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1 Introduction

llinesses or other health-related problems that people experience in the course of their
lives are often treated with pharmaceuticals. During the treatment drugs can be
administered to patients in different ways, whereby oral administration of solid dosage
forms is the most common one [1i 3]. A key aspect of the oral administration is the
sufficient body intake of the active pharmaceutical ingredient (API) after the
administration of the drug. This requires sufficient solubility of the drug in the
gastrointestinal (Gl) tract. Only then the molecules can permeate into the systemic
circulation and be delivered onto the site of action [4]. The majority of newly developed
drugs and drug candidates are poorly soluble in aqueous media, which limits their
bioavailability and therefore their potential for the patient treatment [5,6]. Therefore,
different strategies are being considered and tested to improve the solubility of poorly
soluble pharmaceuticals. One such strategy is to transform drugs from their stable
crystalline state into the amorphous state, which results in the improved solubility [7]. A
novel approach for improvement of solubility involving amorphous drugs are
smartFilms®. SmartFilms are prepared by applying a solution containing an API onto a
conventional paper. After the solvent evaporates, the APl remains in the paper matrix of
the smartFilms in its amorphous state [8,9]. However, the expected solubility advantage
due to the amorphousness of the loaded drug comes at a cost of the potential instability
of such formulations due to the possible recrystallization of the amorphous drug.
Therefore, analytical methods are needed to inspect and monitor the solid state of an
API in a formulation, preferably in a non-destructive way.

A wide variety of spectroscopic methods based on light-matter interaction exists and can
be used to obtain different information about a sample under investigation. How
electromagnetic waves interact with matter depends on the frequency and wavelength
of the electromagnetic radiation. For example, liquid water is transparent in the visible
part of the electromagnetic spectrum but strongly absorbing in the infrared region.
Another example is human tissue, which is opaque for the visible light but transparent
for x-rays. Terahertz (THz) refers to the part of electromagnetic spectrum ranging from
0.1 to 10 THz [10]. THz waves are non-ionizing and can penetrate through many
materials, which are opaque in the optical range and highly absorbing in the IR range
such as fabric, wood, ceramics, plastics, paper, and many pharmaceuticals. Besides, the
wavelength of the THz waves ranges from 30 um to 3 mm, which means that objects
exceeding several mm in size can be directly investigated in the far-field. This makes
spectroscopy in the THz range an attractive tool for non-destructive testing and
inspection of many different materials and products including poorly soluble
pharmaceuticals.

Many crystalline pharmaceuticals show distinct absorption spectra with pronounced
absorption features in the THz range. The absorption spectra depend both on the
molecular as well as the crystalline structure [11i 14] This allows for straightforward
discrimination and identification of different substances and polymorphs of the same
substance [157 19]. Furthermore, since amorphous materials generally show featureless
absorption spectra in the THz frequency range [20], THz spectroscopy has the potential
for the detection and quantification of potential crystalline components in the amorphous
pharmaceutical formulations. The focus of this work lies on exploiting and exploring the
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potential of THz time-domain spectroscopy (TDS) for the inspection of the solid state of
APIs loaded into smartFilms® and of tablets made from them. In the remaining part of
this introduction the structure of this work with a brief overview of the individual chapters
is provided.

In chapter 2 the basics of THz spectroscopy are discussed. In the first section the
principle of operation of THz TDS systems based on photoconductive antennas (PCAS)
is presented. This includes signal acquisition and processing, and investigation of
samples in transmission and reflection geometry. The evaluation of THz TDS
transmission measurements is discussed in more detail since the results presented in
this work were obtained in the transmission mode. In the second section of this chapter
the pharmaceutical applications of THz TDS are presented. These are subdivided into
the investigation of the solid state of the APIs, of tablet coatings, and of tablet porosity.

Chapter 3 focuses on the solubility and bioavailability of pharmaceuticals. First the
problem of poorly soluble pharmaceuticals for the pharmaceutical industry is elaborated.
This is followed by the description of dissolution, solubility and absorption, and
dissolution rate, which are important concepts affecting the bioavailability of the drugs.
In the final section of this chapter an overview of solubility improvement strategies with
the focus on solid-state engineering, solid dispersions, and smartFilms is provided.

The first results involving THz TDS of smartFilms and tablets made from them are
discussed in chapter 4. This proof of principle study focuses on the applicability of THz
TDS for the inspection the solid state of APIs in smartFilms. SmartFilms containing
different amounts of L-(+)-tartaric acid (LTA) were prepared and analyzed to evaluate
the extent to which smartFilms can maintain LTA amorphous. The results of the
preliminary investigation are presented in the first section of this chapter. In the second
section the results of the main investigation are presented.

To further explore the applicability of THz TDS for the investigation of poorly soluble
pharmaceuticals, a set of samples including crystalline APIs and excipients were
investigated. Their absorption coefficients are presented in chapter 5. The key aspect of
this chapter is to identify pharmaceuticals with pronounced absorption features.
Pronounced absorption features are crucial for the identification of crystalline
pharmaceuticals. Furthermore, properties of the identified absorption peaks in terms of
their amplitude, frequency position and width were extracted and compared in the final
section of this chapter. The extraction of peak parameters is important for the
guantification of crystallinity of APIs in the samples.

Indomethacin (IM), a poorly soluble API, was selected as a model drug for the study
focusing on the assessment of crystallinity and amorphousness of APIs in tablets made
from smartFilms. In the first section of chapter 6 the analysis of two IM polymorphs and
amorphous IM is presented. In the second section, a novel approach for quantification
of crystallinity of IM based on the analysis of THz absorption spectra of tablets made
from smartFilms and physical mixtures with different IM content is presented.

Chapter 7 focuses on the investigation of nifedipine (NIF) dispersed in a cellulose matrix.
NIF is also a poorly soluble API. In the first section of this chapter the preparation and
investigation of NIF samples including crystalline and amorphous NIF as well as physical
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mixtures of crystalline NIF and cellulose are presented. The investigation of conventional
smartFilms containing NIF and modified smartFilms containing an additional carrier and
NIF is discussed in the second section. Based on the THz TDS investigation of the
samples the ability of the two sample types to maintain NIF amorphous is compared. In
the final section of this chapter the investigation of samples prepared by loading NIF
directly into the tablets made from cellulose is discussed.

Chapter 8 contains a summary of the work and provides an outlook about the open
questions, challenges, and possibilities of THz TDS of poorly soluble pharmaceuticals
that remain to be addressed in the future. A German version of the summary is provided
in chapter 9.






2 Terahertz spectroscopy

The term THz spectroscopy refers to spectroscopic investigations in the so-called THz
range of the electromagnetic spectrum. Similarly, terms such as THz radiation or THz
waves refer to the electromagnetic radiation in the THz range, which lies between the
microwave and infrared range and is loosely defined as the frequency range between
0.1 and 10 THz [10]. This frequency range corresponds to the wavelength range of 3 mm
to 30 um and the wavenumber range between 3.33 and 333 cm™. The corresponding
photon energy of the THz radiation lies between 0.4 and 40 meV, which makes THz
radiation non-ionizing.

The existence of THz science and technology as a sort of a distinct scientific field and
community has its historical reasons. Until the 1980s efficient way of generation and
detection of the THz radiation did not exist, since the electronic as well as photonic
devices face technical and physical limitations in this range, which led to the so called
THz gap [21]. In the end of 1980s this gap was successfully filled by combining
femtosecond-lasers and photoconductive switches at the Bell labs [22]. This enabled the
development of THz TDS, which was first applied for spectroscopic investigation of water
vapor [23]. Throughout the historical development, different names were also in use such
as the far-infrared referring to the THz range as well as T-rays referring to the THz waves.

There are several different ways to generate THz radiation. For example, depending on
the temperature of a black body, a certain part of its radiation is emitted in the THz range.
On the one hand, this can be used in some Fourier transform infrared spectroscopy (FT-
IR) systems to probe samples also in the THz range. On the other hand, depending on
the type of detection scheme, potential thermal background radiation can also interfere
with the measurement. Nevertheless, when discussing THz generation, ways different
from black body radiation are typically considered. These can be divided into four groups:
free electron vacuum devices (e.g., free electron lasers, gyrotrons), solid-state electron
devices (e.g., Gunn diodes, frequency multipliers), lasers (e.g., quantum cascade
lasers), and laser driven THz emitters (e.g., photoconductive switches or antennas)
[21,24]. Free electron vacuum devices can generate high power (> kW) THz radiation,
however, this comes at a price of a large size [25] and costs or operation typically limited
to the lower THz range (< 1 THz) [26]. Modern solid-state electron devices are pure
electronic sources, which can operate at a single frequency or cover a broader band of
frequencies. Frequencies as high as 3 THz can be reached by frequency multipliers [27].
THz lasers cover a part of the THz spectrum only at discrete frequencies. First developed
THz lasers were gas lasers typically pumped with a CO; laser [28]. Recently the
development of quantum cascade lasers gained a lot of attention with the focus on
increasing their temperature of operation towards room temperature [24]. The principle
of operation of laser driven THz emitters is the frequency down-conversion of the laser
light to the THz range. This down-conversion can be achieved from femtosecond-laser
pulses by optical rectification in non-linear crystals (e.g., LiNbOs) or by using
photoconductive switches [29]. In both cases the femtosecond-laser pulses are
converted into narrow THz pulses in the time domain corresponding to a broad THz
emission spectrum ranging from 0.1 THz and exceeding 4 THz [30] or even 30 THz
[31,32].



THz spectroscopy can be further classified into two types: time-domain spectroscopy
(TDS) and frequency-domain spectroscopy (FDS). In the former case, which is
discussed in more detail in the following section, the signal is recorded in the time domain
and can be subsequently transformed into the frequency domain by performing the
discrete Fourier transformation. In the latter case, also known as continuous wave
spectroscopy, PCAs are driven by two lasers both emitting continuously at a single, but
different frequency. If the frequency difference lies in the THz range, a monochromatic
THz radiation at this difference frequency is generated. This process is often referred to
as photomixing and the antennas used as photomixers [33,34]. By tuning the frequency
of one of the two lasers and using a second photomixer for the signal detection, the THz-
radiation can be coherently detected directly in the frequency domain. Modern
photomixing setups work in a broad part of the THz spectrum typically ranging from 0.05
to 3 THz with a high frequency resolution (<5MHz) [35]. Finally, both approaches, TDS
and FDS can be realized using PCAs, which typically generate THz radiation with power
ranging from few pW up to approximately 100 pW [36]. Such low power of the emitted
THz radiation means that the heating of the sample or the environment during system
operation is of no concern. Furthermore, modern systems based on PCAs can be fully
fiber-coupled and achieve over 90 dB dynamic range [30]. The use of fully fiber-coupled
systems simplifies compliance with laser-safety regulations. Furthermore, considering
the non-ionizing nature of the THz radiation and the low power of the emitted radiation,
THz spectroscopy is an attractive tool for safe and non-destructive applications.

In this work, all THz measurements were performed using THz TDS systems employing
femtosecond lasers and PCAs. In the following section the principle of operation of THz
TDS as well as signal processing and evaluation of the acquired time-domain data is
explained in more detail. This is followed by an overview of THz TDS applications in the
pharmaceutical field.

2.1 Terahertz time-domain spectroscopy

At the beginning of this section the principle of operation of THz TDS systems based on
using photoconductive antennas is presented. This is followed by a subsection focusing
on signal acquisition, its processing and quality. In the subsequent subsections
transmission and reflection measurements and their evaluation are discussed in more
detail.

A sketch of an emitter PCA consisting of a spherical lens attached to a photoconductive
substrate with a metallized dipole antenna structure on its surface is shown in Figure 1.
In the case of an emitter antenna, a bias voltage is applied to the antenna structure and
a femtosecond laser beam is focused onto the antenna gap. Once a femtosecond optical
pulse (pulse duration shorter than 1 ps) with sufficient photon energy is absorbed by the
photoconductive material, the short-lived charge carriers (i.e., electrons and holes) are
generated and accelerated by the applied bias field. At first, the moving charge carriers
give a quick rise to the photocurrent. After a short while, the charge carriers recombine,
due to their short lifetime in the sub-picosecond range [37], which causes a decrease in
the photocurrent. This leads to an emission of a pulse-shaped electromagnetic radiation
from the emitter antenna, which is proportional to the time derivative of the induced
photocurrent [29]. The silicon lens facilitates outcoupling and collimation of the generated



THz radiation [38]. The polarization of the emitted THz radiation depends strongly on the
antenna structure in use. In the case of commonly used strip-line or dipole antenna
structures, which were also used for measurements presented later in this work, the
emitted THz radiation is strongly linearly polarized [39].

Silicon lens

Metal antenna
structure

Bias 1L h
T

Femtosecond laser —

pulse /’ !

Photoconductor _/O Gap of the dipole

=~

Emitted THz radiation

* Induction of free Induced
o charge carriers photocurrent

Figure 1. Sketch of a photoconductive emitter antenna consisting of a photoconductive substrate,
metallized antenna structure, and a truncated spherical lens typically made from high resistivity
silicon. In the bottom part of the sketch the process of THz generation in the gap of the antenna
structure is schematically depicted. The femtosecond laser pulse propagates into the
photoconductor and gets absorbed which leads to generation of the broadband pulse-shaped
THz radiation. Note that the depicted movement and distribution of the induced charge carriers
between the electrodes is simplified in this figure. More information about the charge carrier
dynamics can be found in [401 42].

For the detection of THz radiation, another PCA acting as a detector can be used in a
combination with an emitter PCA, a femtosecond laser, and a delay line as shown in a
schematic of a THz TDS system in Figure 2: The laser beam first passes a beam splitter
where it is split into two parts of an equal intensity. One part is guided using mirrors to
the emitter antenna where a lens is used to focus the beam onto the gap of the antenna.
After the femtosecond laser pulse reaches the emitter antenna, the pulse-shaped THz
radiation is emitted as described above and guided by a set of 4 off-axis parabolic mirrors
(OAPMsS) towards the detector. The first OAPM collimates the THz beam, then a pair of
OAPMs is used to focus and again collimate the THz beam. The last OAPM focuses the
THz beam onto the detector antenna. Alternatively, the THz beam can be guided in a
similar manner using lenses as shown in the inset of Figure 2.

The other part of the laser beam is guided to the detector antenna over a mechanical
delay line and focused onto the gap of the detector antenna. Once the femtosecond
pulse reaches the detector antenna the short-lived charge carriers are also induced and



the antenna becomes conductive for a short time (i.e., much shorter than the duration of
the THz pulse). Instead of applying external voltage to the contacts of the detector
antenna, a current flowing through the antenna is measured. If the THz beam is polarized
across the gap of the detector antenna, a transient voltage proportional to the electric
field of the THz pulse is induced across the antenna dipole. Now, if a part of the incident
THz pulse reaches the receiver antenna when it is still conductive, an electric current
proportional to the electric field of that part of the THz pulse is induced. By moving the
optical delay line, the time when the femtosecond laser pulse reaches the detector (i.e.,
the time when the detector is conductive) with respect to the incident THz pulse can be
changed. This way a time-dependent THz waveform can be obtained by measuring the
electric current induced in the detector antenna with respect to the position of the delay
line, which can be easily converted into the time delay. Such a coherent detection
scheme leads to a high signal-to-noise ratio since the effects of THz radiation originating
from different sources than the emitter antenna (e.qg., black body radiation) are strongly
reduced [43].

Beam splitter
Femtosecond / 4
laser \

o/ /' i l
A Mechanical delay line

OAPM OAPM
\ Lens = ' = Lens/
Emitter Detector
Sample
OAPM ‘OAPM
C THzlens THzlens :
1
iLens Lens |
: I
|
]
i Detector !
) Emitter THz lens THz lens :

Figure 2. A sketch of a THz TDS free-space setup based on PCAs and a mechanical delay line.
The four OAPMs are used to guide the beam from the emitter to the detector. The sample is
typically inserted into the focal plane between the second and third OAPM. Alternatively, THz
lenses can be used to form the THz beam path as shown in the inset. By omitting the second and
third THz lens, a collimated setup without an intermediate focus can be obtained. Similar can be
achieved by using only two OAPMs [44,45].



Observing the sample shown in the THz beam path in Figure 2 an important concept of
THz imaging by raster scanning a sample can be introduced. Raster imaging is
performed by placing a sample in the focal plane and moving it within the focal plane.
The THz signal is recorded for chosen positions of the sample. Since the THz beam is
focused, it propagates only through a small part of the sample and the recorded signal
contains information only about that small, illuminated area of the sample. The size of
the probed area within a single measurement depends on the beam size in the focal
plane, which inherently limits the imaging resolution. By extracting a value of interest
(e.g., intensity of transmitted radiation at a certain frequency) from the recorded THz
signals for all measured positions on the sample, a so-called false color image of a
sample is achieved, which reveals spatially distributed information about the sample. In
a similar manner, imaging can be performed in a reflection geometry.

The principle of operation of THz TDS system was explained exemplarily for a so-called
free-space setup (see Figure 2). Such a setup is typically built on an optical table in a lab
environment while considering the laser safety requirements. The presented concept
employing a mechanical delay line stayed mostly unchanged since the first
demonstration [23] and is still in use. Nevertheless, since the first demonstration, great
progress in the development of THz TDS has been made. For example, systems based
on asynchronous optical sampling (ASOPS) [46] or on electronically controlled optical
sampling (ECOPS) [47] have been developed. Such systems do not require a
mechanical delay line, which enables higher acquisition rates. Another example, is the
development and optimization of new photoconductive materials for PCA [37,48,49] in
combination with fiber lasers used also in the telecommunication industry. This improved
the performance of the systems as well as reduced their price and size. Furthermore,
development of fiber-coupled PCA modules omitted the need for the laser light to
propagate to the antennas through free space. This led to the development of
commercially available, compact, and transportable fiber-coupled THz TDS systems
[30,47], which can be easily used also outside of a laboratory environment. Despite many
variations in technical construction of different THz TDS systems, they all have in
common that the sampling of the signal is performed in the time domain. This also
means, that the same data processing and the same algorithms to extract the sample
properties can be applied to all of them. Furthermore, the system performance can be
compared based on the recorded signal quality.

In the next subsection typical parameters of signal acquisition, its transformation into the
frequency domain and ways to quantify the system performance are discussed. This is
followed by subsections describing principles of sample characterization in reflection and
transmission geometry.

2.1.1 Signal acquisition, processing, and quality

Most used THz TDS systems employ a mechanical delay line. For such systems, a
typical time-domain measurement is performed by moving the delay line continuously at
a constant speed and the signal is recorded at equidistant points until the desired time
window is scanned, which typically ranges from several 10 ps and up to a few 100 ps.
The maximum time range is limited by the length (0) of the mechanical delay line as
o¥cD, where c is speed of light. The time it takes to perform a single time-domain
measurement is system dependent and increases with the length of the measured time
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window. Typical acquisition times, therefore, vary based on the chosen settings. The
chosen settings also influence the quality and usefulness of the recorded signal. When
high signal quality in terms of signal-to-noise ratio (SNR) and dynamic range is preferred,
typically longer acquisition times are required due to a more extensive averaging of the
recorded signal. This reduces the effect of random noise on the recorded signal as it will
be shown later in this subsection. Depending on the system and selected settings, the
acquisition times range from below 100 ms to up to a few minutes per single recorded
time-domain signal.

The evaluation of the recorded signals is commonly performed in the frequency domain.
This requires conversion of the recorded time-domain signal (O 0) into the frequency
domain by means of Fourier-Transformation, typically by using a fast Fourier transform
(FFT) algorithm (O & & D 0 ). The result of the transformation is the complex
spectrum (O " ), which can be separated into amplitude (O’ ) and phase (¢ 1) parts
according to the polar form of a complex nhumber as:

O’ 0o’ Q h 2.1

where 1 is the frequency. The resulting frequency resolution (31) depends on the length
of the time-domain signal ("Yas 3+ pj "Yand the maximum resolvable frequency (’ ,
i.e., Nyquist frequency) depends on the time spacing (30 ) between the recorded

signal values in the time domain as’ pi ¢30 . By increasing the length of the
recorded time-domain signal, the frequency resolution can be increased. Similarly, by
increasing the sampling frequency (’ p¥30 , i.e., by reducing the time spacing

(30 ) between the recorded values), the maximum frequency, which can be resolved,
is also increased. However, in reality the frequency resolution of the converted signals
cannot be arbitrarily increased by simply increasing the length of the measured time-
domain signal. The reason for this is that the amplitude of the signal reduces after the
main pulse and the value of the SNR approaches value of one [50,51]. Furthermore, the
useful frequency range of a typical THz TDS system based on PCAs, in which the
recorded signal exceeds the noise, is limited as presented later in this subsection (see
Figure 4). This means that for higher frequencies no signal and only noise is detected,
even though potential signal at these higher frequencies can be resolved according to
the chosen sampling frequency of the time-domain measurement. Finally, the time-
domain data is often additionally processed in terms of correcting signal offset,
windowing and zero-padding the signal before performing the FFT, which affects the
result of the transformation into the frequency domain. An example of such processing
of the time-domain data is shown in Figure 3.
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Figure 3. Time-domain signal (i.e., measured amplitude as a function of the delay time) recorded
without any post-measurement data processing (original). The signal offset correction was
performed by subtracting the mean value of the first 3 ps of the original signal (offset corrected).
Rectangular and Tukey (| T Y windows are shown as two windowing function examples. Zero
padding of the signal is shown as signal extension with zero values. The values of the two window
functions were scaled to the maximum value of the signal for clearer representation. The original
signal length is 200 ps. Here only the first 80 ps are shown for clarity. The measurement was
performed under nitrogen atmosphere without a sample in the beam path.

Correcting the offset of a THz time-domain signal can be described as vertically shifting
the whole signal (see Figure 3), which means that the DC component of the signal is
changed. Considering the way THz radiation is generated and detected using PCAs, no
electric current should be detected (i.e., the signal should equal to zero) before the arrival
of the THz pulse. Therefore, offset is often corrected by subtracting the mean value of
the first part of the signal prior to the first THz pulse. This step is also necessary before
performing zero padding or windowing to avoid inducing artefacts when transforming the
signal into the frequency domain.

Windowing of the time-domain data cannot be avoided due to the finite length of the
acquired THz time-domain signals. This means that without applying any specific
windowing function to the acquired time-domain signal is equivalent to applying a
rectangular window. Applying a rectangular window basically means multiplying the time-
domain signal with a constant function of unity (i.e., with a vector of the same length as
the signal with all values equal to one). An important consequence of transforming finite
time-domain signals into the frequency domain is spectral leakage [52]. There are many
different, well-defined and broadly used windowing functions in signal processing [52],
which affect the spectral leakage and have a different effect on the transformation of the
signal into the frequency domain. Furthermore, they can also affect the frequency
position and amplitude of the observed spectral features [53].
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Zero padding of a THz time-domain signal can be understood as extending the signal by
adding zero values at the beginning or the end of the original signal. This way the length
of the signal is extended, which increases the apparent frequency resolution of the
transformed data. However, this increase of the frequency resolution can be understood
as mere interpolation of the signal in the frequency-domain. One further reason why to
perform zero padding is, that some FFT algorithms are more time-efficient if the signal
length (i.e., number of values the measured signal consists of) equals two to the power
of a natural number (e.g., 32, 64, 1024). Zero padding might sometimes be useful, if
problems are encountered when unwrapping the phase of the signal in the frequency
domain. The phase unwrapping is discussed in the next subsection.

In Figure 4 the amplitude spectrum corresponding to the offset corrected time-domain
signal is shown in Figure 3 (no zero padding, rectangular window). The signal amplitude
is highest in the low THz region (i.e., between 0.25 THz and 0.7 THz). Towards higher
frequencies the amplitude gradually rolls off and reaches the noise floor at around 4 THz.
For frequencies lower than 0.25 THz the amplitude also strongly decreases. Such
spectral shape is characteristic for signals acquired using THz TDS based on PCAs. The
useful spectral range or bandwidth of a system, which ranges in this case approximately
from 0.2 THz and exceeds 4 THz, is an important characteristic of the system
performance. Another important characteristic of a system is its dynamic range. It
describes the maximum signal change, which can still be quantified [54]. It is defined as
the ratio between the maximum signal amplitude and root-mean-square of the noise
floor. Since the noise floor is frequency independent [55,56], the dynamic range can be
evaluated directly from a single reference measurement (i.e., no sample in the beam
path for transmission geometry). Since the amplitude is strongly frequency dependent,
this also means that the dynamic range of the system is frequency dependent.
Nevertheless, it is common practice in the THz community to report the dynamic range
of a system as a single value in terms of the maximum dynamic range (i.e., peak dynamic
range) [51]. For the system used to perform the measurement shown in Figure 4 the
peak dynamic range of the measured amplitude exceeds two orders of magnitude. It is
important to note that the dynamic range of a system is often reported in terms of spectral
power and not amplitude. There is a simple relation between the two since the power of
the electromagnetic radiation is proportional to the square of its amplitude and the same
holds for the dynamic range. This means that dynamic range shown in Figure 4 would
exceed 4 orders of magnitude considering the power spectrum. The dynamic range is
also often reported in dB [30]. In the case of data presented in Figure 4, the dynamic
range would exceed 20 dB and 40 dB in terms of amplitude and power, respectively.

Another important characteristic of a THz TDS system is its SNR. SNR denotes the
minimum signal change, which can still be detected by the system [54] and as such it
limits the uncertainty of determined absorption of the investigated sample. The SNR is
defined as the ration between the mean amplitude and standard deviation of the
amplitude. Therefore, SNR cannot be determined from a single measurement as in the
case of dynamic range. SNR calculated from ten measurement repetitions is shown in
Figure 5.
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Figure 4. Amplitude spectrum of a single recorded signal. The background measurement was
recorded by blocking the THz beam path with a metal object. The noise floor was determined as
the root-mean-square (rms) value of the amplitude at frequencies higher than 5 THz. The signals
were offset-corrected before the FFT (see offset corrected signal in Figure 3). The measurements
were performed under nitrogen atmosphere.
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Figure 5.The signal-to-noise ratio (SNR) calculated out of ten repeated single measurements as
mean amplitude divided by the standard deviation of the amplitude.

SNR is also frequency dependent and can vary substantially between neighboring
frequencies. Like the dynamic range, SNR reduces with increasing frequency and
reaches values close to one for frequencies for which the noise floor in the amplitude
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spectrum (Figure 4) could be observed. This is expected since for these frequencies only
noise is acquired. Despite the values and frequency dependency of SNR in the shown
example seem similar to the dynamic range values and its frequency dependency, they
can, in general, substantially vary and should therefore not be confused [54]. It is also
important to note, that the SNR and dynamic range of the system depend on settings
chosen in the time domain in terms of window length and averaging as shown in Figure
6.
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Figure 6. The effect of signal length (left half) and signal averaging (right half) on the dynamic
range (upper half) and SNR (lower half) of the recorded signals. Signal lengths of 80 ps, 140 ps,
and 200 ps were considered to demonstrate the effect of window length. To demonstrate the
effect of signal averaging, a single measurement, a ten-times averaged signal, and a 100-times
averaged signal are shown. The SNR was calculated from ten measurement repetitions. The
effect of signal length is shown for single measurements (hnumber of averages was one). For the
effect of signal averaging an 80 ps signal length was chosen.

Increasing the number of times, the time-domain signal is recorded and averaged
reduces the effect of random noise sampled in the signal, which can be observed as
lowering the amplitude of the noise floor in the spectrum. Similarly, the SNR increases
with averaging. Signal averaging is commonly employed when using relatively fast
systems, which can acquire more than a single waveform per second. However, the
measurement time is proportionally extended with the number of averages.

The effect of window length is somewhat different. With increasing window length, the
noise floor increases and thus the SNR decreases. Therefore, it is important to provide
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all relevant sampling parameters when providing values of the dynamic range and SNR
for correct comparison of the system performance.

To summarize this subsection, the system performance can be expressed in terms of
acquisition time, maximum acquisition range (i.e., length of the time domain data), useful
spectral range or bandwidth, dynamic range, and SNR. Furthermore, the dynamic range
and SNR are commonly presented and reported in the frequency domain. This requires
transformation of the recorded time-domain signal into the frequency domain by means
of FFT. The time-domain signals can be further processed before the transformation
(e.g., offset correction, windowing, and zero padding). Furthermore, averaging and even
selection of signal length can affect the SNR and the dynamic range of the system. With
all this in mind, the concept of measurements and sample properties evaluation in the
transmission geometry is discussed in more detail.

2.1.2 Transmission geometry

Sample characterization using THz TDS is commonly performed in the transmission
geometry. For successful characterization, proper preparation of samples before the
measurement must be considered. One crucial parameter is the sample thickness
through which the radiation propagates. If the sample is made too thick, it might
completely attenuate the propagating radiation, which means that no signal (i.e., only
noise) is detected, and the sample characterization cannot be performed. However, if
the sample is made too thin, the effect of the sample on the recorded signal might be
undetectable. Typically, sample thickness ranges from few 100 um to few mm. It is also
important to consider the shape of the sample. Usually, a biplanar sample is considered.
Furthermore, when characterizing a sample, it is typically assumed that the illuminated
part of the sample is homogenous. In the case of anisotropic samples, one must consider
that sample properties depend on the sample orientation with respect to the polarization
of the THz radiation. THz radiation incident under zero-degree angle (normal incidence)
on a dielectric sample of biplanar shape is schematically presented in Figure 7.
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Figure 7. Schematic representation of THz radiation propagating from left to right through a
biplanar single-layered sample. The reflected radiation (dashed arrows) is not detected. The inset
shows a signal consisting of the main and two Fabry-Perot (FP) pulses corresponding to the
schematic of the radiation propagation through the sample.
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At the first interface (air-sample), part of the incident THz radiation is reflected towards
the emitter and part of the radiation is transmitted into the sample. The proportions of the
reflected and emitted radiation are described by the Fresnel coefficients. In the case of
a moderately absorbing sample, the radiation transmitted into the sample is partially
absorbed during the propagation through the sample. When it reaches the second
interface (sample-air) a part of the radiation is again reflected and a part is transmitted
towards the detector, where the corresponding signal is recorded. The reflected part
propagates again through the sample until it reaches the first interface (sample-air),
where it is again partially reflected and transmitted. The reflected part then propagates
again through the sample towards the second interface (sample-air) where the
transmitted part continues towards the detector and the reflected part propagates again
through the sample. This continues until the radiation fbouncing back and fortho within
the sample diminishesduetothet r ans mi ssi on Al ossesd on
within the sample. This bouncing of the radiation within the sample results in additional
pulses appearing after the main pulse in the time-domain signal of a sample
measurement as schematically shown in the inset of Figure 7. These pulses are often
referred to as Fabry-Perot (FP) pulses or peaks.

In the following, the basic concept of THz TDS data evaluation will be discussed on an
example of a silicon wafer with resistivity greater than 1000 Y cm used as a sample. First
the data analysis in the time domain is presented. This is followed by a more
comprehensive description of the analysis in the frequency domain.

Time-domain analysis

The time-domain signal obtained from a silicon wafer measured in transmission
geometry is shown in Figure 8. Silicon is often considered to be non-absorbing in the
THz region with a relatively high refractive index of 3.42 [51,57]. Due to these properties,
multiple pronounced FP pulses can be clearly observed in the time-domain data.
Therefore, silicon is a material of choice to demonstrate the potential use and effect of
FP pulses on the evaluation of the data acquired with THz TDS in the transmission
geometry.

In Figure 8 a reference measurement and a measurement of an approximately 530 um
thick silicon wafer are shown. The reference measurement was performed without the
wafer in the beam path. This means that air was considered as a reference material,
which is the most common practice for THz transmission measurements. It is typically
considered that the refractive index of air equals unity and that it is non-absorbing (i.e.,
imaginary part of refractive index or extinction coefficient equals zero). Furthermore, the
two measurements were performed under nitrogen atmosphere to suppress the
absorption of water vapor present in ambient air [23], which can make spectroscopic
investigation troublesome. The nitrogen atmosphere is achieved by placing the THz
beam path inside a box into which nitrogen is pumped until the ambient air is replaced.
Alternatively, the air can be dehumidified, or sometimes measurements are performed
in vacuum. Furthermore, numerical approaches for post-measurement removal of the
water vapor effects on the measured signals exist [58,59]. However, removal of water
vapor from the air before performing the measurement is still preferred, especially in the
lab environment.
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Figure 8. Time-domain signal of the reference and sample (silicon wafer) measurement. Note that
the main pulse of the sample measurement is delayed (¥0) with respect to the main pulse of the
reference measurement. Three additional FP pulses can be clearly resolved from the sample
measurement. The first FP pulse is delayed (0 ) with respect to the main pulse. All subsequent
FP pulses are additionally delayed for the same time (0 ) with respect to the previous.

For both, sample and reference measurement, the main THz pulse can be easily
identified. In the case of the reference measurement, it arrives earlier in time compared
to the sample measurement since it takes longer for the radiation to propagate through
the sample due to the lower propagation speed of light in the sample, which is associated
with the refractive index of the sample. This means, that by knowing the sample
thickness (Q), the dielectric properties of the reference material (i.e., air) and by
determining the time difference between the time-of-arrival of the sample and reference
main THz pulse (Yo, see Figure 8), the refractive index (¢) of the sample can be
calculated according to the following expression:

. WYo.

E p Th 2.2

Where Qis speed of light and the refractive index of reference material (i.e., air) is one.
Accordingly, the calculation of the refractive index of the silicon wafer from the
measurement shown in Figure 8 and the measurement of the thickness (Q) results in
value of 3.42 which agrees with the value reported in the literature [51,57].

The FP pulses observed in the measurement correspond to the multiple propagation
through the sample as discussed earlier. The first FP pulse corresponds to the radiation
travelling through the sample two additional times compared to the main pulse in the
sample measurement. Consequently, the time-of-arrival of the first FP pulse with respect
to the main pulse (0 ), corresponds to the round-trip of the radiation in the sample and
can be written as:
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Having two linear equations (2.2, 2.3) allows us to calculate the refractive index of the
sample even if the thickness of the sample is unknown. Expressing ‘Qfrom equation 2.3
and inserting it into equation 2.2 leads to the following expression for the refractive index
of the investigated samples:

-8 2.4

Calculating the refractive index according to Evaluating equation 2.4 results in a
refractive index value of 3.43, which slightly exceeds the value of 3.42 reported in the
literature [51,57]. The deviation from the literature values can be assigned to the limited
resolution of the time-domain data. Furthermore, according to the two equations (2.2,
2.3) also the thickness of the sample can be extracted as:

0 o =

Q — Yo 8 2.5

C
According to the THz measurement, the thickness of the sample is 525 ym, which is
2 um less than the thickness measured with a micrometer screw gauge.

The amount of transmitted radiation through the sample can be evaluated from the time-
domain data as well. This is done by comparing the amplitude of the main THz pulses of
the reference measurement with the amplitude of the main THz pulse of the sample
measurement. The amplitude of a pulse is typically calculated as the maximum value of
the pulse or the difference between the maximum and minimum value of the pulse. The
latter is often referred to as the peak-to-peak amplitude. In transmission geometry, this
can be easily done by determining the maximum (and minimum) value of the whole time-
domain trace since the main pulse has the highest amplitude. For the silicon wafer
(Figure 8), the quotient between the two amplitudes equals 0.673, which means that the
amplitude of the transmitted radiation is approximately 67 % of the initial amplitude.
Furthermore, by considering the intensity of transmitted radiation instead of amplitude
the transmittance of the sample can be evaluated. Transmittance of a sample is defined
as the quotient between the intensity of the radiation transmitted by the sample and the
intensity of the incident (i.e., reference) radiation. Since intensity of electromagnetic
radiation is proportional to the square of its amplitude, the transmittance is equal to the
square of the calculated amplitude quotient and equals 45 % for the investigated silicon
sample.

As mentioned before, pure silicon is a non-absorbing material in the THz range. This
means that no radiation is absorbed while passing through the sample and that the
radiation, which is not transmitted is merely reflected. Having the refractive index of the
sample calculated, one can estimate the transmittance through the sample by employing
the Fresnel coefficients, which describe the transmission of the radiation at the two
boundaries. Using the determined refractive index of 3.42, the transmittance through the
two boundaries is 49 %, which approximately fits the transmittance value calculated from
the peak-to-peak amplitudes. The discrepancy can be attributed to the measurement
uncertainties and impurities in the sample [60].
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The evaluation of the refractive index directly from the time-domain data reveals average
information about the refractive index of the sample for the whole measured frequency
range. Similar is true for the transmittance. This can be an issue for dispersive samples.
Furthermore, analysis of the data in the frequency domain can reveal additional
information about the sample and is essential for many applications of THz TDS in the
pharmaceutical setting (see section 2.2). However, for certain applications such as
monitoring transmission of highly absorbing samples, an evaluation in the time domain
can be beneficial due to a typically high dynamic range at the peak of the THz pulse [54].
An analogous but more comprehensive analysis can be performed in the frequency
domain.

Frequency-domain analysis

In the time-domain analysis, the focus mainly lies on the time-of-arrival of the main and
FP THz pulses and their amplitudes. As demonstrated, the pronounced FP pulses reveal
valuable information about a sample. Similar holds for the analysis in the frequency
domain. However, analysis of measurements containing FP pulses requires their proper
consideration to ensure correct interpretation of the extracted results in terms of
extracted absorbance, refractive index, and absorption coefficient. To demonstrate the
effect of FP pulses on the analysis in the frequency domain, the time-domain signal is
processed in two different ways before performing the FFT: once with and once without
FP pulses in the signal. The removal of the FP pulses from the original time-domain
signal is done, by truncating the signal before the first FP pulse and zero-padding it to
the original signal length. The frequency-domain analysis is demonstrated on the same
data, which was used for the discussion of the time-domain analysis (i.e., measurement
of the silicon wafer). In Figure 9 the spectra corresponding to the time-domain sample
measurement with and without FP pulses are shown with the corresponding reference
spectra. For clearer representation, only the frequency range between 0.3 and 2 THz is
considered.

For the sample spectrum corresponding to the longer time-domain signal containing FP
pulses, an oscillating pattern can be observed in the frequency domain. In the case of
the shorter signal without any FP pulses, the spectrum is smooth and does not exhibit
an oscillating pattern. This oscillating pattern corresponds to the constructive and
destructive interference of the radiation passing directly through the sample with the
radiation passing through the sample multiple times (see Figure 7). Due to the biplanar
sample geometry, the sample can be considered as an optical resonator or a Fabry-
Perot etalon. As such the frequency spacing between constructively interfering radiation
(¥op corresponds to the frequency spacing of adjacent modes in a resonator and can be
calculated as [61]:

bl 2.6
@ 8 :

where Q is the thickness and ¢ the refractive index of the sample. Considering the
refractive index and thickness of the sample extracted from the time-domain data, the
frequency spacing for the investigated silicon wafer is approximately 0.08 THz, which
agrees with the observed oscillation in the spectrum (Figure 9). According to the equation
2.6, the frequency spacing between ¥ is inversely proportional to the optical thickness
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of the sample (i.e., € 'R Furthermore, comparing equations 2.3 and 2.6 reveals that
equals pfo , which is the difference in the time-of-arrival between subsequent FP pulses
(see Figure 7). This means that for samples with greater optical thickness the FP pulses
appear further apart in the time-domain, however, the period of the oscillation in the
frequency domain (i.e., ¥ ) becomes smaller. On the contrary, for thinner samples the
oscillation period becomes greater.
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Figure 9. The spectra of the reference and silicon wafer measurement. The results in a)
correspond to the time-domain signal of 80 ps length including FP pulses (see Figure 8). The
results in b) correspond to the time-domain signal truncated at 30 ps (i.e., before the first FP
pulse) and zero padded until 80 ps. The corresponding time-domain data are shown in the insets.
The original signals were only offset corrected.

A simple way to analyze a sample is to calculate absorbance, which is typically done
without considering any reflection of the radiation by the sample. The absorbance (0 1)
in this work is defined as:

h 27

. ey o O F . O f

where "Y1 is frequency dependent transmittance of the sample. © f andO 1 are
frequency dependent intensity of the radiation transmitted through the sample and the
reference material (i.e., air), respectively. O f and'O I are frequency dependent
complex electric field amplitudes, which are calculated by performing FFT of the
recorded time-domain signals corresponding to the sample and reference measurement,
respectively. Since the intensity of the detected radiation is proportional to its power, the
shape of the absorbance spectrum corresponds to the difference between the reference
and sample measurement shown in the logarithmic scale in Figure 9. The absorbance
spectra of the silicon wafer corresponding to the time domain signal with and without FP
pulses are shown in Figure 10.
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Figure 10. Absorbance of the silicon wafer. The result in a) corresponds to the time-domain signal
of 80 ps length including FP pulses (see Figure 8). The result in b) corresponds to the time-domain
signal truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 80 ps. The
corresponding time-domain data are shown in the insets. The original signals were only offset
corrected.

As expected, a similar oscillation pattern can be observed in the absorbance spectrum
when the time-domain signal with the FP pulses is considered. The absorbance
oscillates with frequency approximately between 0 dB and 6 dB, which corresponds to
the constructive and destructive interference, respectively. However, if the time-domain
signal does not include the FP pulses a nearly constant absorbance of approximately
3.5dB is observed. This corresponds to approximately 55 % losses, meaning that
approximately 45 % of the radiation energy was transmitted through the sample. The
same result was observed in the time-domain analysis. Since the reflection losses are
not considered when calculating the absorbance, the 3.5 dB losses can again be, at least
partially, contributed to the reflection of the THz radiation at the air-sample interfaces.
Furthermore, for absorbing materials, the total absorbance depends also on the sample
thickness. Therefore, care must be taken when interpreting the absorbance spectra.
Nevertheless, useful, and valuable results can be drawn from the absorbance spectra.

A more comprehensive analysis is needed to extract the complex refractive index of a
sample from THz TDS transmission measurements. The complex refractive index is a
material property, which is independent from the sample geometry and thickness.
Therefore, to extract it from the measured data, the interaction of the radiation with the
sample must be carefully considered. Investigating a flat biplanar sample and
considering the radiation interacting with the sample as plane waves, a so-called transfer
function ("Y$ ) can be written as:
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