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We recently introduced a versatile infrared laser ellip-
someter for sub-decisecond spectroscopy [Opt. Lett. 44,
4387 (2019)] and 0.03 mm2 spot-sized hyperspectral imag-
ing [Opt. Lett. 44, 4893 (2019)]. Here we report on the
next device generation for thin-film sensitive simultaneous
single-shot amplitude and phase measurements. The multi-
timescale ellipsometer achieves 10 µs time resolution and
long-term stability over hours at high spectral resolution
(0.2 cm−1). We investigate the temporal stages (from minutes
to milliseconds) of fatty acid thin-film formation upon sol-
vent evaporation from acetone-diluted microliter droplets.
Optical thickness variations, structure modifications, and
molecular interactions are probed during the liquid-to-solid
phase transition. Multi-timescale ellipsometry could greatly
impact fields like in situ biosensing, microfluidics, and poly-
mer analytics, but also operando applications in membrane
research, catalysis, and studies of interface processes and
surface reactions.
© 2022 Optica Publishing Group under the terms of the Optica Open
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Infrared (IR) ellipsometry is a well-established nondestructive
spectroscopic metrology technique that uses polarized light to
probe the optical and physicochemical properties of surfaces
and thin films [1–4]. The method measures amplitude and phase
information of light upon interaction with a sample, expressed
by the ellipsometric angles Ψ and ∆. Structure-sensitive base-
lines and material-specific vibrational bands in the IR spectral
range render IR ellipsometry highly advantageous for analyzing
sample properties such as thickness, chemical composition, and
molecular interactions.

We recently developed a laser-based IR ellipsometer that
overcomes the limitations of classical Fourier-transform-based
approaches regarding temporal and spatial resolution. Featuring
a broadband-tunable quantum cascade laser (QCL) as brilliant
light source and a single-shot four-channel beam-division con-
cept, the instrument enables thin-film-sensitive sub-decisecond
spectroscopy [5] and 0.03 mm2 spot-sized hyperspectral imaging
[6] of ellipsometric amplitudes and phases.

Here, we showcase the next IR laser ellipsometer generation
that enables multi-timescale amplitude–phase measurements.
Having, with the same instrument, access to different time
domains is of high relevance for numerous technology, research,
and metrology fields. IR spectroscopic in situ and operando stud-
ies of noncyclic or irreversible processes and reactions—or those
restricted by small sample amounts—require short- and long-
term measurement prospects, often spanning many orders of
magnitude in time. With high-speed electronics readout, flexible
polarization optics, and long-term stability, the presented multi-
timescale IR QCL ellipsometer satisfies this urgent demand. It
unleashes the full potential of IR laser ellipsometry for the anal-
ysis of thin films and interfaces by, for the first time, covering
wide temporal ranges from 10 µs up to hours at high spectral
resolution (0.2 cm−1) and stability (<0.005 in tanΨ and cos∆).

The IR laser ellipsometer in our application lab was developed
in cooperation with Sentech Instruments GmbH and is depicted
schematically in Fig. 1. It comprises an external-cavity QCL
(MIRcat-QT-2100, Daylight Solutions), a 50×50 mm2 mapping
stage, micro-focus lenses for spot sizes of 280×120 µm2 (at
65◦ incidence angle), and beam-division optics (four-faceted
gold pyramid) followed by four parallel detection channels.
Each channel uses a photovoltaic InAsSb detector (P13894-
211, Hamamatsu) and can be fitted with individual polarization
optics, such as polarizers (KRS-5 wire-grid, Specac Ltd.) and
retarders (λ/4 at 1666 cm−1, uncoated, Optogama UAB). A set of
tandem polarizers in the input arm generates linearly polarized
light for probing the sample. Optionally, an insertable achro-
matic retarder unit [7,8] can generate close-to-ideal circular
polarization for measuring properties such as circular dichroism.

The pulsed QCL with adjustable duty cycle of up to 10%
is broadband-tunable between 1318 cm−1 and 1764 cm−1 at
sweep speeds up to 1500 cm−1/s. Larger ranges are accessible by
upgrading the laser with additional (broadband) MIRcat QCL
chips. The spectral resolution of 0.2 cm−1 for full-range spectra
is well below the one practically reachable with nonlaser-based
devices.

An external trigger signal synchronizes the QCL with gated
integrators in the detection channels. The detector currents are
first converted to voltages using dedicated home-built trans-
impedance amplifiers. Custom-built boxcar integrators then
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Fig. 1. Schematic of the multi-timescale IR QCL ellipsometer,
featuring long-term stable single-shot Ψ and ∆ measurements of
individual pulses at the laser repetition rate.

average the four intensity signals over each individual laser
pulse. Laser repetition rates up to 100 kHz are currently possible.

By simultaneously measuring four polarization states with
linearly polarized incident light [5,6], the IR laser ellipsometer
can acquire the p- and s-polarized reflectances |rp |

2 and |rs |
2, as

well as the ellipsometric ratio

ϱ = tanΨ · ei∆ = rp/rs (1)

in a single shot, that is, for each individual laser pulse, providing
both amplitude (tanΨ) and phase (∆) information of the sample
at the same time. The single-shot scheme significantly reduces
environmental influences [9] and allows for stable short- and
long-term measurements.

Multi-timescale IR QCL ellipsometry exploits timescales
from the 10 µs range, over the sub-second range, up to
minutes and hours. In practice, one starts with broadband
overview measurements (300–1000 ms). Specific spectral fea-
tures are then monitored either spectrally (100–300 ms) or, if
required in studies of process or reaction kinetics, individually
(10–200 µs) by engaging the ellipsometer’s high-speed single-
wavelength mode.

We applied the laser ellipsometer in a comprehensive multi-
timescale study of the formation of thin films of capric acid
upon solvent evaporation from acetone/acid microdroplets. For
this purpose, gold substrates were covered with rectangular poly-
dimethylsiloxane (PDMS) templates (4 × 3 mm2, 100 µm height)
that allow the reproducible placement and defined polarimetric
measurement of 3 µl droplets on the sample surface (see Fig. 2).

Time-dependent broadband ellipsometric data of such an
experiment are shown in Fig. 3. The process of evaporation
and film formation lasts several minutes. However, the actual
phase transition takes place on the much shorter millisecond
timescale. We divide the process into three stages (exemplary
spectra are presented for the ends of stages 1 and 2, and for
stage 3).

In stage 1 (after microdroplet placement, not shown), the
optical response of the sample is dominated by bulk liquid ace-
tone, which gives rise to dispersion-like acetone vibrational IR
bands in tanΨ and absorption-like bands in cos∆. These spec-
tral features undergo strong shape and baseline changes as the
solvent evaporates. In stage 2, after most of the acetone has
evaporated, the sample’s optical response is that of a thin layer,
with absorption-like bands in tanΨ and dispersion-like bands
cos∆. Comparable quantities of fatty acid and acetone are now
present within the layer. IR bands of both substances can thus
be identified, providing insights into molecular interactions and
changes thereof, as is discussed in detail below. In stage 3, the

Fig. 2. Measurement scheme of, and changing molecular inter-
actions (acetone-, weakly, and dimer-bound COOH) during, capric
acid thin-film formation upon acetone evaporation.

Fig. 3. Overview time-resolved ellipsometric data of the
evaporation/film-formation process. Top: hyperspectral visualiza-
tion. Bottom: spectral representation with exemplary spectra corre-
sponding to the arrows indicated at the top left. In stages 2 and 3,
tanΨ and cos∆ resemble the imaginary (absorption-like) and real
(dispersion-like) parts of the thin layer’s dielectric function.

acetone has completely evaporated, and a thin film of pure capric
acid has formed, as witnessed by distinct changes of the layer’s
vibrational fingerprint.

In the considered spectral range, acetone, (CH3)2CO, exhibits
two prominent absorption bands at 1712 cm−1 and 1362 cm−1,
which arise from C=O stretching and CH3 symmetric deforma-
tion modes, respectively [10]. Both bands are visible at the end of
stage 1 and the beginning of stage 2, albeit at slightly blueshifted
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positions due to optical effects typical for ellipsometric thin-film
spectra. As expected, the CH3-associated band diminishes as the
acetone evaporates. The same is true for another broad feature
found around 1740 cm−1. However, the strong band observed
around 1717 cm−1 retains its intensity independent of the layer’s
acetone content.

The frequency of the C=O stretching mode of fatty acid car-
boxyl groups depends on the type of intermolecular interaction,
that is, whether the COOH groups are acetone-bound, weakly
COOH-interacting (termed weakly bound COOH), or exist in
the stronger-bound acid dimer form [11,12]. Density functional
theory calculations [Gaussian 09, Revision E.01, performed at
the B3LYP level of theory using 6-31++G(d,p) basis sets] sug-
gest that the band at 1740 cm−1 could be due to C=O stretching of
carboxyl groups partially hydrogen-bonded to acetone carbonyl
moieties (COOH· · ·O=C). This band therefore diminishes upon
acetone evaporation. Concomitantly, a redshifted band arises at
1717 cm−1 as these COOH moieties now remain only weakly
bound to other fatty acid COOH groups. This interplay of chang-
ing interactions could explain the observation of a strong and
persistent vibrational band at said frequency.

The IR fingerprint of the layer changes drastically as the evap-
oration process progresses from stage 2 to the acetone-free
stage 3. Undisturbed by solvent molecules, the fatty acid’s car-
boxyl groups are now able to self-associate, which can lead
to the formation of strong dimeric hydrogen-bond interactions
between adjacent COOH groups [13]. These carboxyl dimers
exhibit a redshifted C=O stretching mode at about 1704 cm−1 as
well as an intense in-plane COH bending mode at about 1433
cm−1. Also other bands appear below 1400 cm−1 that originate
from CH2 deformations with COOH involvement.

In order to resolve the transitions between the stages, and to
capture the details of the observed changes in molecular inter-
actions, we performed additional measurements at a higher time
resolution, focusing on the ν(C=O)-associated spectral range.
Figure 4 shows a time-dependent polarimetric band scan and
exemplary spectra obtained toward the end of stage 1, right
at the end of stage 2, and in stage 3 after film formation is
complete.

Ellipsometric amplitude and phase data provide comple-
mentary insights into the vibrational and structural sample
properties. While tanΨ is mainly associated with the ν(C=O)

band composition, cos∆ is an additional measure of the layer’s
optical thickness (n · d) [1]. For instance, pronounced changes
in refractive index (n) and thickness (d) are observed in stage 1
as the acetone rapidly evaporates (cf. baselines in Figs. 3 and 4).

The changes in intermolecular interactions and optical thick-
ness can be easily tracked when looking at the ν(C=O) band
intensity (tanΨ) and baseline (cos∆) progressions of COOH
dimer, weakly bound COOH, and acetone-interacting COOH
at 1704 cm−1, 1717 cm−1, and 1740 cm−1, respectively (Fig. 5,
top). For stable baselines, lower tanΨ values at these wavenum-
bers correspond to higher band intensity and higher abundance
of the respective interacting COOH type. Up until the end of
stage 2, there are hardly any tanΨ changes in weakly bound
COOH groups and in COOH dimers, the latter of which seem
to be almost completely absent as long as acetone molecules are
still present within the layer. However, as soon as all the acetone
has evaporated, previously weakly bound COOH groups seem
to immediately turn into COOH dimers (stage 3). The layer’s
optical thickness, as monitored by cos∆, also undergoes a series
of changes. Steep drops in cos∆ are seen toward the end of

Fig. 4. Time-resolved ellipsometric data of the ν(C=O) region.
Top: hyperspectral visualization. Bottom: spectral representation
(exemplary spectra corresponding to the indicated arrows, see top
left). Vertical lines mark band components associated with acetone-,
weakly, and dimer-interacting C=O groups.

stage 1, indicating marked alterations in thickness and/or refrac-
tive index due to the quickly evaporating acetone. A further
change in optical thickness upon evaporation is evidenced
throughout stage 2 by the slight decrease in cos∆ at all three
wavenumbers, followed by abrupt drops between stages 2 and 3.

Again, the sudden jump from stage 2 to stage 3 is not resolved
in the spectral data even with increased time resolution. We
therefore further investigated the individual COOH components
at sub-millisecond time resolution by making use of the IR
ellipsometer’s high-speed capabilities. Since dimer formation
seems to be triggered only by the presence, or rather absence, of
acetone, we focused on the two lower-frequency ν(C=O) bands
of weakly (1717 cm−1) and strongly (1704 cm−1) interacting
COOH groups. Their band and baseline properties, as measured
by tanΨ and cos∆ at the respective wavenumber, are shown at
the bottom of Fig. 5. The phase transition from a mixed layer of
fatty acid and acetone to a film of pure capric acid occurs within
about 120 ms and is now well resolved by the ellipsometric
amplitude–phase measurement.

The sub-millisecond tanΨ and cos∆ data turn out to exhibit
a complex modulation between the two respective vibrational
bands. Opposing progressions are observed between the weak
COOH and dimer COOH components in amplitude and phase,
indicating a simultaneous change in molecular interactions and
film structure. In a simplistic model that assumes a direct con-
version between two partially overlapping ν(C=O) components,
one would expect sigmoidal transitions in both tanΨ and cos∆.
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Fig. 5. Time progression of ν(C=O) band components (associ-
ated with acetone-, weakly, and dimer-bound COOH) monitored
in sub-second spectral and sub-millisecond high-speed mode (at
200 µs time resolution, 5 kHz laser repetition rate).

Over- and undershoots can appear depending on broadening and
overlap of the corresponding vibrational oscillators. Additional
modulations occur when the thickness and/or refractive index
of the layer changes. The latter behavior is indicated by the
measured phase data, as cos∆ at both wavenumbers exhibits
evaporation-induced lower values at the end of the transition
than at the beginning.

The sub-millisecond measurements successfully connect
ellipsometric amplitude–phase information of the thin film’s
short-timescale liquid-to-solid phase transition with those of the
overall evaporation process that takes place over several minutes.

To conclude, the presented next-generation IR laser ellip-
someter for the first time covers multiple timescales separated
by orders of magnitude, from minutes/hours down to the
10 µs range. The instrument’s single-shot concept significantly
reduces environmental influences, allowing stable short- and
long-term measurements at 0.2 cm−1 spectral resolution. IR laser
ellipsometry gives simultaneous access to chemical, structural,
and thickness information via the ellipsometric parameters Ψ
and ∆. As an application example, we provided comprehensive
polarimetric data and interpretation involving the evaporation-
induced liquid-to-solid phase transition of fatty acid thin films.
Monitoring vibrational bands over long times (10 s to minutes) at
high time resolution (sub-millisecond) allowed us to track inter-
molecular hydrogen-bond interactions involving fatty acid and
acetone functional groups. Phase measurements made available
by the ellipsometric technique provided additional insights into

changes in optical thickness associated with a reduction in
layer thickness and a change in refractive index as the solvent
evaporates.

This work shows that IR laser ellipsometry enables previously
unfeasible in situ and operando multi-timescale investigations of
noncyclic or irreversible processes and reactions at solid–liquid
interfaces. In future research, the technique could be applied
to study thin-sheet materials used in ultrafast supercapacitors.
While the high time resolution will be used for sub-millisecond
probing of proton or ion interdiffusion, both short- and long-
term monitoring from the sub-millisecond to the hour range are
expected to resolve anisotropic effects and structural changes
that occur over different timescales. Another potential appli-
cation is in catalysis and related fields where multi-timescale
phase–amplitude monitoring of baselines and absorption bands
of catalytic species is expected to yield detailed chemicostruc-
tural information on the catalyst. Such investigations will provide
a better understanding of short-term catalytic reaction mecha-
nisms and the long-term correlation (even up to days) between
catalyst morphology, activity, degradation, and recovery.
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