Quantitative infrared photothermal microscopy
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ABSTRACT

Infrared photothermal heterodyne imaging (IR-PHI) represents a convenient table top approach for conducting
superresolution imaging and spectroscopy throughout the all-important mid infrared (MIR) spectral region.
Although IR-PHI provides label-free, superresolution MIR absorption information, it is not quantitative. In
this study, we establish quantitative relationships between observed IR-PHI signals and relevant photothermal
parameters of investigated specimens. Specifically, we conduct a size series analysis of different radii polystyrene
(PS) beads so as to quantitatively link IR-PHI signal contrast to specimen heat capacity, MIR peak absorption
cross-section, and scattering cross-section at IR-PHI’s probe wavelength.
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1. INTRODUCTION

The study of light-matter interactions is one of the most powerful means to understanding the physical and
chemical properties of materials. Advances in nanoscience require the ability to observe and investigate chemical
interactions at the single particle or even single molecule level. Here, Moerner and Kador’s seminal work on
single molecule detection® has paved the way to optical techniques suitable for detecting single analyte species.
These approaches are largely emission-based since they are intrinsically low background measurements simple
to implement and perform.?3 Despite their strengths, however, emission-based methods lack universality since
they cannot be used to detect non-emissive species.

In contrast, absorption/extinction-based approaches are general and widely applicable. Several techniques
have therefore been developed in the past decade to probe the absorption of single particles.* These include direct
approaches such as frequency-,'»® polarization-,% intensity-,,” and spatial-modulation,®? absorption microscopies.
They also include indirect methods such as photothermal heterodyne imaging (PHI).*0~13

Among techniques, PHI is the most popular single particle absorption microscopy used today. Its operating
principle is based on the well known photothermal effect!* wherein change to sample optical properties follow
the resonant absorption of (pump) light. These changes, directly linked to the absorption of pump light, are
detected using a second (probe) beam. By modulating the excitation source, induced changes modulate at the
same frequency and facilitate subsequent use of lock-in amplifiers for sensitive signal extraction.
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Notably, PHI has been used to detect a single molecule with an absorption cross section of oaps ~ 5 x 10716
cm?.'® An important disadvantage of PHI, though, is that, generally speaking, PHI signal contrast is not a
quantitative measure of absorbed light (i.e. it does not immediately yield absolute specimen cross sections or
absorption efficiencies). This issue has been overcome by direct comparison of PHI signal amplitudes to those
of systems having known absorption efficiencies. This feature has been exploited to measure the size-dependent
absorption cross section of individual CdSe nanowires though comparison to PHI signals of gold nanoparticles

with known (Mie theory) cross sections.'3

At the same time, single particle detection, whether emission or absorption-based is rare in the infrared
(IR).16720 MIR techniques that do exist are mostly scanning probe-based that exploit either photothermal or
near-field scattering enhancements to sample extinction. All, however, suffer from instrumental complexity,
slow scan speeds, limited fields of view, and complex sample preparation requirements. This, despite possessing
impressive spatial resolutions on the order of ~ 20 nm.

IR photothermal heterodyne imaging (IR-PHI)?! " is an emerging, all-optical technique to conduct single
particle MIR absorption measurements. The technique is far-field in nature and has a demonstrated spatial
resolution of order 300 nm.2® Its operating principle is near identical to that involved in PHI with the primary
difference being the use of a MIR pump laser to excite analyte specimens. An additional difference is the general
absence of a photothermal medium surrounding the specimen.??2428 This is to avoid potential competing
molecular resonances. Compared to abovementioned scanning probe techniques, IR-PHI represents a simple,
tabletop approach for the MIR characterization of individual nanostructures.

In what follows, we establish a better understanding of IR-PHI’s signal generation mechanism, making
essential steps towards revealing quantitative relationships that exist between the IR-PHI signal contrast and
specimen physical properties. This is made possible through a series of size-dependent measurements, conducted
on different radii polystyrene (PS) beads (r = 100,230, 300,400, 550 nm) with absorption efficiencies known a
priori using Mie theory.

2. EXPERIMENTAL

Figure 1 first illustrates the IR-PHI instrument arranged in a counter-propagating pump/probe geometry.?%
The instrument consists of a tunable, pulsed (A = 2.5 — 3.7um, k = 2670 — 4000 cm~!) MIR optical parametric
oscillator (M Squared Lasers, OPO) for the pump and a continuous wave (CW), 532 nm, DPSS laser for the
probe. Samples on CaFy coverslips (Crystran) are raster scanned through the pump and probe focii using a
closed-loop nano-positioning piezo stage (Mad City Labs). The OPO output is focused through the coverslip
onto the sample using a 0.65 NA reflective objective (Ealing) while the probe laser is focused onto the same
spatial position using a 0.95 NA refractive objective (Nikon). Substrate-reflected and photothermally-modulated
probe light are then collected with the refractive objective and are directed onto a photodiode. Heterodyning
of these components at the detector then gives rise to a signal modulation at the IR pump repetition rate. The
IR-PHI signal is demodulated via lock-in (Stanford Research Systems, SRS 844) detection referenced to the OPO
repetition rate. Figurel illustrates the employed setup.

IR-PHI samples consist of different radii (r) polystyrene (PS, Sigma Aldrich) bead suspension (r =
100, 230, 300, 400, 550 nm) drop cast onto a methanol-cleaned and flamed/plasma cleaned CaF5 coverslips. Cor-
responding absorption cross-sections (oaps) at 3030 cm™! (CHgy stretch) are estimated using the Mie theory and
range from 3.4 x 10712 to 7.5 x 107! cm?.

3. RESULTS AND DISCUSSION

Figure 2a illustrates IR-PHI imaging results of single r = 100 nm PS particles. The pump laser is tuned to
A = 3300 nm (3030 cm~1), which corresponds to PS’s CHj resonance. The corresponding peak IR absorption
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Figure 1: Schematic representation of the IR-PHI setup
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Figure 2: (a) IR-PHI image of three single r = 100 nm PS particles acquired at 3030 cm~!. (b)
Corresponding single particle PS spectrum compared to the bulk PS FTIR spectrum. (c) Line
profile of a particle in panel (a).

cross-section at this wavelength is o.ps = 3.4 x 1072 cm?. Figure 2b shows an associated single PS particle
IR-PHI spectrum along the bulk PS Fourier Transform Infrared (FTIR) spectrum. The excellent agreement
between spectra shows spectral fidelity of the technique. Figure 2c) shows the line profile through a single bead
image in Figure 2a. An associated full width at half maximum (FWHM) is 335 nm, which is more than an
order of magnitude smaller than corresponding FWHM of the incident IR pump light.

To understand IR-PHI signal contrast, we first assume that it is photothermal in nature. The IR-PHI
signal amplitude (Ppnr) is consequently proportional to the instantaneous temperature jump (AT') induced in
the specimen through the absorption of pump light (i.e. Ppgr oc AT). From the definition of heat capacity,3! a
corresponding specimen temperature change is therefore:

Pabs chco—abs
AT = = — 1
c c (1)

where P,ps is the absorbed pump power, C' is the sample’s heat capacity, and Iexc (0abs) is the pump intensity



(specimen peak absorption cross-section). Of note, is that o,ps exhibits a r® size dependency suggesting nonlinear
growth of Ppyy. However, C' also scales with particle volume such that AT is only expected to grow 1.7 times
between r = 100 and r = 550 nm. Estimated instantaneous AT values therefore range from 34.5 (r = 100 nm)
to 53.4 K (r = 550 nm).

Figure 3 now shows acquired IR-PHI data, which reveals Ppyr to increase linearly with size as suggested
by Equation 1. However, the IR-PHI signal increases from ~ 200 nV to ~ 5 uV, which exceeds the expected
1.7x change by over an order of magnitude. This suggests that that AT alone cannot be the sole contributor to
IR-PHI optical contrast.
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Figure 3: IR-PHI signal size and AT dependency. Circles denote experimental IR-PHI values. The
dashed line is a fit through the data points.

Here, Hartland?® has previously suggested, using Finite Element simulations, that temperature-induced
changes to scattering cross-sections (Aogeat) play an important role in establishing IR-PHI signal contrast (i.e.
Ppur & Aogeat). Qualitatively, this arises because thermally-induced changes to specimen refractive indices

change specimen scattering cross-sections.>?

From Mie theory, the angular distribution of scattered light, Iy (r,n, ©),2 is

P(r,n,0©

Tscat (Ta n, @) = Oscat (’I", n, 8) %IO (@7 Qb) (2)
where P (r,n,®©) is the phase function (i.e. the ratio of energy scattered per solid angle in one direction to the
total energy scattered per solid angle in all directions) and Ij (0, ¢) is the incident light intensity. Changes to
Iscas (6. Algeat) are therefore proportional to Acgcat, which, in turn, depends on changes to specimen refractive
indices, size, and temperature as follows:

OOscat ON O0geat O
AGens = on 9" AT,
Tscat ( on T  or aT> 3)

In Equation 3, % is the specimen thermo-optic coefficient with g—; its thermal expansion coefficient. What

results is a predicted IR-PHI signal dependency that scales as

PPHI X Alscat X ACrscat- (4)

At this point, a characteristic feature of Mie scattering cross-sections is that they scale with sample ge-
ometrical area (i.e. o 7r?) for specimen sizes comparable to the wavelength of light.3? Most impressive then
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Figure 4: IR-PHI signal as a function of 2. Square symbols represent experimental IR-PHI signals.
The dashed line is a linear fit through the data.

is that Figure 4 clearly shows this 72 dependency. This, in turn, corroborates Aoy as the origin of IR-PHI
signal contrast and links Ppyp to specimen physical parameters, namely, to g—; and g—; as well as size-dependent
heat capacities and absorption cross-sections through Equations 3 and 4.

CONCLUSIONS

We have studied signal contrast in IR-PHI to place the technique on a more quantitative footing. Our analysis
reveals that IR-PHI signal contrast originates from temperature-induced changes to specimen scattering cross
sections. The analysis simultaneously links specimen material parameters to the PHI signal, suggesting future
studies wherein IR-PHI can be used to quantitatively characterize material properties of isolated nanostructures
in the all important MIR region of the spectrum.
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