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Photothermal spectroscopy techniques operating at single wavelengths in the vis-NIR range have been
widely used to measure optical absorption and thermal characteristics of materials owing to their high
sensitivity. We introduced photothermal mirror spectroscopy employing a highly tunable mid-IR pump
laser (PTM-IR) for the chemical analysis of thin film polystyrene samples on IR transparent calcium
fluoride substrates. PTM-IR spectroscopy surpasses conventional PTM spectroscopy as it provides
chemical specificity through molecule-specific absorption via the detection of the magnitude of the PTM
signal as a function of the excitation wavelength. We compared the obtained spectra with those
measured using atomic force microscopy-infrared spectroscopy (AFM-IR), an already well-established
photothermal technique also operating in the mid-IR range, and standard Fourier-transform infrared (FT-
IR) spectroscopy. Numerical simulations using finite element analysis were employed to estimate the
expected increase in temperature and surface deformation induced by the laser pulse train in each
photothermal technique. Excellent agreement was obtained across the studied techniques in terms of
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Introduction

The chemical and mechanical properties of polymer thin films
can be tailored by changing their chemical composition,
enabling them to address the specific needs stemming from
a wide range of application areas, such as flexible electronics,"*
the energy sector for solar cells®* and batteries,* as well as the
biomedical field for targeted drug delivery,’ tissue engineering,®
or development of biosensors.” These films are characterised by
their physical properties and chemical composition, which
need to be determined and controlled when using them either
in research or industrial applications. Parameters of interest
often include the thickness of the films and their uniformity in
terms of their molecular composition and structural phase,
such as crystallinity or amorphous regions.
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qualitative mid-IR spectra and thickness determination.

The chemical composition of molecules is typically analysed
using vibrational spectroscopy techniques, such as infrared
spectroscopy or Raman spectroscopy. When infrared (IR) light
is absorbed by the molecule of interest, vibrational modes are
stimulated, thus allowing the identification of functional
groups. Notably, the mid-infrared (mid-IR) spectral region
between 4000 and 400 cm™ " holds great significance because it
covers fundamental molecular vibrations that can be associated
with specific molecular features. Arguably, the most known
technique for thin film characterisation is spectroscopic
ellipsometry. In recent years, developments in quantum
cascade laser-based mid-IR spectroscopic ellipsometry have
been demonstrated.® Grazing angle reflectance spectroscopy is
also an established technique allowing thin film analysis uti-
lising FT-IR instrumentation. Notable indirect techniques are
time domain thermoreflectance (TDTR),’ infrared reflection-
adsorption spectroscopy (IRRAS), and polarisation modulation
IRRAS (PM-IRRAS).’*** TDTR is a pump-probe technique where
an ultra-fast laser, e.g., a mode-locked Ti:sapphire laser oscil-
lator, is split and used as a pump and probe beam through
a polarising beam splitter. Then, the pump laser is used to heat
the material surface, where the delayed probe laser measures
the change in reflectivity caused by temperature changes.’
However, measurements require a fairly complex setup, highly
reflective surfaces, e.g., a thin metallic transducer film applied
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over the sample of interest, and ultrafast lasers in the femto-
and pico-second regimes. (PM-)IRRAS measurements equally
rely on substrates of high reflectivity, where, after absorption of
light by the thin film, a change in reflection occurs, which can
be used for the direct measurement of the film thickness. This
limits the substrates and scenarios where this technique can be
used. Another method for analysing thin polymer films is
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy.'”> Here, the developed evanescent field at
the crystal/sample interface interacts with the thin film sample.
However, this means that the thin film needs to be fixed on the
ATR crystal, which limits the number of samples that can be
studied. Another limitation is that the film thickness in relation
to the depth of penetration effectively limits the range of suit-
able film thicknesses.

In this work, we applied two notable techniques for the
chemical analysis and thickness determination of thin polymer
films: photothermal mirror-infrared (PTM-IR) spectroscopy and
atomic force microscopy-infrared (AFM-IR) spectroscopy.

PTM-IR spectroscopy is a non-destructive, all-optical pump-
probe method that can measure the thermo-optical and
mechanical properties of materials. In this method, a modu-
lated mid-IR laser beam is used for the photothermal excitation
of the sample. This periodic excitation causes surface defor-
mation of the sample, which induces a phase shift to the probe
beam reflected off the sample surface. The probe beam is placed
collinear to the excitation beam and detected in the far-field
region by monitoring its intensity signal. The time evolution
of the laser-induced surface deformation depends on thermal
diffusivity, and the amplitude of the deformation is directly
related to the optical absorption and thermal expansion
coefficients.”*** The PTM method has already been successfully
applied for material characterisation using visible laser excita-
tion and for glasses,”*" polymers,"” metals, and semi-
conductors,” providing insights into the thermal diffusivity,
optical absorption, and linear thermal expansion coefficients of
the sample.

AFM-IR spectroscopy—another indirect photothermal
method—combines high-spatial resolution beyond the diffrac-
tion limit*>**” with the chemical specificity of mid-IR spectros-
copy. This allows morphology and chemical composition
analyses at the nanoscale, which have been demonstrated with
various materials.?®*** Characterisation beyond the diffraction
limit is achieved by a sharp probe, where a pulsed, tuneable
mid-IR laser causes a local, short-lived photothermal expansion
upon absorption of IR light and thermal expansion of the
sample, which pushes the cantilever upwards. This expansion
then resolves in a damped oscillatory motion of the cantilever.
As demonstrated by Dazzi et al., this ring down is proportional
to the absorption coefficient of the sample.>*** Thus, by keeping
the cantilever tip in position and tuning the IR excitation laser,
absorbance infrared spectra are generated, resembling
conventional FT-IR spectra. In contrast, keeping the wavelength
fixed and scanning the sample, a chemical image at a specific
absorption wavelength can be recorded.

The experimental capabilities of the PTM method were
extended to investigate thin polystyrene films using an external
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cavity quantum cascade laser (EC-QCL). This is the first time the
method was applied to characterise thin films, and a mid-IR
pump laser was introduced, allowing chemical analysis of the
thin films. The results were found to be in excellent agreement
with AFM-IR and FT-IR measurements. The dependence of the
photothermal signal was evaluated for different powers and
thin film thicknesses. The theoretical model presented
describes the temperature change and surface displacement,
considering the heat transfer effect from the thin film to the
surrounding air and substrate. The dependence of temperature
and surface displacement was investigated for different
substrates and film thicknesses. The PTM-IR method presented
here can be a valuable tool for in situ characterisation of thin
films on non-absorbing substrates, where fast, remote, and
non-destructive measurements are required. The advantages
and disadvantages of each method are also presented to eval-
uate different tools that can be used to investigate thin film
materials as we move toward technological advancements
fuelled by nanomaterials.

Results
Mid-infrared spectroscopy

Measurements of the polystyrene (PS) thin films were per-
formed with PTM-IR and AFM-IR, and as a control, state-of-the-
art FT-IR was used as described in Methods.

The spectral coverages differ for the techniques used (see
also Methods). The EC-QCL pump source used in the PTM-IR
technique allows a coverage of 1798-1488 cm . Thus, as we
investigate polystyrene thin films, we focus on the aromatic ring
stretching vibration at 1601 cm ™. The additional aromatic ring
modes at 1492 em ™" and 1451 ecm ™" are not plotted in Fig. 1 for
either technique to maintain consistency and allow direct
comparison of the three techniques investigated.

The infrared spectra of the polystyrene thin films (with film
thicknesses from 113 nm to 1080 nm) are shown in Fig. 1. Using
the three techniques, characteristic bands at 1601 cm ™' and
1583 cm ™' were reproduced, which can be assigned to the
aromatic ring stretching of polystyrene. A further band appears
at 1540 cm™ ', which also corresponds to the stretching vibra-
tion of the phenyl ring. However, these bands are clearly visible
in the PTM-IR and FT-IR spectra although only observable for
films with greater thickness. In the AFM-IR spectra, the shape of
the band is only barely recognisable, often lost in noise.
However, it is worth noting that AFM-IR examines a nanoscopic
part of the sample, while the other two techniques average
millimetre ranges over a longer period of time.

The band positions as well as the band shapes obtained are
comparable for all the three techniques (see Fig. 1 and S17). The
PTM-IR spectra were recorded in the reflection mode on
a sample surface area of a few millimetres square. The FT-IR
measurements were recorded in transmission, where the pro-
bed area is approximately the same as that in PTM-IR, whereas
the spectra obtained using AFM-IR are limited by the size of the
cantilever tip, with a tip radius <25 nm. Thus, the AFM-IR
technique has a much higher spatial resolution, and the effect
is measured locally. In comparison, the results obtained by
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Fig.1 Polystyrene thin film spectra with varying film thicknesses (1080 nm, 742 nm, 370 nm, 340 nm, 208 nm, and 113 nm) compared with PTM-
IR, AFM-IR and FT-IR. Each spectrum is an average of 10 spectra. Spectra are normalized, smoothed, and baseline corrected (see Methods). The
insets show (a) PTM-IR and (b) AFM-IR signal amplitude at 1601 cm~* for the PS thin film on CaF, optical window for different thicknesses.

PTM-IR and FT-IR provide an average value of a much larger
(millimetre range) probed region. By selecting the marker band
of polystyrene at 1601 cm™ ", it is possible to plot the signal
intensity of the respective technique against the thickness; see
insets Fig. 1a and b. Note that the used signal value is an average
of 10 recorded spectra of each thin polymer film ranging from
113 nm to 1080 nm (see Table 1). The relationship between
signal intensity and film thickness is clearly evident across all
three techniques (FT-IR data, see Fig. S2f). The optical
absorption coefficient of (540 + 30) em ™" for polystyrene thin
films at 1601 cm ™" was obtained from the linear fit of absor-
bance versus thickness by multiplying the slope by In(10) and
used in the simulations of temperature change and surface
deformation presented in the next section. The obtained optical
absorption coefficient agrees with the literature data.*
Photothermal effect is induced by optical absorption and
subsequent temperature variation and thermal expansion.

Table 1 Actual concentrations and measured thicknesses of the
polystyrene thin films

Concentration Film thickness
(wt%) (nm)
1.71 113
1.88 208
4.06 340
4.39 370
5.98 742
7.76 1080

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 2 shows the PTM signal obtained from detector D, (as
shown in Fig. 5) and demodulated by a lock-in amplifier at
a frequency of 80 Hz and duty cycle of 50% (detailed description
in Methods). A linear relationship between the photothermal
signal and peak excitation power was observed as expected.

Temperature change and surface deformation induced by
laser

The temperature change, T{(r,z,t), in the PS thin film (i = film)
on a CaF, optical window (i = ow) surrounded by air (i = air)
caused by laser absorption can be calculated using the heat
diffusion equation:*®

aT; i
pic 5! = kT, = Quane ™" [* e %) F (1), (1)

where, p; is mass density, c,; is specific heat, k; is thermal
conductivity, «; is the optical absorption coefficient at the
excitation wavenumber, w. is the radius of the excitation beam
in the thin film, and ¢ is time. Since the problem is circularly
symmetric, temperature and displacement depend only on the
normal z- and radial r-coordinates. z; is the position of the first
interface of each material. Assuming that the origin of the
coordinate system is at the air/film interface, zg,,, = 0 and z,y, =
Lgim. The amplitude of the heat source (Qgiim) = 2P.¢/7w.>. The
optical absorption in the fluid and substrate can be neglected,
i.e., auir = ow = 0. P, is the excitation beam peak power, and ¢
accounts for the fraction of the absorbed energy converted into
heat. When the absorbed energy is completely converted into
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Fig. 2 (a) PTM-IR spectra for excitation at different peak powers for
polystyrene thin film with thickness of 742 nm on the CaF, substrate.
(b) PTM-IR amplitude signal power dependence at 1601 cm™.

heat, ¢ = 1. The temporal distribution of the laser source is
represented by F(¢). In this work, we considered three cases for
the time-dependence source term:

continuous wave

square wave
F(1)

2
rectangular wave frt + -

where, f; is pulse repetition frequency, 7 is laser pulse width, the
duty cycle is defined by D = tf, and sgn(x) refers to the sign
function.

Surface displacement in the thin film and substrate, u;(r,z,t),
induced by the non-uniform temperature distribution can be
calculated using the thermoelastic equation.**®

(1 =20V + V[V -] = 2(1 + »))anVT;

21+ v) (1= 20)p, 8
' E -

(3)

Paper

v is Poisson's ratio, ar is linear thermal expansion coefficient,
and E is Young's modulus. The last term on the right side of eqn
(3) is known as inertia term. For continuous excitation and low
modulation frequency, the inertia term can be neglected, and
the displacement is governed by temperature change. This
assumption is known as quasistatic approximation. However,
for pulsed laser excitation with a pulse width of a few nano-
seconds, the inertia term yields elastic wave motion.”> We
applied finite element analysis (FEA) to solve eqn (1) and (3) (see
Methods). A complete FEA description, physical properties, and
experimental parameters used for the simulations are pre-
sented in the Methods section, Tables 2 and 3. Fig. 3 shows the
time-dependent temperature and axial surface deformation at
the interface air/thin film (z = 0) and centre of the laser beam (r
= 0), considering the experimental parameters related to the
spatial and temporal profile of the mid-IR laser in the PTM-IR
(Fig. 3a and c¢) and AFM-IR (Fig. 3b and d) for the PS thin film
with different thicknesses on CaF, optical window. For thicker
films, more energy is absorbed, inducing a greater temperature
change and, consequently, a more significant thermal
deformation.

PTM-IR and AFM-IR used different laser repetition frequen-
cies, pulse widths, and laser beam dimensions, leading to
different behaviours for temperature change and deformation

1
{sgn[sin(27cfr?)] + 1}/2

5 sl )

n=1

in the sample. For PTM-IR, a modulation frequency of 80 Hz,
duty cycle of 50%, peak power of 70 mW (average power of 35
mW), and excitation beam radius on the sample of 400 um were
used. For a film thickness of 1000 nm, after 20 pulses,
a temperature increase of approximately 300 mK and surface
deformation of 1.7 nm were observed, as shown in Fig. 3a and c.
For samples with smaller film thicknesses, a sub-nanometre
surface deformation was observed. In contrast, AFM-IR, oper-
ating at a higher modulation frequency of 200 kHz with a duty
cycle of 4%, peak power of 130 mW, and a beam radius of 40
um, resulted in a larger temperature increase of 800 mK but

Table 2 The thermal and mechanical properties used for the simulations. The parameters listed below are associated with characteristic values
found in the literature. The optical absorption coefficient (a) of PS used in the simulations was 540 cm™* (measured in this work at 1601 cm™)

Properties (units) kWm'K™ p (kg m™?) o Tkg 'K ar (1070 K™ v E (10° Pa)
Air®’ 0.026 1.18 1007 — — —

Ps*® 0.12 1050 1300 70 0.38 3.25

CaF, *° 9.71 3180 854 18.85 0.26 75.8
ZnSe* 18 5270 339 7.1 0.28 67.2
Zns*® 27.2 4090 515 6.5 0.28 74.5
Silicon®® 163.3 2330 703 2.6 0.266 131
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Table 3 Parameters used in simulations related to the spatial and
temporal profile of the excitation beam in the PTM-IR and AFM-IR
techniques

Parameters Units PTM-IR AFM-IR
We pum 400 40

fr Hz 80 200 k

T us 6250 0.200

D % 50 4.0

P, (at 1601 cm ™) mw 70 130

a smaller surface deformation of 0.17 nm, as shown in Fig. 3b
and d. The greater local temperature change obtained for the
AFM-IR technique is mainly related to the laser beam being
more focused, with a diameter 10 x smaller than that in PTM-IR.
The greater surface deformation for PTM-IR is due to the lower
modulation frequency and longer time required to perform the
measurement. Since PTM-IR was performed at low frequency,
the time required to perform the measurement at each wave-
length is in the order of milliseconds. After the train of laser
pulses and heat diffusion from the thin film to the substrate
and air, the temperature oscillation did not change signifi-
cantly. However, the surface deformation continued to increase
due to the continuous heat transfer to the substrate, which
increases the depth at which heat reaches the substrate, thus
contributing significantly to surface deformation. Thus, for low
frequencies, the majority of the surface deformation contribu-
tion is induced by the expansion of the substrate, with the thin

RSC Advances

film acting as the optical absorber on the surface. A similar
effect is observed for the parameters used in AFM-IR; however,
as the measurement is performed faster (shorter time), the
heating is localised and the substrate contributes less to the
deformation observed at the thin film interface. The dynamics
of temperature distribution and surface deformation over time
for the PS thin film on CaF, substrate can be observed in
animations S1-S4 presented in the ESLf In both cases, it is
observed that there is not enough time for complete thermal
relaxation between subsequent pulses. Thus, there is heat
accumulation due to the laser pulse train. Using higher
frequencies and shorter time measurements favors more
significant contribution of the measured deformation induced
by the thermal expansion of the thin film.

The effect of different substrates on temperature change and
surface displacement of the film was evaluated (Fig. 4). Trans-
parent materials commonly used in the mid-infrared range
were considered (CaF,, ZnSe, ZnS, and silicon). It was observed
that for high modulation frequencies (such as those used in
AFM-IR), temperature change does not differ much between the
substrates; however, more significant surface displacement is
observed using CaF, as the substrate (see Fig. 4c and d). For low
modulation frequencies (such as those used in PTM-IR), the
effect of the substrate on temperature increase is considerably
higher. Substrates with lower thermal conductivity dissipate
less heat and reach greater temperature change around the
laser excitation region. For surface displacement, the variation
can be two orders of magnitude for different substrates.

PTM-IR AFM-IR
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Fig. 3 Time-dependent (a and b) temperature change and (c and d) axial surface displacement at the interface air/thin film (z = 0 and r = 0) for
the PS thin film with different thicknesses on the CaF, optical window. The result was obtained using FEA considering the parameters related to
the spatial and temporal laser profile in (a and ¢) PTM-IR and (b and d) AFM-IR, presented in Table 2 and 3.
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Fig.4 Time-dependent (a and b) temperature and (c and d) axial surface deformation at (z = 0) and (r = 0) considering a PS film with a thickness
of 1000 nm on different substrates (CaF,, ZnSe, ZnS, and silicon) and the spatial and temporal profile of the excitation laser used in each
technique. The result was obtained using FEA considering the parameters presented in Tables 2 and 3, related to the spatial and temporal laser

profile in the (a and c) PTM-IR and (b and d) AFM-IR methods.

Substrates with lower thermal conductivity and higher coeffi-
cient of thermal expansion (such as CaF,) will have more
significant thermal expansion, amplifying the photothermal
signal measured using PTM-IR and AFM-IR techniques, while
substrates with higher thermal conductivity and lower coeffi-
cient of thermal expansion (such as silicon) will expand less.
Furthermore, specifically for the PTM-IR method, silicon is
unsuitable owing to its high optical absorption in the visible
spectrum (wavelength range of the probe beam laser). Addi-
tionally, ZnSe and ZnS substrates have higher optical absorp-
tion coefficients in the visible region than CaF,, possibly
inducing a permanent temperature gradient in the substrate
and thin film. Consequently, the wedged CaF, optical window
was the ideal candidate for this proof-of-principle study as
a substrate for thin films. Simulation results presented herein
offer valuable insights into temperature variations and surface
displacement, thereby enhancing the understanding of alter-
native methods involving laser beam interactions with absorber
films.

Discussion

We measured sub-nanoscale surface displacements in polymer
thin films using PTM-IR and AFM-IR techniques. Herein, the
thin-film samples were on a transparent substrate and illumi-
nated by mid-IR incident pulses. The mid-infrared spectra
recorded with these techniques showed excellent agreement
with FT-IR measurements. A linear relationship between

9248 | RSC Adv, 2025, 15, 9243-9253

absorbance, PTM-IR, AFM-IR signals, and film thickness was
observed. Despite the high optical absorption coefficient of
polystyrene at 1601 cm ™, light attenuation in the thin film was
minimal owing to their small thickness, ranging from approx-
imately 0.5% for 113 nm films to 6% for 1080 nm films. Thus,
following the Beer-Lambert law, a linear relationship between
absorbance and film thickness was observed. There is also
a linear dependence of the absorbed light intensity and film
thickness for agmLaim < 1, e *mbim = 1 — gg Lo

Our findings demonstrate that silicon is unsuitable for the
PTM-IR method. While ZnSe and ZnS are potential alternatives,
they show higher optical absorption coefficients in the visible
region compared to CaF,. Thus, we selected the wedged CaF,
optical window as an ideal candidate for this study. The simu-
lations performed to validate this choice provide valuable
insights into temperature variations and surface displacement
across various substrates.

A notable advantage of the PTM-IR technique is its ability to
remotely detect subtle changes in optical absorption, thus
making it highly sensitive and a valuable tool for in situ char-
acterisation, where fast and non-contacting measurements are
required. Using a larger spot of the excitation and probe beams
at the sample position, it is possible to keep the optical
components, such as lenses and mirrors, far from the sample
while maintaining good sensitivity of infrared spectrum
measurement for remote sensing; however, at the cost of spatial
resolution. Additionally, it is a non-contact, non-destructive
technique, meaning that the sample remains intact during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements. However, as the PTM-IR measurements are
conducted in the reflection mode, the surface roughness of the
sample surfaces investigated can affect the result. This can have
two causes: high roughness results in poor quality of the probe
beam reflected on the photodetector, possibly affecting the
signal intensity recorded. Furthermore, a rough surface can
affect mid-IR optical absorption due to slight changes in the
film thickness, thus influencing the signal intensity in all
methods that use optical absorption to characterise thin films.
In addition, in this proof-of-concept study, the PTM-IR setup
relies on manual adjustments. This means that the reflected
probing beam needs to be realigned for each sample to guar-
antee that the centre of the beam reaches the pinhole-
photodetector assembly (as described in Methods), which
affects measurement time; however, it can be fully automated.
The measurement of the PTM signal as a function of time allows
the fit with the theoretical model to obtain the thermo-optical
properties of the sample."*** However, it should be noted that
for the samples studied in this work, the measured PTM signal
corresponds to the same order of magnitude of the noise (RMS)
as the probe laser used. Therefore, it was not possible to obtain
a transient PTM signal with good SNR to fit the experimental
data with the theoretical model. The lock-in amplifier was used
to measure the tiny photothermal mirror signal and thus obtain
the mid-IR spectrum. For the time-domain PTM signal, a probe
beam with higher optical power (to increase the light intensity
reflected on the thin film-air interface) and with lower noise
would be necessary. As previously mentioned, for continuous-
wave excitation, the thin film behaves as a surface absorber,
and the dominant contribution to the PTM signal is induced by
the thermal expansion of the substrate. Thus, the theoretical fit
of the transients would be mainly related to the optical
absorption of the thin film as well as the thermal and
mechanical properties of the substrate. Furthermore, photo-
thermal lens-infrared (PTL-IR) spectroscopy measurements
were conducted. Nevertheless, the probe beam passing through
the thin film and substrate yielded no detectable signal (data
not shown here). This clearly indicates that in this particular
case, the phase shift induced by surface deformation in the
reflected beam dominates over the thermal lens effect in the
transmitted beam.

AFM-IR, when compared as an indirect photothermal tech-
nique, is also non-destructive, allowing for multiple measure-
ments on the same sample. In AFM-IR, similar to PTM-IR,
surface deformation allows for signal generation. Although the
main advantage of AFM-IR, its high spatial resolution, is not
utilised in this work, it is precisely this characteristic that needs
to be discussed. Local photothermal excitation causes thermal
expansion, which is then detected by a cantilever with a tip
diameter >25 nm. This means that AFM-IR, similar to PTM-IR,
relies on sample preparation, because signal generation
occurs in a very small sample area. While thin films are ideal for
measurement, rough sample surfaces can result in varying
signal intensities, as the tip is fixed at one location while
recording a spectrum. This issue was addressed by recording
spectra at different locations on the sample. Furthermore, AFM-
IR signal quality is highly dependent on the focus of the IR
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beam and its position relative to the tip; however, by keeping
the cantilever used the same and not changing the focus, good
comparability between samples can be achieved.

Methods

Materials

All reagents in this work were used as received. Polystyrene (Mw
=250.000) was purchased from Sigma Aldrich. Toluene (AnalaR
Normapur) was purchased from VWR Chemicals. Calcium
fluoride wedged windows (30 arcminute wedge) were purchased
from Crystran Ltd.

Film preparation

Polymer thin films were created by spin-coating polystyrene (PS)
from solution. PS was dissolved in toluene via magnetic stirring
without heating. Upon complete dissolution, 90 pL of the
solution was immediately spin-coated (Spin150i Tabletop, APF
Automation) on a cleaned wedged CaF, optical window. Spin
coating parameters were selected as follows: 2000 rpm for
a duration of 60 s using 2 s acceleration. Using the same
parameters, a total of six thin-film samples with concentrations
ranging from 1.7 wt% to 8 wt% were prepared. No further
annealing was conducted.

Thin film thickness measurement

Film thicknesses were determined using a profilometer (Bruker
Dektak XT), resulting in 113 nm, 208 nm, 340 nm, 370 nm,
742 nm and 1080 nm thickness.

Furthermore, using the profilometer, surface roughness
measurements were conducted by acquiring three sample line-
scans in the sample area of interest. Each line was 400 pm for
60 s using a 3 mg force. Arithmetic mean roughness (R,) and
arithmetic mean waviness (W,) were recorded. Surface rough-
ness measurement results are listed in the ESIf (Table S7).

PTM-IR

The experimental diagram for PTM-IR measurements is shown in
Fig. 5. A tuneable, continuous wave (cw) external cavity quantum
cascade laser (HEDGEHOG, DRS Daylight Solutions Inc., model
41062-HHG-UT) with a spectral coverage of 1798 cm™ " to
1488 cm ™" was used to pump the sample. A mechanical shutter
(Stanford Research Systems, Model SR475) was used to modulate
the continuous excitation with a frequency of 80 Hz and a duty
cycle of 50%. The excitation beam was split in the ratio of 50: 50
(R:7) by means of a ZnSe beam splitter (Thorlabs, model
BSW711). The reflected beam was measured by an infrared
photodetector D; (VIGO Photonics, model LabM-1-10.6) con-
nected to a thermoelectric cooler controller (VIGO Photonics,
model PTCC-01-ADV) and a lock-in amplifier (Zurich Instru-
ments, model MFLI 500 kHz) and used as a reference for excita-
tion power. The transmitted beam was focused on the sample
position using a ZnSe lens (L;) with a focal length f = 0.20 m
(Thorlabs, model LA7228-E2). A 10 mW continuous TEM,, He-Ne
laser at 632.8 nm (Thorlabs, model HNL100RB), almost collinear
to the excitation beam (y < 2°), focused by lens L, (f= 0.15 m), was
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Sample

Fig. 5 Schematic of the experimental PTM-IR measurements. Red
laser isan He—Ne laser (632.8 nm). Blue laser is a tuneable cw EC-QCL.
Lyand L, (F=5cm), Lz (f=20 cm) and L4 (f= 15 cm) are lenses, S stands
for shutter, B is a beam splitter, M;—M, are mirrors. Dy is a mercury
cadmium telluride (MCT) detector and D, is a silicon (Si) amplified
photodiode. Enclosed in a black-walled housing, continuously flushed
with dry air. Experimental parameters are we = 400 um, wp, = 836 um,
z.=3.86cm, z; = 37.1 cm, and z, = 240 cm, where wy, is the radius of
the probe beam at the sample surface, z. is the confocal distance of
the probe beam, z; is the distance from the probe beam waist to the
sample, and z; is the distance from the sample to the photodetector.

used to probe the periodic deformation of the sample surface
induced by the modulated excitation beam. The sample was
located close to the waist of the excitation beam at a position
where the change in the radius of the excitation beam is minimal
with respect to the change in the wavelength of the infrared
excitation laser. Laser beam profiles were analysed by a dual
scanning slit beam profiler (Thorlabs, BP209IR1/M) and a pyro-
electric array laser beam profiler (Spiricon, Pyrocam III HR)
operating in the mid-IR range. The intensity of the probe beam
centre after reflection on the sample surface was maximised by
adjusting mirror M, and detected by a pinhole photodetector D,
(Thorlabs, model PDA100A2) assembly. The lock-in amplifier
(L1A) demodulates the probe (D,) and the excitation (D,) signals
using the optical shutter frequency as a reference. The acquisition
and storage of signals were performed by means of an in-house-
developed LabVIEW GUI. A black-walled housing continuously
flushed with dry air was used to prevent ambient light from being
detected by the photodetectors and reduce water vapor contri-
bution as a source of noise in the spectral region under investi-
gation. For each sample, an average of 10 spectra was taken. Each
spectrum was recorded with the step & measure tuning mode of
the EC-QCL controller with a resolution of 1 cm* and stabilisa-
tion time of 335 ms, followed by an acquisition time of 40 ms per
wavenumber. A time constant of 20 ms and filter order 6 were
used as parameters for the LIA. Data acquisition used the signal
amplitude from the two photodetectors (D, and D,) to compute
the probe signal normalised by the excitation power (D,/D,) as
a function of the wavenumber. Finally, the PTM-IR signal was
obtained by the ratio of the power-normalised probe signal by the
initial intensity measured on detector D,.

AFM-IR

AFM-IR data was collected on a nanoIR3s system (Bruker, Santa
Barbara) using an overall gold-coated contact mode cantilever

9250 | RSC Adv, 2025, 15, 9243-9253

Paper

(ContGB-G, BudgetSensors Innovative Solutions Bulgaria Ltd.)
with a typical first resonance frequency at (13 £+ 4) kHz and
a nominal spring constant between 0.07 Nm ™" and 0.40 Nm ™.
The nanolR3s was coupled to a pulsed, tuneable EC-QCL
(MIRcat-QT, DRS Daylight Solutions Inc.) with a spectral
coverage of 1985 cm ™' to 900 cm ™.

Data acquisition was performed using Analysis Studio (v3.15,
Anasys Instruments). For measurements, a mid-IR laser was
used in s-polarisation. Spectra were recorded at three different
locations on each sample. In each location, the cantilever was
held in a fixed position, and the laser was tuned to the local
contact resonance of the cantilever. Hence, by sweeping
through the EC-QCL wavelength range, a spectrum was recor-
ded. The sweeping speed was 100 cm™ ' s~'. Per position, 10
single spectra were collected. The laser repetition rate was set to
match the eigenmode of the cantilever at 200 kHz utilising
resonance-enhanced AFM-IR. The laser pulse width was set to
200 ns, which corresponds to 4% duty cycle. Peak pulse power
for the measurements was set to 130 mW. Throughout all
measurements, the peak pulse power and focus were constant.
The data was imported in Python3 using the native NanolIR file
format and exported to a generic data format (xarray.Data set)
with the ansys-python-tools library.*® The unprocessed spectra
were then collected and exported and combined with other
measurement data for processing and plotting. This was ach-
ieved using Origin Pro 2024 (OriginLab, USA), and the spectra
were smoothed using the Savitzky-Golay algorithm with 2nd-
order polynomial and 7 smoothing points. For baseline
correction, a polynomial fit of 2nd-order, with three baseline
points, was applied. The experimental diagram for AFM-IR
measurements is shown in Fig. 6.

FT-IR

FT-IR measurements were conducted with a Bruker Vertex 70v
(Bruker, Germany), employing a globar source and a liquid
nitrogen-cooled MCT detector. The thin film samples on CaF,
were fixed vertically on a mount and placed in the sample
chamber centred around the IR beam. Spectra were recorded in
the frequency range of 4000 cm ™ to 400 cm . For each sample,

Fig. 6 Schematic of the AFM-IR measurements. Blue laser is a pulsed,
tuneable EC-QCL. C is the cantilever. DL is the deflection laser, and PD
is a 4-quadrant photodetector registering the cantilever deflection.
The sample sits on an xyz-stage, where the pulsed excitation beam is
focused on the sample under the cantilever tip.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the average of 10 spectra was recorded with a total of 256 scans
per spectrum, resulting in an acquisition time of 57 s per
spectrum. Spectra were recorded with a resolution of 2 cm ™.
Measurements were performed at ambient temperature. Prior
to each measurement, the instrument was purged with dry air
for at least 10 minutes to minimise water vapor absorption.
Initial evaluation of spectra was done with OPUS 8.5 (Bruker,
Germany). The absorbance of the PS thin film was calculated
against the CaF, optical window. Final evaluation and pro-
cessing were done with Origin Pro 2024 (OriginLab, USA). The
spectra were smoothed using the Savitzky-Golay algorithm with
2nd-order polynomial and 7 smoothing points and a baseline
correction 2nd-order polynomial using three baseline points.

Finite element analysis

The FEA software provides numerical solutions to the heat
diffusion and thermoelastic equations with realistic boundary
conditions imposed by the experimental geometry. The model
was built with 2D axisymmetric geometry using the software
Comsol Multiphysics 5.6. ‘Heat Transfer in Solids’ and ‘Solid
Mechanics’ modules were used to obtain the temperature and
normal component of the surface displacement in the thin film,
air and CaF, optical window. The values of the thermal,
mechanical, and optical properties used for the FEA modelling
simulations are shown in Table 2. Table 3 shows the experi-
mental parameters related to the spatial and temporal profile of
the excitation beam in the PTM-IR and AFM-IR techniques used
for FEA simulations. Realistic sample geometry was considered,
i.e., a substrate with 2 mm thickness and 12.7 mm radius, with
10 mm air thickness surrounding the sample. The heat diffu-
sion equation (eqn (1)) was solved for all the domains, consid-
ering the heat source defined in eqn (2). The thermoelastic
equation (eqn (3)) was solved for the thin film and substrate
domain. There are four types of boundaries in the model. One
boundary represents the axis of symmetry (at » = 0), which
coincides with the centre of the excitation laser beam. The
external boundaries are defined as thermal insulation. The thin
film-air interface is free, with no loads or constraints. The
lateral and back surfaces of the substrate are defined as fixed
constraints.

Conclusions

In this work, the nanoscale surface displacement on thin films
induced by mid-IR laser heating was measured using PTM-IR
and AFM-IR techniques. The photothermal mirror technique
was successfully applied for the first time for polymer thin film
characterisation within this work. Furthermore, it was the first
demonstration of the PTM technique by taking advantage of
mid-IR excitation. Temperature change and thermoelastic
displacement were modelled using finite element analysis,
taking thermal coupling between the fluid, thin film, and
substrate into account. The main characteristics of each
measurement technique were evaluated, and the mid-infrared
spectra showed excellent agreement with state-of-the-art FT-IR
measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Despite these advancements, further engineering improve-
ments are required to enhance the optical setup, particularly in
the automating the alignment processes to ensure repeatability
without the need for manual adjustments and focusing. Addi-
tionally, using a probe beam with higher optical power and
reduced noise could significantly improve the sensitivity and
accuracy of the technique.

Looking forward, optimisation and automatisation of the
system could pave the way for developing a more compact and
robust system capable of conducting chemical analysis and
thickness measurements in a range of applications. Further-
more, the possibility of transient analysis can offer valuable
insights into the quantitative properties of different materials.

Abbreviations

PTM-IR  Photothermal mirror-infrared spectroscopy
AFM-IR  Atomic force microscopy-infrared spectroscopy
FT-IR Fourier transform-infrared spectroscopy
FEA Finite element analysis

PS Polystyrene

CaF, Calcium fluoride

ZnSe Zinc selenide

ZnS Zinc sulfide

EC-QCL  External cavity quantum cascade laser

PM- Polarization modulation infrared reflection-
IRRAS absorption spectroscopy

TDTR Time domain thermo-reflectance

ATR Attenuated total reflectance

SNR Signal to noise ratio

Symbols

k Thermal conductivity

p Density

Cp Specific heat capacity

QT Thermal expansion coefficient

v Poisson's ratio
Young's modulus

We Excitation beam radius

fr Repetition rate

T Pulse duration

D Duty cycle

p, Excitation power
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