
Chapter 18
THz Spectroscopy of Advanced Materials

Can Koral, Gianpaolo Papari, and Antonello Andreone

Abstract Materials research is an essential component of modern terahertz systems:
novel, broadband, low loss and tunable devices all heavily rely on new materials,
ranging from graphene to transition metal dichalcogenides and doped semiconduc-
tors. At the same time, terahertz spectroscopy provide a powerful tool for the
characterisation of a broad range of materials, including composite polymers and
biomolecules. In this review, we will present our recent progress on the use of time
domain spectroscopy to extract microscopic information in an otherwise inaccessible
portion of the electromagnetic spectrum.

18.1 Introduction

Due to its unique properties, the THz spectral regime is still out of reach of optical
laser wavelengths, while at the same time standard high frequency electronics starts
to fail. There is therefore an ever-expanding need for devices and systems operating
at the THz frequencies that are efficient, tunable and broadband. Development of
new and advanced materials can drive the rapid evolution of critical technologies
like revolutionized information and telecommunication systems, highly efficient
photovoltaic technologies and high colour contrast light emitting devices, among
others. It is not farfetched that this demand would continually rise in the foreseeable
future.

When used as a probe, the THz radiation can provide simultaneous and straight-
forward measure of the materials most fundamental properties, i.e. charge population
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dynamics, mobility, and the interplay between the two, which are not accessible to
other optical or electrical techniques.

In this chapter, we will review our recent progress on the understanding of the
electrodynamic parameters of some selected materials, potentially of interest for a
number of different applications in the THz range, ranging from opto-electronics and
bio-electronics to sensing.

18.1.1 ZnO Nanopowders

The large bandgap (3.3 eV) [1], visible light transparency, availability and multiple
techniques for thin film deposition (chemical vapour deposition, sputtering, molec-
ular beam epitaxy, etc.) make zinc oxide (ZnO) a versatile semiconductor exten-
sively used in different technological applications [2, 3 and references therein]. Solar
cells [4–10], piezoelectric actuators [11, 12] and thin film transistors are just a few
examples of technological returns of ZnO. Different kind of doping have been
applied to ZnO, aiming at improving conducting properties but preserving its
transparency [8, 9, 13, 14]. Successful results have been reported in the attempt to
dope ZnO with fluorine (F), since an additional electron with respect to oxygen is
naively considered a “shallow donor” [2, 8, 9, 15]. Nevertheless, the mechanism
through which F atoms can provide free carriers is still controversial [2, 16,
17]. Indeed, some authors predict an increase of extra delocalized electrons as well
as overall carrier mobility due to F-doping [18, 19]. On the other hand, a decrease of
conductivity of F-doped ZnO is expected by other studies [12].

Indeed, fluorine atoms are supposed to occupy oxygen vacancies that are the most
favourable defects in ZnO2. However, F atoms are theoretically expected to widen
the distance between neighbouring Zn atoms, producing a deep localized state
[2]. Density functional theory has been employed to account for the effect of fluorine
doping on ZnO:F transport properties [16]. F atoms can work as either donor or
acceptor according to the case they get full of oxygen vacancies or remain intersti-
tials. The resulting activation energies have been estimated to be too high (~0.7 eV)
for effectively providing any kind of carrier at room temperature, and the increase of
free charge density could be ascribed to the effect of surface passivation operated by
fluorine.

18.1.2 Graphene-Like Layers in Eumelanin

Graphene represents the first achievement of a fully two-dimensional material. A
single sheet of carbon atoms is technologically versatile for its high ease of integra-
bility [20–23] and fruitful electrodynamic properties in THz region, where it has
been considered for the development of sensors [24, 25], filters [26], spatial light
modulators [27–29], mantle cloaks [30]. Hybridized with organic based electronics
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[31, 32], it has been extensively used for the production of novel biocompatible
devices [33–36]. Within this frame the possibility to reproducibly fabricate graphene
based nanowires and interfaces becomes quite relevant although only few attempts
have been provided so far [37].

Recently, a reliable way for the realization of graphene micro-circuitry turned out
to be the exploitation of graphene-like (GL) layers [38]. A GL layer is a platelet
composed of a few layers of graphene having width of few nanometers. As a
consequence of the manufacturing process, GL samples are born as water suspen-
sion, inherently predisposed to be molded in many shapes, and suitable for wiring
organic electronics structures by spraying and/or ink-jet printing techniques either on
rigid or flexible supports. An entire set of optical devices, including metamaterials,
filters, absorbers, modulators, cloaks etc. can be newly proposed through the
employment of the moldable GL compound. Analogously to some use of carbon
nanotubes [39], a GL layer allows further interesting applications, to create new and
cost-effective materials with tailored electrodynamic properties, for instance trough
the mixture with specific insulating components.

Within the scenario of bio-electronics, eumelanin, a proved biocompatible mate-
rial [40], can be exploited as an insulating sheath and host for GL layers in
bioorganic environments.

18.1.3 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are characterized by a layered structure,
responsible for their peculiar intrinsic 2-D electronic properties. Each crystal plane is
based on the chemical configuration MX2, where M is a metal and X is a chalcogen
[41, 42]. Adjacent layers are held together by van der Waals forces, which inhibits
free charge mobility across MX2 planes. TMDs in thin-film form offer a large variety
of compounds with adjustable band gaps [43, 44] and present a good transparency in
the THz band that might pave the way to the development of a promising class of
novel devices for THz optoelectronics [44]. Different from other tunable band gap
systems like graphene, TMDs can also exploit an additional external parameter to
control their own electro-optic properties as the magnetic field because of the spin-
dependent band gap [45]. Furthermore, it has been shown [41, 46, 47] that the energy
band structure of TMDs presents an interesting and unique dependence on the layer
number, and a band gap transition from indirect to direct one for monolayer samples.
Consequently, there is a consistent and growing demand in thin-film characteriza-
tion, for the possible development of novel fast electronic [48, 49] and/or electro-
optical systems [50, 51].
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18.2 Sample Preparation and Structural Characterization

18.2.1 ZnO Nanopowders

Bare and F-doped ZnO powders were prepared by the hydrothermal route. Typi-
cally, a solution containing a 1:1 molar ratio of triethylamine (TEA) and zinc acetate
di-hydrate (ZAD) was prepared, mixing TEA (0.84 mL) and ZAD (1.32 g) into
ethanol (36.0 mL) under constant stirring. After complete dissolution of ZAD, water
(4.0 mL) was added drop-wise, producing a whitish suspension. Afterwards, differ-
ent amounts of ammonium hydrogen fluoride (NH4FHF) were used to realize the
following atomic F concentrations: 1 at%, 3 at%, and 5 at%. The obtained suspen-
sions were sealed within a Teflon recipient (the liquid volume corresponding to 75%
of the whole), placed into a circulating oven and kept at 120 !C overnight. After
cooling down to room temperature, powders were recuperated by centrifugation and
repeatedly washed (three times with distilled water). Prepared samples will be
named thereafter F1, F3, F5, respectively. F0 indicates the undoped sample.

For the THz measurements, pellets of ZnO:F/KBr in the ratio 1:10 were oppor-
tunely realised. Samples roughly 330 μm thick were obtained by pressing a mixture
of 90% of KBr powder with the 10% of ZnO:F. KBr was chosen because sufficiently
transparent up to about 2.5 THz, behaving therefore as an optimal host for THz
spectroscopy. This procedure gives the advantage to precisely control within a few
microns the thickness of each sample that is a crucial parameter for THz
spectroscopy.

18.2.2 GL and EUGL Pellets

GL layers were obtained applying a two-step oxidation/chemical reduction strategy
described in a previous work [38]. A brief description of the applied method is as
follows: 500 mg of Carbon Black (CB) powder was oxidized with nitric acid (67%,
10 mL) at 100 !C under stirring and reflux for 90 h. The oxidized carbonaceous
material, labeled as GL-ox, was recovered by centrifugation and washed with
distilled water until acid traces were successfully removed. After the oxidation
step, 60 mg of GL-ox was dispersed in distilled water (60 mL) and treated with
hydrazine hydrate (1.35 mL) of at 100 !C under reflux. After 24 h the suspension
was cooled at room temperature and the excess of hydrazine was neutralized with an
diluted nitric acid (4 M) allowing the precipitation of a black solid: the GL layers. GL
layers were recovered by centrifugation (3000 rpm, 30 min), washed with distilled
water and recovered again by centrifugation. This last purification step was repeated
twice. The material was in part stored as aqueous suspension (mass concentration
1 mg mL-1, pH 3.5) and in part dried at 100 !C and stored. Analytical grade
chemicals were purchased from Sigma Aldrich and used without any further
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purification. CB (N110 type, furnace black, 15–20 nm primary particles diameter,
specific BET area 139 m2 g"1) was purchased from Sid Richardson Carbon Co.

Eumelanin was synthetized under biomimetic conditions through
5,6-dihydroxindole (DHI) and 2-carboxy-5,6-dihydroxindole (DHICA) oxidative
co-polymerization [52]. DHI and DHICA were prepared according to a procedure
previously described [53]. A mixture (3:1 in weight) of DHI/DHICA was dissolved
in methanol (20 mg/mL) by ultrasonic agitation and the resulting suspension was
kept for 10 min under magnetic stirring. The pH was adjusted to 8 with ammonia
solution (28% in water) allowing indoles to auto-oxidize and polymerize. After 1 h,
the reaction was quenched by adding acetic acid solution (1 M) until pH 4 is
established. The material was then dried at 100 !C and stored as EU.

The hybrid material EUGL was prepared according to the procedure previously
described [40]. Briefly, a proper amount of GL layers in aqueous suspension
(1 mg mL"1) was added to the mixture of eumelanin precursors (DHI/DHICA)
dissolved in methanol before the addition of ammonia solution to induce the EU
precursors oxidation and polymerization. The work-up of the reaction was the same
as described for the preparation of pure eumelanin. The suspension was dried in an
oven at 100 !C and stored. After drying the EUGL hybrid resulted insoluble in water.

Solid dispersions were prepared by mixing and grinding the samples with KBr
(host) in different mass ratios (see [54] for details). The solid dispersions were
compressed at 10 tons for 10 min into thin disks (13 mm in diameter) having
thickness values ranging between 0.038 and 0.045 cm.

18.2.2.1 WSe2 and MoSe2 Films

TMD films have been deposited using a process known as thermally assisted
conversion (TAC). TAC has the capability of depositing a continuous large-scale
film with multiple layers [55]. The appropriate transition metal (Mo, W) films were
deposited using a sputter coater (PECS, Gatan) at <2 Å/s to form a smooth conformal
coating 10 nm thick on a c-axis SiO2 substrate. In order to convert the metal films
with their respective diselenides, they were exposed to selenium vapor at an elevated
temperature in a home-built hot-wall chemical vapor deposition reactor with a
process that has been described in more detail previously [43]. Specifically, metal
films were converted to selenide in the reactor with chamber temperature at 600 !C
under a flow of about 150 sscm of argon with the Se powder source held upstream at
219 !C for 2 h. Previous characterization indicated that the final thickness of selenide
(MoSe2, WSe2) was 20 nm, which was double the initial metal thickness. To protect
the films from oxidants in the atmosphere, they were encapsulated with 5 nm of
Al2O3 using atomic layer deposition carried out over 46 cycles at 80 !C and a
pressure of 2.2 Torr.

Using a shadow mask, samples were deposited on one half of SiO2 c-axis sub-
strates having a total area of 2 cm # 1 cm. The second half was intentionally left
bare, so that one could retrieve the thin-film parameters employing the exact film
thickness and refractive index ens of the specific substrate on which each sample was
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deposited. As it will be shown in detail in the next paragraphs, this was the only
effective procedure to minimize the error introduced by the unavoidably slight
difference in substrate parameters [56].

18.3 Experimental

THz spectroscopy measurements were carried out using a Time-Domain system
based on a fs fiber system (Menlo Systems™). Generation and detection of THz
signal is accomplished through the use of two photoconductive antennas based on
GaBiAs semiconductor technology and excited by a laser pulse having 1560 nm
wavelength and a repetition rate of 80 MHz. THz signal is collimated and then
focalized on the sample using TPX (Polymethylpentene) lenses. The size of the
Gaussian profile of the focused THz pulse, estimated with the standard knife-edge
technique, is of the order of 2 mm. Temporal sampling rate is fixed at about 0.1 ps,
whereas the whole acquisition interval ranges between 100 and 200 ps, giving a
frequency resolution of about 5 GHz in the optimised conditions. The free space
signal has a bandwidth extension up to about 4 THz, roughly halved in case of
samples showing a high level of absorption. Samples are placed on an aluminum
plate provided with circular holes 8 mm in diameter, as sketched in Fig. 18.1.

The holder is mounted on a two-dimensional motor stage, which enables to
acquire measurements through free space, reference, and samples during the same
run, with an enhanced accuracy on phase and amplitude for each single acquisition.
In order to reduce or eliminate the effect of H2O absorption in the frequency spectra,
all measurements are performed in a purging box filled with N2 and a humidity level
lower than 0.1%.

18.4 Theoretical Background

Electrodynamic properties of powders, pellets and films have been studied by
applying a standard approach based on the computation of the complex Transfer
Function (TF) eT ωð Þ (ω ¼ 2πf), experimentally obtained through the ratio between
the signal transmitted through the pellet eEs ωð Þ and the signal collected in free
space eEr ωð Þ.

In the case of bulk (optically thick) samples, the modulus of transmission can be
expressed as

T ωð Þ ¼ ES ωð Þ
ER ωð Þ ¼

etasetsa exp "i ens " enairð Þωd
c

! "
∙FP ωð Þ ð18:1aÞ

where
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FP ωð Þ ¼ 1

1" en"enair
ensþenair

# $2

exp "i2ens ωdc
% &

ð18:1bÞ

etas and etsa are the Fresnel coefficients at the boundaries air-sample and sample-air
respectively, ens is the complex refractive index of the sample, enair the refractive
index of air, d the sample thickness and c is the speed of light. The factor FP accounts
for the oscillations due to the Fabry-Perot effect. A commercial software
(Teralyzer™) has been used to achieve ens ¼ ns þ iks for each single sample. This
routine is based on the total variation technique [57–60] that defines the refractive
index ns, the extinction coefficient ks, and the effective optical thickness deff, related
to the minimum amplitude of FP oscillations. The effective optimal thickness is
achieved with a precision of 2 μm.

The complex dielectric function eεs=ε0 ¼ εr þ iεi is easily obtained through the
relations εr ¼ n2s " k2s and εi ¼ 2nsks [61], with ε0 as vacuum permittivity.

In order to extract the intrinsic value of the dielectric function of samples under
test, we employed the mean field theory (Landau–Lifshitz–Looyenga model [62]).
Briefly, we used the following formula

E
k

Tx Rx

Movable stage

Fig. 18.1 Upper part: a sketch of the measurement scheme. Lower part: a pictorial representation
of the optical setup. The THz radiation is collimated and then focalized, the holder can be moved so
that the reference and different samples can be measured in the same experimental run
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eεg ηg
' (

¼ eε1=3s " 1" ηg
' (

∙eε1=3h

' (3
=ηg ð18:2Þ

relating the guest substance permittivity eεg to the permittivity of both the host
substanceeεh (KBr) and sample (mixture) substanceeεs. The coefficients ηg, h represent
the concentrations in volume of guest and host substance and are related to the
experimental concentrations in weight αg, through the equation:

ηg ¼ 1þ
ρg
ρh

1" αg
αg

# $"1

ð18:3Þ

with ρg and ρh mass density of the guest and host substance respectively.
For thin films deposited on a substrate having a refractive index ensubstr, it can be

easily shown [68] that also this parameter has to be used in Eq. (18.1b), so that

FP ωð Þ ¼ 1

1" en"enair
ensþenair

# $
ens"ensubstr
ensþensubstr

' (
exp "i2ens ωdc

% &

Permittivity and conductivity parameters in the following have been fitted using a
conventional Drude-Smith model [63]. Complex permittivity can be written as

eε ωð Þ ¼ ε1 "
ω2
p

ω2 þ iωωτ
1þ c1

ωτ

ωτ " iω

# $( )

ð18:4Þ

where ε1 is the asymptotic value of εr, ω2
p ¼ ne2=ε0m( is the plasma frequency,

n and m( are the carrier density and effective mass respectively, and ωτ ¼ 1/τ is the
relaxation frequency. The coefficient c1 ranges between "1 and 0 and accounts for
the portion of localized/backscattered electrons. THz conductivity can be simply
obtained through the expression

eσ ωð Þ ¼ "i eε ωð Þ " ε1½ *ε0ω ð18:5Þ

and from here the dc conductivity σdc, using

σdc ¼ 1þ c1ð Þω2
pε0=ωτ ð18:6Þ
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18.5 THz Spectroscopy

18.5.1 ZnO

An expanded view on the measured time dependent THz signals is shown in
Fig. 18.2, left panel, where the reference (free space), ZnO:F1/KBr, ZnO:F3/KBr
and ZnO:F5/KBr sample curves are reported as solid lines with different colors. The
average delay between the reference and the ZnO:F/KBr samples is mostly due to the
contribution of the KBr which occupies the 90 wt.% of each pellet mixture. Instead,
the effect of losses is more pronounced by comparing the transmission moduli
eT ωð Þ
)) )) as reported in Fig. 18.2, right panel. The average transmission amplitude
undergoes a robust enhancement of about 50% passing from ZnO:F0 (not shown) to
ZnO:F1. Increasing the doping level, eT ωð Þ

)) )) in doped samples decreases, remaining
anyway more transparent than pure ZnO. All samples display significant Fabry-Perot
oscillations, whose periodicity [64] Δf ¼ c

2npd
+ 0:2 THz yields a refractive index

for a pellet np + 2.3, in agreement with the value achievable by temporal delay of
THz signals np ¼ c δt

d þ 1 for d ffi 330 μm and δt ffi 1.4 ps.
Following the theoretical approach described in the previous section, we have

extracted the intrinsic eε for all samples. The real part of permittivity tends to increase
passing from εr ffi 10 for ZnO:F0 (not shown) to εr ffi 14 for ZnO:F5 at 1 THz.
Instead, εi describes more complicate dynamics as the doping increases. At 1 THz,
the bare sample has εi ffi 18 whereas for ZnO:F1 the value drops at εi ffi 10.5, losing
about 42% of its value. As the doping is further increased εi gets closer to the value
of bare ZnO, although ZnO:F5 still has εi ffi 15. The sample conductivity can be
easily gained through σ(ω) ¼ ε0ωεi(ω), whose dependence on fluorine doping
clearly follows the same dynamics as in εi. In Fig. 18.3, left and right panel
respectively, the real part of the dielectric function εr and the THz conductivity σ
are reported as a function of frequency in the left and right panel respectively.
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Fig. 18.2 Left: Electric field signals versus time transmitted in free space (black curve) and through
the ZnO:F/KBr samples under test. Right: Corresponding transmission versus frequency. Samples
having 1 at%, 3 at% and 5 at% fluorine are represented by the red, blue and magenta solid lines
respectively
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Taking as a reference the extracted direct conductivity, we can quantify the
decrease of ZnO:F transport properties, noting that at 1 THz we find:
σdc(ZnO : F1) # 2.7 ffi σdc(ZnO : F0) and σdc(ZnO : F5) # 1.6 ffi σdc.

THz and dc conductivity of the bare sample are in agreement with similar
measurements performed on zinc oxide thin films [13, 65]. Instead, THz conductiv-
ity of ZnO:F1 undergoes a relevant decrease passing from about 10 S/cm, in the
absence of doping, to about 6 S/cm. In order to find more quantitative information on
the intrinsic conductivity we have fitted for all samples eε with the Drude-Smith
model (Eq. 18.4). The extracted parameters, which are affected by an uncertainty of
about 2%, are summarized in Table 18.1.

According to the Drude-Smith model, specifically developed to account for the
rate of backscattering processes in granular systems, the conductivity decreases
because of the simultaneous increase of |c1| and relaxation time ωτ (Eq. 18.6).
Indeed, both parameters increase by more than 20% in ZnO:F1 and ZnO:F3. In
ZnO:F5, instead, this increase is of the order of 10% only, in spite of a relevant
decrease of its conductivity in comparison with the bare sample. The lowering of
conductivity can be better accounted for by looking at the change in morphology of
ZnO:F powders, as shown by SEM analysis. The growth of |c1| is coherent with a
system in which the number of grain boundaries involved into the relaxation process
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Fig. 18.3 Left: relative permittivity (εr) vs f. Right: conductivity (σ) vs f. Experimental data for the
ZnO:F samples are plotted via circles, squares, and triangles corresponding to fluorine percentage of
1 at.%, 3 at.% and 5 at.% respectively

Table 18.1 Parameters used for the best fit of the ZnO:F powders complex permittivity according
to the Drude-Smith model. The uncertainty of tabled parameters is of the order of 2% (taken from
[66])

Sample ωp (THz) ωτ (THz) C1 σdc (S/cm) ε1
F0 49 10 "0.70 6.4 10
F1 49 13 "0.85 2.4 9.5
F3 50 13 "0.83 2.9 11
F5 50 11 "0.8 4.0 12
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increases. Since the relative variation of relaxation time ωτ ¼ 1/τ follows the
variation in |c1|, we can infer that the Mattheissen’s rule [67] 1/τ ¼1/ τi +1/ τgb
holds. Here τi accounts for the relaxation process inside a single grain and τgb relates
to the average scattering time at grain boundaries. As fluorine doping is increased,
the change in morphology suggests that τgb decreases, so that ωτ basically follows
the change in ωgb.

The consequences of an effective doping mechanism would reflect into a strong
enhancement of ωp because of the growth of carrier density. Instead, we observe a
slight upshift of about 2%, hardily explainable in terms of an effective doping
mechanism. On the other hand, the real part of permittivity tends to grow as a
function of doping, and the reference value ε1 in ZnO:F5, is about 20% larger than
the bare value. This is the signature of some localized (polarizable) charge provided
by the doping process. The enhancement of ε1 is reasonably ascribable to the
enhancement of luminescence centers observed in PL measurements too.

We can therefore summarize the most significant information extracted using
THz spectroscopy from ZnO:F samples, as a function of the doping increase:

σdc first decreases and then increases again, however never restoring the value of the
bare sample;

both |c1| and ωτ reasonably increase for the rise of scattering rate at grain boundaries;
ωp remains basically constant, and ε1 tends to increase.

It is remarkable to note that the above Drude-Smith parameters keep their
significance and trends within the highest uncertainty inherited from eε.

We infer therefore that the fluorine doping slightly affects the polarization charge
of ZnO:F powders but does not enhance the carrier density. ZnO:F samples instead
show a granular morphology at nanoscale, compatible with the growth of the grain
boundary scattering rate and the decrease of σdc. The increase of the fraction of
smaller particles with the amount of doping precursor can explain this effect.

18.5.2 GL and EUGL

Again, the time dependent evolution of the electric field transmitted through differ-
ent samples is recorded and compared with the reference (air) signal. From here,
meaningful information on the electrodynamic parameters of the samples under text
can be derived from the frequency transmission T(ω) in the range 0.1–2 THz. Results
for GL/KBr mixtures are reported in Fig. 18.4 for various volume concentrations.
Increasing the content of GL in KBr, THz losses increase accordingly, so that the
amplitude scales down and is frequency limited by the lower Signal-to-Noise Ratio
(SNR). Therefore, in pure KBr T(ω) extends to 2 THz, whereas for maximum GL
layers concentration (approximately 10%) a significant signal is observed up to
1 THz only.
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We first use THz spectroscopy to capture changes in the electrodynamic param-
eters obtained through chemical transformations of compounds GL and EUGL
layers are based on.

Then, the technique is applied to highlight the differences in the electrodynamic
behavior of simple mixtures of eumelanin and graphene-like layers (EU + GL) and
the hybrid obtained through their polymerization (EUGL) (for details, refer to [54]).

Polymerization induces EU to incorporate GL layers into nanodrops having an
average diameter of few tenths of nanometers [38]. This has incisively affected the
percolation path when compared to the case of a simple mixture between EU and GL
layers. If the polymerization helps also the onset of new chemical bonds that may
degrade GL conductivity, it remains an issue that has not been addressed yet.

Using the retrieval procedure, we can finally extract the complex permittivity and
the effective thickness of pure KBr and mixed samples of GL and EUGL layers.
Once eεh, the complex permittivity of the host substance (KBr), and eεs αg

% &
have been

retrieved, eεg (αg) is obtained employing Eqs. (18.2) and (18.3). At 1 THz we find
εr(KBr) ffi 5 and σr(KBr) ffi 0.4 S/cm, in substantial agreement with results reported
in [68].

A summary of the results on the real and imaginary parts of the dielectric function
as a function of frequency and the conductivity for two representative GL and EUGL
samples are reported in Fig. 18.5.

In the GL sample, both εr and εi strongly decrease in the frequency range
0.3–1.5 THz. In comparison, the hybrid EUGL displays similar frequency depen-
dence for εr, with smaller values but at the highest frequencies. The behavior of εi
instead is quite different, with nearly flat frequency dependence and absolute values
reduced by a factor 5 or more.

Quantitative insights on the complex dielectric function eε of both GL and EUGL
compounds can be retrieved using a simple Drude-Smith model through Eqs. (18.4)
and (18.5). We found reasonable parameters by fitting simultaneously the families of

Fig. 18.4 Left: Time dependent evolution of the transmitted THz signal as a function of different
GL concentration. Black: 0% (pure KBr); red: 2%; green: 3%; blue: 5%; orange: 7%; magenta:
10%. Percentages refer to the concentration of GL in the KBr matrix. Right: T as a function of
frequency for the same samples

264 C. Koral et al.



curves εr(ηg) and εi(ηg) of both GL and EUGL samples. Drude-Smith model implies
the knowledge of 4 parameters that are summarized in Table 18.2. Through
Eq. (18.6) we get as direct conductivities σdc ¼15 S/cm and σdc ¼2.9 S/cm for GL
and EUGL respectively. The total uncertainty relative to the complex permittivity
(δε) and conductivity (δσ) are worth 15%(13%) and 10%(10%) for GL (EUGL)
samples. Specifically the permittivity uncertainty has been calculated by the spread
of eε as function of concentration ηg so that δε ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δεr2 þ δεi2

p
, whereas δσ just relies

on the data spread detected into plotting σr (ηg).
GL and EUGL appear sharply different in terms of σdc and ε1 because we find

σdc (GL) ffi5 σdc (EUGL), and 1.77 ε1 (EUGL) ffiε1 (GL). Also ωp values are well
separated within δε interval whereas ωτ values, describing the time scale of
photoconduction, are comparable within the total uncertainty (δε), because of the
dependence of both on conductive properties of GL. Amplitudes of σdc are
suppressed by the factor 1 + c1 which limits to less than 30% the fraction of carriers
available for direct conduction. GL and EUGL display photoconductive properties
similar to the amorphous carbon [69], that are a few times lower than the perfor-
mances of carbon nanotubes compound [70] and a factor 1000 lower than perfor-
mances of graphene based systems [71]. Charge densities of GL and EUGL are
slightly lower than carbon nanotubes, indeed being n ¼ ω2

pm
(ε0=e2 we get n

(GL) ffi 2 ∙ 1018/cm3 and n(EUGL) ffi 2 ∙ 1017/cm3 having employed m( ¼ 0.87 me

the effective mass of charges in carbon amorphous samples [72].
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Fig. 18.5 In the panels the real (left) and imaginary (right) components of the permittivity as a
function of frequency for two different samples (graphene-like, GL: black circles; hybrid graphene-
like + eumelanin, EUGL: red squares) are shown

Table 18.2 List of parameters used for fitting εr and σ data through Drude-Smith model for the GL
and EUGL mixtures. The last two columns account for the total uncertainty relative to eε and σr
obtained through data dispersion (taken from [54])

Sample ωp (THz) ωτ (THz) C1 σdc (S/cm) ε1 δε δσ

GL 82.9 1.6 "0.75 15 32 15% 10%
EUGL 50.2 1.8 "0.85 2.9 18 13% 10%
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18.5.3 TMD

In Fig. 18.6 the temporal evolution of the electric field signals transmitted across the
WSe2 (left panel) and MoSe2 (right panel) samples is reported. Black curves
represent the free space transmission, whereas red curves refer to signals passing
through the bare substrate. Peak amplitude in the substrate was always around 20%
lower than the free space case, and its delay of about δt + 2 ps described the proper
change in refractive index (since the nominal thickness was 300 μm, this corre-
sponds to ns+ 2 for the crystalline SiO2). The presence of the WSe2 and MoSe2 thin-
film induced a further reduction in the transmitted signal (blue curves) of about 30%
and 10%, respectively, when compared to the bare substrate. In all cases, THz waves
impinging and passing through each sample caused an etalon effect with the first
reflected signal manifesting itself with a delay of almost 5 ps from the main peak.

Time dependent signals were then converted in the frequency domain using a fast
Fourier transform (FFT) method to get the transmission function eT ωð Þ ¼
eE f ωð Þ=eEs ωð Þ, where the complex quantities eE f ωð Þ and eEs ωð Þ are the FFT curves
of the sample and bare substrate, respectively.

Results are presented in Fig. 18.7 in terms of the real and imaginary part of the
complex dielectric function.

The real part εr (left panel) displays substantially a flat dynamics, with MoSe2
characterized by a very high dielectric constant (+1000) and WSe2 values being
slightly negative. Imaginary parts εi of the two films are reported in the right panel,
showing the expected free-charge decrease, although values for εi (WSe2) were
larger than for εi (MoSe2) by a factor of 5 or more. The MoSe2 film, therefore,
showed a semiconducting behavior with the real part being strictly positive and a fast
decay of εi versus frequency [67]. On the other hand, the WSe2 sample clearly
presented a weak metallic behavior in the THz region, showing a complete negative
εr and large values for εi.

Fitting curves on the retrieved dielectric functions of WSe2 and MoSe2 films,
obtained via the DS model, are reported as continuous black lines in the same
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Fig. 18.6 Left: Black, red and blue solid lines represent the time dependent THz signals referred to
free space, SiO2 substrate and WSe2 film + substrate respectively. Right: Similarly, with the blue
curve showing the measurement on the MoSe2 film + substrate
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figures. The used fitting parameters are reported in Table 18.3, with an uncertainty of
about 5%. The higher conductivity of WSe2 with respect to MoSe2 mainly resulted
in larger values of ωp and smaller values of c1, as expected.

Nevertheless, the frequency response of the dielectric function and the values
retrieved for the d.c. conductivity using the DS model was in clear contrast to what is
observed in single crystal samples [73]. The observed metallic behavior may be
ascribed to the presence of conductive channels in grain boundaries. A high density
of metallic grain boundaries can in fact spontaneously form in slightly Se-deficient
Mo thin films grown by molecular-beam epitaxy [74]. We speculate that the same
mechanism may apply to WSe2 samples. This would also explain the larger values of
conductivity in the latter case.

Before we proceed to concluding remarks, we would like to mention that there are
other materials also being investigated for spectroscopy and devices in the THz
range, notably based on superlattices and quantum-cascade structures [76–88].

Fig. 18.7 Left and right graphs show the real (εr) and imaginary (εi) parts respectively of dielectric
function of TMD’s films as a function of frequency, extracted by using the Transfer Function
model. Black lines corresponds to the Drude-Smith model fits whose parameters are reported in
Table 18.3

Table 18.3 Best fit parameters for the dielectric functions of WSe2 and MoSe2 films using the
Drude-Smith model. Parameter accuracy is of the order of 5% (taken from [75])

Sample ωp (THz) ωτ (THz) C1 σdc (S/cm) ε1
WSe2 850 16 "0.22 3000 1200
MoSe2 270 9.5 "0.35 444 1220
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18.6 Conclusions

Our results on fluorine doped ZnO powders prepared through hydrothermal synthe-
sis show that F atoms do not work as donors but rather affect the morphology of ZnO
crystals only, promoting the onset of a granular phase. Electron paramagnetic
resonance (EPR) and photoluminescence (PL) measurements [66] proved the effec-
tive F doping of ZnO structures, showing that, increasing the doping level up to 5%,
F atoms mainly occupy oxygen vacancies, inherently present in the bare ZnO. The
increase of luminescence centers revealed via PL data well corresponds to the rise of
asymptotic permittivity detected by THz spectroscopy. THz TDS measurements
confirm that ZnO:F powders do not show an increment in free carrier charge. Indeed,
the doping precursor exerts a relevant leaching on ZnO mesocrystals, leading to an
increase of the fraction of smaller nanoparticles and, consequently, of scattering rate
at grain boundaries, that ultimately affects conductivity. Our outcomes are in
accordance with theoretical calculations asserting it is not possible to provide free
carriers in ZnO through F doping at room temperature. Experimental verification of
free charge enhancement in ZnO thin films can be reasonably related to a different
role played by F atoms, which can work as passivation layer preserving the intrinsic
conductivity of zinc oxide.

We have also performed a detailed THz investigation on the high frequency
electrodynamics in graphene-like and eumelanin-graphene-like layers. Samples
have been hosted in KBr powder with different concentrations. Intrinsic values of
eε have been achieved through a Landau-Lifshitz approach. Above the percolation
concentration, all data converge inside specific areas in eε vs frequency space,
allowing to get with a reasonable precision information – using a simple Drude-
Smith model - on the electrodynamic parameters of both hybrids in this frequency
range. Measured values of conductivity are encouraging and open the possibility to
employ GL and EUGL compounds for the development of bio-compatible circuitry
and devices working up to the THz range.

Finally, we have retrieved the dielectric function of conducting MoSe2 and WSe2
TMDs. Thin films have been created via a thermally assisted conversion process,
which produced samples with good homogeneity. We have extracted the electrody-
namic parameters of thin films deposited on 300 μm thick substrates, which intro-
duce a relatively strong FP effect in transmission data. By applying a rigorous
protocol based on the TF model and a self-consistent moving average procedure,
we have minimized the periodic FP oscillations and fitted eε with the Drude–Smith
function. The relatively high conductivity observed in both compounds may be
ascribed to a high density of line defects presenting a metallic character. The
relatively high transparence along with the conducting features are encouraging in
view of a possible use of TMD-based thin-films for applications as tunable
metadevices in the THz region. The observed conducting nature can represent a
promising alternative for the realization of new devices with higher currents and
lower contact resistance.
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