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ABSTRACT

Photothermal microscopy is a powerful method for investigating biological systems and solid state materials. Using a
modulated pump to excite the sample, a continuous probe beam monitors the change in the refractive index of the
sample due to the modulated heating. These experiments are typically performed at high frequencies to reduce the 1/f
noise, achieving a higher signal to noise ratio. In this paper, we explore how the resolution and sensitivity of the
photothermal experiments change when the modulation frequency is brought down below 100kHz. In the instance that
the pump and probe are cofocused at the sample, the resolution is determined by the size of the pump beam. On the other
hand, when a widefield pump is used, significant broadening occurs for frequencies under 20kHz. This broadening is
attributed to thermal diffusion. However, the amount of broadening is less than that expected from the thermal diffusion
length, which is about 1.7um at 10kHz for nanoparticles in glycerol. We also explore the situation where the point
spread functions of the pump and probe beams are smaller than the particle size as well as how the penetration depth
depends on the properties of the pump and probe beams.
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1. INTRODUCTION

Photothermal Heterodyne Imaging (PHI) is a powerful technique for studying nanomaterials.!* The capacity of this
technique includes detecting small metal and semiconductor nanoparticles,? as well as single molecules.* Recently PHI
has been expanded to create a super resolution infrared imaging technique (IR-PHI).>¢ In PHI a modulated pump beam
is used to induce heating of the sample through absorption. The heat is dissipated into the medium surrounding the
sample, which creates a temperature gradient, also known as a thermal lens.>” Traditionally for visible PHI, a thermal
medium like glycerol is used in order to enhance the created thermal lens. The thermal lens is detected using a second
non-resonant probe beam that is scattered by the lens.>” In theory, the size of the thermal lens is dependent upon the
thermal radius Ry = (2x/0C)"? where x is the thermal conductivity, C is the specific heat capacity and ® is the
modulation frequency.!? Because of the frequency dependence for the thermal radius, an interesting question is whether
the spatial resolution in PHI is also frequency dependent.

Typically PHI experiments are performed at frequencies above 100kHz in order to reduce 1/f noise in the
experiments.” At these frequencies, Ry is less than the size of a focused beam. In order to look at the frequency
dependence, frequencies under 50kHz were needed, which have not been extensively examined due to the rising 1/f
noise. It’s at these low frequencies that Ry, becomes larger than a diffraction limited beam, making it an interesting
region to investigate resolution in PHI images. In addition, especially in the case of IR-PHI, there can be limitations in
the modulation frequency for the pump beam in PHI experiments,®!! so understanding the frequency dependence of
spatial resolution is a significant issue.
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In this study the spatial resolution of PHI was explored using both experiments as well as finite element simulations
of heat diffusion. Experimentally, gold nanoparticles on glass coated with glycerol were imaged at different pump
modulation frequencies using both co-focused pump and probe beams, as well as a widefield pump with a focused
probe. Heat transfer simulations were used to study the thermal decay for gold nanoparticles in a homogeneous
environment of glycerol. The simulations provide information about the temperature profile around the gold nanoparticle
and allow us to understand the experimental results.

2. METHODS

2.1 PHI measurements.

Measurements were performed using a homebuilt microscope. The pump beam was a 532nm beam produced by a
Spectra-Physics Millenia Vs and was fed through an acousto-optic modulator (AOM) to produce a square wave
modulated pump. The AOM was driven by either an SR830 or SR844 lock-in amplifier, depending on the frequency (the
SR844 was used for frequencies above 100 kHz). The probe beam was a 636nm Coherent Obis. Both the beams were
passed through spatial filters to improve beam quality before being coaligned using a dichroic mirror. The two beams
were focused onto the sample by a Nikon Plan Apo 40x/0.95 NA air objective and collected in transmission by an
Olympus UPlanF1 10x/0.30 NA air objective. Optical filters were used to extinguish the pump beam, and the collected
probe was then focused onto an amplified photodetector with the gain setting set to 10x. The measurements were
performed in transmission since a better signal-to noise was achieved. In order to create a widefield pump, a 250 mm
focal length lens was placed in the pump beam path before the dichroic mirror.

2.2 Sample preparation

50nm gold nanoparticles purchased from nanoComposix (product number AUCNS50) were used for the experiments.
A plasma cleaned bk7 #1.5 coverslip had 200 pL of stock gold solution drop cast onto it. The solution was allowed to
rest for 10 minutes, then any excess liquid was removed by wicking with a paper towel. A drop of glycerol was then
added to the sample, and a second plasma cleaned coverslip was placed on top to ensure a uniform environment for
transmission measurements.

2.3 Finite Element Simulations

COMSOL Multiphysics (v.5.3) was used to perform finite element simulations of heat transfer for gold
nanoparticles into their environments. Gold nanoparticles were modeled as a sphere with a radius of 25nm, with the
environment being modeled as a sphere with 4um radius. The initial temperature of the whole system was 300K, and the
outer surface of the environment was set to 300K as a boundary condition. A square wave source was used to heat the
gold nanoparticle, modeled after the heating used in the experiments, with the power adjusted to give a maximum
temperature of about 310K. The simulations were performed at a range of frequencies to observe how the temperature
profile around the gold nanoparticle acted as a function of frequency.

3. RESULTS AND DISCUSSION

The first set of experiments performed were for co-focused pump and probe beams at different modulation
frequencies. These are akin to the traditional setup of PHI where the beams are focused by the same objective and
therefore are on the same order of magnitude in size (using visible/near-infrared pump and probes). A longer time
constant was needed for the 1 kHz scan due to the aforementioned 1/f noise problem. Figure 1 shows that there was no
change in resolution due to frequency. At 100 kHz the thermal radius is 0.52 um and it broadens out to 5.2 um at 1 kHz.
Which means that if the experiment was to follow the thermal radius as predicted, the image for 1 kHz should be at least
4x larger in size. Thus, the spatial resolution does not change as the frequency is changed. This is attributed to the fact
that there is no thermal lens when the pump beam is off the particle, since the particle is not being heated.”!° Thus the
spatial resolution for a co-focused pump and probe beam PHI setup is determined by the size of the pump beam at focus.
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1kHz 10kHz 100kHz

Figure 1. PHI image of a 50 nm gold nanoparticle using co-focused pump and probe beams. The scan area was 2x2 pm with
a step size of 50 nm. The modulation frequency for each image is shown at the top. For the 10 and 100 kHz images the time
constant used was 10 ms, and for the 1 kHz the time constant used was 100ms.

In order to fully examine whether or not there is a frequency dependence, a widefield pump was used instead of a
focused pump. By making the pump size about 80 um, done by placing a lens in the pump beam path before the dichroic
mirror, there will be heating of the gold nanoparticle throughout the scan area. Which means that now the resolution will
not be determined by the size of the pump beam but should be dictated by the thermal radius.

1kHz 10kHz 100kHz

Figure 2. PHI images for a 50nm gold nanoparticle using a widefield pump and focused probe. The modulation frequency is
shown at the top. The scan area was 3x3 pm with a step size of 100 nm and the time constant was 1s for every frequency.

The first thing to note is that much higher time constants are needed for the widefield scans. This is because the pump
power density becomes much lower for a wider beam. Figure 2 shows that broadening is achieved as the frequency is
lowered while using a widefield pump. Although, the full-width-half-maximum values for a line profile though the
center of the particle are still smaller than the values predicted by Ru. Again, at 1 kHz the Ry is predicted to be 5.2 pm,
while the resolution achieved was much smaller. In order to better understand the frequency dependence for the spatial
resolution, finite element simulations were used to look at the heat decay from gold nanoparticles.

Since we do not model how the beam is interacting with the thermal lens in COMSOL, we use COMSOL to look at
the temperature profile of the gold nanoparticle and make conclusions based on that. The first set of simulations were
performed using a 10 kHz and 1 MHz square wave heating of the gold nanoparticle in a glycerol environment. By both
observing how well the gold particle is following the square wave heating and looking at the temperature profile across
the whole simulation region, we can gain an understanding of the frequency effect.
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Figure 3. Simulated results for a 50nm gold nanoparticle in glycerol using a square wave heat source of 10 kHz (black) and
1 MHz (red). Top) Temperature vs normalized time (time/period) and bottom) Temperature vs distance profiles averaged
over the three periods of heating.

The first thing we noticed was that for the temperature versus time traces, there is a significant difference between the
two frequencies. At 10 kHz we can clearly see that the particle reaches steady state, where the rate of heating is equal to
the rate of heat dissipation and the temperature is constant. On the other hand at high frequencies, there is not enough
time for the particle to dissipate all of the heat between heating cycles, so the particle no longer is in steady state. In
addition, the temperature vs distance profile at 10 kHz follows a 1/r decay, which is expected for steady state
temperature conditions.'? On the other hand, high frequencies do not exactly follow the 1/r decay, which can be seen by
comparing it to the 10 kHz decay. It is interesting to note that based on the time profile a larger effect for higher
frequencies was predicted than what was observed in the distance profiles. In order to turn the temperature vs distance
profiles into something tangible for the experiment, we took the full-width-quarter-maximum value from the temperature
vs distance profiles to observe whether or not there is a frequency dependence in spatial resolution. The results for the
different widths at different frequencies can be seen in figure 4.
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Figure 4. Full-width-quarter-maximum of the temperature profile for 50nm gold nanoparticles in glycerol. The red line
shows the steady state solution.

The steady state solution is proportional to 1/r,'? so the full-width-quarter-maximum is found when r is equal to
2*4*radius, or in this case 0.2 um. Note the extra factor of 2 is needed to determine the full width. What we found was
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that for frequencies under about 50 kHz, the particle is in steady state conditions, and therefore the temperature decays
away from the particle as 1/r.'> Hence at low enough frequencies, there is no longer any frequency dependence for the
temperature profiles. On the other hand, at sufficiently high frequencies (> 50 kHz), for a 50 nm gold nanoparticle in
glycerol there is a frequency dependence on the temperature profile. From the simulations, we can expect that there
should be small changes in the PHI spatial resolution while going from high frequencies to low frequencies. Although
these small differences could be hard to resolve due to the fact that the probe beam is convoluted with the temperature
profile to create the PHI point-spread-function.

4. CONCLUSIONS

The effect of heat dissipation on the spatial resolution in PHI was investigated experimentally and through finite
element simulations. There was no dependence on frequency found for gold nanoparticles imaged with a co-focused
pump and probe. This is due to the fact that the PHI signal will only be created when the pump beam is actively heating
the sample. For a widefield pump and focused probe it was found that there is a small frequency dependence on the
spatial resolution. The spatial profile of the PHI signal in the widefield experiments still did not obtain the scale that was
predicted by the thermal radius. Simulations showed that under 50 kHz frequency there should be no spatial resolution
change since the particles reach a steady state where the temperature decays as 1/r from the particle. On the other hand
for higher frequencies there can be a frequency dependence on the temperature profile and, therefore, the PHI point-
spread-function.
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