Influence of Thermal Diffusion on the Spatial Resolution in Photothermal Microscopy
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Abstract: In photothermal heterodyne imaging (PHI) experiments a time-modulated pump beam
heats the sample, creating a thermal lens that is detected by non-resonant probe. This technique is
very sensitive, and has been used to study a variety of systems. The extent of heat diffusion in the
system depends on the timescale for the experiment, which is determined by the pump beam
modulation frequency. In this paper the way the spatial resolution in PHI microscopy changes
with modulation frequency was studied through experiments and heat transfer simulations on gold
nanoparticles. The experiments were performed with both focused and widefield pump beams.
For a focused pump beam, changing modulation frequency had no effect on the spatial resolution.
A small frequency effect was observed for a widefield pump, but the magnitude was much less
than that expected from the thermal diffusion lengths in the system. The simulations also showed
a small frequency dependence for the spatial extent of heating, consistent with the measurements.
This arises because the system rapidly reaches a steady-state condition in these experiments, where
the rate of optically heating the particle matches the rate of heat dissipation. In this limit the
temperature profile around the particle simply decays inversely with distance, and is independent

of the thermal diffusion length.
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1. Introduction:
Photothermal heterodyne imaging (PHI) is a widely used technique for imaging and
spectroscopic studies of nanomaterials.!”” Tt is capable of detecting small metal and semiconductor

2811 and even single molecules.'? It has also been used to study biological samples

nanoparticles,
and soft materials,'*!” and for super resolution infrared imaging (IR-PHI).!8-2! In PHI a modulated
pump beam is used to heat the sample through absorption. The heat dissipates into the surrounding
medium, which causes a temperature, and thus refractive index gradient.”22-2® The refractive index
gradient, also known as a thermal lens, is probed by a second non-resonant probe laser beam. The

thermal lens changes the transmission or reflection of the probe beam, creating the PHI signal.” 2>

28 In these experiments the characteristic length scale for heat diffusion into the medium is given

by the thermal radius Ry, = \/W , where Kk is the thermal conductivity of the medium, C is
the volume-specific heat capacity and w is the pump beam modulation frequency." 23230 The w
dependence of R, raises the question of whether the spatial resolution in PHI measurements
depends on the modulation frequency.

Traditionally PHI experiments are performed at modulation frequencies above several
hundred kHz, even though the PHI signal is maximized at low frequencies.??3!33 This is to reduce
the 1/f noise and, thus, enhance sensitivity.?>>* At high frequencies the thermal diffusion length
is very short, much less than the diffraction limit for the laser beams. Frequencies lower than 50
kHz have not been extensively studied due to the aforementioned 1/f noise issues. Although at
these frequencies the thermal diffusion lengths become larger than the point spread function of the
laser beams in a typical microscope experiment, making this an interesting region to study. IR-
PHI experiments are also sometimes implemented at low modulation frequencies due to limitations

in the laser sources.!82! Several previous studies have investigated how the phase of the PHI signal



32-35

changes with modulation frequency,’~> providing information about the thermal diffusivity of the

33-35 as well as a way to improve contrast in measurements of complex samples.*?

surroundings,
However, the way the timescale for the PHI experiments, and the associated thermal diffusion
lengths, affect the spatial resolution in PHI has not been investigated in detail.

In this study the frequency dependence of the spatial resolution in PHI was examined
through both experiments and finite element simulations of heat diffusion. PHI images of gold
nanoparticles on a glass surface in glycerol were recorded at different pump beam modulation
frequencies using both co-focused pump and probe beams, and a widefield pump with a focused
probe. The modulation frequency was varied from 500 kHz to 1 kHz, corresponding to thermal
diffusion lengths ranging from 0.26 um to 5.9 um in glycerol.?*3° However, only slight changes
in the spatial resolution in the images were observed. Finite element simulations of thermal
transport confirm the experimental observations. Analysis of the simulations show that the small
changes in the spatial resolution arise because the laser excited gold nanoparticles rapidly reach a
steady-state condition, where the rate of heating is balanced by the rate of heat dissipation.’® Under
28-30, 33-34, 3640

these conditions the temperature profile around the particles has a 1/r dependence,

and is independent of the modulation frequency and the associated thermal diffusion length.

2. Methods:

The experiments were performed on a homebuilt PHI microscope. A schematic diagram
of the instrument is presented in the Supporting Information. An acousto-optic modulator (AOM,
Intra-Action AOM-402AF1) was used to modulate the pump laser, which was a 532 nm
wavelength beam produced by a Spectra-Physics Millenia Vs. The probe laser was a 636 nm

Coherent Obis. A lock-in amplifier generated a square wave driving signal for the AOM, and



recorded the PHI signal. A Stanford Research Systems SR830 lock-in was used for the low
frequency experiments, and a SR844 lock-in was used for frequencies above 100 kHz. The lock-
in time constant for the measurements varied between 10 ms and 300 ms, depending on the
modulation frequency (higher time constants were needed for low modulation frequencies because
of the increased 1/f noise), and whether the measurements were performed with a widefield or
focused pump beam. Both the pump and probe were spatially filtered to improve the beam quality.
The two beams were made collinear using a dichroic mirror (Thorlabs, DMLP567) and focused at
the sample by a Nikon Plan Apo 40x/0.95 NA air objective. The experiments were performed in
transmission mode using an Olympus UPlanFL 10x/0.30 NA air objective to recollimate the probe
beam, and a Thorlabs PDA36A amplified photodetector (10x gain setting) to detect the probe
power. The instrument was switched from focused to widefield pump by inserting a 250 mm focal
length lens into the pump beam path before the dichroic mirror. The spot size of the pump beam
in the widefield experiments was approximately 80 um. The power density of the probe beam at
the sample was ~12 MW/cm?. The pump beam had a power density of 1.3 MW/cm? for the co-
focused experiments, and 1.3 kW/cm? for the widefield experiments.

The PHI experiments were performed on 50 nm gold nanoparticles purchased from
nanoComposix (product number AUCNS50). Samples for microscopy experiments were prepared
by drop casting 200 pL of the stock solution onto a plasma cleaned BK7 #1.5 glass coverslip, and
allowing the solution to rest for 10 minutes. After this time the excess liquid was removed by
wicking with a paper towel. A drop of glycerol was added to the sample, and a 2" plasma cleaned
coverslip was placed on top to ensure a uniform optical environment for the measurements.

Finite Element (FE) simulations of heat transfer and diffusion for gold nanoparticles in

different environments were performed using COMSOL Multiphysics (v5.3). Spherical gold



nanoparticles with diameters of either 20 nm or 50 nm were placed at the center of a larger sphere
(typically 4 um radius) that represents the surrounding medium. The size of the simulation domain
was adjusted to ensure that the temperature profiles were not affected by the simulation boundaries.
The simulations were performed using the Heat Transfer Module with the Time Dependent Solver
in COMSOL. The boundary conditions for the simulations were constant temperature (300 K) for
the exterior surface of the large sphere, and continuity of temperature at the different internal
interfaces. The thermal conductivities, heat capacities and densities for the different materials in
the simulations were either taken from COMSOL’s library of materials, or from the data in Ref.
[23]. The values used in the simulations are given in the Supporting Information. Simulations
were performed for particles in a homogeneous environment, and for particles supported on a glass
surface. The surrounding materials examined in the homogeneous medium simulations were
glycerol, polymethylmethacrylate (PMMA), water and chloroform. For the glass supported
particles, simulations were performed for glycerol and air environments. Note that we did not
consider the effect of surface roughness in this work.*!

Two different calculations were performed. In the majority of the simulations the gold
nanoparticle was defined as a time-dependent heat source. The heat source was modelled as either
a step function, or a 50% duty cycle square wave to match the output of the AOM. The power of
the heat source was set to Py = 1 X 107 W, which gives a temperature rise of 11.3 K for the 50
nm particles in glycerol at the steady-state condition. For the 20 nm gold particles the power was
scaled to account for the different volume of the particles. In these simulations the initial
temperature of the gold was set to be the same as the environment (300 K). Simulations were also
performed for the gold nanoparticles with an initial temperature of 310 K to examine the timescale

for heat dissipation (shown in the Supporting Information). Temperature versus time plots were



created using point evaluation at the center of the gold particle, and line profiles of the temperature
over the simulation domain were also extracted from the simulation results.
Note that we have not attempted to model the interaction of the probe beam with the

thermal 161’15,22’ 24-28,30,42-44

as we are primarily interested in the spatial extent of thermal diffusion.
For particles in a homogeneous environment we simply plot the temperature profiles around the
particle to evaluate the size of the thermal lens. For the particles on glass surface, the temperature

changes were multiplied by dn/dT for the different materials, see the Supporting Information for

details.

3. Results and Discussion:

Figure 1 shows PHI images of 50 nm gold particles in glycerol recorded using co-focused
pump and probe beams with different pump beam modulation frequencies (1 kHz, 10 kHz and 100
kHz). The thermal diffusion length in glycerol varies from 0.59 um for a 100 kHz modulation
frequency, to 5.9 um at 1 kHz. Thus, if the spatial resolution in the experiments followed thermal
diffusion, the images from the different particles in Figure 1 should be smeared together at low
frequencies. However, the spatial resolution in Figure 1 clearly does not change with modulation
frequency. Line profiles from the images recorded at high resolution (left side of Figure 1) show
that the full-width-at-half-maximum (FWHM) varies by less than 0.1 um for the different
experiments. This result has a simple explanation: for co-focused pump and probe beams, heating
only occurs when the pump beam is on the particle.?? 2428 30. 4244 [f the pump is off the particle,
there is no heating and no thermal lens. Thus, the spatial resolution in the PHI experiments is
determined by the point spread function of the pump and probe beams, and not from the

dimensions of the thermal lens. This also means that PHI experiments with co-focused pump and



probe beams image the nanoparticle absorption, and not the thermal lens generated by the heated
nano-objects, 2428, 30, 42-44

The situation is potentially different for a widefield pump beam, where the particle is
continuously excited as the image is created. In this case a thermal lens is always present, and the

probe beam can, in principle, image the extent of the thermal lens. Figure 2 shows examples of

PHI images recorded at different modulation frequencies when the pump beam is much larger than

1kHz

10kHz

100kHz

Figure 1: PHI images of 50 nm gold nanoparticles recorded with co-focused pump and probe
beams. Left: 3x3 um images recorded with a step size of 0.05 um. Right: 6x6 pum images
recorded with a step size of 0.1 pum. The pump beam modulation frequency is given in the
figure. The lock-in time constant was 10 ms for the 10 kHz and 100 kHz experiments, and 100

ms for the 1 kHz experiment.



the probe beam. Note that the pump power density at the sample is significantly smaller for the
widefield pump experiments compared to the focused pump experiments. This causes a lower
signal level and, thus, a longer lock-in time constant is needed to achieve reasonable signal-to-
noise. The spatial resolution in the widefield images is also about a factor of two worse than that
in the focused pump images, presumably because the PHI point spread function is now determined
by the longer wavelength probe laser. There are two important points to note from the images in
Figure 2. First, there is a noticeable broadening of the features in the images as the frequency
decreases. This indicates that the widefield pump images report on the thermal lens created around
the particle. However, the sizes of features in the images are still much smaller than that expected
from the thermal diffusion length at low frequencies. At 10 kHz the thermal radius in glycerol is
1.8 um implying a FWHM greater than 3 pm, which is much larger than that in the experimental

images.

100kHz 500kHz

I
o

™ 1.29um 1o o™, 1.24um

<, 1.15pm

Intensity (norm.)
o
b
Intensity (norm.)
o
n
Intensity (norm.)
o
&

. .
. Son_aeto
AP VS e .
0 2 2 4 0 2 4
Distance (um) Distance (um) Distance (um)

o
o
o
b-E‘
o
o
o4

Figure 2: Top) PHI images recorded with a widefield pump beam at different modulation
frequencies (4x4 um image size, 0.1 um step sizes with a lock-in time constant of 300 ms).
Bottom) Corresponding line profiles (after background subtraction) taken by averaging along
the x and y directions through the center of the particle. The FWHM determined from the

profiles are given in the panels.



In order to understand the broadening (or lack of broadening) of the PHI signal with
decreasing modulation frequency, FE simulations were performed to analyze heat dissipation in
the system. We first examine particles in a homogeneous environment. In this case the spatial
extent of the thermal lens in the system simply follows the temperature profile. Figure 3 shows
simulated temperature profiles around 20 nm and 50 nm diameter gold particles in glycerol for a
step function heating source. The different lines correspond to times of 0.01 ps, 0.02 ps, 0.05 ps,
0.2 ps, 5 us and 50 ps after the heating has been turned on. The simulations show that the system
reaches a steady-state condition very quickly, within a few tens of ps. Steady-state occurs when
the rate of heating the particle matches the rate of heat dissipation in the environment. Once the
system is at steady-state the temperature versus distance profiles are constant with time.

The problem of heat dissipation for a sphere in a homogeneous medium can be solved

analytically. In particular, a fairly simple solution is obtained for constant heating of a spherical

surface:3°
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where A = k/ pC, is the thermal diffusivity of the medium, @ is the heating rate, and a is the

particle radius. The results from Equation (1) are shown as the blacked dashed lines in Figure 3.

The time dependent spatial profiles predicted by the analytic and FE calculations are in very good
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Figure 3: Temperature versus distance profiles for (a) 20 nm and (b) 50 nm particles calculated
by FE simulations for a step function heating pulse. The different colored lines correspond to
times of 0.01 ps, 0.02 ps, 0.05 ps, 0.2 ps, 5 us and 50 ps after the start of heating. The dashed

black lines show the temperature profiles calculated using Equation (1).

agreement, with slight differences at short times. These differences could arise because Equation
(1) was derived for heat diffusion from a shell in a system where the thermal diffusivity is the same
everywhere, which does not quite match the situation considered in the FE simulations. There
could also be an issue with the accuracy of the FE solver for times just after the heating pulse has
been turned on. At long times (t > a?/k) Equation (1) reduces to the steady-state result of AT =

Q/4mkr for r > a.’® Comparison of the FE simulations or the analytic results from Equation (1)
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to 1/r curves shows that the temperature profiles are essentially identical to the steady state result
after ca. 5 us for the 20 nm particles, and ca. 50 ps for the 50 nm particles.

Note that the maximum temperature reached for the 20 nm particles in the simulations is
less than that for the 50 nm particles. This is due to the faster heat dissipation rate for smaller

particles compared to large particles,*

which means that for an equivalent heating rate the
temperature at steady-state is less for the smaller particles. Simulations of temperature decay for
20 nm and 50 nm particles for an initial temperature of 310 K are presented in the Supporting
Information. The timescale for the decay is much faster for the 20 nm particles, and also decreases
as the thermal conductivity of the environment increases.

The simulations presented in Figure 3 show that the temperature profile around the particle
evolves in time, reaching steady-state on a time scale that depends on the size of the particle and
the thermal properties of the environment.*>-*¢ Because the thermal lens in the PHI experiments
follows the temperature profile, in principle, differences in the spatial extent of the thermal lens
could occur for different modulation frequencies. To investigate this effect, simulations were
performed with a square wave heating source with different frequencies. The results are presented
in Figure 4 for gold nanoparticles in glycerol. Figure 4(a) shows the temperature in the particle
versus normalized time (time/period) for 20 nm and 50 nm particles at 10 kHz and 1 MHz
modulation frequencies. At the higher frequency the heating versus time traces do not follow a
square wave. This is due to the finite timescale for reaching steady-state conditions: at high
frequencies the particle cannot reach the steady-state temperature or return to the initial state during

the heating cycles. This effect is reduced for the smaller particles because of the faster heat

dissipation times (see the Supporting Information).
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To characterize the effect of changing frequency on the spatial extent of the PHI signal,
average temperature versus distance profiles were determined from the time-dependent
simulations (this was done by simply averaging the profiles over three periods). The averaged
profiles for 10 kHz and 1 MHz modulation frequencies are shown in Figure 4 (b). The temperature

versus distance profiles at low frequency are essentially identical to the 1/r steady-state profile.
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Figure 4: Simulation results for a square wave heat source with modulation frequencies of 10
kHz (black) and 1 MHz (red) for 20 nm (left) and 50 nm (right) diameter gold nanoparticles in
glycerol. a) Temperature versus time/period. b) Temperature versus distance profiles averaged
over three periods of heating. c¢) Full-width-at-quarter-maximum (FWQM) of the temperature

profile (25% of AT,,4,)- The horizontal orange lines show the FWQM values at steady state.
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However, there are slight differences between the steady-state and simulation profiles at high
frequencies. Interestingly, the frequency effects in the temperature versus distance profiles are
small, even though the temperature versus time traces for the 50 nm particles in Figure 4(a) show
significant differences for the two modulation frequencies.

The spatial extent of the temperature profile was characterized as the distance where the
temperature falls to 25% of the maximum temperature in the temperature versus distance profiles,
that is, where AT(r) = ATpqrticie/4. 25% of the maximum was chosen rather than the
conventional 50% of the maximum to give numbers that are more commensurate with the
experimental values, and because it represents a signal level that could be easily measured in a
microscope experiment. The full-width-at-quarter-maximum (FWQM) values are plotted versus
modulation frequency for 20 nm and 50 nm gold particles in glycerol in Figure 4(c). The orange
horizontal lines show calculated FWQM values at the steady-state limit (for AT (r) < 1/r,
AT (1) = ATparticie/4 When 1 = 4 X the particle radius). The results show that the width of the
temperature profile is essentially the same as the steady-state result for frequencies below 100 kHz
for the 20 nm particles, and below 20 kHz for the 50 nm particles (consistent with the results in
Figure 3). Overall the simulations in Figures 3 and 4 predict that there should only be small
increases in the size of the features in the PHI images as the modulation frequencies is reduced, in
agreement with the experimental results presented in Figure 2.

The effect of environment on the temperature profiles was also investigated. It has been
shown that the choice of environment effects the signal-to-noise ratio for PHI, and there has been
significant effort to find materials that produce larger PHI signals.?> 7% Figure 5 shows
temperature versus time traces for 50 nm gold particles in water, glycerol, PMMA and chloroform,

and averaged temperature versus distance profiles for two different modulation frequencies. As
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noted above, at 1 MHz modulation frequency the system does not have enough time to reach the
steady-state condition: there are noticeable rise and decay times in the temperature versus time
traces, especially for chloroform. The simulations show that the maximum temperatures are in the
order ATcycr, > ATpmma > ATgiycerol > ATw,o- This does not follow the heat capacities of the
materials. The heat capacity of chloroform is slightly larger than that of PMMA, yet the
temperature change in chloroform is 60% larger. We interpret this observation as an effect from
thermal conduction in the environment. At steady-state the temperature in the gold particle is
determined by a balance between power in and heat diffusion away from the particle, which is
controlled by the thermal conductivity of the environment.?® From the expression for AT () given

above, at steady-state ATyqppicre = Q/4mka.  Thus, environments with lower thermal
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Figure 5: Simulation results for a 50 nm gold nanoparticle in 4 different environments for a
square wave source with a 10 kHz or 1 MHz modulation frequency. Top) Temperature versus
time for the gold nanoparticle and bottom) corresponding average temperature versus distance
profiles (averaged over 3 periods). Red is water, black is glycerol, blue is PMMA and green is

chloroform.
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conductivities will create higher temperatures (more heat stored in the particles). The thermal
conductivities for the different materials in the simulations are in the order kcycl, < Kpmma <
Kglycerol < Ku,0,> leading to higher temperatures rises for chloroform compared to PMMA,
PMMA compared to glycerol, and glycerol compared to water.

Note that the temperature versus distance profiles for the 10 kHz modulation frequency in
Figure 5 are essentially equivalent for the different environments — apart from the different
maximum temperatures. This is again because the system reaches the steady-state conditions at
this modulation frequency, so the spatial profiles all fall off as 1/r. At 1 MHz modulation
frequency there are slight differences in the temperature versus distance profiles, similar to the
results presented in Figure 4.

Simulations were also performed for gold nanoparticles on a glass surface in glycerol and
air environments. Note that for an inhomogeneous environment, we now have to include the
temperature dependence of the refractive index to visualize the thermal lens. Figure 6 shows the
temperature profiles and refractive index changes at steady-state for a gold particle with different
amounts of embedding into the glass (100% embedding corresponds to the particle completely in
glass with the top just touching the interface, and 0% corresponds to the particle completely in
air/glycerol with the bottom touching the interface, see the Supporting Information for details).
Temperature profiles through the center of the particle along lines perpendicular and parallel to
the interface are shown in Figure 6(a) and 6(b), respectively. For Figure 6(a) glass is at negative
distances and the different lines correspond to embeddings, from smallest to largest temperature
change, of 100%, 75%, 50%, 25%, 10%, 5% and 0%. The data in Figure 6(b) corresponds to a
10% embedded particle. The temperature changes are smallest when the particles are completely

embedded in glass, because of the higher thermal conductivity of glass compared to air or glycerol.
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Note for a homogeneous air environment, the calculated temperature change at steady-state is 104
K. This is much larger than the temperature change for the 0% embedded particles in Figure 6(a),

showing that the glass substrate has a significant influence on heat dissipation, even when the
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Figure 6: Simulations of the temperature and refractive index profiles at steady-state for a 50 nm

gold nanoparticle on a glass surface in air (left) and glycerol (right). (a) Temperature profiles
through the center of the particle perpendicular to the interface for different amounts of particle
embedding (100%, 75%, 50%, 25%, 10%, 5% and 0%). The glass is at negatives distances. (b)
Temperature profile through the center of the particle parallel to the interface for a particle that
is 10% embedded in the glass. The dashed lines show the 1/r steady state curve. (c) Plots of
the change in refractive index An of the system for a 10% embedded particle. Note the different

sign of An for the gold compared to the surroundings
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particles are only just touching the surface. This is attributed to heat transfer through the air to the
glass substrate.>’

There are several points to note from the temperature profiles in Figures 6(a) and 6(b).
First, the temperature profiles in the environment at steady-state do not follow 1/r curves for cut-
lines either perpendicular or parallel to the interface, unlike what was observed for particles in a
homogeneous environment. Second, the temperature profiles are not symmetric along the line
perpendicular to the interface. The increase in temperature extends further into the material with
the higher thermal diffusivity, which is air for the glass/air system, and glass for the glass/glycerol
system (see Supporting Information).

To evaluate how the interface affects spatial resolution in PHI microscopy, the temperature
changes obtained from the heat transfer simulations were multiplied by the dn/dT for the different
materials.>>2% Images for the glass/air and glass/glycerol interfaces for a 10% embedded particle
are show in Figure 6(c). For the glass/air interface the refractive index changes are dominated by
the gold particle. This is because the values of dn/dT for glass and air are much smaller than the
value estimated for gold. In this case the spatial resolution in PHI microscopy experiments will
simply be determined by the convolution of the laser point-spread-function and the size of the
nanoparticle being interrogated, and there will be no frequency dependence in the images. For the
glass/glycerol interface the change in refractive index of the glycerol is comparable to that of gold,
so that the temperature change in the glycerol will contribute to the thermal lens. A frequency
dependence in the images is now expected. The effect will be similar to that in Figure 4, although
the PHI point-spread-function will be slightly reduced because the temperature profile parallel to

the interface decays faster than 1/r for substrate supported particles (see Figure 6(b)).
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4. Conclusions:

The effect of heat dissipation on the spatial resolution in PHI experiments was investigated
experimentally and through finite element simulations. Images recorded for Au nanoparticles with
co-focused pump and probe beams show no changes with the timescale of the measurement, which
is controlled by the pump beam modulation frequency. This is because for co-focused experiments
the PHI signal is only generated when the pump beam is on the nanoparticle being studied, which
means that these measurements essentially image nanoparticle absorption. A small change in
spatial resolution with timescale was observed for experiments with a widefield pump, where the
nanoparticle is continuously heated as the images are formed. However, the spatial extent of the
features in the PHI images are much smaller than the thermal diffusion length R,,. Heat transfer
simulations show that the lack of sensitivity to timescale arises because the nanoparticles rapidly
reach a steady-state condition, where heating from optical excitation is balanced by energy
dissipation into the environment.’® In this case the temperature profile around the particle is
independent of the thermal diffusion length. The steady-state condition is reached for modulation
frequencies less than 100 kHz for gold nanoparticles in the normal environments used for PHI
experiments. At higher frequencies a narrowing of the PHI point-spread-function is expected, but

the effects are small compared to the spatial resolution in typical optical microscopes.
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