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Ellipsometry is extensively used in the optical regime to investigate the properties of many materials as well as
to evaluate with high precision the surface roughness and thickness of thin films and multilayered systems. Due

to the inherent non-coberent detection technique, data analyses in optical ellipsometry tend to be complicated
and require the use of a predetermined model, therefore indirectly linking the sample properties to the measured
ellipsometric parameters. The aim of this tutorial is to provide an overview of terahertz (THz) time-domain
ellipsometry, which is based instead on a coberent detection approach and allows in a simple and direct way
the measurement of the material response. After giving a brief description of the technology presently used to
generate and detect THz radiation, we introduce the general features of an ellipsometric setup operating in the
time domain, putting in evidence similarities and differences with respect to the classical optical counterpart. To
back up and validate the study, results of THz ellipsometric measurements carried out on selected samples are

presented. © 2022 Optica Publishing Group

https://doi.org/10.1364/JOSAA.463969

1. INTRODUCTION

Ellipsometry is a powerful, fast, reference-free, non-invasive
technique for the characterization of materials. In the optical
regime, it measures the intensity of the light beam reflected from
the sample surface, inherently allowing non-coherent detection
only. Time-domain techniques recently developed in the THz
region make possible instead ellipsometry based on a coberent
detection approach that provides in a simple and direct way
the measurement of the material response. In this tutorial, we
intend to present an overview of the emerging field of THz
time-domain ellipsometry, putting in evidence similarities and
differences with respect to the classical optical counterpart.
After giving a historical introduction to the well-established
optical ellipsometry, in Section 2, we shortly present—in a
simplified manner—its constitutive relations. In Section 3, we
introduce first a brief description on the technology presently
used to generate and detect THz radiation and then the general
features of an ellipsometric setup working in this frequency
range. In Section 4, we illustrate the main equations governing
the extraction of the material properties. Section 5 discusses
calibration and setup issues affecting measurement sensitivity
and accuracy. Section 6 is devoted to selected measurements
carried out on some common solids and liquids to back up and
validate the study. In the end, we draw some concise conclusions
in Section 7.
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In 1889, Drude first proposed the use of polarization to
investigate the properties of matter and carried out ellipsometric
measurements using the phase difference between two mutually
perpendicular polarized light beams [1,2]. Rothen in 1945
introduced the name ellipsometry [3] in an experiment where
the detector was simply the human eye. In his work published
in 1962 in the Journal of the Optical Society of America, Archer
proposed for the first time the possibility of integrating ellip-
sometry into industrial processes [4]. The leap in quality of the
technique took place in the 1990s, when ellipsometry became
spectroscopic, and spread to several laboratories and research
centers. After a number of technological developments during
the last years, we can safely say that ellipsometry is presently the
mother technique for the optical study of thin films.

Ellipsometry arises from reflectometry; however, it is useful
to understand the differences and similarities between these two
techniques. They represent the reference methods for measuring
samples consisting of a single or multilayer on a substrate. Single
wavelength ellipsometry (SWE) can evaluate very thin layers,
having thickness of a few A or less. For thicker samples, reflec-
tometry is faster. They both suffer if there is a lack of information
on the nature of the materials under test or if there are too many
layers to be measured. A major transformation occurred when
technology helped scientists to develop spectroscopic ellip-
sometry (SE), a new technique that allows to analyze with ease
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Fig.1.  Sketch of alinearly polarized light incident on and reflected
from the flat surface of a sample having a complex refractive index N.

multilayered samples and determine the optical constant disper-
sion relationship of the constituent materials. SE is therefore an
evolution of reflectometry, as it allows to measure many addi-
tional parameters of the investigated system, such as thickness
[5], porosity, or concentration [6]. Generalized ellipsometry
(GE) allows also to measure the anisotropy of materials [7-9].

The name ellipsometry arises from the most general form
of light polarization, which is elliptical. Polarization ellipticity
changes when light is reflected at an interface depending on the
material optical constants and layer thickness. By measuring
the reflection-induced ellipticity, it is possible to calculate the
film properties. Figure 1 illustrates the case when a perfectly
linear polarized light interacts with a material surface. A change
in amplitude between s-polarized (polarization component
perpendicular to the plane of incidence) and p-polarized
(polarization component parallel to the plane of incidence)
components takes place, as well as a relative phase delay, and
upon reflection, the beam polarization state becomes ellipti-
cal. The plane of incidence is defined as the plane formed by
the direction of propagation of the incident field and the axis
orthogonal to the sample surface. 6; is the angle of incidence,
which in the case of a homogeneous material with a flat surface is
equal to the angle of reflection 6. 0, instead is the angle of beam
transmission. In the following, we will assume 6; =6, = 6.

The measured value in ellipsometry is the complex ratio of the
altered p-polarized E »» and s -polarized E, components of the
beam after interaction with a sample having complex refractive
index Ny =y — iky, in comparison with their counterparts
before reflection (£ ipand E,). nyand by represent the refractive
index and extinction coefficient of the sample, respectively. In
the following, we will always assume N =1 (air).

The change appears in both the amplitude ratio and phase
difference between p- and s-polarized reflected components.
The quantity W is defined as the angle whose tangent is the ratio
between the modules of total reflection coefficients R » and R,
of p and s waves, respectively, so that

w o Bl _ 1Egl/1El

ta = = —. (1)

R | | Exl/IEil

The phase difference A instead is defined as
A=¢, o, @
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¢, and @, being the phase of p-and s -polarized components
after reflection, respectively. Positive (negative) values of A
correspond to the left-handed (right-handed) elliptical polari-
zation state of the beam. W and A are called the ellipsometric
angles and represent quantities describing the material optical
properties. They can be summarized introducing the parameter
peC:

R, |R],| e

R |R| € =tan We'®, 3)

0

corresponding to the ratio of the (complex) reflection coeffi-
cients. p contains all the information on the response at the
sample interface. Equation (3) is known as the fundamental
equation of ellipsometry.

2. FUNDAMENTALS

To introduce the constitutive relations on which ellipsometry
is based, we will define the polarization state of an electromag-
netic wave and analyze the behavior at the interface between
two materials in the most general case through the Fresnel
coefficients.

Let us consider a plane interface between two isotropic dielec-
tric materials with different refractive indices (Fig. 1). The
electric field can be expressed as the sum of E » and ]:_:5. Let us
indicate with E ; the incident field and with E, the reflected
field, so that

Ei = éix + Eipa
E,=E,+E,. (4)

Using the boundary conditions to connect the incident,
reflected, and transmitted fields, it is possible to obtain
expressions of the Fresnel coefficients

- Erp _ N, cos 0, — Ns cos 6 _ tan(6, — )

Rp - =~ ~ ~ - ~ ’ (5)
i»  Nicos + Nycos®  tan(0; +6)

e

R —

s =

Nl cos 0 — Nz cos ét _ sin(ét —0)

= = — = = . (6)
E; NcosO+ Nycosb, sin(6, 4 6)

In the optical region, due to the high frequency of the imping-
ing radiation, the most general samples are considered as
multilayered systems. In such a case, the light transmitted
through an interface can be reflected again by the next interface
(Fig. 2). This leads to the creation of an infinite series of less and
less intense waves due to subsequent reflections, which form the
resulting reflected wave.

Starting from the Fresnel coefficients for the single interface,
it is useful to derive the total reflection coefficients for the case of
film on a substrate:

—i2p

-2
5 rantraze™?

7 Tp12 7 p23€
s = —2p’
1+ Ts127523€

= (7)
’ 1+ 7'[,127'[,236712/3
where 7,; and r,; represent the reflection terms for p- and

s -polarized components, respectively, at each interface:

B=27 %Nz(w) cos 0, (8)
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Fig. 2.  Pattern of reflections and refractions within a thin film of

thickness d. The resultant reflected beam is made up of the initially
reflected beam and the infinite series of beams transmitted from
medium 2 back to medium 1.
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Fig. 3.  Sketch of an optical ellipsometer setup with a rotating
analyzer (RAE).

expressing the change in the wave phase due to passage through
the thickness 4 of the film [10].

Ellipsometric measurements can be performed as a func-
tion of wavelength and angle of incidence. We refer to this
configuration as variable angle SE.

A conventional optical setup is usually composed of a source
and a detector, with two polarizers in between: input P and ana-
lyzer A. Different configurations foresee the possibility for P or
A to rotate. Let us take the case of rotating analyzer ellipsometry
(RAE), which is one of the most popular configurations (Fig. 3).

In the case of unpolarized or partially polarized light, the
general Stokes—Mueller formalism must be used, whereas fully
polarized light can be treated with the simpler Jones vector
representation [10]. In the following, we will refer to the latter
to derive the ellipsometric parameters, since most of the com-
monly used THz time-domain systems operate with linearly
polarized light (see Section 5).

Vector unit §, vector unit p, and the direction of beam

propagation k (in this order) define a right-handed Cartesian
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reference system. We can therefore express any fully polarized
beam through its s and p components and conveniently write
them in terms of the Jones vector

Ep _ Epei%
2] ?

Let us now use Jones formalism to obtain measured quan-
tities W and A in terms of the sample optical properties and the
azimuthal angles of the polarizer and analyzer. In this regard,
we need to calculate the intensity /p of the beam reaching the
detector as a function of time, which is proportional to the
square module of the electric vector field as /p oc | Ep|?. In Jones
formalism, each optical element acting on the polarization or
on the phase terms of the electric field corresponds to a 2 x 2
matrix. The electric field reaching the detector is therefore given
by the product

E p = [Analyzer][Sample][Polarizer][Input]. (10)

To obtain the Jones vector relative to the beam incident on
the sample, the coordinate system s — p is rotated with the
main axis of the polarizer coincident with the p axis, so that
the beam exiting the polarizer is p polarized. Then, through
a rotation, one can return to the s — p coordinate system of
the ellipsometer. If ® is the angle between the main axis of the
polarizer and the plane of incidence, the Jones vector relative to
the beam incident on the sample is given by the product between
the rotation matrix of the angle ® and the Jones vector relative
toa p-polarized input beam:

cos & —sin @ 1
I:sinQD cos O ] |:Oj| (1)

We will analyze the simplest case of an isotropic material, for
which the Jones matrix relative to the sample will have zero off-

diagonal elements:
R, 0
[ 0 & ] | (12

For the same reasoning done previously, the Jones matrix
for the analyzer is given by the product of a Jones matrix for a
linear polarizer with the main axis along the p axisand a rotation
matrix of angle ® between the main axis of the analyzer and the
plane of incidence:

1 0 cos ® —sin ®
[0 0][—sin® cos ® i| (13)
Substituting into Eq. (10), we obtain
o 1 0 cos ® —sin ®
P=10 0| —sin® cos®
) )
R, 0 cos & —sin ® 1
0 fej sin ® cos 0
which can be easily simplified as

ED:|:1§pcos<l>cos®(—)|—]~?xsincbsin®:|' (15)
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Finally, by evaluating the square module and rewriting it as a
function of parameters ¥ and A, we obtain

tan? ¥ — tan® &

Ipo|Epff=14 — — —
x| Epl tan? ¥ + tan?

cos(20)

2 tan ¥ cos A tan® ®
tan? ¥ + tan?

sin(20). (16)

This expression corresponds to the Fourier series for the
angle 2©:

IpxX14ocos20O + B5sin20, (17)

where o and B are the Fourier coefficients of the signal. If we
indicate with f; the rotation frequency of the analyzer, angle ©®
will be a harmonic function of time:

O(r) =21 fyr + 6. (18)

Then, having measured /p, the Fourier transform of the sig-
nal is carried out to obtain @ and 8, from which the relations are
inverted to yield the ellipsometric parameters

1
anW= /% jan @, (19)
l—«

B tan @
V1=a? [tan®|

In optical ellipsometry, it is essential to correctly set the mea-
surements and choose an appropriate dielectric function to
describe the material under test in the model. To give an example
of what can be measured, let us use as a case study indium tin
oxide (ITO) [5]. We analyzed a 100 nm thick ITO film coated
on 1 mm BK7 glass substrate using a Wollam VASE apparatus.
Spectroscopic ellipsometric analysis was carried out in the range
0f400-1700 nm at three different angles of incidence, 8 = 50°,
55°, and 60°, in the vicinity of the material Brewster’s angle 65
(~63°). The model consists of three layers: air, ITO, and glass,
and the optical response of the ITO layer can be described using
two Lorentz oscillators. The good match between experimental
and theoretical data is shown in Fig. 4(a). Data inversion analy-
sis provides a spectral curve for each optical constant, 7 and 4
[Fig. 4(b)]. Ellipsometry therefore allows to characterize the
dielectric function of ITO as a function of wavelength. This is
an essential step for the integration of this material in photonic
devices.

(20)

cos A =

3. ELLIPSOMETRY IN THE THz RANGE

The previous equations are the basis of ellipsometric mea-
surements for an ellipsometer with a rotary analyzer. Optical
ellipsometry data analysis, besides being strongly linked to the
specific setup used, must rely also on a specific optical model.

As will be better shown in the following, THz ellipsometry in
the time domain can provide direct information on the dielec-
tric response of different materials in solid or liquid form since
it is based on a coherent detection technique. By measuring the
beam temporal profile impinging on the sample surface and
using fast Fourier transform (FFT), both amplitude and phase
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Fig. 4. (a) Ellipsometric spectra (¥, A) taken at three different

angles for a ITO 100 nm thin film deposited on 1 mm BK7 glass
substrate. Open circles represent the experimental data, whereas
continuous curves describe the theoretical results adopting a three
layer model. (b) Optical constants 7 and 4 as a function of wavelength
obtained using data inversion.

of the signal are independently acquired, and from here, the
ellipsometric parameters can be simply measured as a function
of frequency.

The terahertz range lies between the microwave and infrared
bands, and systems operating in this frequency window usually
combine photonic and electronic approaches to generate and
detect broad electromagnetic radiation [11]. The corresponding
energy is in the range of 1072* to 1072° J, which is associated
with the energy of many important chemical and physical
processes [12]. Strong absorption lines in the THz spectrum
are related to changes in the energy states of vibrational and
rotational levels of molecules, providing therefore a specific sig-
nature for many materials [13]. Moreover, the sub-mm nature of
the wavelength and the relatively high penetration depth of the
THz radiation in many materials make it suitable for precision
imaging, nondestructive testing, and process quality control
[14,15].

As the involved physical processes are different in the THz
region, expanding the ellipsometry operational frequency
window to smaller energies enables to explore complex phe-
nomena such as spin oscillations [16], anti-ferromagnetic
resonances [17], transport in ferroelectrics [18], and free charge
carrier oscillations [19], and to fully characterize active and
passive polarization sensitive devices such as metasurfaces [20].
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Additionally, THz ellipsometry might successfully operate as a
characterization technique for the study of challenging mate-
rials such as polar fluids or highly conducting thin films and
multilayers grown on a dielectric substrate.

Devices and systems working as THz sources were diffi-
cult to obtain until recent developments in lasers, quantum
wells, and compound semiconductor technology [21]. By the
improvement of electronics working in this frequency range
[22], spectroscopic techniques have also started to thrive. The
increasing interest in THz characterization is due to its potential
for accurate and precise extraction of sample optical properties
[23], which in principle might shed light on the underlying
physical mechanisms. Moreover, a better comprehension of
THz radiation—matter interaction leads in turn to an improve-
ment in the design, manufacturing, and operation of THz
systems, such as emitting and detecting devices [24-20] for use
in novel sensing and communication applications.

In the following subsections, before deepening the descrip-
tion of time-domain ellipsometry, we provide a short overview
of the most effective broadband THz generation and detection
techniques along with the basics of THz spectroscopy.

A. THz Generation

In conventional techniques, the generation of a coherent THz
signal is based mainly on the conversion of a laser pulse with
femtosecond duration into a picosecond pulse, which is then
Fourier transformed into a broadband frequency spectrum. A
large variety of THz emitters are currently in use, and can be
divided roughly into two main categories, depending on the
underlying mechanism. The first group is based on the induc-
tion of a short current pulse in a photoconductive medium,
whereas the second group includes systems where generation
of THz radiation is realized through nonlinear optical rectifica-
tion. Due to the cost efficiency, fast response, and easy handling
and adjustment to different experimental configurations, a pho-
toconductive antenna (PCA) is the most frequently used source
and represents the basic component of many THz spectroscopy
and imaging systems. It consists of a photoconductive substrate
on which a DC biased metal dipole antenna is patterned. To
achieve a broad frequency bandwidth, photoconductive mate-
rials with sub-picosecond carrier lifetimes are proposed, among
which low temperature grown gallium arsenide (LT-GaAs) is the
most common one [27]. To generate THz radiation, an ultrafast
laser source, having wavelength usually ranging between 800
and 1500 nm and emitting short pulses with a duration of tens
or hundreds of fs, is required. As illustrated in Fig. 5, when a
femtosecond pulse illuminates the antenna gap it propagates
through the substrate and is absorbed generating photocarriers.
A DC biased field accelerates the photocarriers, producing a
current that moves through the dipole antenna and re-emits a
longer (~ps) THz pulse.

Recently, accelerator-based and free electron laser (FEL)-
based sources are also gaining attention for generating coherent

high field THz radiation. A detailed study is presented in [28].
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Fig.5. Photoconductive antenna scheme. The fs laser beam illumi-
nates the photoconductive substrate in the very center of the biased
antenna gap, producing a photocurrent and longer (THz) pulsed
radiation.

B. THz Detection

PCAs can also be used to detect the THz signal in a coherent
manner. To this aim, the driving laser optical pulse is divided
into two paths, the pump and the probe arm, to generate and
sample the THz signal, respectively. In the detection arm, no
external bias is applied. The emitted THz pulse is incident on
the PCA and induces a transient bias voltage across the antenna
gap passing through the substrate. The measurement of the
transient voltage is based on sampling the THz radiation with
the fs optical pulse, which is focused on the semiconductor
gap and generates free carriers leading to an increase in device
conductivity. A current is produced directly proportional to
the THz electric field and of the order of nano- to pico-ampere;
therefore, its measurement requires selective techniques such as
lock-in-amplification. The time profile of the THz beam can be
recorded based on two conditions: (i) the detector is sensitive
only when the probe and pump beams arrive simultaneously on
the detector gap; (ii) the laser beam has a pulse duration much
shorter than the THz beam. An optical delay unit provides
a time difference between probe and pump beams continu-
ously changing over time and allowing to sweep a pre-defined
temporal window, so that the PCA detector can measure the
convolution of the laser pulse and the (much longer) THz sig-
nal. Figure 6 illustrates how the pump—probe mechanism allows
to record the electric field of the THz pulse in a time window
through the variable delay unit. The data collected in the time
domain can be subsequently converted into the frequency
domain through FFT signal processing, providing in such a way
direct information on the amplitude and phase of the THz sig-
nal [see Figs. 7(a) and 7(b), respectively]. The strong absorption
peaks observed in the frequency amplitude spectrum of Fig. 7(a)
(continuous black curve) are due to the presence of water vapors
in the environment. To mitigate or remove them, measurements
need to be carried out in a controlled environment with nitrogen
or dry air (dashed red curve). The observed linear behavior in
Fig. 7(b) is the result of the phase unwrapping used to avoid
discontinuity artifacts (see, for example, [29]). Resolution in
the frequency domain relates to the temporal window set in
the time-domain signal measurement. The longer the scan,
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Fig. 6.  Sketch of the optical delay unit used in the pump—probe

scheme to record the time profile of the THz pulse shown (in arbitrary

units) in the graph. Black dots represent the time conversion of the
laser beam sampling the ps signal emitted by the PCA.
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Fig. 7. (a) Amplitude (in arbitrary units) of the time-domain
signal converted into the frequency domain using FFT and recorded
under ambient (continuous black curve) and dry (dashed red curve)
environments. (b) Corresponding phase spectrum (in radians).

the better resolution achieved in frequency, at the expense of
increased acquisition time.

C. THz Time-Domain Spectroscopy

THz time-domain spectroscopy (TDS) probes the optical prop-
erties of a material using short pulses. This is achieved by com-
paring in amplitude and phase a reference signal with the electric
field after interaction with the sample under test.

The complex transfer function of any material can be
expressed as
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Fig. 8.  Sketch of a typical THz-TDS setup in (a) transmission,

(b) angular, and (c) specular reflections using fiber coupled antennas.

T(C{)) _ 553mple(w) i (21)

Eef(w)

where Esample(w) = |Eﬂ‘sample|€i¢sample and gref(w) = |E‘“’ref|€i¢rEf
represent the THz electric field with and without the sample,
respectively. The complex transfer function correlates with
the optical properties of the material through the following
relations [30]:

~ 4n, wd
- d
arg(Tw)) = =, — 1=, (23)

where ¢ is the light velocity, and #,, ,, and & are the refrac-
tive index, extinction coefficient, and thickness of the sample,
respectively. Equation (22) describes the effect of absorption
on the amplitude of the THz signal in the presence of a sample.
Equation (23) shows how the refractive index of a sample alters
the phase of the THz pulse.

THz-TDS techniques can be applied in both transmis-
sion and reflection configurations (see Fig. 8). In the standard
measurement setups, the electric field signal generated by the
emitter PCA is first collimated and then focused on the sam-
ple surface using lenses transparent in the THz range (such as
TPX, polymethylpentene, a crystalline polymer) or off-axis
metallic parabolic mirrors. After being transmitted/reflected,
the signal modified by the material interaction—using a reverse
optical scheme—reaches the detector PCA. Material parameter
extraction is straightforward in both transmission and (normal)
reflection geometries. Nevertheless, THz-TDS in a transmis-
sion configuration is limited within the skin depth for relatively
thick, highly doped, and/or conductive materials. Similarly, it is
not possible to apply the technique in the case of highly absorp-
tive media such as polar liquids. Under these conditions, one
can resort to reflection measurements, which however, suffer
from technical limitations and errors in sample-reference rela-
tive positioning, leading to a high uncertainty in the extracted
material parameters [31].
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4. COMBINING THz-TDS AND ELLIPSOMETRY

As stated earlier, the advantage of time-domain THz spectro-
scopic systems is that the signal is coberently detected. Moreover,
different from standard transmission or (specular/variable)
reflection methods, ellipsometry is a self-reference technique
and avoids errors related to reference and sample relative mis-
placement. Therefore, in removing inherent limitations of
TDS transmission and overcoming errors stemming from TDS
reflection, time-domain THz ellipsometry can combine the
best of both worlds, acquiring reliable information on both
intensity and phase of the reflected signals and providing direct
measurement of ellipsometric parameters.

TDS ellipsometry (TDSE) directly measures the time depen-
dent electric field of the signal. Applying Jones analysis to
retrieve ellipsometric angles is not necessary, since the ampli-
tude ratio and the phase difference are simply extracted from
time-domain signals using Fourier transform.

Basically, the temporal profile of the electric field p- and
s-polarized components interacting with the sample surface
are separately detected. Then, through FFT analysis, the time-
domain data related to each polarization state are transformed
into the frequency domain to give the amplitude and phase
of the polarized signals after reflection. In such a way, one can
extract in a straightforward manner ¥ and A from Egs. (1) and
(2). In comparison with standard transmission spectroscopy,
however, the separate detection of the p and s signals can be
a limit under specific circumstances (close to the Brewster’s
angle).

Using Egs. (5) and (6), after some simple math, the consti-
tutive relations linking the refractive index (real part) 7 and the
absorption coefficient 4 of the material under investigation to
the experimentally determined quantities ¥ and A (and the
angle of incidence 0) can be obtained [32]:

22 _gn?h [1 n tan® @ (cos” 2W — sin® 2W sin’ A)]
n° — k* =sin ,

(14 sin 2W cos A)?
(24)
) tan? @ sin 4V sin A

. 25
(1 + sin 2W cos A)? (29)

2nk = sin

A. Dependence of the Ellipsometric Parameters on
Incidence Angle

By using Eqs. (24) and (25), one can investigate how the ellipso-
metric parameters behave when varying the angle of incidence at
agiven frequency. Since different materials have different W and
A angular dependence, a simple 6 scan can be used to prelimi-
narily investigate the sample characteristics. Furthermore, in the
case of materials having well-known properties, the comparison
of the experimentally measured angular dependence of ellipso-
metric parameters with theoretical expectations can be exploited
to check the correct setting of the incident angle itself.

For instance, Fig. 9 plots the angular dependence of W and
A for some representative materials: (a) a low loss insulator
(high resistivity single crystalline silicon plate), (b) an absorptive
dielectric medium [ultra-pure deionised (Milli-Q) water], and
(c) an almost perfect conductor (gold thick film) at 0.4 THz.
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Fig. 9. Comparison between experimental values (red full circles)

and theoretical expectations (black continuous curves) of W and
A versus 0 at 0.4 THz in (a) high resistivity single crystal silicon,
(b) ultra-pure deionized (Milli-Q) water, and (c) gold thin film.

The continuous black curves describe the theoretical behav-
ior predicted using Egs. (24) and (25), and the red circles the
experimental values taken at different incident angles using a
well-calibrated THz ellipsometer.

As illustrated in Fig. 9(a), for the insulator, ¥ goes to zero,
and A changes the sign at the corresponding Brewster’s angle
(05 = 74° for Si), as expected for a material with losses virtually
close to zero. Conversely, a metal such as gold [Fig. 9(c)] shows
a very large reflectivity and a high level of absorption. W is con-
stant to the value 45° independently of the angle of incidence,
indicating the equality of the p- and s-polarized component
amplitudes reflected from the surface (but very close to the
corresponding pseudo-Brewster’s angle 5/, not displayed in the
graph). A shows a similar behavior, keeping constant for most of



Tutorial

the incidentangles and then undergoing a pronounced variation
close to 8 p/. The case of water [Fig. 9(b)] is an intermediate one,
since it has a finite extinction coefficient £ with a relatively small
refractive index 7. In a lossy medium with low reflectivity, the
p-polarized component in comparison with the s-polarized
goes through a non-zero minimum approaching the corre-
sponding pseudo-Brewster’s angle (6 ~ 65° for water);
therefore, W never goes to zero. A shows also a smoother
variation with respect to the first case.

The good agreement between experimental data and theoreti-
cal expectations for all three samples shows the robustness of the
ellipsometric setup and a great deal of confidence in the setting
of incidence/reflectance angles, which is extremely important,
especially in the vicinity of 05 or 6.

B. Effect of Measurement Errors on the
Determination of Optical Constants

In time-domain methods, there is always an uncertainty in
recording the transient electric field transmitted and detected
by the antennas. Additionally, in fiber-coupled THz systems,
phase shift errors due to fiber sensitivity to small deviations in
temperature or external vibrations are possible [33,34]. These
effects must be taken into account since they can deteriorate the
precision in ellipsometric measurements.

Defining 8|E| and 8¢ as the uncertainty in amplitude and
phase, respectively, of the electric field recorded by the detec-
tor, from Egs. (1) and (2), one can easily evaluate the errors

_ _ W) (8Bl | SIE1)
BA=V25¢ and oW = (T4 U in the

ellipsometric parameters.

From these expressions, one can observe that while §A is
directly proportional to the error §¢p in phase measurements
and therefore has no angular dependence, § W is related to both
tan(W) and the relative errors in the determination of amplitude
for the p- and s-polarized electric fields reaching the detector.
All these terms are strongly dependent on 6 (see Fig. 9).

Predicting how measurement errors modify the accuracy
in the evaluation of 7 and # is definitively less obvious, since
one has to evaluate the effect of the uncertainties § A and ¥ in
the constituent relations Eqs. (24) and (25). This effect can be
empirically investigated by applying a pre-determined varia-
tion to the values of the ellipsometric parameters and studying
how it translates into a change of optical constants for different
incident angles. Figure 10 shows how a small uncertainty in
W or A can affect the way the optical properties are extracted
from ellipsometric measurements when varying 6, in single
crystal Si [Figs. 10(a) and 10(b)] and in ultra-pure deionized
(Milli-Q) water [Figs. 10(c) and 10(d)]. The relative deviations
57” and %, defined as the normalized difference between the
values estimated from Eqgs. (24) and (25) and the one experi-
mentally obtained from highly precise standard spectroscopy
measurements, are displayed. In (a) and (c), a variation £0.5°
(~10 mRad) is applied to W, while A remains unchanged. To
the contrary, (b) and (d) show results for A £0.05° (=1 mRad)
while keeping W constant.

Forsilicon, being a low loss material, the behavior observed in
the corresponding graphs confirms [10] that variations in W (A)
significantly affect changes in 7(#) only. The sudden increase
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Fig.10. Relative deviation (in percentage) 2* and % of the complex
refractive index for silicon and water estimated through the ellipsomet-
ric parameters with respect to reference values yielded using TDS, at
0.4 THz, and varying the beam incident angle. (a), (c) ¥ +0.5°, A
constant. (b), (d) A 0.05°, ¥ constant. The Brewster’s angle 65 for
silicon and pseudo-Brewster’s angle 0 for water are indicated in the
graphs with dashed vertical lines.

in % observed in Fig. 10(b) very near the Brewster’s angle has
to be ascribed to W going to zero, making the value of £ unde-
termined in correspondence of 6. In spite of this, the common
feature of Figs. 10(a) and 10(b) is that accuracy increases near
the Brewster’s angle, indicating the importance in ellipsometric
measurements of a setup capable to operate in close proximity.
In the case of water and more generally for samples with a
significant absorption, since both W and A have a smoother
angular dependence [see Fig. 9(b)], changes in 7 and # are less
dependent on the proximity to 6 [Fig. 10(c)], or are not sen-
sitive at all [Fig. 10(d)]. It is worthwhile to observe that for a
lossy material, the accuracy in the evaluation of 4 particularly
improves with respect to the almost transparent silicon.
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5. THz ELLIPSOMETRY SETUP AND
CALIBRATION

THz ellipsometry is a relatively young field. Presently, because
of the larger wavelengths involved, any setup is very sensitive
to the focusing and matching conditions of the electroptical
components (antennas, lenses, polarizers). Therefore, system
architecture and strategies for optical alignment and calibration
are usually more challenging than in the optical region and
represent an open area of discussion among scientists.

The first ellipsometer operating in the THz region was pro-
posed in 2010 by Hoftman ez a/. [35]. It consists of backward
wave oscillators (BWOs) acting as sources and a Golay cell
used for signal detection. The system is based on a polarizer-
sample-rotating compensator—analyzer arrangement [36].
The polarization control elements are a variable odd bounce
image rotation system in combination with a wire grid polarizer
(WGP) in the emitter arm and a rotating analyzer in the detector
arm. The sample stage is placed on a high precision 6 — 26
goniometer, allowing variable incident angle measurements
(from 30° to0 90°). In 2018, Kuhne ez a/. [37] designed a similar
system with further developments, including solutions from
stealth technology to suppress speckle and reduce standing wave
formation, the addition of bolometers along the detection arm,
and the possibility of in situ experiments on samples exposed
to different gaseous environments in a cryostat under a high (8
Tesla) magnetic field. Use of BWOs as sources of radiation and
bolometer detectors or Golay cells as THz detectors provides
a wavelength tunable ellipsometer, directly working in the
frequency domain (0.1-1.5 THz) with a very high frequency
resolution, of the order of MHz. Very recently, a compact and
lightweight portable spectroscopic quasi-optical ellipsometer—
reflectometer (SQOTER), consisting of two channels with a
common emittet, was reported [38,39]. The authors use dif-
ferent frequency sources to cover the sub-THz range (0.1 to
1 THz) and a pre-amplified detector connected to a scalar net-
work analyzer to measure the signal amplitude. Other frequency
domain systems use instead the THz radiation emitted from a
FELasalightsource [40].

All the aforementioned setups, however, represent non-
coherent spectroscopic techniques and therefore, as they are,
do not exploit the full potential of time-domain measurements.
In 2013, Neshat and Armitage [41] reported the first multi-
angle THz ellipsometer (15° < 6 < 90°) operating in the time
domain, in which the emitter arm is fixed to the optical table and
the detector arm is free to move. A sample is placed on a rotat-
ing stage to provide symmetry between incident and reflected
angles. PCAs are used for both THz generation and detection.
To eliminate the uncertainties in polarization response as well
as the errors in the angular setting, a calibration scheme for a
rotating element optical ellipsometer is adopted [42]. In 2014,
Yamashita ez al. [43] proposed a THz ellipsometer working at a
fixed angle of incidence (0 = 60°) with a broad frequency band
coverage (0.5-30 THz). Basing on optical rectification effects,
GaP and GaSe crystals excited by a femtosecond laser with an
800 nm center wavelength are used as sources of THz-MIR
radiation, whereas an LT-GaAs epitaxial layer-transferred pho-
toconductive switch (ELT-PCS) is chosen as the system detector.
Ultra-broadband polarizers are inserted into the optical path
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to control/analyze the p- and s-polarized components of the
generated/reflected pulses. Recently, Chen ez a/. [44] proposed
an all fiber-coupled PCA-based THz ellipsometer with a third
polarizer added to compensate for time shift errors, optical mis-
matches, and imperfections in antenna responses. Calibration of
the system is done using a complicated algorithm based on inter-
ference theory. Instead of an optical polarizer, Baez-Chorro ez a/.
[45] introduced into their setup a birefringent medium to time
delay the two orthogonal polarizations of the THz signal. The
introduction of a phase shift allows to eliminate the analyzer and
simplify measurements. However, since the time-domain signal
for each electric field component must be “windowed,” this lim-
its the accuracy in the frequency response for each polarization
component. A different approach was proposed by Guo ez al.
[46]. By combining the mechanical rotation of a wire grid with a
quadrature-phase detection method, they presented a new setup
for THz ellipsometric measurements in the time domain that
is capable of simultaneously measuring s- and p-polarization
components with no need for a rotating polarizer. Very recently,
Agulto ez al. [47] in collaboration with Nippo Precision, Co.,
Ltd. developed a commercial system for THz ellipsometry mea-
surements (0—4 THz) in the time domain (Tera Evaluator) that
is capable of measuring carrier density, mobility, resistivity, and
thickness of bulk semiconductors, in addition to dielectric prop-
erties of many materials. To reduce systematic errors from the
signals, the system performs multiple analyzer azimuthal angle
measurements. It is also worth mentioning the work done by
Marsik ez al. [48], which developed an ellipsometer covering a
very wide frequency band (0.1-21 THz). In the low THz range,
they use a home-built system operating in the time domain.

Table 1 summarizes the main studies reported in literature
on THz ellipsometry. It is worth mentioning that different or
mixed methods of THz generation and coherent detection can
be employed, provided that the detector shows a bandwidth
greater than or equal to the emitter.

In the following subsections, the discussion will focus on the
TDSE developed at the Department of Physics of the University
of Naples “Federico II” and operating in the range of 0.1-
0.6 THz. We first explain the main components and the optical
setup of a fiber coupled THz ellipsometer operating in the time
domain. Subsequently, we briefly introduce the necessary steps
for accurate calibration, by using a fast and effective algorithm-
assisted compensation technique. At the end, to verify the
process, we report the ellipsometric measurements carried out
on solid and liquid samples at different incident angles. The
retrieved complex dielectric properties of the samples under
test are compared, whenever possible, with the same parameters
obtained using the standard THz spectroscopy analysis.

A. Customized THz-TDSE Setup

Figure 11 displays the schematic representation (a) along with
a picture (b) of the TDSE setup. The THz ellipsometric system
shown is basically based on the implementation of a standard
time-domain spectrometer in transmission mode. The source
for THz generation is a femtosecond laser with pulse duration
less than 150 fs. The ellipsometer is equipped with fiber cou-
pled PCAs and independent arms, providing more flexibility
during measurements and the capability to switch with ease to
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Table 1. Characteristics of Different THz Ellipsometer Setups
Group Emission Detection Frequency Range Operation Domain
Hoftman ez al. [35] BWO Golay cell 0.2-1.5THz Frequency domain
Kuhne ez al. [37] BWO Golay-cell/FTIR 0.1-1 THz Frequency domain
Neshatand Armitages [41] PCA PCA 0.1-1.5THz Time domain
Yamashita ez al. [43] GaP/z-cut GaSe crystal ELT-PCS 0.5-30 THz Time domain
Chen etal. [44] PCA PCA 0.2-1.6 THz Time domain
Baez-Chorro et al. [45] PCA PCA 0.2-1THz Time domain
Agulto ezal. [47] PCA PCA 1-3THz Time domain
Belyaeva et al. [39] BWO Amplitude detector 0.1-1 THz Frequency domain
Marsik ez al. [48] PCA Laser Quantum Tera-SED 0.1-21 THz Time domain
Guo etal. [46] PCA PCA 0.1-1.5THz Time domain
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Fig. 11.  (a) Sketch and (b) picture of the fiber-coupled THz opto-
mechanical system for ellipsometric measurements. In (a), P, 4, C
stand for the role played by each wire grid polarizer (see text).

the standard transmission TDS mode. Moreover, the setup is
designed to have the plane of incidence always perpendicular to
the optical table, allowing to test liquid samples in a very simple
way. Three substrate-free WGPs with broadband transmission
and high extinction ratios (between 20 and 50 dB) are used to
precisely control the polarization state of incident and reflected
waves. Each polarizer has wire diameter 10 pm, wire spacing
25 wm, and an aperture of 15 mm, and is placed on a high
precision computer controlled rotational stage.

The emitter arm consists of: (i) a PCA emitting linearly polar-
ized THz radiation and rotated by 45° in the azimuth plane,
and (ii) the first polarizer (P) aligned along the electric field
direction, with an azimuth angle ¢p set at 45° to remove any
cross-polarization. In this configuration, the eigenstates (p and
s polarized) of the generated THz signal are distinguishable.

On the detector arm, there are: (i) a second polarizer (A) set
at ¢4 = 0° or ¢4 = 90° to select p- or s-polarized electric field
components only, and a third polarizer (C) used to modify in
the time domain their ratio; (ii) the PCA rotated by 45° in the

azimuthal plane to detect with the same sensitivity the p- and
s -polarized signals reflected from the sample surface.

Although its presence is usually optional in ellipsometric
setups, the role of polarizer C is important to compensate for
possible errors caused by the imperfect dipolar responses of
PCAs, nonplanar wavefront of the THz beam, misorientation
of polarizers P and A, or imprecise settings of their azimuthal
angles. In the ideal case, compensator C azimuth angle should be
keptat ¢ = —45°. In practice, its value may vary—depending
also on the incident angle—in a small range centered around
—45°, and its setting should be precisely determined using the
calibration procedure.

In the setup presented in Fig. 11, two different pairs of TPX
polymeric lenses are used to collimate and focus the THz signal
emitted by the first PCA, impinging onto the sample plane and
then received by the second PCA. At the focus point, the beam
waist is measured to be approximately 5 mm. The sample is
placed on a kinematic platform coupled with two-axis motor-
ized linear stages providing sensitive control of the focusing
conditions along with surface parallelism with respect to the
beam wavefront. An accurate placement of the sample at the
focal length is important to enhance the detection of the signal
from the surface, although ellipsometry is less prone to errors
stemming from imprecise material positioning with respect to
other reflection techniques [37,49]. TPX lenses can be easily
replaced by off-axis parabolic mirrors, which introduce no
aberrations and less divergence of the THz beam, at the expense,
however, of higher complexity in the optical setup.

B. THz-TDSE Setup Calibration

Calibration of a THz-TDSE is the most important and time
consuming step toward accurate material parameters extraction.
In this respect, some strategies can be adopted in effectively
calibrating a variable angle THz ellipsometer operating in
the time domain, which are explained in detail in a separate
work [50].

Briefly, our approach is based on the comparison in the time
domain of the ellipsometric derived s- and p-polarized com-
ponents of the electric field at a given angle of incidence with
the reconstructed ones, attained by using the complex dielectric
function of a known sample. The calibrated response is deter-
mined with high precision by setting the system in transmission
mode.
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Fig. 12.  Optical constants 7 and £ versus frequency for silicon
measured using THz ellipsometry at & = 70°. Black squares describe
uncalibrated measurements, whereas red circles represent results of the
calibrated setup. The continuous black curves report the values
extracted using THz-TDS in transmission configuration.

Figure 12 presents the results of ellipsometric measurements
aimed to yield the complex refractive index of a high resistivity
silicon sample before (¢, = —45°) and after (¢, is modified
based on the specific procedure) calibration. The continuous
black curves show values extracted using THz-TDS in a trans-
mission configuration and used as a dependable reference. As
shown, the proposed calibration scheme improves the precision
of THz ellipsometry in retrieving the complex refractive index
but for the real part only. Indeed, for transparent and semi-
transparent materials, A is approximately constant and equals
the value 7 (see Fig. 9), i.e., no phase change is observed between
s- and p-polarized components. In such a case, according to
Eq. (25), measurements of the extinction coefficient are rather
difficult. As a matter of fact, ellipsometry does not perform well
in low or near zero absorption materials [10]. Nevertheless,
as discussed in the following, its precision increases for highly
absorptive materials such as polar fluids.

6. MEASUREMENTS

In previous sections, we cast a glance at the characteristics of
THz-TDSE, which promises to be a powerful tool for high pre-
cision characterization of a wide range of materials, from opaque
bulk samples [51] to multilayered structures [52], liquids, and
biological tissues [53]. To examine the reliability of the TDSE
technique, it is worthwhile to investigate with ellipsometric
measurements some materials in different forms (from bulk to
liquid and conducting thin film), as they are a subject of great
interest in the THz region.

A. Bulk Materials

The study of optical properties of relatively thick or highly
absorptive materials is usually difficult using THz-TDS in
transmission mode, due to the skin depth limitation of THz
radiation. THz-TDSE represents a suitable and effective
alternative.
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Fig. 13.  Optical constants 7 and # versus frequency for crystalline
z-cut quartz (red circles) and single crystal z-cut sapphire (black trian-
gles) measured using THz ellipsometry at 6 = 60°. The continuous
black and red curves report the corresponding values extracted using
THz-TDS in transmission configuration.

Figure 13 shows the results of the characterization of bulk
materials with the setup presented in Fig. 11, first in a trans-
mission configuration and then in the ellipsometric mode at
0 = 60°, using high resistivity silicon as a calibration sample.

Investigated samples are (i) a crystalline quartz, SiO,, and
(ii) a single crystal sapphire, Al; O3, having thicknesses & = 0.4
mm and 8 mm, respectively. Since both quartz and sapphire are
birefringent materials, crystals are chosen to be z-cut (oriented
along the ordinary axis) so that changes in polarization produced
by the difference between ordinary and extraordinary axes are
minimized [54,55] and below the limit of detection of the setup.

As crystalline quartz is a relatively thin sample, we observed
the signal reflected from the backside surface in the time-
domain data. To reduce oscillations in the FFT spectra,
we chose cutting and “zero padding” the time-domain sig-
nals. To the contrary, the significantly larger thickness of the
single crystal sapphire, while obviating backside reflection
effects, significantly reduces the transmitted signal in TDS
measurements.

In both samples, there is a remarkable agreement between the
frequency dependence of the refractive index evaluated using
the two different techniques. As for the extinction coefficient,
TDSE slightly overestimates the results obtained using conven-
tional transmission spectroscopy, which we believe is simply
indicative of poor sensitivity for 4. As already said, ellipsometry
is not a suitable characterization technique for the determina-
tion of % in materials having small losses, preventing in such
cases a reliable extraction of this parameter [10]. It is obvious
that information achievable using single surface reflection
cannot compare with the accuracy level of transmission, which
provides a much better contrast for transparent materials in both
phase (two sample surface interactions) and amplitude (energy
loss across the entire sample). On the other hand, this highlights
the power of the ellipsometry technique in measuring samples
thatare opaque in the THz region.
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Fig. 14. Optical constants 7 and 4 versus frequency for isopropyl
alcohol (99.7% purity, red circles) and methyl alcohol (99.8% purity,
black triangles), measured using THz ellipsometry at 6 =55° and
60°, respectively. The continuous black and red curves report the
corresponding values extracted using THz-TDS in transmission
configuration.

B. Liquids
Characterization of liquids (especially polar fluids) in the THz

range is rather challenging since they are usually extremely lossy
in this region of the electromagnetic spectrum. THz ellipsom-
etry is therefore a very promising method for studying very
absorptive materials. In comparison, TDS measurements in lig-
uids are cumbersome since each time a thin layer (d ~100 pm)
of the sample under test is placed inside a cuvette made of quartz
(or another semi-transparent material in the THz region), data
must be compared with same measurements performed using
the blank cuvette.

Having the arm movement perpendicular to the optical
table, the proposed TDSE setup can conveniently measure
liquids even in large volumes. The experiment precision can
increase when the setup is calibrated using ultra-pure deionized
(Milli-Q) water. Figure 14 shows the results of experiments done
on common polar fluids, isopropyl alcohol (99.7 % purity)
and methyl alcohol (99.8 % purity). The ellipsometric mea-
surements were conducted at & =55° and 60° for isopropyl
and methyl alcohol, respectively, in the vicinity of 65 for each
sample. In this case, given the lossy nature of the samples, graphs
show an excellent agreement both in 7 and 4 with data obtained
using the transmission configuration.

C. Thin Films

Characterization of thin films in the THz region is increasingly
recognized as a promising research field since they can be effec-
tively used for sensing in many different applications, from the
investigation of dynamics in strongly correlated systems to the
probing of biological samples [56]. Additionally, the study of
thin film properties is required in situations where there is a
limitation in the sample volume such as in the case of DNA,
toxic, or volatile materials, or preparation is simplified as in the
case of biologically active or functionalized chemical mono-
layers. Moreover, in some cases, samples in thin film form show
different THz properties from their bulk counterparts because
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of surface roughness, grain size, and additional strain stemming
from the fabrication process.

Under these circumstances, the use of conventional TDS
fails or is heavily hampered by the reduced sensitivity of the
technique. For samples having thicknesses of the order of tenths
of micrometers, the maximum carrier concentration that can
be measured usually does not exceed 10" cm™ [57]. Using
TDSE can overcome this limitation; however, the main reflected
pulse and the internal reflections coming from a thin film (see
Fig. 2) partially overlap in the recorded time signal, making data
analysis more challenging than in bulk samples. To retrieve the
THz properties of a thin layer deposited on a substrate, a suit-
able optical model of the whole system is needed, in which the
unknown properties of the film under investigation are modeled
using a proper response function. For instance, a transparent
dielectric material is easily described using a Cauchy dispersion
function, whereas for a conducting layer, a generalized Drude
model can be employed.

For a multilayer medium, ¥ and A are oscillating functions
in which the number of oscillations increases with increas-
ing film thickness () and refractive index (/V;) [10]. Under
these conditions, the complex ratio p in Eq. (3) is not directly
solvable. Nevertheless, since TDSE provides direct access to
ellipsometric parameters ¥ and A, comparing their experimen-
tal values with the calculated counterparts through a nonlinear
regression minimization procedure usually allows to retrieve the
optical constants of the unknown layer.

For instance, in the case of a thin ITO layer deposited on
fused quartz, one can use a three layer (air—ITO-substrate)
model, inserting the known properties of SiO; and the gen-
eralized Drude law (to express the response of the conducting
layer only) in the nonlinear regression algorithm. Then, W
and A are let to vary until they best match the experimentally
measured values, as shown in Fig. 15(a) fora 200 nm ITO layer
deposited on 1.3 mm fused silica. Fitting parameters are the
relaxation time (&7.2% 107 s) and the number of carriers
(~2.7 % 10%° cm ™), yielding a value of the plasma frequency
of 1.6 % 10" Hz, in excellent agreement with results reported
in literature for a similar sample [58]. Since the film thickness is
relatively very small, in such a case, the ellipsometric parameters
do not display oscillating behavior. Figure 15(b) shows the
optical constants retrieved using the fitting procedure. Extracted
values well match previous experiments [58], which are shown
for comparison as dashed curves in the same graph.

7. CONCLUSION

We have presented a short overview on recent developments
in time-domain ellipsometry, which promises to be a powerful
technique for the characterization of materials in the THz range.
In comparison with its analog in the optical region, a THz
ellipsometer benefits from the coherent detection of the beam
reflected from the sample surface, making characterization
easier since in the case of homogeneous materials, the optical
properties of the sample can be directly measured from the ellip-
sometric parameters. Moreover, conversely to a standard optical
RAE, TDSE does not need a continuously rotating element in
the apparatus setup. However, due to the larger wavelengths in
the region of investigation, calibration of a THz ellipsometer
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