B) along with their life cycles captured at 7.47 Mfps for the
gas-rich case and P; = 185mW. The two kinds of bubbles show different shapes and dynamics. (C) Radius of curvature R as a function of time for an initial
giant bubble and for the subsequent oscillating bubbles. (D) Maximum volume V.« of the giant bubble as function of laser power P; in gas-rich and -poor
water. Counterintuitively, the bubble volume decreases with increasing laser power P;.
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Fig. 2. Time sequence of the bubble dynamics under continuous laser irradiation on the patterned GNP sample surface in gas-rich water and P, =

83 mW.

According to their nucleation and growth dynamics, the evolution of the plasmonic bubbles is divided into four phases. (Scale bars: 25 um.)

bubble rapidly exceeded that of the vaporization-dominated bub-
ble (phase 3) and that of the diffusively growing bubbles (phase
4). The growth rate of the giant bubble (Fig. 3B) reached a max-
imum value of ~12.5 m/s, which is, respectively, ~2,000 times
and 10° times larger than the respective growth rates of the
vaporization-dominated and the diffusively growing bubbles.

To capture the dynamics on a longer timescale that encom-
passes the nucleation delay, a second set of experiments was
performed by using a high-speed camera operated at 300 kfps
(SI Appendix). The experiments were conducted with different
laser powers P; in both gas-rich and -poor water. The observed
decrease in maximum volume V., of the initial giant bub-
ble with increasing laser power P; seems counterintuitive, and
so does the observed larger bubble volume for the gas-poor
case. The reason for this behavior is that nucleation of vapor
bubbles in water requires the temperature to reach the nucle-
ation temperature 7,. Under ideal conditions (pure water),
this temperature is identical to the liquid spinodal decompo-
sition temperature (33). However, the presence of impurities,
gases, or interfaces results in a lower T, (Fig. 44). The nucle-
ation temperature T, does not depend on the laser power P;,
which explains the increased delay time 74 for lower P; seen
in Fig. 4B.

We then went ahead and analytically quantified this behavior.
The time-dependent temperature field 7'(7, t) around a single
nanoparticle, assuming spherical geometry and constant thermal
properties, is governed by the spherical linear Fourier equation
for heat conduction:

pl(ra t) i 2
v —|—/~cr2 O (r°0,-T(r, 1)), [1]

o (T(r, 1)) =
where k, p, and ¢, are thermal diffusivity, density, and heat
capacity of water, r is the spherical distance to the GNP, and
pi(r, t) is the deposited power density (unit in W /m?), which
is assumed to be constant for a radius r within the GNP, and 0
elsewhere.

This problem was solved analytically, in the Fourier domain,
and subsequently reversed back to real space numerically. The
temperature field generated by the nanoparticle array could then
be computed by superposition, placing the nanoparticle sources
on the liquid/substrate interface, within the Gaussian laser beam.
A first-order correction was applied to account for the presence
of a substrate as detailed in SI Appendix.

The resulting time-dependent temperature field is the linear
superposition of the temperature fields of the N,,, nanoparticles,

Ny

T(xayaz7t):Z (Ti(di,(w,y,z))t))a [2]

n=1

with T; the temperature field created by the particle i, d; (5,y,»)
the distance from the center of this nanoparticle to the point
located at the coordinates (z, y, z). The result, proportional to
the input power, is given in SI Appendix. From the computa-
tion, taking into account the laser input power, one directly
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obtains the time required to reach a given temperature for a
given laser power. This approach was used to fit the experimental
data in Fig. 4B using a root-mean-square-minimization method,
resulting in the solid curves in Fig. 4B.

This fitting procedure directly provides values for the nucle-
ation temperature—namely, 7, =422 K and T, =498 K for
the gas-rich and -poor water, respectively—and for the vapor-

ization power thresholds P/"—namely, P/* = 39 and 62 mW,
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Fig. 3. (A) Bubble volume dynamics during growth for an initial giant
bubble (life phase 1; black), a vaporization-dominated bubble (life phase
3; red), and a diffusively growing bubble (life phase 4; blue) in gas-rich
water. (B) Growth rates R of the same three bubbles. Both plots are in
double-logarithmic scale. Note: The origin of time for the diffusively grow-
ing bubble was aligned to that of the vaporization-dominated bubble to
facilitate the comparison.
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Fig. 4. (A) Phase diagram of water (schematics). The green solid line is the liquid spinodal line, the theoretical limit of superheat, while the blue and red

dashed lines schematically depict the attainable superheat for gas-poor and -rich water. (B) Measured delay 74 as function of P;. The symbols represent
the experimental data, and the solid lines the fit curves using Eq. 1. (C) Double logarithmic plot of 74 vs. P, — Py,. Both curves fall within the theoretical
limits—namely, the boiling temperature (black curve) and the spinodal curve (T; = 578.2 K for a pressure of 1 atm; green curve). The shorter delay time 74

for gas-rich water indicates that dissolved gas facilitates bubble nucleation.

respectively. Fig. 4C shows a double-logarithmic plot of 74 vs.
P, — P, As expected, both curves were located between the
two limiting cases—namely, the liquid-vapor equilibrium tem-
perature T, = 373.2 K (black curve) and the water spinodal
temperature 7 = 578.2 K (33) (green curve). Moreover, above-
obtained values for the vaporization power thresholds were in
reasonable agreement with the respective measured thresholds
of 44 and 56 mW for the gas-rich and -poor cases. Below this
threshold, the steady-state regime for spherical heat diffusion
had time to establish, and the temperature stopped rising before
the system reached the required nucleation temperature.

The experimental results also revealed that the dissolved
gas plays a crucial role in the initial giant bubble nucleation.
Numerous studies have shown that impurities in water can
greatly reduce the nucleation temperature 7, from the liquid
spinodal temperature (34-36). As the concentration of dissolved
gas in the gas-poor water is about half of that in gas-rich water,
the probability of forming gas nuclei larger than the critical size
is statistically reduced (37), resulting in a higher T, which leads
to an increase in the delay time 74 in gas-poor water.
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Nonetheless, as shown in Fig. 54, the maximum bubble vol-
ume V4, displayed a universal linear relation Vi, = kE (with
k= 1.7 x 10* um?®/uJ), with the total dumped energy E = P74,
which is the accumulated laser energy in the illumination spot on
the substrate from the moment the laser was switched on to the
moment of bubble nucleation. The very same linear relation held
for both gas concentrations. This reflects that the energy stored
in the vicinity of the nucleus determined the energy available
for vaporization, and more energy resulted in larger vapor bub-
bles. The linear relation is a consequence of the short delay time
observed in these experiments relative to the thermal diffusion
time 745 &~ R} /mk ~ 400 us, where R, is the laser spot radius.
Moreover, it further confirmed that the initial giant bubbles are
pure vapor bubbles, for both gas-poor and -rich water.

The major motivation for using plasmonic particles for appli-
cations such as solar to steam energy harvesting or plasmonic
bubble photoacoustic therapy lies in their outstanding efficiency
of light absorption. In such cases, the limiting factor becomes
the thermal processes occurring within the system that convert
thermal energy into vapor. It is therefore important to quantify
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(A) Maximal volume of the giant bubble V.« as function of the energy E = P74 in gas-rich and -poor water. Both cases show an identical linear

relation between V.« = kE, regardless of 74 and P;. (B) Actual conversion efficiency of the GNPs for the energy converted from laser heat deposition to

vaporization enthalpy contained in the vapor.
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Fig. 6. (A) Schematic of a GNP sitting on a SiO, island on a fused-
silica substrate. (B) SEM images of the patterned GNP sample surface. (B,
Left) Energy-selective backscatter (ESB) mode. (B, Right) High-efficiency
secondary electron mode.

the energy conversion efficiency. For water, one can neglect the
heat capacity compared with latent heat of vaporization. Thus,
the energy contained in the giant initial bubble can be estimated
by using the ideal gas law:

MPsat Vmax

Ebub = Avap R T
g 1 sat

. [3]

where P, and T4 are water saturation pressure and tempera-
ture, respectively; M is the molar mass of water; A, is its latent
heat of vaporization; and R, = 8.314 Jmol 'K~ is the gas con-
stant. Since the ratio Psa/ Tsa¢ is independent of the laser power
P; (SI Appendix), Epys is proportional to the maximal bubble vol-
ume V4. The ratio of the energy contained in the initial giant
vapor bubble to the energy absorbed by the substrate, which is
the effective energy conversion efficiency for this process, is dis-
played in Fig. 5B and is equal to (3.6 +0.5) %. The conversion
efficiency displayed a slight decrease for larger energies, cor-
responding to an increase of 4. This is in agreement with the
increasing (with time) losses by heat diffusion.

To summarize, we have shown that the nucleation of plas-
monic bubble on water-immersed, laser-irradiated GNPs was

A
Brandaris 128 beam splitter
dichroic mirror
optics
AOM system 4I<
CW laser

_ light source
“(flash and cw)

initiated by a transient and explosively growing giant vapor
bubble with a lifetime of ~10 ps. The maximum growth rate
R of the initial giant bubbles was >12.5 m/s, which is three
orders of magnitude larger than that of the later and hitherto-
observed plasmonic bubbles that grow by steady vaporization.
Whether and when a giant initial bubble nucleates is determined
by the competition between laser heating and cooling through
thermal diffusion. As a result, the delay time 74 up to bub-
ble nucleation decreases with increasing laser power P;, leading
to smaller bubbles. Both the nucleation temperature 7, and
the laser power threshold value can be obtained from a simple
heat diffusion model and are consistent with the experimental
values. Moreover, the experimental results showed that the gas-
poor water had a much larger delay time 74 than the gas-rich
water. This makes evidence that dissolved gas facilitates vapor
bubble nucleation and lowers the superheat temperature limit.
After nucleation, the giant bubbles in both cases obeyed the
same dynamics (life phase 1). The maximum bubble volume fol-
lowed the same linear relation with the accumulated energy for
both gas-rich and -poor water. In the later life stages, the plas-
monic bubble displayed small, sustained oscillations (life phase
2), followed by the known vaporization-dominated phase (life
phase 3) and diffusive growth phase (life phase 4). Our findings
on plasmonic bubble dynamics have strong bearings on various
applications of plasmonic bubbles, notably on medical applica-
tions where large plasmonic bubbles can cause damage (38).
In the context of catalysis or triggering chemical reactions, the
energetic giant bubble collapse may be beneficial.

Materials and Methods

Sample Preparation. A gold layer of ~45 nm was deposited on an amor-
phous fused-silica wafer by using an ion-beam sputtering system (home-
built T'COathy machine, MESA+ NanoLab, Twente University). A bottom
antireflection coating (BARC) layer (~186 nm) and a photoresist (PR) layer
(~200 nm) were subsequently coated on the wafer. Periodic nanocolumns
with diameters of ~110 nm were patterned in the PR layer by using dis-
placement Talbot lithography (PhableR 100C, EULITHA) (39). These periodic

B
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Fig. 7. Schematic of the optical imaging facilities for plasmonic microbubble formation observation. (A) Brandaris 128 imaging system with frame rate up
to 25 Mfps. (B) High-speed camera imaging system with frame rate up to 500 kfps. AOM, acousto-optic modulator; US, ultrasound.
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PR nanocolumns were subsequently transferred at wafer level to the under-
lying BARC layer, forming 110-nm BARC nanocolumns by using nitrogen
plasma etching (home-built TEtske machine, NanoLab) at 10 mTorr and
25 W for 8 min. By using these BARC nanocolumns as a mask, the Au
layer was subsequently etched by ion beam etching (Oxford i300, Oxford
Instruments, United Kingdom) with 5 sccm Ar and 50-55 mA at an inclined
angle of 5°. The etching for 9 min resulted in periodic Au nanodots
supported on cone-shaped fused-silica features. The remaining BARC was
stripped by using oxygen plasma for 10 min (TePla 300E, PVA TePla AG,
Germany). The fabricated array of Au nanodots was heated to 1100°C in
90 min and subsequently cooled passively to room temperature. During the
annealing process, these Au nanodots reformed into spherical-shaped Au
nanoparticles, as shown in Fig. 6 A and B.

Setup Description. In this study, two imaging setups were used to cap-
ture the growth dynamics of plasmonic microbubbles, both on short and
long terms, as shown in Fig. 7. Short-term measurements were performed
by using the Brandaris 128 ultrafast imaging system (30, 31). This system
can capture 128 consecutive images with a frame rate of up to 25 Mfps.
The schematics of the Brandaris 128 setup is shown in Fig. 7A; an upright
microscope was installed together with a water-immersion objective
(LUMPLFLN, Olympus) for bubble observation. In the Brandaris 128, 128 CCD
cameras are sequentially installed along an arc. The images from the objec-
tive are redirected to the sequence of the CCD sensors by a rotating
mirror-polished beryllium turbine. By adjusting the rotation speed of the
turbine, one can tune the recording speed. In our experiments, the frame
rates were ~7-8 Mfps, which allowed us to capture the detailed temporal
evolution of the initial giant bubbles or three to four oscillation cycles of
the subsequent oscillating bubbles. A xenon flashlight was used as illumina-
tion source.

The GNP-decorated sample was immersed in a water tank and placed
vertically to enable side-view imaging of plasmonic bubbles. During mea-
surement, the sample surface was irradiated with a cw laser (Cobolt Samba)
of 532-nm wavelength and tuneable power up to 200 m\W. An acousto-optic
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