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Introduction
Driven by new developments in various 
branches of fundamental and materials 
research, such as optical and biosens-
ing devices,1,2 functional polymer materi-
als,3 meta-4 and biomaterials,5 the need 
for polarisation-dependent imaging and 
mapping characterisation techniques like 
ellipsometry6–8 is ever growing, always 
striving to push the boundaries of spatial 
and time resolution. In this respect, 
infrared spectroscopic ellipsometry is a 
strongly emerging field due to the recent 
progress in ellipsometric microscopy,9,10 
near-field spectroscopy11,12 and the use 
of infrared lasers13–15 as brilliant radiation 
sources.

Similar to ellipsometry in the visible 
spectral range, IR ellipsometry provides 
information on film thickness and 
homogeneity. Moreover, the mid-infra-
red (MIR) spectral region from about 
2.5 µm to 16.0 µm (4000–625 cm–1) 
is the fingerprint range of many molecu-
lar vibrations and phonons. By analysing 
contributions of different specific vibra-
tional bands, IR ellipsometry provides 
access to valuable complementary infor-
mation on composition, structural prop-
erties and interactions.7

When working with laboratory or 
synchrotron radiation sources, Fourier-
transform infrared (FT-IR) spectrometers 
are typically used. For specific purposes, 
infrared grating spectrometers are also 
of interest. Depending on the probing 
wavelength and the used optics, possible 
lateral resolutions for far-field IR ellipsom-
etry are restricted by the diffraction limit 
and are in the range of a few microns. 
The diffraction limit can, in principle, 
be overcome by near-field techniques. 
For both far-field and near-field tech-

niques, tuneable infrared laser sources 
are becoming increasingly important as 
they open up new analytical possibilities 
regarding spatial and time resolution.

Increasing the lateral spatial resolu-
tion, as shown in Figure 1, from several 
millimetres (standard laboratory ellip-
someter), to about 175 µm (ellipsome-
try using a laser or synchrotron radiation 
source), to about 40 µm (microscopic 
ellipsometry) has been an impor-
tant goal for the method over the last 
decade.10 Nowadays, even polarisation-
dependent infrared mapping at the nm 
scale has become available. Although 
first attempts in the direction of aper-
ture-less scattering near-field ellipsom-
etry11 have been performed, a general 
applicability to anisotropic materials or 
films has not yet been achievable by 
such approaches. Another alternative for 
polarisation-dependent near-field micros-
copy is the thermo IR-AFM14 (IR-atomic 
force microscopy) approach allowing one 
to measure the absorption-dependent 
extension of a sample.

Summarising here, spectroscopic 
far-field ellipsometry is the method of 
choice for contact-less and non-destruc-
tive microscopic characterisation of thin 
functional films and surfaces above the 
diffraction limit of a few µm, and also for 
characterisation of larger sample areas 
up to the mm2 and cm2 range. Optical 
simulation software packages for inter-
preting ellipsometric spectra of complex 
samples are commercially available from 
ellipsometer suppliers. Additional soft-
ware solutions exist for numerical calcu-
lations in the time or frequency domains 
using Maxwell solvers, which is of partic-
ular relevance not only for understand-
ing periodically structured surfaces like 

metamaterials, but also for arbitrarily 
structured materials.

Ellipsometric method
Upon reflection or transmission at a 
surface, linearly polarised radiation 
generally becomes elliptically polarised. 
For non-depolarising isotropic or uniax-
ial films for which no cross-polarised 
contributions (e.g., circular dichroism) 
are expected, the ellipsometric param-
eters tan Y and D (relative amplitude 
ratio and phase difference, respectively) 
are the relevant measurement parame-
ters.7,8 These are related to the complex 
reflection coefficients rp and rs, corre-
sponding to the p-and s-polarised electric 
field components, respectively. Y and D 
are complex functions of the incidence 
angle j0, the wavelength l, the opti-
cal constants of substrate (NS), ambient 
medium (N0) and layers (Nj), as well as 
of the layer thicknesses dj,
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j = 0, 1, 2,..., number of layers,

with N = n + ik (N: complex refractive 
index; n: refractive index; k: absorp-
tion index). The optical constants are 
related to the complex dielectric func-
tion e = e1 + ie2 via N = Öe. A fit of 
the parameters of an optical model to 
the measured values of tan Y and D 
provides the layer thicknesses, the opti-
cal constants and the structural proper-
ties of layered samples.

The fundamental equations of ellip-
sometry are only valid for systems 
consisting of homogeneous phases 
with smooth and parallel interfaces. 
Nevertheless, surface roughness, graded 
or heterogeneous composition and 
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anisotropy can be modelled in many 
cases. With generalised ellipsometry, all 
Müller matrix elements, connecting the 
incoming and outgoing Stokes vectors, 
can be determined,7,8 which is of partic-
ular interest, for example, for the analysis 
of ordered arrays of metamaterials.17

For the results presented here, 
custom-built mid-infrared ellipsometers 
(2.5–16.0 µm) were externally attached 
to a Fourier-transform interferometer 
(Bruker Optics, Ettlingen, Germany), 
either using a laboratory globar source or 
the synchrotron radiation source at the 

Berlin Electron Synchrotron Storage Ring 
BESSY II. Details about the measure-
ments and the used IR ellipsometry set-
ups are described in References 10 and 
16.

A multiple angle rotating analyser 
IR mapping ellipsometer (SENTECH 
Ins t ruments ,  Be r l i n ,  Ge rmany) 
equipped with a HeNe laser (Multi IR 
Optoelectronics Co., Ltd) or a tune-
able quantum cascade laser (QCL, 
Daylight solutions) was used for the 
presented laser ellipsometry measure-
ments with time resolutions down to 

80 ms.15 Optional CaF2 micro-focus 
lenses (acceptance angle = 2°) enabled 
measurements with a lateral resolution 
of 120 µm.

Sub-second laser mapping 
ellipsometry
Fast sample mapping in the infrared 
with sub-millimetre lateral resolution is 
achieved by using laser light sources.15 
While the lateral resolution of about 
120 µm is important for studying sample 
properties at a microscopic level, the high 
time resolution of up to 80 ms is criti-
cal for mapping larger sample areas in 
a reasonably short time. The choice of 
laser is dictated by the application and 
the material system under investigation. 
Various lasers, covering different spectral 
ranges, are commercially available and 
allow for measuring the optical sample 
properties of specific vibrational bands.

One application of laser mapping ellip-
sometry is the homogeneity study of 
thin polymer films, an example of which 
is shown in Figure 2. Polymers exhibit 
several spectral regions of characteris-
tic molecular vibrations. Bands around 
2950 cm–1 are usually related to stretch-
ing vibrations of CHx groups in the back-
bone and sidechains of the polymers. A 
HeNe laser emitting at 2949 cm–1 allows 
for mapping these bands with respect to 
film thickness, thereby providing insights 
into film homogeneity. Bands between 
1800 cm–1 and 1000 cm–1 are related to 
various functional groups like thiophene, 
carbonyl or amide groups, and allow for 
the mapping of film homogeneity, anisot-
ropy, chemistry, structural properties and 
interactions. This spectral region is acces-
sible, for instance, with tuneable laser 
sources, such as quantum cascade lasers.

Figure 2 displays the macroscopic 
optical constants n and k of poly(3-
hexylthiophene) [P3HT] and poly(N-
isopropylacrylamide) [PNIPAAm] organic 
thin films. Corresponding ellipsometric 
thickness maps using a HeNe laser are 
shown on the right. Mapping of P3HT 
films and the identification of pinholes and 
shunts within these films is highly rele-
vant for quality control of opto-electronic 
devices. Infrared mapping of a supposedly 
homogeneous P3HT test film reveals film-
thickness variations between 50 nm and 

Figure 1. Mapping examples of thin films and typical lateral resolutions with standard laboratory 
ellipsometry (several mm2),10 synchrotron radiation ellipsometry (175 µm × 245 µm),10,16 micro-
scopic ellipsometry (40 µm × 40 µm)10 and near-field IR microscopy (10 nm × 10 nm).12 For 
more details see Reference 9. Figure adapted with permission from Reference 9. Copyright 2013 
American Chemical Society.
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80 nm. Even larger inhomogeneities are 
found towards the sample edges, corre-
lating with artefacts from the spin-coating 
process. PNIPAAm, as a second example, 
is a widely used polymer for bioapplications 
and functional coatings. A homogeneous 
spin-coated PNIPAAm film was modified 
by pipetting three drops of water onto the 
water-soluble polymer surface. A map of 
the resulting model film shows a homo-
geneously covered area with a film thick-
ness of d = (95 ± 3) nm as well as three 
strongly inhomogeneous polymer islands. 
While IR laser mapping ellipsometry can 
determine these film inhomogeneities, it 
can also reveal structural inhomogeneities 
via spectral mapping of vibrational bands. 
The P3HT and PNIPAAm thickness maps 
in Figure 2 were calculated from Y and 
D maps that cover 729 and 1939 indi-
vidual spots, respectively. The maps were 
obtained in 25 min and 65 min, respec-
tively, but this time can be dramatically 
decreased to 2 min and 6 min, respec-
tively, if restricting the measurements to 
Y and cos D, which is sufficient for many 
applications. This also demonstrates that 
infrared laser ellipsometry is a valuable 
method for monolayer-sensitive time-
resolved measurements, such as stud-

ies of adsorption, growth or other kinetic 
processes at a sub-second timescale.

High resolution infrared 
ellipsometry
Brilliant synchrotron radiation sources can 
be used with FT-IR spectroscopic ellip-
sometry for thin-film sensitive measure-
ments at lateral resolutions of at least 
175 µm.10,16 The high brilliance of the 
synchrotron radiation eliminates the need 
of strong focusing, thus ensuring low 
opening angles, i.e., a better defined inci-
dence angle. A detailed review on MIR 
synchrotron ellipsometry can be found 
in Reference 7. The correlation of D and 
tan Y homogeneity maps allows one to 
discuss the separation of thickness as well 
as structural and chemical inhomogene-
ities. One example is the study of self-
assembling monolayers on GaAs and Au, 
as indicated in Figure 1. Another exam-
ple is the chemical-composition map of a 
3 nm ultra-thin pH-responsive poly(acrylic 
acid) brush on Au,16 shown in Figure 3a. 
Parts of the brush were exposed to a 
pH 10 KOH solution, resulting in chem-
ically distinct areas of protonated and 
dissociated carboxylic groups within the 
brush. Infrared mapping ellipsometry 

reveals these changes in film chemistry 
by measuring the corresponding charac-
teristic COOH and COO– stretching vibra-
tional bands.

For higher lateral resolutions than feasi-
ble with synchrotron radiation ellipsom-
etry, a focusing optics is required. By 
using a Cassegrain objective, for exam-
ple, it is possible with microscopic ellip-
sometry to achieve spatial resolutions of 
several 10 µm at thin-film sensitivity with 
standard laboratory sources.9,10 Infrared 
mapping microscopic ellipsometry is also 
sensitive to both film-thickness homoge-
neity and structural film properties. Figure 
3b displays thickness maps of a uniaxi-
ally anisotropic 1785 nm thick polyimide 
film on silicon,9 again revealing a certain 
thickness gradient that is due to the spin-
coating process. Furthermore, Figure 3c 
compares a measurement of the vibra-
tional polyimide band at 1516 cm–1 with 
simulated spectra based on three differ-
ent tilt angles of the corresponding tran-
sition dipole moment. The simulations 
show the sensitivity of IR microscopic 
ellipsometry towards variations in aver-
age molecular orientations within such 
polymer films, which is of high tech-
nological relevance, for instance, for 
liquid‐crystal displays18 and photovoltaic 
applications.19

Note that, in principle, microscopic 
ellipsometry could resolve up to the 
dif fraction limit when it would be 
combined with a synchrotron radiation 
source.

Conclusions
As discussed here, IR mapping ellipsom-
etry is a powerful tool for the quantitative 
analysis of thin isotropic and anisotropic 
layers. The mid-infrared spectral range 
offers access to detailed structural and 
chemical information. This is of particu-
lar importance for characterisation of thin 
films of organic and inorganic materials, 
metamaterials and hybrid materials, and 
for the development of passivation and 
protection coatings as well as the design 
of new devices in optics and biotechnol-
ogy. Using focusing optics and brilliant 
radiation like synchrotron or laser sources, 
lateral resolutions in the range of a few 
10 µm to 100 µm with sub-second time 
resolutions per spot are possible for sensi-

Figure 2. Optical constants n and k of thin P3HT and PNIPAAm films on Si and Au, respectively, 
obtained from macroscopic ellipsometry (left), and corresponding thickness maps at the HeNe 
laser line of 2949 cm–1 with a lateral resolution of 120 µm × 250 µm (right). Figure adapted 
from Reference 15. Published by The Royal Society of Chemistry.
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tive ellipsometric studies of thin functional 
films and surfaces. One important future 
direction for infrared mapping ellipsom-
etry is its application as an in situ tech-
nique for non-invasive and simultaneous 
measurements of structural and chemical 
information at the solid–liquid interface.20
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