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ABSTRACT: Photothermal absorption microscopy of single Au
nanoparticles was conducted at temperatures and pressures near the
critical point of Xenon (Tc = 16.583 °C, Pc = 5.842 MPa). The
divergence of the thermal expansion coefficient at the critical point
makes the refractive index highly sensitive to changes in temper-
ature, which directly translates to a large enhancement of the
photothermal signal. We find that measurements taken near the
critical point of Xe give a signal enhancement factor of up to 440 ±
130 over those taken in glycerol. The highest sensitivity recorded
here corresponds to power dissipation of 64 pW, achieving a signal-
to-noise ratio of 9.4 for 5 nm Au nanoparticles with an integration
time of 50 ms, making this the most sensitive of any absorption
microscopy technique reported to date. Enhancing the sensitivity of
absorption microscopy lowers the operating heating power, allowing
the technique to be more compatible with absorbers with absorption coefficient and photochemical stability lower than that of
Au.

Optical detection of single molecules and nanoparticles has
shown tremendous promise in structural biological

imaging,1,2 unraveling kinetic mechanisms of biochemical
processes,3 and advancing fundamental photophysics of
molecules and nanoparticles alike.4−6

Although the technique was first demonstrated in absorption
mode,7 fluorescence microscopy has instead become the
ubiquitous method of choice in detecting single objects for
two main reasons: it is background-free and relatively simple to
implement. Absorption is an inherently more common and
robust process than fluorescence, and it is less sensitive to the
environment. However, the detection of absorption via the
common method of transmission is at least 103 times weaker in
sensitivity8 than fluorescence.
The challenges for observing absorption are further

exacerbated when reduced to a single molecule. First, the
attenuation of a laser beam by a single molecule is 10−7, much
smaller than typical laser fluctuations. Second, the molecule’s
absorption cross section is one-millionth the area of the
narrowest visible beam, meaning the background signal is
overwhelming. Traditionally, these challenges were addressed
by operating at cryogenic conditions, embedding the molecules
in a crystal matrix that acts to spectrally scatter the molecules,
and combining a series of lock-in detection techniques.7

The past decade has seen many successful efforts to detect
single-molecule absorption at room temperature. Photothermal
microscopy, a thermo-optical technique that detects non-
radiative emission, was the first to do so.9 A series of papers by
Sandoghar and colleagues demonstrated the detection of single-
molecule absorption via transmission by using a sophisticated
method to reduce laser fluctuations and background.10,11 In a
study by the Xie group, two double-modulated excitation
beams were used to detect the depletion of the ground
absorption state of the molecule.12

Despite this progress, the excitation flux used in all of the
mentioned work is 100−1000 times higher than that used in
routine single-molecule fluorescence microscopy. Under these
conditions, nonequilibrium processes arise, such as triplet−
triplet annihilation in molecules13 and Auger recombination in
semiconductor materials.14 The population of these unstable
energy states increases the pathways for chemical photo-
degradation of the absorber, rendering it unstable for
measurement times longer than tens of seconds.9 In order to
study molecules and particles under steady-state conditions for
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a prolonged period of time, it is essential to improve the
sensitivity of absorption microscopy which would allow us to
lower the heating powers used.
Out of all the room-temperature absorption techniques

discussed, photothermal microscopy is the most extensively
studied, and its theoretical understanding is the most
established because of its similarity to other photothermal
spectroscopy methods that were studied decades prior.15

In this technique, a frequency-modulated heating beam
photoexcites the absorber, which releases heat to the
surrounding medium via nonradiative relaxation pathways.
This heat results in a temperature increase in the region around
the absorber, which induces a temporally and spatially varying
refractive index change Δn (eq 1). The time-dependent
temperature profile in the steady-state regime (eq 2) depends
on the important parameters of thermal conductivity (κ), radial
distance (r) from the center of the absorber, intensity of the
excitation beam (Iheat), the absorber’s absorption cross section
(σabs), and thermal diffusion length (rth) of the dissipated heat
which is given by eq 3 and depends on the modulation
frequency (Ω), isobaric heat capacity (Cp), and κ.
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In the experimental setup for photothermal microscopy, a
probe beam with wavelength outside the absorption window of
the particle is focused at the same volume as the heating beam
and scattered by the medium’s Δn at the same frequency as the
heating modulation. The signals are fed into a photodetector,
and the component associated with the input frequency is
extracted via a lock-in amplifier.
The measured signal therefore depends on the overlap of the

probe beam with the volume of thermal dissipation. Specifically,
rth should be close to the radius of the probe beam (ω) to
obtain the maximal signal detection. Because ω is known for a
given wavelength, we can determine the characteristic time
constant for thermal relaxation τ (eq 4). Choosing a
modulation Ω such that Ωτ ≈ 1, with

τ
ω

κ
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C
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2
p
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we ensure that the probe beam focus is matched to the region
where the temperature is effectively modulated.
The interaction of the probe beam with Δn has been

previously modeled.16 The results produce a relationship for
the photothermal signal-to-noise ratio (SNR) (eq 5), where
f(Ω) is a function that describes the complex frequency
dependence of the signal, which is strongly dependent on rth.
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To enhance photothermal sensitivity, we exploit the
divergent behavior of the thermal expansion coefficient of Xe,
αp, proportional to ∂ρ/∂T (eq 6; ρ is density). This coefficient’s
divergence is a fundamental thermodynamic phenomenon at
second-order phase transitions in fluids.
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Given density’s close relationship with refractive index, n, the
thermo-optical parameter ∂n/∂T in eq 5 also diverges under
these conditions, giving rise to the well-known critical
opalescence. One can take advantage of this divergence by
conducting photothermal microscopy in solvents near the
critical point, where ∂n/∂T is extremely large. Three groups
have sought these strategies by exploring photothermal signal
enhancement near the thermotropic phase transition of 4-
cyano-4′-pentylbiphenyl (5CB) liquid crystals. They measured
about a 20-fold signal enhancement factor in this medium over
glycerol.17−19

Liquid−vapor phase transitions are sharper and therefore
have larger ∂n/∂T than thermotropic phase transitions. Past
work in photothermal deflection spectroscopy, a bulk photo-
thermal technique that abides by the same thermo-optical
concept, using supercritical fluids CO2 and Xe as solvents
enhanced the photothermal signal by a factor of 100−1000.20,21
In this Letter, we demonstrate this concept for photothermal
microscopy by experimentally measuring the signal of single Au
nanoparticles (NPs) near the critical point of Xe (Tc = 16.583
°C, Pc = 5.842 MPa).
Xenon was chosen for its relatively achievable critical

pressure and temperature compared to other common gases
and for its relatively low κ and Cp.

22 For example, Xe has κ and
Cp values that are more than 10-fold lower than those of CO2,
another chemical with critical point near that of Xe. Equations
2 and 5 indicate that lower values of Cp and κ generally improve
the photothermal signal and therefore are desirable.

Figure 1. Experimental optical setup with a schematic of the pressure cell.
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The optical setup for our experiments is similar to that
described in a previous paper (Figure 1).23 The heating beam
(532 nm) and the probe beam (815 nm) are focused and
overlapped onto the Au NP to achieve the photothermal signal.
The primary novelty of our work is the pressure cell (Figure 1),
which was designed and machined based on a previous
report.24 Single Au NPs were spin-coated on a 0.17 mm thick
coverglass, which was then glued via Atomic Adhesive AA-
BOND F113 epoxy to a stainless steel plate, giving an optical
aperture that is 0.7 mm in diameter. The plate was pushed up
against an O-ring inside the pressure chamber to seal the cell.
This design allowed us to use a high numerical aperture
objective while also operating up to 6.4 MPa of pressure
without coverglass rupture. Peltier elements and a heat sink
were added to the top of the cell for maintaining temperature
control. This pressure cell was connected to one side of a 500
ml volume piston, and the pressure of the Xe was regulated by
controlling the pressure of nitrogen gas connected to the other
side of the piston. Further dimensions of the cell and details on
the design of the entire pressure system are described in the
Supporting Information.
To predict the photothermal signal response to conditions

near the critical point, we have compiled thermodynamic values
of density, temperature, pressure, Cp, and κ for Xe at standard
temperature and pressure (STP) to near critical point from past
literature.25−27 We present the divergence of αp, Cp, and κ in
informative plots in Figure 2. Complementary to Figure 2 is

Table 1, which compares the values of the thermodynamic
parameters relevant in this Letter for STP Xe, critical Xe, and
glycerol. Refractive index, n, was related to density via the
Lorentz−Lorenz relationship, using the reported Lorentz−
Lorenz parameter of 10.5 cm3/mol for the range of temperature
and pressure investigated in this study.28 The thermo-optical
relationship between n and temperature for Xe is then
illustrated in Figure 2a, which resembles the pressure−
density−temperature surface in the vicinity of the critical
point. From the figure, we also see that n of Xe approaches a
maximum value of 1.2 at our thermodynamic operating range,
which is a larger index mismatch with glass than glycerol (n =
1.47). From the fitted data in Figure 2a, we can obtain ∂n/∂T
for this same region, shown in Figure 2b. As conditions tend to
the critical point, the values of ∂n/∂T become not only larger
but also more sensitive to small changes in temperature and
pressure, as depicted by the narrow temperature width of ∂n/
∂T at 5.8 MPa.
The dependences of Cp and κ on temperature and pressure,

which also affect the photothermal SNR (eq 5), are shown in
Figure 2c,d. Divergence of Cp and κ are theoretically predicted
at the critical point.22 However, because of sparse existing
experimental data on Cp and κ near the critical point of Xe25

and the different critical exponents of Cp and κ,29,30 the
divergence is not clearly evident from Figure 2c,d.
We further note that conditions below the critical point

might appear to lead to a high photothermal signal because of
the density discontinuity across the gas−liquid coexistence
(saturation) curve. However, the creation of bubbles across a
gas−liquid interface requires large excess heating and a
nucleation process that is highly nonlinear and difficult to
control.23 We therefore limit our discussion to near critical
states that have high but continuous ∂n/∂T.
We measured the signal-to-noise ratio (SNR) of 20 nm Au

NPs over a range of temperatures and pressures extending from
below to above the critical point of Xe, at a heating power of
3.5 μW and probe power of 0.6 mW. The heating laser at 532
nm excites the surface plasmon resonance of Au NPs, whose
absorbed energy then dissipates into the environment as heat.
The data presented in Figure 3 were obtained on three particles
and then normalized appropriately to represent the mean of a
distribution of 90 Au NPs whose signals we measured at one T,
P condition. We then performed an interpolation of the data set
to create a continuous two-dimensional map (Figure 3a) of the
SNR. Figure 3b shows the interpolated map and the measured
data set plotted together in the same three-dimensional (3D)-
rendered version of Figure 3a. In the map, the highest signals
traverse along a diagonal path, increasing toward the bottom
left corner of the map.
The area of the highest thermodynamic sensitivity, and

therefore critical divergence, has many unique experimental
features. It should have the largest signal, the largest slope, and
the largest signal dependence on modulation frequency in the
frequency range of 25 kHz to 1 MHz. The first two behaviors
are well-depicted by the predictions in Figure 2b, caused by the
divergence of αp. The high modulation frequency dependence
stems from the divergence of the characteristic thermal time
constant τ coupled with the increase in the correlation lengths
associated with critical phenomena.
Maximum SNR as a function of temperature is plotted in

Figure 3c, showing that the highest values were achieved in the
range of 13.5−15.5 °C and 5.85−6.01 MPa. Although similar
SNR values were achieved at three different conditions (Figure

Figure 2. Predicted divergence of thermodynamic parameters near the
critical point of Xe. (a) Density-refractive index n diagram extrapolated
from density−pressure relationship for Xe at conditions around the
critical point. The raw data (circles) were fitted to a fifth-order
polynomial (lines). (b) Plot of the derivative of the curve fit from
panel a, to obtain ∂n/∂T over the same region. Note the sharp rise in
∂n/∂T and increasing narrowness of the curves close to the critical
point. (c) Thermal conductivity κ at atmospheric pressure versus 6
MPa. The dashed line indicates glycerol’s κ at STP. (d) Heat capacity
Cp over the same conditions. The legend is the same as that in panel c.

Table 1. Values of Relevant Thermodynamic Parameters of
Glycerol and Xe from refs 25, 28, and 31a

units glycerol XeSTP Xecrit

n 1.473 1 1.138
κ mW·m−1·K−1 290 5.4 28.9
Cp J·g−1·K−1 2.06 0.16 2.55
|∂n/∂T| K−1 2.7 × 10−4 5 × 10−6 ∼4 × 10−2

a|∂n/∂T| for Xecrit approximated from Figure 2b.
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3c), the signal at 13.5 °C exhibits a larger slope than the signal
at 15.5 °C. Specifically, average SNR of 630 at 13.5 °C and 5.85
MPa drops by a factor of 2 over a pressure change of only 0.02
MPa. As a comparison, at 15.5 °C and 6.01 MPa, we measure
similar SNR, but its slope is much smaller, as the signal
decreases by a factor of 2 over 0.06 MPa. Because the accuracy
of our pressure transducer is 0.025 MPa and we are not using a
sophisticated system to maintain precise pressure and temper-
ature conditions down to kilopascal and millikelvin,21 the
signals at these highly sensitive regions will be large but noisy.
The error bars in the Figure 3c represent the noise associated
with the sensitivity and slope, which noticeably becomes largest
at 13.5 °C.
A comparison of signal dependence on modulation

frequency for Au in a highly diverging Xe (magenta box in
Figure 3a) environment, a more weakly diverging Xe (black)
environment, and glycerol is plotted in Figure 3d. The sharpest
drop-off seen for highly diverging Xe is indicative of the
increase in the characteristic thermal time constant τ, or
likewise, the decrease in the thermal diffusion length rth.
Specifically, inputting reported values of Cp and κ for glycerol
and critical Xe, we find that from 25 kHz to 1 MHz, rth spans
from 780 to 120 nm for critical Xe while it spans from 3 μm to
470 nm for glycerol (compared to ω ≈ 250 nm). We therefore
attribute the complex frequency dependence of the photo-
thermal signal in near-critical Xe to the large ranges of spatial
and temporal fluctuations close to the critical point.
There exists some discrepancy between the predicted and

experimental region at which the maximum enhancement
occurs. Figure 3a shows that the highest sensitivity occurs at

temperatures lower than Tc and pressure higher than Pc (critical
point is represented by the cyan star in Figure 3a). We believe
that both discrepancies may arise in part from the purity of the
Xe gas and in part from local heating by pump and probe
beams, which removes fluid layers close to the particle from
critical conditions. The change in temperature at the surface of
the 20 nm Au NP is around 2.2 K (Table 2). Given the high
sensitivity of the signal to changes in temperature and pressure
as discussed in the previous paragraphs, the local temperature at
the surface of the particle is likely higher than the temperature
readout in our data. Therefore, one would need to go to lower
temperature than Tc to achieve temperature that is near Tc in
the vicinity of the thermo-optical enhancement. Impure Xe also
leads to its effective critical point shifting to higher pressure and
lower temperature, as well as weaker divergence. One possible
source of impurity in the Xe gas may be the effectiveness of the
piston separating N2 gas from Xe. Indeed, we find that the more
the Xe is reused, the more the diagonal path in Figure 3a shifts
toward the direction of higher pressure and lower temperature
on the map. Furthermore, the modulation frequency depend-
ence of the highest signal in the more impure Xe is weaker than
that in a fresh batch of Xe, indicative of the weaker divergence.
We measured and compared the SNR of 5 and 20 nm Au in

glycerol and Xe, shown in Table 2. The discrepancy in SNR for
20 and 5 nm particles for each solvent matches the difference in
their absorption cross-section within error. Because experi-
ments in glycerol and Xe differ so much in the heating and
probe powers used, we calculated the enhancement factor by
taking the measurements at the conditions as reported in Table
2 and then normalizing by the linear and square root

Figure 3. (a) Map of photothermal SNR of 20 nm Au NPs as a function of temperature and pressure from 13.5 to 20.5 °C and 5.7 to 6.4 MPa,
respectively, taken at Pheat = 3.5 μW and Pprobe = 600 μW. The map is the interpolation of the collected data, which is shown by green points in panel
b. The cyan star indicates the critical point of Xe. Panel b is the 3D interpolated surface of panel a with experimentally measured data plotted in
green. (c) Max SNR collected at eight different temperatures measured. Error bars here represent the noise in the measurement, which tends to
larger values as the thermodynamic sensitivity becomes very high. (d) Signal response to modulation frequency for glycerol and Xe. The colors for
Xe correspond to the thermodynamic conditions indicated by the same colors in panel a. (e) Sampling over 90 particles, we find that the average max
SNR in the map is 620, and the standard deviation from the size distribution is 140.

Table 2. Experimental Comparison of SNR of An NPs in Glycerol and Xe

Au(d) Pheat Pprobe ΔT (K) Pdiss SNR SNRnorm
a

glycerol 20 nm 210 μW 9.4 mW 14 492 nW 312 ± 50 1
Xe 20 nm 3.5 μW 0.6 mW 2.2 8 nW 620 ± 140 480
glycerol 5 nm 210 μW 20 mW 0.84 7.5 nW 11.4 ± 2.6 0.025
Xe 5 nm 1.8 μW 1 mW 0.057 64 pW 9.4 ± 2.7 10.8

aSNRnorm = −/
P P P P

SNR SNR

heat probe

gly 20nm

heat probe
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dependence on Pheat and Pprobe, respectively, of the SNR in eq 5.
This power-normalized SNR is further normalized to the
power-normalized SNR for 20 nm Au NP in glycerol. These
values are reported in the last column of Table 2 to give a
clearer comparison between the sensitivity of the measurement
in glycerol and Xe. Using this method, we measure an
enhancement factor of 440 ± 130 for experiments in critical Xe
over that in glycerol. The enhancement is the same within error
for both 5 and 20 nm and is similar to the enhancements
measured for CO2 and Xe in photothermal deflection
spectroscopy.20,21

Notably, 5 nm Au NPs can be detected with SNR of 9.4 at
only 1.8 μW of heating power, which is the lowest of any
reported in the literature. The operating conditions for similar
SNR of 5 nm Au in Xe uses 117 times less heating power and
20 times less probe power than our measurements with
glycerol. Photothermal images of 5 nm Au NPs obtained with
their different powers in Xe and glycerol are presented side-by-
side in panels a and b of Figure 4, respectively. Measurement in

critical Xe is much more sensitive than in glycerol, being able to
detect down to 64 pW in absorbed power. This corresponds to
57 mK of change in temperature at the surface on the 5 nm
NPs [amplitude ΔT = σabsIheat/(4πκr)]. Figure 4c shows an
overall comparison of the normalized SNR obtained using this
method with that using glycerol, common solvents,31 and 5CB
liquid crystal as the medium.17,18 The yellow region indicates
the SNR measured without extensive optimization of pressure
and temperature. For example, at the temperature of our optics
room, 20.5 °C, we can still obtain signal enhancement of up to
260 (Figure 3c).
Again, we stress that all experiments were performed above

the critical point, or very close to it, so that no bubble could
form around the metal NPs. Although bubbles can lead to large
photothermal signals,23,32 the nucleation process is difficult to
control and gives rise to noisy and irreproducible signals that
we wished to avoid here. Moreover, bubble formation usually
requires significant heating powers, contrary to our aim in the
present work.
In conclusion, we have utilized the divergence of the thermal

expansion coefficient in critical Xe to achieve a 440-fold
improvement in the sensitivity of photothermal microscopy
over glycerol, the conventional medium of choice. In theory,
any fluids near their critical point should boost the photo-
thermal signal. Besides density divergence, heat capacity and

thermal conductivity of the material also exhibit critical
divergence and would affect the SNR. Therefore, in choosing
a solvent for photothermal microscopy, one must consider not
only the practicality of the pressure and temperature operating
range for microscopy but also whether these thermodynamic
parameters would give thermal diffusion lengths close to the
size of the probe beam. Although molecular cell biology is one
of the main application fields of photothermal imaging, the
present work is not directly relevant to those applications.
Rather, we think this method will be useful to study and
understand the photophysics of weakly fluorescent or non-
fluorescent absorbers by considerably reducing the required
heating powers. We hope to demonstrate this in future work.
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