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In frames of this work optical properties of FCC and lactose tablet samples were
examined using THz-TDS method. A THz-TDS setup was designed and assembled for these

purposes.

The FFT for the TD data of the samples was used in order to obtain spectrum of the
samples in THz range. The further mathematical analysis made it possible to obtain effective
refractive index and absorption coefficient of the samples. Such crucial physical parameters

of the sample as porosity and mass were calculated using effective media approximations.

THz-TDS method combines the accuracy and simplicity of use, allows to investigate a
wide range of materials, composition and physical properties and thus can be used as non-
destructive and non-invasive method of quality control of each pharmaceutical tablet in the

production line during manufacturing.
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List of abbreviations and symbols

THz terahertz

GHz gigahertz

UHF ultra-high frequency

DNA deoxyribonucleic acid

fs femtosecond

THz-TDS Terahertz Time-Domain Spectroscopy
ps picosecond

K Kelvin

QCL guantum-cascade lasers

BWO back-wave oscillator

RNA ribonucleic acid

kW Kilowatt

us microsecond

SNR signal-to-noise ratio

GaAs gallium arsenide

LT-GaAs low-temperature gallium arsenide
InAs indium arsenide

nm nanometer

eV electronvolts

KDP potassium dihydrogen phosphate
EO electrooptical

LiNbO3 lithium niobate

t time



J(t) current density

N(t) concentration of excess charge carriers

e the elementary charge

u the mobility of electrons

Eb the bias field

Ethz electric field of the pulse in the normal direction from the source
A the area of the gap

c the speed of light

z the distance from the radiation source

N the average concentration of the electrons

T the time delay between terahertz and probe pulse

Es the magnitude of the built-in field

Ery, the magnitude of terahertz field

o the angle between the direction of the radiation and normal to a

dipole’s oscillating line

D the diffusion coefficient

kg Boltzmann constant

T absolute temperature in Kelvins

Ng group refractive index

P the polarization vector of the medium
E electric field of the optical pulse

X electric susceptibility tensor

Pl linear polarization

pNL nonlinear polarization



HLR

MCC

EMA

ZPA

optical intensity

angular frequency

a quasi-constant component of polarization
group velocity

time coordinate relative to the peak of the pulse
Gaussian pulse profile

is the transverse size of the pulse
maximum of optical intensity
amplitude vector

radius-vector

nabla, first-order differential operator
magnetic flux density

electric flux density

electric field

magnetic field

mirror

half-wave plate

lens

iris diaphragm

polarizer

hollow retro-reflector
microcrystalline cellulose

effective medium approximation
Zero Porosity Approximation
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FFT

FCC

API

oy

E(t)
E(w)

A(w)

ow

ot

D(wy)
Ng
NTHz

0B

Fast-Fourier Transform

functionalized calcium carbonate

active pharmaceutical ingredient

fill-factor (porosity)

dielectric constant tensor

the waveform of the terahertz pulse

the spectrum of the terahertz pulse

spectral amplitude

phase

imaginary unit

the minimum resolvable frequency interval

the value interval of frequencies detected
resolution time

the absorption coefficient of the sample
reference amplitude

information signal amplitude

sample thickness

frequency-independent losses

the dynamic range of the measurement

the background noise of the probing laser beam
the noise of the terahertz pulse

the background noise of the probing laser beam in time domain
signal-to-noise ratio

the mean value of the terahertz field, normalized to its amplitude
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Introduction

The terahertz frequency range from 30 THz (or 10 micrometers, if the wavelength is
measured) to 100 GHz (wavelength 3 mm), is occupying an intermediate position between

infra-red and ultra-high frequency (UHF) ranges.

In the terahertz range are emission spectra of astronomical objects, and spectra of
complex organic molecules (such as molecules of proteins and DNA, some explosives,
harmful substances, air pollutants). Modern technologies allow to create quantum-sized
objects such as quantum dots. The excitation energy of quantum dots corresponds to the
photon energy of terahertz radiation, so it can be used coherently to manage such objects.
Terahertz radiation is harmless to humans, thus it can be used for medical diagnostics in
modern safety systems, environmental monitoring, for quality control of medicines and food,

high-speed communication [10].

Up to the present time the THz range remains little studied compared to the neighboring
infrared and microwave frequencies. Developed in the second half of the twentieth century,
sources of coherent infrared radiation (lasers) and microwave radiation (electronic devices)
are not well suited for generating radiation in the intermediate terahertz range; in the case of
lasers, this is due to the thermal smearing of the laser levels, and in the case of electronic

devices with the finite time of flight of the electrons.

The establishment in the 80s of the high-power pulse lasers, particularly femtosecond,
i.e., generating pulses with a duration of about 100 fs (1 fs = 10 ° s) have given the
possibility for the creation of compact sources of terahertz radiation based on an interaction
of laser radiation with matter. It revealed that terahertz radiation can be obtained by nonlinear
transformations of high-intensity laser radiation in crystals (difference frequency generation)
and by means of some linear effects, such as the generation of charge carriers in

semiconductors induced by a laser pulse.

At the end of the 80s, a significant breakthrough in terahertz research was made —method
of terahertz spectroscopy in the time domain (THz-TDS) was demonstrated for the first time.
This method is based on generating and detecting coherent terahertz radiation using pulses
from the same laser. Unlike other methods, measuring only the envelope of the pulse or the

THz radiation power, spectroscopy in the time domain allows direct detection of the electric
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field of the terahertz pulse whose duration is of the order of 1 ps (1ps =10 *?°) with high
resolution. Direct measurement of the electric field allows to retrieve information about the
phase shift of the terahertz field and its interaction with the object, and thus gives the

possibility to study the ultrafast (occurring for fractions of picoseconds) processes.

Despite significant progress in the field of generating and receiving terahertz radiation
by means of the use of lasers, this area of research remains one of the most "hot™ and rapidly
developing in the modern applied physics. Many of the challenges facing researchers in this
area have not yet been solved. These include a low, in the order of 0.1 %, efficiency of
optical-terahertz conversion, the complexity of installations, etc. Probably, the answers to

these challenges will be obtained in the near future.
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1. Fundamentals and practical treatment of the THz radiation

Terahertz (THz) range is intermediate between the optical and microwave ranges
(Fig.1.1). Natural sources of terahertz radiation include, for example, the cosmic background
radiation. In the high-frequency region of the terahertz range is thermal radiation of objects
at room temperature (Fig. 1.2). However, the terahertz radiation from natural sources is not
coherent, so it cannot be used for many important practical tasks such as communication,
location, amending, spectroscopy, etc. Until recent time, a major part of the terahertz
spectrum have not been used due to the absence of the sources and receivers of coherent
radiation in this range. Therefore, the terahertz electromagnetic spectrum was called the

"terahertz failure".

Wavelength (m)
1010 10° 10% 107 10® 10 10+ 10° 102 10" 10° 10'
.H- ('.“”".('/ - _
10% 107 10'¢ 10" 104 10" 10" 10" 10" 10° 108 107
Frequency (Hz)

Figure 1.1. Spectra of electromagnetic waves and THz "failure”.

It is taking much effort to fill that gap. Fig. 1.3, taken from [1], shows the threshold
frequencies for laser methods of generation of radiation, and maximum operational
frequency of electronic devices. It is seen that the terahertz failure closed in the late 90s.
However, the efficiency of laser and electronic products, reaching (from opposite sides)

working on frequencies lying at the center of the terahertz failure remains low.
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Figure 1.2. THz range in comparison with the spectra of blackbody radiation at the

temperature 2.7 K (cosmic background radiation) and 300 K

The complexity of creating efficient terahertz sources stems from the fact that well-
developed methods of generating radiation from the neighboring optical and microwave
ranges are poorly applied in the terahertz range. Optical generators of coherent radiation
(lasers) based on the stimulated emission of electrons. Due to the fact that the energy quanta
of terahertz radiation are small (the equivalent temperature of the radiation frequency of 1
THz is only 47.6 K), thermal relaxation of laser levels at room temperature tends to equalize
the populations, thus population inversion rapidly destructs. So, for example, quantum-
cascade laser, which is one of the most promising sources (Fig. 1.3), is able to generate at

terahertz frequencies only under cryogenic cooling conditions.

In the microwave range, located on the other side of the terahertz failure, the generation
of electromagnetic radiation is associated with the transport (movement) of charge carriers.
The upper limit of the frequency of radiation is defined by the characteristic time of flight of
the charge carrier in the device. In simple words, if one is willing to obtain oscillations of
the charge carriers at terahertz frequencies, it is necessary to apply a strong electric field to
a small region of space, which is technically difficult. Powerful sources of terahertz radiation
based on the transfer of charge carriers are synchrotrons and free electron lasers, but their

cost and size prevent their wide use even for purely scientific applications.
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Figure 1.3. The development of sources of coherent terahertz radiation.

The solid line limits the operational frequency range of pulse sources based on optical
lasers, the dotted line shows the lower boundary for gas and quantum-cascade (QCL) lasers,

dots — upper bounds for the back-wave oscillator (BWO) and Gunn diodes.

The frequency range from hundreds of gigahertz to several terahertz (see Fig. 1.3)
became available for research through the creation of terahertz sources based on exposure
of laser radiation on matter (optical-terahertz conversion). There are both narrowband
sources generating a narrow range of terahertz frequencies, and broadband pulsed sources,
the spectrum of which overlaps a substantial part or even the entire terahertz range. The
ability to set up on a specific terahertz frequency, adjustment in a wide range or setting up
in a wide range of frequencies and operation at room temperature makes laser generation

methods to be relatively effective and simple to implement.

In addition, excited by a laser pulse, terahertz waves have a very important feature,
unique to this group of methods: such pulses are linked in phase with the detection laser
pulse. The result is that the same laser pulse (divided into two) can be used both for
generation and detection (by electro-optical means) a terahertz pulse. It makes possible to
measure rapidly oscillating electric field of terahertz radiation with a very high resolution of
the order of the duration of femtosecond laser pulse. Based on this property, the method of
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terahertz generation and detection have received the name of terahertz time-domain

spectroscopy.

Despite the complexity of the generation of terahertz radiation, its unique properties
stimulate the development of THz technology. There is a list of some distinctive

characteristics of terahertz radiation and its applications:

e Terahertz radiation is non-ionizing, unlike x-ray radiation which is used for
medical diagnostics. At the same time, different biological tissues have different
absorption in this range, which ensures the contrast of images. However, the
extremely high absorption by water does not allow the terahertz radiation to penetrate
very deep into tissue, which limits its application only to the surface of the tissue;

e Compared to visible and infrared radiation, terahertz radiation has a long wavelength
so that it is less susceptible to scattering. As a result, in this frequency range, many
dry dielectric materials such as fabrics, wood, paper and plastics are transparent.
Therefore, terahertz radiation can be used, for instance, for nondestructive control of
materials or security scanning in airports. At the same time, a wavelength of the
radiation is small enough to provide a submicron spatial resolution while using freely
propagating radiation. By using near-field methods, the spatial resolution of the order
of nanometers can be achieved,

e The resonances of rotational and vibrational transitions of many molecules
exist in the terahertz range. This makes possible identification of the molecules by
their spectral "fingerprint”. In combination with image acquisition (imaging) in the
terahertz range this allows to determine not only the shape but also the composition
of the object;

e Terahertz radiation can be detected in the time domain, i.e. it both amplitude
and phase of the field can be measured. This allows to measure directly a phase shift
made by the object, and thus allows to study fast processes and even to control them.

Providing an extra wide bandwidth and a high time resolution, the coherent time-domain
terahertz spectroscopy allows to study the structure, electronic and vibrational properties of
solids, liquids and gases, plasma and plasma-like media, streams of the matter. Many
biological and chemical agents have a spectral "fingerprint” in terahertz range related to the
unique vibrational and rotational levels of molecules, which allows to study their chemical
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composition using terahertz radiation. This property can be used for the making diagnosis of
diseases, detection of biological and chemical agents, contaminants, quality control of food
and medicines. One important possible application is the detection of disguised plastic
explosives. Detection of bound states of the genetic material (DNA and RNA) by direct use
of terahertz radiation, without the use of special markers, will provide in the future a

markerless genetic analysis of biochips.

THz imaging allows getting images of the specimen with contrast differentiation by
chemical components, study the water content in biological samples, their composition. Due
to lower (in comparison with IR radiation) scattering by biological tissues in the terahertz

region, images can provide higher contrast while medical diagnosis.

Despite the success in implementation of the laser generation of pulse THz radiation, in

some applications exists a number of factors limiting the development of this area:

e Modern terahertz emitters have quite a low efficiency of energy conversion
of optical pulse energy of the terahertz wave. For instance, in the article [5] gyrotron
issuing 1.5 KW power at 1 THz pulse duration of 50 us is described. Its efficiency is
only 2.2 %. Additionally, it is necessary to use a synchronous detector for registration
of the signal, and the time of signal accumulation in a single dimension is a few
milliseconds;

e High water vapor absorption significantly weakens the THz signal
propagation in the atmosphere, which significantly complicates the task of remote
terahertz diagnostics;

e Thick samples or samples with a high absorption coefficient in the terahertz
range does not allow you to register THz signal passing throw it, it is possible to

explore only a weak scattered or reflected signal.

These problems have a common solution — increasing the signal-to-noise ratio of the
system, i.e., in fact, the increase in power of the terahertz emitter, or increase the sensitivity
of the detector. Later in this work, we shall examine the principles and techniques of
terahertz generation and detection by ultrashort laser pulses, as well as ways of increasing

the effectiveness of the methods of optical-terahertz conversion.
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2. Generation and detection of terahertz radiation by
ultrashort laser pulses.

The typical scheme of generation and detection of terahertz radiation by ultrashort laser
pulses is shown in Fig. 2.1. In this scheme the laser beam of a femtosecond laser is divided
into two: a pump beam and the probe (test) beam. A more powerful pump beam is used to
generate a terahertz pulse. Generation occurs generally under the impact of a laser pump
pulse at a certain crystal or a special structure. The probe beam is used to detect the THz
pulse. Crystal or some structure can be used for detection similar to that used for generation.
Detection takes place by changing some characteristics (e.g., polarization) of the probe pulse
in the presence of a terahertz pulse.

790nm, 12fs,

80MH
Emitter
BS 1
_ Delay-line
4+—>

ks

Figure 2.1. The classic layout of a THz-TDS experiment

Common for all mechanisms is the coherence of optical pulses (pump and probe) and the
terahertz pulse. Coherency, in this case, refers to the phase relation of the terahertz pulse
with some characteristics (usually intensity) of the optical pulse. This relation is constant in
time with high precision. Fluctuations of the repetition frequency of laser pulses or
mechanical vibrations are the same for the THz pulse and the pump pulse and therefore does
not violate this coherence. The pump and probe pulses are replicas of the same pulse, and
therefore preserve coherence. Thus, terahertz and probe pulses are coupled to each other in
phase. Due to this binding, the probe pulse interacts in the detector with the terahertz pulse

each time with the same phase.
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The duration of the probe pulse is usually tens of femtoseconds, much less than the period
of the terahertz pulse (300 — 1000 fs), so we can assume that the probe pulse interacts with
some constant field. Introducing the time delay of the probe pulse in relation to the pump
pulse (and the associated terahertz pulse), you can choose the relative time of arrival the
probe and terahertz pulses at the detector and to measure different parts of the pulse with

time resolution, which is corresponding to the duration of the probe pulse.

By scanning time delay using a mechanical delay line (see Fig. 2.1), we can obtain the
waveform of a terahertz pulse. To extract spectral information, applying the Fourier

transform to the waveform is needed.

In order to increase the sensitivity of the scheme, the pump beam is being modulated by
mechanical chopper (modulator), and modulation of the probe beam, induced by the

terahertz pulse is detected by a lock-in amplifier.

2.1 Generation and detection due to linear effects in

semiconductors.

There are many methods of generating terahertz radiation, based on the affecting
ultrashort laser pulses on different materials. In this section, we will discuss the physical
principles of generation by means of linear (for intensity laser radiation) effects in
semiconductors. Appropriate methods of generation do not require high power laser pulses,
and therefore has been developing since the early days of development of femtosecond

lasers.

2.1.1 Photoconducting switch

A photoconductive antenna (or photoconducting switch,) is one of the most often used
generators (and receivers) of terahertz radiation [9]. The photoconductive antenna is
represented simply by two metal electrodes, located at some distance from each other on the
semiconductor substrate. A voltage of 10 to 50 volts is applied to the electrodes. Here is a
semiconductor photoswitch, simply a gap between H-like electrodes (gold and aluminum)

of the order of several microns (known also as Auston switch) (see Fig. 2.2).
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When illuminating the gap between the electrodes by an ultrashort laser pulse, the
concentration of charge carriers in the semiconductor sharply increases for a short time (of
the order of units or tens of picoseconds). For effective absorption photon of the laser
radiation must exceed the width of the forbidden gap of the semiconductor, but sometimes
multiphoton absorption is used. Free carriers are accelerated by the electric field applied to
the gap of the photoconductive antenna, as a result, a short current pulse appears, which is
the source of terahertz radiation. Thus, an ultrashort laser pulse is an ultra-fast switch for the
antenna, transferring it from insulating to conducting state. The pulse is emitted in a dipole-
like pattern. The resulting radiation is polarized along the direction of the bias electric field.
The duration of the current pulse and the spectrum emitted by the terahertz wave is

determined mainly by the lifetime of carriers in the semiconductor [11].

In most cases, the mobility of the electrons substantially exceeds hole mobility, and thus

hole current can be neglected. The current density

J(&) = N(t)enkEy, (2.1)

where N(t) is the concentration of excess charge carriers, e — the elementary charge, u

the mobility of electrons and Ey the bias field attached to the electrodes.

Charge carriers concentration N depends on time, and its appearance is determined by
time profile of the laser pulse and charge carriers lifetime. Since the photocurrent varies in
time, it emits an electromagnetic pulse whose electric field in the normal direction from the
source is given by the approximate formula:

_ A O 2.2)

E
THZ = 2, gt '’
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Figure 2.2. Photoconducting switch

where A is the area of the gap, illuminated by a laser pulse, c is the speed of light and z is the

distance from the radiation source.

In the derivation of formula (2.2), z was assumed much larger than the size of the source.
The energy of the terahertz pulse is determined mainly by the energy of the electric field
stored in the gap. However, the energy of laser pulse depends on the number of induced
carriers. The more carriers exist, the greater amount of stored energy is transferred to the

energy of the terahertz pulse.

In conditions of weak excitation energy of the terahertz pulse is directly proportional to
laser pulse energy pumping and directly proportional to the applied field. In a real situation,
the energy of the THz pulse experiences saturation with increasing laser pulse energy. This
is due to the fact that the bias field is being screened by photoinduced charge carriers. The
increase of bias field also faces constraints related to the possibility of an electrical
breakdown of the substrate. Electrical breakdown field is about 400 kV/cm for gallium
arsenide (GaAs). Heat breakdown of the substrate is also possible. It can be caused by the
decrease of the resistance of the substrate while it is heated by the photocurrent and laser

radiation.

Similarly, a photoconductive antenna can be used as a detector of terahertz radiation. The
electrodes instead of the voltage source are being connected to the ammeter [3]. The current
pulse, obtained by simultaneous illumination of the semiconductor by terahertz and probe

laser pulses is being registered. The current is proportional to the electric field of the terahertz
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pulse at the time of arrival of a test pulse (terahertz field is varying slowly in comparison to

the duration of the laser pulse):
] = NeuE (7). (2.3)

Here N denotes the average concentration of the electrons, z is the time delay between
terahertz and probe pulse. By scanning the delay z, the waveform of the terahertz pulse is

being measured.

The photoconductive antenna also can be used for generation of continuous terahertz
radiation. To do this, the gap between the electrodes of the antenna is illuminated by two
laser beams with different frequencies. The beating between them cause a periodic change
in the intensity of the light in the gap and therefore periodic changes of the photocurrent,
which is radiating electromagnetic wave of a difference frequency. Photoconductive antenna

thus serves as a mixer of frequencies.

2.1.2 Built-in field.

Surface states in certain semiconductors, such as gallium arsenide (GaAs), can be used
to generate terahertz radiation. Fermi level of surface states can differ from one in the volume
of the substance. This difference in Fermi levels causes curvature of the boundaries of the
band gap near the surface. In the area of the curvature so-called “built-in” or surface electric
field appears. We will consider this phenomenon on the example of n-type semiconductor
(n-GaAs, see Fig. 2.3). The Fermi level in n-type the semiconductor is closer to the
conduction band whereas the Fermi level surface States is close to the center of the forbidden

Zone.

Near-surface field, as a result, lies towards the surface and causes a shift in the density
of free electrons inside the material. The layer with a low concentration of electrons near the
surface is called depletion layer. In the equilibrium state, the drift of electrons in the
depletion layer into the material is compensated by their diffusion towards the surface. When
the absorption of a laser pulse occurs at the surface layer of the semiconductor, electron-hole
pairs are being created. These photoinduced charge carriers are being accelerated by the
built-in field just as in photoconductive antenna, photoinduced charge carriers are being

accelerated by the field applied from the outside.
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Figure 2.3. The Forbidden band curvature of n-type semiconductor and the built-in
field Es

Typically, the carriers’ lifetime much more than the duration of the laser pulse, thus the
excitation by the laser pulse can be considered as instant. The resulting dipole, which appears
due to separation of charge, is oscillating until the equilibrium state will not be established
again. Qualitative assessment of the magnitude of THz field can be made using the formulas

for dipole radiation:
Erpy, & Z—z,ueEs sin 9, (2.3)

where Es is the magnitude of the build-in field and @ is the angle between the direction of
the radiation and normal to a straight line, along which dipole is oscillating (dipole
oscillations happen along the normal to the surface)[2].

Thus, the maximum of the radiation is directed along the tangent to surfaces. This
direction of the radiation is not suitable for free terahertz wave generation, in particular,
because a large part of the radiation goes inside the material due to the total internal reflection
on the boundary of the semiconductor. In order to increase terahertz output, a lens or a prism
with a high refractive index is placed on the surface.
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If the size of the surface of the semiconductor, illuminated by a laser pulse, is of order or
larger than terahertz radiation wavelength, then interference of the fields of elementary
sources leads to the modulation of the resulting radiation pattern (similar to the interference

of fields of individual emitters of an antenna array).

Obviously, the radiation will have maximum effectiveness, if the field sources are kept
in phase along the direction tangent to the surface (i.e. in the direction of elementary dipole's

maximum radiation.)

This condition is fulfilled if the phase delay between the sources corresponds to the wave
propagation at the speed of light along the surface. Such phase relationship takes place when
a light spot on the surface, which is created by the inclined incident laser pulse, runs along
the surface with the speed of light (i.e. at incidence angle close to m/2). In real conditions,
due to Fresnel reflection of the laser pulse, the emission peak is observed at the angles of

incidence close to the Brewster angle (for p-polarized laser pulse.)

However, due to large refractive index of semiconductors (order of 3-4) refraction angle
of laser radiation is typically much smaller than n/2. For instance, for GaAs this angle, even
at grazing incidence, is about 16°. As a result, a light spot and the radiation source, induced
by it, move under the surface of the semiconductor with the velocity exceeding the speed of
light. The direction of maximum radiation can be received from Cherenkov radiation
conditions. Note that when generation occurs due to the built-in field, in p- or n-type

semiconductors the polarization of the terahertz pulse is opposite.

According to (2.4), the THz field is directly proportional to the built-in field. To get a
high built-in field, it is necessary either to increase the difference in levels Fermi between
"surface" and "bulk" states or to reduce the thickness of the depleted layer. This can be
achieved, for example by growing a very thin layer of low-temperature GaAs (LT-GaAs) on
the surface of n-GaAs. Since films of LT-GaAs have a very high density of impurity levels,
the Fermi level of bulk GaAs is attached to the impurity level, located in the middle of the
forbidden zone. Additional impurities can be used for further lowering of the impurity Fermi

level. As a rule, strong surface fields can be obtained in semiconductors with a wide band

gap.
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2.1.3 Photo - Dember effect.

The photovoltaic Dember effect is another mechanism, capable of generating terahertz
radiation in a semiconductor while illuminating it by ultrashort laser pulses. The effect
results in the appearance of an electric field in the illuminated semiconductor due to the
difference in the diffusion coefficients of electrons and holes. Under the condition of strong
absorption of a laser pulse in the near-surface layer, highly inhomogeneous distribution of
laser-induced electron-hole pairs is formed. The charge carriers diffuse into the material at
a rate:

ON _  0°N

E—Da?, (25)

where z is the direction inward from the boundary and D is the diffusion coefficient, which

obeys the Einstein relation:
D = kgTpu. (2.6)

The mobility of electrons is usually larger than the mobility of the holes, that is why the
diffusion of holes is slower. As a result, a charge separation occurs in the near-surface layer
for a short time and an electromagnetic field, which can be transformed into freely
propagating radiation, appears. We note that the type of semiconductor doping (n- or p-type)

does not affect the polarity of the current with the Dember effect.

The strongest Dember effect is observed in semiconductors with a narrow forbidden
zone, for example, in indium arsenide (InAs). This is mainly due to the large mobility of
electrons. With the same energy of the pump laser photon, photoinduced electrons in narrow-
band semiconductors have a larger residual energy than in wide-gap ones. In addition,
because of the strong absorption of laser radiation by narrow-gap semiconductors,
concentrations of photoinduced carriers in them are more inhomogeneous and the diffusion
current is greater than the current in wide-gap semiconductors. In Table. 2.1 [1] there are
comparison characteristics of wide-gap GaAs and narrow-band InAs for the case of
excitation of GaAs by titanium-sapphire laser (wavelength ~ 800 nm), InAs - by erbium laser
(wavelength ~ 1500 nm).
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As the generation of radiation due to the built-in field, the oscillations of carrier
concentration due to Dember effect occur in the direction perpendicular to the surface, and
therefore the radiation efficiency in free space is low. For more efficient emission, matching
elements, such as prisms or lenses are used. Also, exist special methods allowing to "deploy"
the radiation pattern of an elementary dipole in the direction tangential to the surface — this
can be achieved, for example, by imposing a strong magnetic field that distorts trajectory of

movement of charge carriers and thus effectively unfolding the radiating dipole.

Material Band gap, eV Electron Wavelength of Residue energy,
mobility, absorbing laser eV
radiation, nm
cm?Vv-ist
GaAs 1.43 8500 1000 0.05
InAs 0.35 40000 150 0.5

Table 2.1. Comparison of the properties of GaAs and InAs.

2.2. Nonlinear optical rectification.

The effect of optical rectification consists in the appearance of a medium while passing
intensive optical pulse with nonlinear polarization, which repeats the shape of the optical
pulse envelope, through it. The emerging with optical rectification, a quasi-constant voltage
(or current) can be measured. This effect was observed experimentally for the first time in
1962 with passing pulses of a ruby laser through KDP crystals, and became, along with
generation of the second harmonic, one of the first experimentally discovered nonlinear
optical effects. Later it was shown that the emerging in the case of optical rectification, the
nonlinear polarization pulse (or, more accurately, its time derivative) might be quite an

effective source of radiation.

If the optical pulse is sufficiently short (of the order of hundreds of femtoseconds), then
the current surge will have the appropriate duration (of the order of 1 ps). Radiation
frequency is determined by the duration of the current surge and is of the order of 1/ (1 ps)

=1 THz. Figure 2.4. explains the idea of the optical rectification method.
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The pulse with nonlinear
polarisation

Laser pulse ~ EO crystal

Figure 2.4. The optical rectification method

Typical representatives of electro-optical crystals, in which the effect of optical
rectification is observed, are widely used in optoelectronics and microelectronics LINbO3
(lithium niobate) and GaAs [13]. Optical rectification of femtosecond laser pulses in electro-
optical crystals has become widespread due to the relative simplicity and the opportunity to

generate with it broadband terahertz radiation.

The process of generation of radiation by means of optical rectification can be considered
in two stages. Firstly, we need to consider the problem of the occurrence of nonlinear
polarization when the laser pulse propagates in a medium. Then it is necessary to consider
the problem of the emission of electromagnetic waves by this nonlinear polarization. The
appearance of nonlinear polarization can be phenomenologically described through the
formalism of nonlinear susceptibilities. Within this formalism, the polarization vector of the
medium P in the presence of an electric field of the optical pulse E decomposes into a series
of powers of E

P = {WE + R PEE + Y®EEE + - | (2.7)

where PL = {ME is the linear and PNV = {PEE + Y®EEE + -+ is the nonlinear

polarization.

Here ¥ is the linear electric susceptibility tensor and ¥, % ... are the nonlinear

susceptibility tensors of the second, third etc. orders respectively.
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In most crystals the nonlinearity is due to the unharmonicity of the bound electrons and
develops over times of the order of 10-15 with, therefore, when considering the interaction
with the femtosecond laser pulses, nonlinearity can be considered to be instantaneous and
local [12]. Then the nonlinear polarization at each point of the medium without lag follows
the electric field at the same point:

PNL(t, 1) = RPE(t, DE(t 1) + {PE(t, E(, r)E(tT) + - (2.8)

Electro-optical crystals are crystals with high values of elements of the tensor of
nonlinear susceptibility of the second order %®. Nonlinear processes of higher order in
electro-optic crystals typically can be neglected in comparison with the processes of the

second order. As a result, nonlinear polarization will be written as
PNL(t, 1) = YPE(t, r)E(t, T). (2.9)

The direction of the vector PN! is determined by the crystal symmetry (or by non-zero
components of a tensor ¥)) and orientation of the electric field of the laser radiation vector
relative to the crystallographic axes of the crystal. The magnitude of the vector of nonlinear
polarization also depends on the relative orientation of crystallographic axes and electric
fields. Since the tensor ¥® is symmetric with respect to permutations of indices, we can

introduce more convenient tensor d@, such that

EZ E?
E2 E2
R EZ di1 dip diz diy dis dys EZ
PNl = 4@ 2EZE =|da1 dyz dpz dag dys dye 2EZE . (2.10)
y-z d d d d d d y-z
2E.E, 3 Gz G Gas Gas Gae/ | T
2E,E, 2E,E,

For many crystals, the polarization of the laser radiation can be optimally selected so that
the vector of nonlinear polarization had only one projection and the highest value. Then it

might be written

PNU(t, 1) = R E2(t 1), (2.11)
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where E2(t,r) is the instant value of electric field of the laser pulse, PN:(t,r) — instant

nonlinear polarization value (the vectors PN: and E may have different directions), )A(fjc)f is

the effective value of the nonlinear susceptibility coefficient. Substitute in (2.11) time-

harmonic field a slowly changing (compared to the filling) in time and space amplitude
Eo(t 1)

E(t,r) = Ey(t,r) coswt . (2.12)

In this case, nonlinear polarization takes the following form

PNL(t, 1) = R0 E2(t, 1) cos? wt = ; R B2 (1) + ; R E2 (4, r) cos 2wt (2.13)

Due to the harmonic time dependence of the field, the quadratic field term gives the
polarization at zero frequency (optical rectification) and double frequency (second harmonic
generation). In the future we will consider only a quasi-constant component of polarization
(the first term), leaving aside the polarization at double frequency (second term). In fact, in
those cases in which we are interested, process of the second harmonic generation can be
neglected. Obviously, a quasi-constant component of polarization is proportional to the

optical intensity:

I(t,r) = E§(t,1) " € * Ny /(8T) (2.14)
PYL(tr) = ; 3G ER () = AT E3(t ) ~ I(t ) (2.15)

Here, n,,, is the refractive index, c is the speed of light in vacuum (consider that the

amplitude of the optical field varies slowly in comparison with filling), and d'7, = %)22}

connects nonlinear polarisation with the square of electric field magnitude.

Assume that laser pulse propagates along the z-axis with a group velocity V. If we neglect
group velocity dispersion, the temporal pulse shape remains unchanged. Then the optical
intensity is a function of combination of variables é =t —z/V: I(t,z) =I(t —z/V) =
1(£), where & has the meaning of time coordinate relative to the peak of the pulse. As an

example one may take Gaussian pulse (t — pulse length):
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[(O~F () = e~/ (2.16)

Consider the pulse, which is focused on one of the transverse to the direction of
propagation coordinates (e.g., X). For simplicity, we assume that optical intensity does not
depend ony coordinate. In experiment, such in-line focused pulse might be obtained by using

a cylindrical lens. We assume the transverse intensity profile to be Gaussian:

[()~G(x) = e=**/1L | (2.17)

where [, is the transverse (in the x-direction) size of the pulse. Neglecting the diffraction, it
does not depend on z. Finally, the optical intensity can be written as

where lg is the maximum of optical intensity.
PVE(§,x) = pF(§)G(x), (2.19)

where the amplitude vector p is determined by the mutual orientation of the electric field

vector and crystallographic axes.

The nonlinear polarization (2.18) moves with the group velocity of the optical pulse V

and emits terahertz waves. The radiation problem can be handled by solving the Maxwell

equations
VxXxE=—12 2.20
- coat’ ( )
10D 4m oPNt
VxH=———+——r7
c Ot c Ot

with a nonlinear source (2.18). To complete the system of equations (2.18)-(2.19) it is

necessary to add the material ratios. As a rule, for electro-optic crystal

B

H, (2.21)
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By solving the system of equations (2.19) — (2.21), it is possible to find a terahertz field,
radiated by a nonlinear polarization source (2.19). Depending on dispersion properties of the
electro-optic crystal, the radiation of terahertz waves can occur through different

mechanisms.
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3. Terahertz time-domain spectroscopy

Most applications of terahertz radiation can be divided into two large groups: terahertz
spectroscopy and terahertz imaging (image acquisition). In case of pulsed terahertz radiation,
spectroscopy is usually performed in the time domain. In this part, we will talk about the
physical principles of terahertz time-domain spectroscopy and THz imaging, as well as some

of their applications.

3.1 Terahertz time-domain spectroscopy principles

In the pulsed terahertz scheme, the waveform of the THz pulse E(t) is being recorded by
obtaining a stack of values of the terahertz pulse field of in different moments of time. An
ultrashort laser pulse is being split into a pump and a probe pulses, which are used
respectively for generation and detection of terahertz pulses. Probe laser pulse interacts with
a certain section of the terahertz pulse at the detector. The terahertz field is being recorded
as a function of the time delay of the probe pulse. The Fourier transform of the waveform
allows to obtain the spectrum of the terahertz pulse [4]

E(w) = A(w)e @ = 1/(2n) [* E(t)e~*tdt (3.1)

The terahertz spectrum in (3.1) has a complex value. Terahertz pulse usually contains
only few oscillations of the field, so its range may extend more than an octave (in the spectral
interval equal to one octave, the highest frequency is two times the smallest). The width of
the emission spectrum of the pulsed terahertz source may be from 0.1 to 100 THz, and even
more. By recording the waveform of the terahertz pulse after its interaction with a certain
target and then computing the spectrum according to the formula (3.1), we can obtain the
spectral characteristics of the target in the range of frequencies present in pulse spectrum.
Because obtaining the spectrum takes place by registration of the wave shape (waveform) of
the pulse, this method is called Terahertz Time-Domain Spectroscopy. Figure 3.1 shows an

example of the spectrum of a THz pulse in comparison to the background noise [1].
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Properties of the discrete Fourier transform determine the minimum resolvable frequency

interval dw, and the value interval of frequencies detected Q:
éw T = 2m, (3.2
ot QO = 2m,

where T is the scanning interval of time-delay (time window), 6t is the time step of delay

(resolution time).
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Fig. 3.1 THz pulse spectrum emitted from InAs source

Since the terahertz field is a real value, then its spectrum (3.1) is symmetrical in respect

to = 0, i.e. the negative part of the spectrum does not carry any additional information in

relation to the positive part. We can assume that the recorded spectral interval is [—% %] ,

informative is the interval fromw =0to w = % = 21 " Vpmax- N steps of the sample in the

time domain (in an interval [0;T]) correspond to N/2 steps in the amplitude and phase
spectrum (in the interval [0; /2], i.e. the amount of information in the temporal and spectral

representation of the signal are equal.
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According to (3.2), the spectral resolution can be enhanced by increasing the scanning
interval of the delay T, and the maximum recorded frequency in the spectrum - by decreasing
step of the scanning ot. In practice, the working spectral interval is limited by the emission
spectrum of the generator and spectral sensitivity of the detector, therefore reducing 6t makes
sense only to a certain limit. The maximum value of T is limited by geometric parameters of

the optical scheme.

To measure the spectral characteristics of the sample investigated, it is needed firstly to
record the reference signal, i.e. the waveform of the radiation, transmitted through a certain
known environment (e.g. free space). Then you need to record the waveform of the radiation
transmitted through the sample (the actual signal). Fourier transform of the reference and the
information signal gives the corresponding spectra Ape ~*?ot and A e~*¢<t. The absorption
coefficient of the sample a and the refractive index n in the whole spectral interval can be

obtained using the formulae

1, A
a== nA—(C’, (3.3a)

n=1+[p;(w) = @o(w)] j. (3.3b)

where d is sample thickness, c is the light velocity in vacuum. Formulae (3.3) do not take
into account Fresnel reflection at the boundaries of the sample. In practice, to obtain
reference and the informative signals, two samples from the same material but with different
thicknesses are used, in order to eliminate the reflection at the boundaries. Formulae (3.3)
are suitable for spectroscopy in transmission. In principle, the same information can be
extracted by means of reflection geometry or diffusion scattering, but mathematical
expressions for the absorption coefficient and refraction index will differ from (3.3 a, b).
Typically, in terahertz spectroscopy, the electric field of the pulse is measured carrying both
the amplitude and the phase information.

This method allows you to get the refractive index and the absorption coefficient of the
sample (i.e., complex refractive index) without the use of Kramers-Kronig dispersion
relations. The detection is carried out in a wide frequency range, inaccessible for other
spectroscopic methods. The picosecond duration of the THz pulse provides a high temporal
resolution, therefore, terahertz time-domain spectroscopy is ideal for dynamic spectroscopy.
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The use of coherent detection allows to study the coherent processes as, for example, charge

carrier transport.

In addition, temporal gating during detection significantly suppresses background noise.
Therefore, by means of terahertz time-domain spectroscopy, it is possible to obtain a very
high signal-to-noise ratio, which allows to investigate signals even at very high background

illumination exceeding the useful signal.

However, this method has some difficulties. Scanning the time delay can be a rather slow
procedure and increasing the scanning speed can lead to a deterioration in the signal-to-noise
ratio. In addition, the spectral resolution of the method is usually small in connection with
the limitation of the delay interval T. In principle, T might be increased indefinitely, but in
practice, an increase in T leads to a decrease in the dynamic range of the spectrometer (the
relationship between these quantities will be discussed below). When measuring spectra of
solids of spectral resolution, terahertz spectroscopy with a time resolution is usually
sufficient, in contrast to the case of gas-like media having narrow spectral lines. In this case,
for terahertz spectroscopy, a source of continuous radiation with tunable wavelength can be

used.

Standard scheme of terahertz time-domain spectroscopy operates in the range from 0.1
to 3 THz. If using shorter laser pulses, the range can be expanded up to 10 THz, and even to
100 THz using extremely short laser pulses and thin electro-optical crystals for generation
and detection. However, as the spectral range increases, the dynamic range of the

spectrometer decreases.

3.2. Dynamic range of terahertz spectrometer

We denote by E(w) the spectral amplitude of the electric field detected by the terahertz
spectrometer, and by N(w) the spectral amplitude of the field equivalent to noise. Then the
dynamic range of the spectrometer measurement (in the frequency domain) is D(w) =
E(w)/N (w). Let the spectrometer be used to measure the spectral characteristic of a sample
of thickness d. The decrease in the spectral amplitude of a terahertz wave as it passes through
a sample can be associated with the spectral features of the material (i.e., with absorption in
certain frequency bands) or caused by other things not related to the spectrum of the sample.
We assume (for simplicity) that the losses, which are not related to the spectrum of the
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sample, do not depend on the frequency. To describe the absorption spectrum of the material,
we introduce the absorption coefficient a(w) (since the terahertz spectrometer measures the
electric field, not the power, then by a(w) we mean the absorption coefficient from the
spectral amplitude of the field). For simplicity, suppose that only one narrow (in the form of
a delta function) absorption line exists at the frequency wo in the spectrum of the sample
[14]. Then the field recorded by the spectrometer

Ep(w) = E(w)L, w # wy, (3.4)
Ep(w) = E(w)e %L, w = w,,

where the frequency-independent losses are designated as L. To observe the absorption line
in the spectrum, the spectrum modulation caused by this line should be greater than the noise

at this frequency:
E(wo)[1 — e L > N(wy). (3.5)

In case of ad « 1 from (3.5) we can get

_Ewy) _ 11
D(wo) = (wo -

N(wg) = adl’

(3.6)

Expression (3.6) shows the importance of such characteristic as the dynamic range of the
measurement. If D(wo) is small, then relatively weak absorption lines cannot be detected.

Another important parameter of terahertz time-domain spectroscopy is the signal-to-
noise ratio, which can be introduced as the ratio of the maximum amplitude of the detected
terahertz signal to the noises in the detection system. As was noted above, temporary gating
usually allows a very high signal-to-noise ratio. However, the signal-to-noise ratio when
measuring in the time domain is not always equivalent to the dynamic range of the

measurement.

There are two main sources of noise in the pulsed terahertz system: the background noise
of the probing laser beam Ng and the noise of the terahertz pulse NtH.. The value of NtH; is

proportional to the terahertz field E(t):

Nrp, = R(OE(D), (3.7)
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where R(t) is a dimensionless quantity. The values Ng and R(t) can be considered as random
functions of time. The standard deviations of these functions (o and or respectively)
determine the noise level in the time domain measurement. In order to distinguish between
background noise and terahertz wave noise, we introduce the value of the dynamic
measurement range in the time domain D as the ratio of the amplitude of the terahertz signal
A to the standard deviation of the background noise o (D = A/og), and the value of the
signal-to-noise ratio as S = 7 / or. Note that this definition of the signal-to-noise ratio differs
from one given at the beginning of the previous paragraph. However, in most pulsed
terahertz systems, the background noise is much smaller than the noise associated with the

terahertz wave, so both definitions yield similar results.

If the time resolution is o7 and the full range of the delay scan is T, then the spectral range
and the spectral resolution are given by the formulae (3.2). In most cases, o and or do not
depend on the terahertz spectrum and are completely determined by the measurement
conditions. Usually, they are a combination of white noise and 1/f noise. Since the details of
the spectral distribution of noise are not very important in this discussion, we will consider

both sources of noise independent of frequency.

Let the terahertz source has a pulse width T" and a spectral bandwidth Q. Terahertz time-
domain spectroscopy always satisfies the conditions T > T' and Q > Q'. Therefore, the noise
level in the terahertz spectrum (ie, the equivalent spectral noise amplitude) can be
represented in the form

1 St
PrHz = \/—EO'RA K= \/;O'RA K, (3.8)
VT St T

Here k = A™Y\/|E(t)|? dt is the mean value of the terahertz field, normalized to its
amplitude. The expression (3.8) shows that in the frequency domain the noise carried by the
terahertz wave is not related to the delay-scanning interval T, whereas background noise is
proportional to the square root of T.
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The dynamic range of the measurement of terahertz spectrometer D(w) can be written as

D(w) = =& k) (3.8)

)
2 2 St (Kk\2 T8t 1
JpTHz+PB \/5(5) o D2

where k(w) = E (w)/A is the normalized spectrum of the terahertz pulse. In Table 3.1

expressions for k(w) and «? of typical model, waveforms are shown.

It is clear from (3.9) that with an increase in the delay interval T and the spectral
resolution correspondingly, the dynamic range decreases. It also follows from (3.9) that the
dynamic range is related to the sampling step in the time domain otz. In accordance with (3.2),
ot determines the total spectral range. When the value 1/t is greater than the bandwidth of
terahertz pulse, a decrease in ot will not lead to an expansion of the useful band, however, it
will provide an increase in the dynamic range in the frequency domain. According to (3.6),
to detect the spectral line, a terahertz spectrometer must have a sufficient dynamic range in
the frequency domain. Correlating (3.6) and (3.9), we can conclude that the dynamic range

in the time domain limits the possible spectral resolution.
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4. THz-TDS system and measurements

4.1. Principle of operation

In frames of this work, the following THz time-domain spectrometer scheme was

realized (see Fig. 4.1, Fig. 4.2):
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Figure 4.1. Optical layout of the THz spectroscopy system

Photoconductive antennas, illuminated by ultrashort laser pulses, are used for THz
radiation and detection. The pumping laser used in this work is Toptica MA Femto Fiber pro
11. The wavelength used is 780 nm, 160 mW power, the pulse duration is 80 fs, repetition
rate 80 MHz. For more efficient collimation and focusing of THz radiation, a substrate lens

fabricated from high resistance Silicon is attached to the backside of each antenna.

Ultrashort laser pulses are guided to the compressing/expanding telescope formed by
lenses L1 and L2. The compression/ratio of the telescope is selected in order to obtain
approximately 4 mm beam diameter size. Half-wave plate HWP1 and polarizer P1 are used

to split part of pumping power for pumping THz emitter. The amount of power can be
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adjusted by changing the angle of HWP1 waveplate. Emitter pumping beam is then
redirected to the optical delay line based on hollow retro-reflector HLR1 (Stepper motor
driver SM4A is used to control optical delay line and to manipulate sample), guided by
mirrors M3 and M4 to the THz emitter. Lens L3 focuses pumping beam to the gap of the
photoconductive antenna.
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Figure 4.2. Electrical layout of THz spectroscopy system

Half-wave plate HWP2 and polarizer P2 are used to adjust THz detector pumping power.
Mirrors M5 and M6 are used to guide pumping beam to the THz detector. Lens L4 focuses
pumping beam to the gap of the photoconductive antenna. In this work, we do not need

HWP1 and HWP2 half-wave plates, because we use modern laser source with adjustable
laser power.

Iris diaphragms ID1-1D6 are used to facilitate beam guiding from laser to the THz emitter
and detector.

Sub-picosecond pulses of THz radiation are focused to the sample by lens L5. Lens L6
collimates the THz radiation to the THz detector.
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Lock-in amplifier SR-810 (Stanford Research Systems) detects the signal from the THz

detector.

The THz detector output is proportional to the instant electrical field strength of THz
pulse during ultrashort pumping pulse (which should be in 50-150 fs range for best results).
By scanning optical delay line in 10-20 fs steps, the waveform of electrical field of THz
radiation is built. The Fourier transform of waveform gives the spectral content of THz
radiation. A comparison of the spectra with and without sample inserted into THz beam path

gives the absorption spectra of the sample under investigation.

The configuration of the THz-TDs system can be easily modified for plane-wave

experiments by removing lenses L5 and L6 from the beam path (see Fig.4.3).
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Figure. 4.3. Photo of THz-TDs set-up in plane-wave configuration.
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4.2. THz emitter and detector

The THz emitter and detector consist of a microstrip antenna integrated with

photoconductor and silicon lens mounted on the back side of the photoconductive antenna.

Low temperature grown GaAs (LT-GaAs) is used as a photoconductor. Total GaAs
substrate thickness is about 400 um. Antenna is formed using Ti/Au metallization.

Detailed views of the mounting stage are shown on Fig. 4.4.
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Fig. 4.4. THz emitter/detector
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The THz emitter (detector) is illuminated by a laser beam from panel (Fig. 4.4 a) side.
Laser beams must be focused into photoconductor antenna gap (Fig 4.5). In the case of THz
emitter Si lens (Fig. 4.4. b) is used for THz radiation output. In the case of THz detector, Si
lens is used for THz radiation input. Adjustment screws are used for Si lens positioning in
point of view of microstrip antenna center. SMA socket (Fig. 4.4 c) is used for connecting
DC bias voltage to the antenna (THz emitter case) or while connecting lock-in amplifier
input with the THz detector. Any of three M6 holes (Fig. 4.4 d) can be used for THz emitter

(detector) mounting on an optical table.

50 pm——|

Fig. 4.5. Microscopic image of THz emitter antenna
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4.3. Stepper motor driver SM4A

Stepper motor driver SM4A is used to control optical delay line and to manipulate the

sample.
The main features of SM4A are:

e Up to three axes can be controlled manually with integrated linear joystick
and direction switch;

e Microstepping mode increases positioning accuracy;

e Integrated world-wide power supply for 85-240 VAC mains;

e Remote control through USB interface.
Specifications:
Number of controlled axes: 3

Axis control modes: Unprofiled motion, velocity profile motion mode, trapezoidal velocity

profile motion mode, holding mode.

Position accuracy: 1, Y2, Y4, 1/8, 1/16, 1/32, 1/64 of step
Position range: + 2%

Velocity range: 3+20000 steps/s

Stepper motor driver:

Phase current: 0.1+1.2 A.

Holding mode phase current: 70% from nominal.
Output voltage: 28V max.

Maximum power consumption: 8 W/ axis.
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Linear joystick:

Dynamic range: 1:10.

Dead band: 9% of full range.

Powering:

Powering voltage: 85-240 VAC. 47+63 Hz.
Max power consumption: 50W.
Dimensions: 60x105x180 mm.

4.4. Bias power supply TMS-100M

TMS-100 is low noise bias power supply providing bias voltage for THz emitter. Output

voltage can be adjusted from back panel by means of built-in potentiometer in 30-70 V range.
Features:

Low noise.

DC or square-wave output (external TTL input is needed)

Specifications:

Square-wave modulation frequency 10Hz- 100kHz range;

Output voltage 30-70 V range;

Max current 1ImA;

Output socket: BNC output socket;

Mains voltage: 100 VAC or 220 VAC, 50/60 Hz

Dimentions: 130 x 190 x 39 mm (WxLxH).
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4.5. Experimental measurements

In general, in the pharmaceutical market, tablets continue to remain the most convenient way
to deliver the active pharmaceutical ingredient (API) for the patient. In industrial practice,
Tableting and drug delivery functionality prevail physical and chemical properties of
excipients and API particles, and in most cases, the excipients are much more in the tablet
than in the API. Consequently, it is not a surprise that they play a decisive role in determining
ease of tableting and improved decay and dissolution effectiveness of the dosage form.
Releasing of the drug requires a special development of functional excipients, for example,
to ensure rapid dispersibility in the oral cavity or for prolonging the release of the drug. Due
to good fluidity and excellent compressibility, one of the most commonly used such
excipients is microcrystalline cellulose (MCC). In addition, the MCC absorbs water, both
into the interparticle porous structure and diffusion into the cellulose intragranular space
(Fig.4.6). Together with excellent surface wetting properties water, this makes MCC an
excipient for a wide range of applications from orally dispersible tablets to controlled drug

delivery.

High porosity is desirable as a porous structure tablets exert a strong influence on the
penetration of liquid into the tablet, which in most cases is the limiting stage during decay.
In addition, low solubility in gastric fluids is a common problem for newly developed drug
candidates. Effective disintegration Tablets are thus crucial for maximizing exposure time
from API to gastric and intestinal fluids, so that the API can be absorbed at higher rates,
which leads to increased bioavailability and a faster onset of the desired pharmacological

effect.

To overcome the limitation in terms of the maximum achievable porosity, fillers of porous
particles, which liquid absorption and, therefore, decomposition and dissolution
performance. Such a new excipient is a functionalized calcium carbonate (FCC), which has
a very high intraparticle porosity facilitate rapid absorption of liquid. Consequently, the
compacts of this excipient, display a discretely shared bimodal pore size distribution,
consisting of larger interparticle and finer intraparity pores. If the process of formulation or
tableting, the particles can be agglomerated or granular, providing an additional pore size
region associated with intergranular pores. It was shown that the generation of the excipient
is particularly effective in the formation of elastic tablets with low density and ultra-fast in
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vitro dissolution of tablets, exceeding the speed observed in MCC, usually 10 times. The
effectiveness of such tablets thus strongly depends on the structure of the pores, which is
usually characterized by porosity, that is, the relationship between the volume of voids and

volumetric volume.

E

Inter-particle Linearly polarised
pores, &,, n, incident wave

k

e

Effective refractive index,
Eeff » Neff

Intra-particle &5 \ ~ N\

\ [~

| 7
Solid, &/ e / <l\

e

Figure 4.6. The Structure of orally dispersible tablet

In a simple way for the cylindrically shaped tablet porosity can be calculated as

am

f=0- ) (4.1)

TD2HpP¢rye

where m is the mass of the tablet, H is the thickness of the tablet and p;,-. is the true density
of the material of the tablet. For FCC it is known pgcc = 2.958 + 0.062 g cm™ [15]. Thus,
if the porosity is known, the mass of the tablet or its thickness can be easily distinguished
using the relation (4.1) and vice-versa. It can be really useful considering the fact, that
tablet’s pressing procedure is never repeated in the same way, so there are always some
slight changes with the thickness of the tablet, its weight and this also means that such crucial
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parameters as porosity, strain and the structural parameter, can differ from one cycle to
another. So this THz-TDS method can be used as a non-destructive and non-invasive method

of quality control of each pharmaceutical tablet in the production line during manufacturing.

Thus, the main goal of this work is to calculate porosity of the FCC and lactose tablets,
which are also widely used nowadays as excipient for oral dispersible tablets. In THz-TDS,
pharmaceutical tablets are characterized on the basis of their effective refractive index, ne,
which is then used to calculate the porosity of the powder compacts in combination with
effective medium theory. Effective medium approximations (EMASs) were developed
extensively during the last century to model the effective permittivity et of porous media
based on the Maxwell-Garnett [16] and the Bruggeman [17] formalisms. The Maxwell-
Garnett approximation is only valid for a low-volume fraction of inclusions, whereas the
Bruggeman formalism can be applied to approximate the effective medium for highly porous

systems.

However, in simple case of the tablet consisting only from skeletal material and air we
can use Zero Porosity Approximation (ZPA). ZPA is a linear extrapolation technique, which
relates nesr and the porosity of the tablet by assuming a linear relationship between these two
variables. This method gives quite a good prediction about sample’s properties, but the error
grows very fast with increasing the number of components. For the one component FCC
tablet, the following equation applies

Nerr(f) = npeec + (1 — npee)f, (4.2)

where ng¢c is the intrinsic refractive index of FCC, which can be evaluated using n.s¢ of
the samples with known porosity, f is the porosity or fill-factor, the value of f should be
inside an interval [0;1] assuming O if there are no pores in the material, 1 if it is extremely

porous, consisting in ideal only of the air.

One useful advantage of THz-TDS is the ability to directly determine the complex
refractive index in the frequency domain of materials by Fourier-transforming the terahertz
time-domain pulse [8] without resorting to Kramers—Kronig relations. In this work, the
effective refractive index ner of a tablet was calculated from the pulse delay time At

according to the equation,
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H(ngrr—1
A¢ = Hners=1) 4 ) (4.3)
where H is the thickness of the tablet and c is the speed of light in the vacuum. Terahertz
transmittance spectra of one FCC and three lactose tablets with different thickness were
measured using the THz spectrometer system. The set up of the terahertz system has been

described previously in this work.

Measurements were conducted in two stages: first of all, THz pulse in time-domain was
observed and its spectrum was obtained by means of Fast-Fourier Transform (FFT). Itis also
called reference spectrum. Then sample investigated was placed between THz emitter and
detector and the procedure repeated. Afterwards data obtained was analyzed and parameters
needed were calculated.

The time-delay of the THz pulse can be easily measured by means of delay line, as the
sample is inserted in the system, the starting position of the THz pulse shifts and can be
detected by adjusting the delay line position. Basically, it means that equation (4.2) can be

modified the following way:
Al = H(Tleff - 1) (4.4)

where Al is the difference between two delay line positions: without the sample and when

the sample investigated is inserted in the THz pulse path.
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The FCC tablet had a thickness of 0.771 mm and a diameter of 10 mm.

Sample Amplitude, a.u.
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— Electric Field Sample

2519 —— Reference Field Sample
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Fig.4.7. Reference and FCC sample electric field versus time
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Fig.4.7. Reference and FCC sample spectra
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Fig.4.8. FCC sample absorption coefficient
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Fig.4.9. FCC sample effective refractive index
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As the refractive index changes with the frequency, in order to roughly estimate FCC
sample’s porosity the mean value of the effective refractive index nes =2.45 can be taken for

the further calculations.

After that, using ZPA a porosity of the FCC tablet sample can be estimated. It is known
from the literature [15], that intrinsic mean value of refractive index of FCC in THz range is
ni = 2.97. Intrinsic value corresponds to f equal to 0, in contrast, for f equal to 1, the value of
the effective refractive index must be around 1, as for the ambient air. Thus, the position of

the point on the linear curve should give us the corresponding value of porosity:

—— ZPA model curve
3.0 FCC tablet
2.5
i
8 204
1.5
1.0 4
T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
f

Fig.4.10.Estimation of the FCC sample porosity by ZPA method

It is seen from Fig. 4.10 that the value of the porosity is around f = 0.254. Now the mass
of the tablet can be found using the relation (4.1) and it is approximately my-. = 133.6 mg.
Of course these estimations are quite rough, because only the volume of the pores is taken
into account, but in real life there is always some space between the pores. The tablet media
has a very complicated structure (Fig. 4.6), the shape of the pores (which can be far not
spherical) and their location relative to source of THz radiation play significant role and must

be taken into account while making serious and deep analysis of multi-component systems.
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The first lactose tablet had thickness of 1.112 mm and diameter of 10 mm.
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Fig.4.11. Reference and the first lactose tablet sample electric field versus time
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Fig.4.12. Reference and the first lactose tablet sample spectra
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Fig.4.13. The first lactose tablet sample absorption coefficient
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Fig.4.14. The first lactose tablet sample effective refractive index
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The second lactose tablet had a thickness of 1.620 mm and diameter of 10 mm.
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Fig.4.15. Reference and the second lactose tablet sample electric field versus time
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Fig.4.16. Reference and the second lactose tablet sample spectra
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Fig.4.17. The second lactose tablet sample absorption coefficient
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Fig.4.18.The second lactose tablet sample effective refractive index
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The third lactose tablet had a thickness of 0.885mm and diameter of 10 mm.
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Fig.4.20. Reference and the third lactose tablet sample spectra
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Fig.4.21. The third lactose tablet sample absorption coefficient
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Fig.4.22.The third lactose tablet sample effective refractive index

56



Now a similar analysis will be made for all three lactose tablets as it was done for FCC
tablet sample. Mean values of the effective refractive index for the first, second and third
tablet respectively: n,.rr = 1.871, 15,5 = 1.671, 13,5 = 1.584. Porosity of the samples
will be estimated again by means of ZPA model. In article [17] the dependence of refractive
index of a-lactose monohydrate (most widely used in pharmacology) versus frequency in
THz range was depicted. The mean value of intrinsic refractive index inside the frequency
band, which is used in our work was in order of 1.85. Due to the fact, that the data received
refers to strongly pressed lactose sample, it is clear that the porosity was very low, so the
value of effective refractive index for the first lactose tablet will be taken as for non-porous

material (f=0).

204 ZPA model curve
2nd tablet
. 3rd tablet
1.8 1
1.6
Q(U
1.4 4
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' 1 ' ] ! 1 ! 1 ! 1
0.0 02 04 0.6 0.8 1.0
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Fig.4.23.Estimation of 2" and 3" lactose tablets porosity by ZPA method
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The values of porosity of 2" and the 3" lactose samples are f, = 0.219 and f3 = 0.33
respectively. As far as the density of the lactose p;gcrose = 1.52 g ¢cm™ and other physical
parameters are known, the relation (4.1) can be used to calculate approximate mass of each
of the tablets.

my = 1.328-10"* kg = 132.8 mg,
m, = 1.51-107* kg = 151mg,
ms = 6.6 107° kg = 66mg,

where m1, mz and ms are masses of the first, second and the third tablet respectively.
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5. Conclusions

In frames of this work optical properties of FCC and lactose tablet samples were
examined using THz-TDS method. A THz-TDS setup was designed and assembled for these

purposes.

The FFT for the TD data of the samples was used in order to obtain spectrum of the
samples in THz range. The further mathematical analysis made it possible to obtain effective
refractive index and absorption coefficient of the samples. Such crucial physical parameters

of the sample as porosity and mass were calculated using effective media approximations.

THz-TDS method combines the accuracy and simplicity of use, allows to investigate a
wide range of materials, composition and physical properties and thus can be used as non-
destructive and non-invasive method of quality control of each pharmaceutical tablet in the

production line during manufacturing.
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