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T
he number of solar thermal energy
power plants around the world is
increasing as solar thermal energy

conversion becomes more efficient and
replacing power stations that use fossil fuels
with a pollution free sustainable source of
energy becomes more feasible.1 Under-
standing themechanism of converting light
to heat using heterogeneous supports is
important in improving the efficiency and
alternately reducing production costs of
megawatt solar thermal power plants. Re-
cently, Halas and co-workers have pub-
lished a series of papers on solar thermal
energy conversion using nanostructures as
broadband light-harvesting agents.2�4

A mechanism of steam generation using

broadband light absorbing nanoparticles
is postulated where nanoparticle bubble
complexes reach the surface of the liquid
and release steam. This process occurs with
a large temperature difference between the
optical heated nanoparticle bubble com-
plex and the ambient temperature of the
liquid.
Classical nucleation theory reveals that

bubble nucleation from nanometer-sized
structures should not occur at temperatures
closed to the boiling point but at large
superheated temperatures.5 Flat surfaces
or surfaces with nanometer or micrometer
posts do not nucleate vapor until the
temperature reaches the kinetic limit for
heterogeneous nucleation. This limit occurs
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ABSTRACT The phase transformation properties of liquid water to

vapor is characterized by optical excitation of the lithographically

fabricated single gold nanowrenches and contrasted to the phase

transformation properties of gold nanoparticles located and optically

excited in a bulk solution system [two and three dimensions]. The

532 nm continuous wave excitation of a single gold nanowrench results

in superheating of the water to the spinodal decomposition tempera-

ture of 580 ( 20 K with bubble formation below the spinodal

decomposition temperature being a rare event. Between the spinodal

decomposition temperature and the boiling point liquid water is trapped into a metastable state because a barrier to vapor nucleation exists that must be

overcome before the thermodynamically stable state is realized. The phase transformation for an optically heated single gold nanowrench is different from

the phase transformation of optically excited colloidal gold nanoparticles solution where collective heating effects dominates and leads to the boiling of the

solution exactly at the boiling point. In the solution case, the optically excited ensemble of nanoparticles collectively raises the ambient temperature of

water to the boiling point where liquid is converted into vapor. The striking difference in the boiling properties of the single gold nanowrench and the

nanoparticle solution system can be explained in terms of the vapor-nucleation mechanism, the volume of the overheated liquid, and the collective heating

effect. The interpretation of the observed regimes of heating and vaporization is consistent with our theoretical modeling. In particular, we explain with

our theory why the boiling with the collective heating in a solution requires 3 orders of magnitude less intensity compared to the case of optically driven

single nanowrench.
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at ∼0.89 of the critical temperature where the vapor
nucleation rate is given by the homogeneous nuclea-
tion rate. In contrast, cavities in surfaces are capable of
trapping vapor when submerged with liquid. The
trapped vapor is capable of nucleating vapor with
the magnitude of superheating related to the size of
the cavity. Larger micrometer-sized cavities nucleate
vapor at a lower superheated temperature than smal-
ler nanometer-sized cavities. These results have been
recently experimentally verified using nanometer to
micrometer-sized posts and cavities fabricated with
e-beam lithography.6

We have previously shown that a colloidal solution
of gold nanoparticles excited with light raises the
ambient temperature of the liquid through collective
heating effects if the particle density leads to a particle
spacing where the heat signature from individual
particles overlap.7 This result is supported by theory
where enhanced temperatures are observed for col-
lective excitation of nanoparticle solutions.8,9 This me-
chanism is in contrast to a mechanism recently
proposed where a large temperature difference be-
tween the nanoparticle and the supporting fluid is
postulated.2�4 Our mechanism of steam generation
involves a process where the ambient temperature of
the liquid is raised by collective heating effects to the
saturation temperature where bubble formation oc-
curs, not at the surface of the nanoparticles but at
heterogeneous nucleation sites within the liquid. In
this mechanism, a large number of nanoparticles are
excited simultaneously and release heat to the sur-
rounding fluid raising the ambient temperature of the
fluid to the boiling point where bubbles nucleate
heterogeneously.7�9 In another experiment,10 the va-
por bubbles were generated in water and biological
matrixes using micrometer-size nanoparticle clusters
and again the collective-heating theory provided rea-
sonable estimates for the temperature increase. More
examples of the collective heating mechanism are
found in papers on melting of DNA-assembled gold
nanoparticle clusters,11 nanoparticle arrays12 andmelt-
ing of ice matrix.13

Recently, we have shown that individual gold nano-
dots at a solid/liquid interface optically excited using
continuous wave excitation do not preferentially in-
duce bubble formation at the boiling point but super-
heat the liquid around the nanodot.14 We proposed
that superheating of the liquid in close proximity of the
nanodot occurs because there is a barrier to vapor
formation that traps the liquid in a metastable state.
This barrier exists for temperatures as high as the
spinodal decomposition temperature where the liquid
is no longer metastable but spontaneously decom-
poses into the thermodynamic stable states at that
temperature. This picture is in agreement with classical
nucleation theory.5 In this paper we explore the rela-
tionship between the superheated liquid and bubble

formation for a single optically excited nanostructure
at the gold/water interface. The nanostructure we
interrogate is a nanowrench having both post and
cavity structure. We contrast these properties with
vapor formation in a colloidal solution of optically
excited gold nanoparticles. We find that bubble for-
mation for a single nanostructure at a solid/water
interface is an inherently a low probability event with
superheating of the liquid to the spinodal decomposi-
tion temperature as the norm. In contrast to this, a
colloidal solution of gold nanoparticles optically ex-
cited form steam bubbles at the boiling point. The
ambient liquid temperature is raised to the boiling
point by collective heating effects and boiling occurs
within the solution and not necessarily at the surface of
the nanoparticle. This mechanism is consistent with
classical nucleation theory5 where boiling in a bulk
liquid starts at a nucleation center (a small air bubble or
another object). Nucleation centers diffuse in a liquid
and sometimes enter the superheated area. Therefore,
the probability and frequency of appearance of vapor
bubbles strongly depend on the volume of the super-
heated water. In the case of the solution experiments,
this superheated-water volume is orders of magnitude
larger than that in the single nanowrench experiment.
This extreme difference in heated volumes leads to the
behavior where vapor bubble creation in the solution
case is a frequent event, whereas in the single nano-
structure case, bubbles happen to be very rare events.

RESULTS

Temperature Changes and Phase Transformation with Gold
Nanowrenches. Figure 1 shows the SEM image of the
lithographically fabricated gold nanowrenches. The
nominal length and width of the nanowrench is 700
and 400 nm, respectively, with a height of 65 nm. The
nanowrenches were fabricated in arrays having spa-
cing between nanowrenches of 3000 nm. The beam
width of the excitation laser (fwhm) is ∼800 nm en-
suring that only a single gold nanowrenchwas excited.

Figure 2 shows the local temperature change of the
gold nanowrench immersed in water as a function of
excitation laser intensity. Different colored data points
represent data collected on different days. This data
can be divided into two different regions where the
properties are quite different. At low laser intensities a
linear region is observed where the local temperature

Figure 1. SEM image of the lithographically fabricated gold
nanowrenchwith standard length, width, and height of 700,
400, and 65 nm, respectively.
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varies linearly with laser intensity. The measured tem-
perature is scaled with a factor of 10.2 to account for
the difference between the temperature at the nanow-
rench and the temperature averaged across the optical
collection volume.14�16 The linear temperature region
goes beyond the boiling point of water (373 K) and
extends to the spinodal decomposition temperature of
water at 580 K. At the spinodal decomposition tem-
perature of water, the characteristics of temperature
with laser intensity change dramatically. In the second
region, the temperature does not vary linearly with
laser intensity but multiple temperatures are observed
at each laser intensity. The temperature variation in the
second region was probed by taking temperature time
traces at constant laser intensity.

Figure 3 shows temperature time traces for differ-
ent laser intensities. At low laser intensity, the average
local temperature is below the boiling point of water. In
temperature trace A, a single nanowrench was heated
with a laser intensity of 1.5 � 109 W/m2 for a time
period of 60 s. The photoluminescence spectrum at
each time interval is converted into temperature. Back-
ground temperature traces are collected for each laser
intensity and subtracted from the sampled tempera-
ture trace to give the difference temperature trace
shown in Figure 3. The number of counts in the
photoluminescence spectrum scales with laser inten-
sity so a lower temperature variation is expected at
higher laser intensities. Temperature traces B (laser
intensity 2.4 � 109 W/m2) and C (laser intensity 4.5 �
109 W/m2) are at an average temperature above the
boiling point of water but below the spinodal de-
composition temperature. The temperature variation
in the trace is diminishing with higher laser intensity
as expected. This behavior changes in temperature
trace D (laser intensity 1.2 � 1010 W/m2) taken at the
spinodal decomposition temperature of 580 ( 20 K.

The variation in temperature has both high and low
frequency components. Above the spinodal decom-
position temperature, the temperature variation in-
creased with temperature (traces E and F, laser in-
tensity 1.44� 1010 and 2.16� 1010W/m2, respectively).
The variation in temperature as a function of tempera-
ture can be characterized by taking the standard
deviation of the temperature trace from the average
temperature and multiply by the laser intensity. If the
system is behaved as expected, then such a plot should
show no variation with temperature.

Figure 4 shows the standard deviationmultiplied by
the laser intensity as a function of the local tempera-
ture change. A flat line is observed at low temperature
that slope increases to the spinodal decomposition

Figure 3. Temperature�time spectra of a single nanow-
rench at different laser intensities. The nanowrench was
heated with different laser intensities (A, 1.50 � 109; B,
2.40 � 109; C, 4.50 � 109; D, 1.20 � 1010; E, 1.44 � 1010; F,
2.16� 1010 W/m2) for a time period of 60 s. The red dashed
line designates the boiling and spinodal decomposition
temperature of water.

Figure 4. A plot of standard deviation multiplied by the
laser intensity as a function of the local temperature change.
The standard deviation is determined from temperature�
time spectra where representative spectra are shown in
Figure 3.

Figure 2. A plot of a local temperature change in K
as a function of laser intensity in W/m2. The tempera-
ture increased linearly with increasing laser intensity
until reaching the value around ΔT of 280 K, where
fluctuations in temperature were seen with increasing
laser intensity.
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temperature where a dramatic break in the trend is
observed. At temperatures at and above the spino-
dal decomposition temperature (ΔT = 280 ( 20 K),
wild fluctuations in temperature are observed that
increase the standard deviation significantly. To
probe the temperature structure properties of the
water near the nanowrench, both the lossless scat-
tering of the excitation laser and photolumines-
cence from the thermal sensor film were collected
simultaneously.

The overlaid temperature and scattering time
traces are shown in Figure 5 for temperatures between
the boiling and spinodal decomposition points and for
temperatures much above the spinodal decomposi-
tion temperature. The data, shown in red, is scattering
collected back through themicroscope objective at the
excitation wavelength. The data, shown in black, is the
temperature trace converted from the photolumines-
cence spectrum and scaled to yield the local tempera-
ture. The data shown in Figure 5A is taken at a laser
intensity of 2.4 � 109 W/m2. The temperature of the
nanowreches for this laser intensity is near the boiling
point of the water and both the temperature and

scattering traces have similar properties. In contrast
to this behavior, for data collected much above
the spinodal decomposition temperature (shown in
Figure 5B, laser intensity 3� 1010 W/m2), the tempera-
ture and scattering profiles move in opposite direc-
tionswith an increase in temperature corresponding to
a decrease in laser scattering.

Figure 6 shows three successive frames each 0.04 s
apart from a movie (Supporting Information) showing
water boiling after laser excitation of a colloidal solu-
tion containing 13 nm diameter gold nanoparticles.
The solution is excited at 532 nm with 1.0 W laser
power. The laser spot size is 0.3 mm yielding a laser
intensity of 1.8� 107W/m2. The green line in the figure
is the 532 nm laser. Panel A is just before boiling, while
panels B and C show spontaneous boiling of the
solution with a large bubble forming within the capil-
lary tube.

Figure 7 shows the temperature inside the capillary
tube at distances away from the laser excitation area
when a gold nanoparticle colloidal solution, concen-
tration of 9� 1010 particles/cm3 and 40 nmdiameter, is
excited at 532 nm. The laser power is changed from
0 to 500 mW. The temperature within the laser excita-
tion (0 mm distance) is impossible to probe with the
thermocouple and must be extrapolated from the
exponential fit of the thermal data away from the
center of the laser excitation area.

Convection within the liquid is probed by measur-
ing the temperature distribution within the optically
stimulated liquid as the laser ismoved from the bottom
to top of a liquid sample cell (see the Materials
and Methods section). The temperature profiles within
the liquid at different laser positions are shown in
Figure 8C. The color coded arrows show the position
of the laser excitation. When the sample is excited in
the middle of the sample cell (laser position 3, red
data), the temperature in the liquid 2 mm above the
laser spot is higher than the temperature at the laser
spot indicating movement of the hot liquid. In the
diagram shown at the far left of the Figure 8A, the laser
is excited at positions labeled 1 through 5 and is color
coded to the temperature profiles shown in Figure 8C.
Figure 8B diagrams the general movement of the hot
liquid within the sample cell.

Figure 5. Temperature�time spectra (shown in black) over-
laid on laser scattering spectra (shown in red) at laser
intensity of 2.4 � 109 and 3.10 � 1010 W/m2. Evidence of
bubble formation is revealed as dips in the laser scattering
spectra. Bubbles formed at temperatures between the boil-
ing and spinodal decomposition temperature are rare but
long-lived, while bubble formation for temperatures above
the spinodal decomposition temperature are shorter lived
but happen frequently.

Figure 6. Three successive frames each 0.04 s apart from amovie (Supporting Information) showing water boiling after laser
excitation of a colloidal solution containing 13 nmdiameter gold nanoparticles. The solution is excited at 532 nmwith a laser
intensity of 1.8 � 107 W/m2.
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DISCUSSION

Metastability of Superheated Water. It is possible to heat
water well above the boiling point (superheat) because
a free energy barrier exists between the metastable
state (superheated water) and the global stable state
(gas). Superheated water will remain as a liquid for a
period of time but will ultimately, given enough time,
transition to the globally minimum free energy state.
The limit of stability, the point where small perturba-
tions decrease the free energy of the system, is called
the spinodal. If the temperature of metastable water at
ambient pressure is raised to the spinodal decomposi-
tion temperature (594 ( 17 K),14 the liquid water will
spontaneously collapse into mixed phases of higher
and lower density.17 Unlike bubble nucleation, spino-
dal decomposition is not an activated process and

results in a phase transition that has different charac-
teristics. First, there is no free energy barrier for spino-
dal decomposition and the transition occurs spontane-
ously compared to bubble nucleation that is a stochas-
tic process. Second, the superheated water at the
spinodal decomposition temperature (SDT) sponta-
neously collapses with a large increase in pressure
corresponding to the saturation pressure at the spino-
dal temperature (92 bar).

Phase Transformation Characteristics for Two-Dimensional
Vapor Nucleation. Figure 2 shows the local temperature
change as a function of laser intensity. At low laser
intensity, the local temperature change is linear with
laser intensity. Also, the standard error of the measure-
ment decreases with laser intensity because the Er3þ

photoluminescence increases with increasing laser

Figure 8. Panels A is a picture of the sample cell showing the position of laser excitation and the thermocouples used to
measure the temperaturewithin the sample cell. Panels B is a diagram showing the expected rise in hot liquidwhen excited at
laser position 3. The temperature profiles within the liquid at different laser positions are shown in panel C. The color coded
arrows show the position of the laser excitation. When the sample is excited in themiddle of the sample cell (laser position 3,
red data), the temperature in the liquid 2mm above the laser spot is higher than the temperature at the laser spot indicating
movement of the hot liquid.

Figure 7. Temperature profiles of the liquid within the capillary tube (2 mm diameter) at distances away from the laser
excitation areawhen a gold nanoparticle colloidal solution, with concentration of 9� 1010 particles/cm3 and 40 nmdiameter,
is excited at 532 nm. The laser intensity is changed from 0 to 9� 106 W/m2. We also include two theoretical points calculated
by eqs 1 and 2 for the 100 mW excitation.
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intensity. These characteristics change dramatically at
a local temperature change of 280 ( 20 K where the
temperature no longer increases linearly and the stan-
dard error of themeasurement decreases with increas-
ing laser intensity. In this region the temperature levels
off and fluctuates at and above the spinodal decom-
position temperature.

The time dependence in the local temperature
change was monitored by collecting time traces of
the local temperature change at temperatures below
and above the spinodal decomposition temperature.
These time traces are shown in Figure 3. Below the
spinodal decomposition temperature, the standard
deviation in the traces reduces with laser intensity as
expected, but above the SDT, the standard deviation
increases. The decrease in the standard deviation is
expected to be linearly proportional to the laser in-
tensity. A plot of standard deviation multiplied by the
laser intensity as a function of local temperature
change is shown in Figure 4. A clear demarcation in
the characteristics for the standard deviation is ob-
served at a temperature change of 280 K. This demar-
cation is consistent with the assignment that the SDT
occurs at a temperature change of 280 K.

Vapor nucleation from the liquid is an activated
process. Cavities of dissolved gases within the liquid
greatly increase the nucleation rate but it is possible to
superheat liquid water droplets (∼0.5 mm) within a
host liquid to nearly 280 �C by careful elimination of
dissolved gases and solid impurities.18 We were able to
observed vapor bubble nucleation below the spinodal
decomposition temperature but it is a rare event.
Figure 5 shows the local temperature change and laser
scattering of bubble nucleation events. The traces
shown in Figure 5A reveal that the temperature and
laser scattering track each other at temperatures below
the spinodal decomposition temperature and that the
bubble is long-lived (25 s). The traces above the spinodal
decomposition temperature, shown in Figure 5B, have
very different behavior than the temperature and scat-
tering traces below the spinodal decomposition tem-
perature. The temperature and laser scattering profiles
no longer track each other and the bubble lifetime is
greatly reduced.

Phase Transformation Characteristics for Three-Dimensional
Vapor Nucleation. A gold nanoparticle colloidal solution,
13 nm diameter, is excited at 532 nm with 1.0 W laser
power. The laser spot size is 0.3 mm yielding a laser
intensity of 1.8 � 107 W/m2. Figure 6 shows three
consecutive frames, each 0.04 s apart, taken from a
movie of water boiling when excited with laser light (see
Supporting Information). The green line in the figure is
the 532 nm laser. Panel A is just before boiling, while
panels B and C show spontaneous boiling of the solution
with a large bubble forming within the capillary tube.

Figure 7 shows the temperature inside the capillary
tube at distances away from the laser excitation area

for a 40 nm diameter gold colloidal solution of con-
centration 9 � 1010 particles/cm3. The temperature at
the center of the laser excitation area has been esti-
mated for laser excitation of a gold colloidal droplet7,9

(eq 1) or for a spherical region with randomly distrib-
uted nanoparticle heat sources8 (eq 2). Equation 2
gives the temperature increase of a heater with a
characteristic size Rheat and it is valid relatively far from
the cylinder surface. In eqs 1 and 2, Cabs is the absorp-
tion cross section of a 40 nm gold nanoparticle im-
mersed in water (2.8 � 10�15 m2), I (W/m2) is the
intensity of the excitation laser (Power (W) � 1.8 �
107 m�2), RNP is the gold nanoparticle radius (20 nm),
ηNP is the nanoparticle concentration (9 � 1010 parti-
cles/cm3), lopt is the optical path length (1.649 mm),
Rbeam is the radius of the optical beam (0.136 mm).7,9

Theory (eq 1) generally underestimates the tempera-
ture for the 100mWexcitation, shown as the large blue
point in Figure 7, while theory from a spherical heated
region (eq 2) overestimates the temperature (shown as
the large red point). The thermal profile away from the
cylinder of laser excitation has been previously
calculated.7 The damping of the temperature away
from the excitation region has an exponential decay
but at a larger damping rate than the experimental
thermal profiles shown in Figure 7B. Theory overesti-
mates the damping of the temperature profile away
from the excitation region because thermal diffusion
due to convection is neglected.

ΔT � CabsIηNPR
2
beamloge(lopt=Rbeam)

2kw
(1)

ΔTglobal ¼ CabsIηNPRheat
2

2kw
(2)

Convection within the liquid is probed by measur-
ing the temperature distribution within the optically
stimulated liquid as the laser ismoved from the bottom
to top of the sample cell. The laser power is held
constant at 1.25 W and the thermal profiles are shown
in Figure 8. In the diagram, shown in the far left of
Figure 8A, the laser is excited at the positions labeled as
1�5 and are color coded to the temperature pro-
files shown in Figure 8B. The direction of heat flow in
the liquid is shown as dotted lines in Figure 8B when
the sample is heated at laser position 3. The tempera-
ture profileswithin the liquid at different laser positions
are shown in Figure 8C. The color coded arrows show
the position of the laser excitation. When the sample is
excited in the middle of the sample cell (laser position
3, red data), the temperature in the liquid 2 mm above
the laser spot is higher than the temperature at the
laser spot. Conversely, the temperature in the liquid 2
mm below the laser spot is cooler than the tempera-
ture at the laser spot. This trend is observed for all the
laser positions except for position 5 where the sample
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is excited near the bottom of the sample cell. We
believe that this effect is consistent with fluid motion
through convection consistent with our observation
frommicrometer sized silica beads in laser excited gold
colloidal droplets.19

Collective Heating Mechanism in Solution and Other Systems.
In the nanoparticle solution experiment, the mecha-
nism of heating is collective and this mechanism is
amazingly efficient. In themechanism, heat fluxes from
a large ensemble of small nanoparticles add up and the
resultant temperature of water becomes a few orders
of magnitude larger than the temperature that can be
created by a single nanoparticle (NP). We now illustrate
thismechanism for themodel of light�heated cylinder
submerged in water7,9 for the temperatures below the
boiling point. When the temperature is above the
boiling point, the phase transformation takes place,
the temperature within the boiling area stays constant
at 100 �C, and the estimates given below are no longer
applied. The heater in our model is a cylinder with the
length lopt and the radius Rbeam. Then, the ratio be-
tween the collective temperature in the center of a
heated cylinder and the single-nanoparticle tempera-
ture is written as7,9

A ¼ ΔTcollective
ΔTsurface of single particle

� RNPηNPSbeam2loge(lopt=Rbeam)

¼ NNP, tot
RNP
lopt

2loge(lopt=Rbeam) (3)

where Sbeam is the beam cross-sectional area and
NNP,tot is the total number of NPs inside the beam
cylinder. The temperature increase at the surface of
single, isolated NP is given by the standard equation:
ΔTsurface of single particle = CabsI/4πkw. For a 3D com-
pact nanoparticle heater, this equation looks simpler:
ΔTcollective/ΔTsurface of single particle ≈ NNP,totRNP/Rheater,
where Rheater is the size of a NP complex. The transition
between the single-particle and collective regimes of
heating depends on the parameter A given by eq 3. For
a solution with a high NP density, the parameter A. 1
and the collective heating is realized. In the opposite
case of small NP densities, the parameter A , 1, the
local temperature increase at theNP surface dominates
and the collective effect can be neglected. For the
case of the solution experiment shown in Figures 7,
the collective parameter is a large number, A ∼ 520,
since the NP density is high (ηNP = 9� 1010 cm�3). This
is the regime when the heating is very efficient due to
its collective character. For example, at the 100mW-
power, the estimated collective temperature increase
in themiddle of the heated cylinder is∼17 �C, whereas
the single NP temperature increase is only 0.04 �C. The
total number of NPs involved in the collective heating
in Figure 7 is ∼8 � 106. For the geometry of the
experiment in Figure 8, the transition between two

regimes of heating occurs at ηNP = 1.7 � 108 cm�3

when A = 1.
Vapor-Nucleation Picture and the Rate of Bubble Creation for

a Single Nanowrench and for the Nanoparticle Solution. The
vapor-nucleation scenario is based on the nuclea-
tion center where the formation of a bubble starts
(Figure 9a).5 This can be a small air bubble or other
object favoring the steam nucleation. Then, the vo-
lume of the superheated liquid is an important param-
eter for the case of the single nanowrench experiment
because the number of nucleation centers found in the
superheated volume will determine the number of
bubbles formed. Such volume can be roughly esti-
mated assuming that a nanowrench is a compact
spherical object. Then, the volume of the superheated
water, in which the temperature varies in the interval
100 �C < T < Tsurface, is calculated as: Rsuperheated =
Cabs,nanowrenchI/4π(100 �C � Tambient), where = (kw þ
ksubstrate)/2 is the averaged thermal conductivity of the
system. Figure 9c shows the estimated volume of
overheated liquid around of the nanowrench for the
interval of intensities that provides the temperature
interval for nanoparticle surface temperature 100 �C <
Tsurface < 305 �C, where 305 �C is the spinodal decom-
position temperature of water.14 Above the spinodal
decomposition temperature a nucleation center is not
needed for bubble formation while below the spinodal
decomposition temperature a nucleation center is
needed. Therefore, we can assume that the rate of
formation of bubbles is proportional to an average
number of nucleation centers within the superheated
volume:

Ratebubble ¼ 1
Δtbubble

∼ Vsuperheatedccenters

¼ 1
2
4π
3

(R3superheated � R3eff,nanowrench)ccenters

where ccenters is the concentration of nucleation cen-
ters, Δtbubble is the time interval between two con-
secutive creations of bubbles, and Reff,nanowrench is the
effective radius of the nanowrench. When we look at
the settingwith boiling of water using the nanoparticle
solution and the laser beam (Figure 6), we see really a
striking difference in the effect and in the volume of
water having the boiling temperature 100 �C. Since the
system is in the regime of phase transformation and it
(the light beam cylinder) is macroscopic, the tempera-
ture of the boiling water should be taken as 100 �C.
Then, the volume of the boiling water is approximately
equal to the volumeof the beam. This boiling volume is
Vboiling ∼ 0.095 mm3. In the case of the surface nano-
structure (nanowrench) experiment, the estimated
volume of the superheated water is dramatically small,
Vsuperheated ∼ 10�10 mm3, and therefore, the probabil-
ity of bubble creation is dramatically low. In our
experiments, bubbles from a single nanowrench can
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be observed, but they are very rare events. While for
the nanoparticle solution the boiling is very active and
bubbles are created frequently using relatively small
laser intensities, I ∼ 107 W/m2. This can be explained
considering the ratioVsuperheated/Vboiling ∼ 10�9. In
other words, the volume for steam nucleation in the
single nanowrench experiment 9 orders of magnitude
smaller than that for the solution experiment! This
simple volume consideration explains the striking
difference of the two cases and a long waiting time
for the observation of a bubble in the single nanow-
rench experiment.

Contrast between Phase Transformation for Single Plasmonic
Particle (Nanowrench) and 3D Nanoparticle Solution. A single
nanoscale hot spot created at a solid/liquid interface
(e.g., a nanowrench in our study) nucleates vapor
bubbles rarely below the spinodal decomposition
temperature. The laser intensity needed to drive the
temperature of the gold embedded nanoheater is
given by the heat transfer equation.7,9,13�15 At the
spinodal decomposition temperature, the variation in
the temperature increasesbecauseof instabilities created
by scattering of the laser due to critical opalescence.14

This behavior is supported by theory where, even in a
colloidal gold nanoparticle solution, if the nanopar-
ticle density is sufficiently reduced and the laser in-
tensity increased, large temperature spikes around the

nanoheater is expected with little change in the ambient
temperature.7,20

Colloidal gold nanoparticle solutions with higher
densities, where collective heating effects dominate,
have very different phase transition properties. First,
there is an amplification of the temperature input to
the surroundings, due to collective heating effects, that
scales with the number of nanoheaters excited.8,9 This
amplification can be extremely high, ∼107, causing a
similar change in the temperature of the surrounding
liquid with much lower laser intensities than exciting
single nanoparticle heaters. Also, amacroscopic region
of the solution temperature is increased, not just a local
region around the nanoheater. The large volume liquid
can be driven at relatively low laser intensities to the
boiling point of the liquid where vapor nucleation occurs
with high efficiency and the solution does not superheat.

Finally, it is possible to build three-dimensional
clusters of oxide nanoparticles with multiple small
(5 nm) gold nanoparticles that have a similar spacing
as nanoparticles in colloidal solutions. These clusters
absorb light and through collective heating effects
raise the water temperature to the boiling point where
vapor nucleation happens effectively. We are currently
trying to understand how length scales and structural
organization of nanoheaters at solid/liquid interfaces
affect superheating and vapor nucleation.

Figure 9. (a and b) Schematic illustrations of physical processes involved in this study. Panel a illustrates the experiment with
an optically excited nanowrench submerged into water, whereas panel b describes the nanoparticle solution experiment. (c)
Calculated volume of the superheated water in the single nanowrench experiment (black curve) and the volume of boiling
region in the case of the solution experiment (red line). The superheated water volume is shown only for the corresponding
interval of intensities when the system is above the boiling point but below the spinodal.
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CONCLUSIONS
The heating effect and phase transformation proper-

ties of water are studied for a single nanowrench at a
solid/liquid interface and an ensemble of gold nano-
particles in solution. The temperature of the optically
excited nanowrench was measured as a function of
time for different laser intensities. The thermal proper-
ties of the nanowrench show a linear increase in
temperature with increase in laser intensity until a
temperature of 580 ( 20 K where the properties
change. The temperature increase in no longer linear
with laser intensity and the variation in temperature
increases dramatically at this demarcation point. The

temperature of 580 K is assigned as the spinodal
decomposition temperature of water where the me-
tastable liquid becomes unstable. Vapor nucleation
below the spinodal decomposition temperature and
above the boiling point is observed but only as a rare
event. These results are contrasted to an ensemble of
optically excited gold nanoparticles in solution where
vapor formation at the boiling point is the norm. The
ambient liquid temperature is raised to the boiling
point by collective heating effects of an ensemble of
excited nanoparticles where boiling occurs within the
solution and not necessarily at the surface of the
nanoparticles.

MATERIALS AND METHODS

Optical Measurements of Temperature. The optical measure-
ments and characterization of the thermal sensor film has been
described in detail previously.15 We use a thin film (∼270 nm
thick) of Al0.94Ga0.06N embedded with Er3þ ions on a silicon
substrate as a thermal sensor film by measuring the rela-
tive photoluminescent intensities of the 2H11/2 f 4I15/2 and
the 4S3/2 f 4I15/2 energy transitions of the Er3þ ions. These
intensities have been shown to be temperature dependent21,22

and are related by a Boltzmann factor (exp(�ΔE/kT)) where ΔE
is the energy difference between the two levels, k is the
Boltzmann constant, and T is the absolute temperature.

The optical measurements were made with a WITec
R-SNOM300s. A CW 532 nm wavelength Nd:YAG laser with
adjustable power is focused with a Nikon 60�water immersion
lens onto the thin film thermal sensor. The emission from the
thermal sensor is collected with the same lens and sent to the
CCD spectrograph with a collection fiber. A survey spectral
image was first taken to locate the particle. Once the position of
the nanostructure was located, a background time spectrum
was taken with laser excitation over a period of time while
focused on the region with no nanostructure. A time spectrum
was then taken while focused on the nanostructure for a period
of time. The temperature spectrum was then constructed from
the photoluminescence spectrum collected for both the back-
ground and the nanostructure excitation. The temperature
difference spectrum was generated by taking the difference
between the time temperature spectrum for sample and
background.

Fabrication of Gold Nanowrenches. Gold nanowrenches are fab-
ricated using conventional e-beam lithography with lift-off. The
height of the nanowrench is 65 nmmeasuredwith a Nanoscope
IIIA Multimode AFM. The SEM image of a pair of nanowrenches
is shown in Figure 1. The nanowrench has a standard width of
400 nm and a length of 700 nm. The width and length was
measured with a JEOL JSM-5300 Scanning Electron Microscope.
A single layer of around 100 nm of poly(methyl methacrylate)
(PMMA) (950K A4 PMMA in Anisole) positive resist was spin
coated onto the Al0.94Ga0.06N:Er

3þ thin film on Si. The PMMA
was filtered through a 0.2 um frit to remove bubbles. The PMMA
coated samples were baked on a hot plate at 205 �C for 5 min.
After baking step, electron beam lithography (∼50 kV) was
performed to draw the desired pattern with a resolution of
∼10 nm. The samples were then developed with MIBK:IPA = 1:3
(volume) for 30 s, rinsed/cleaned with IPA, and dried with N2. A
thin adhesion layer of Ti (5 nm) was first deposited then
followed by a thicker (60 nm) layer of Au using DC sputtering.
The residual layer was removed with a warm (60 �C) acetone
bath.

Temperature Measurements of Optically Excited Colloidal Gold Nano-
particles. The gold colloid solution (British Biocell International)
was degassed with helium, transferred to a precut capillary
tube, and aligned with a 532 nm laser. The colloidal solution is

first heated to drive out the remaining helium gas. A thermo-
couple is then lowered into the capillary and positioned at an
intended distance away from the laser excitation region. Data
collection was then initiated at a single distance with known
laser intensity. During data collection, the temperature of the
solution rose until a steady state temperature was achieved.
Once steady state was observed, the laser beam was blocked
and the laser intensity changed for the next measurement by
rotating a variable neutral density filter. The laser power was
checked with a power meter and the position of the laser beam
relative to the top of the liquid was recorded. A DVD recorder
captured a movie of the laser heating experiment and Image J
was used to extract distances between the thermocouple, the
laser beam spot, and the top of the liquid for each data
collection measurement.

Temperature Measurements Probing Convection of the Liquid during
Laser Excitation of a Colloidal Nanoparticle Solution. A sample cell is
constructed using a thick double sided tape in between two
glass slides. The sample cell is constructed so that multiple
temperature measurements can be made simultaneously. The
cell dimensions (4 mm wide � 1 mm thick � 12 mm tall) are
larger than the diameter of the capillary tube (2 mm). Along
each side of the cell is an array of thermocouples used to
measure temperature simultaneously at different points in the cell.
The thermocouples that are directly across from each other are
wired in parallel so that an average temperature is measured
between those two probes. A 40 nm gold nanoparticle solution
poured into the chamber and irradiated at 1.25 W. The tempera-
ture from each paired thermocouple is recorded at one laser spot
position; the laser spot is then moved down the sample cell and
the thermocouple temperatures are measured again.
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