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Abstract

Transparent conductors are essential for optoelectronic components operating in the far-
infrared or terahertz (THz) frequency range. Indium tin oxide (ITO), extensively used in
the visible, is semi-transparent in the far-infrared frequency range. Other types of bulk
transparent conducting oxides (TCOs), such as aluminum-doped zinc oxide (AZO) and
aluminum and ytterbium-doped zinc oxide (AYZO), have not yet been explored for THz
applications. Recently, biomimic nanomaterials have been shown to exhibit exotic optical
properties, e.g., broadband, omnidirectional antireflective properties. Indeed, nanostruc-
tured ITO was found to exhibit the above desirable characteristics. In this chapter, we
describe the fabrication and characterization of several TCOs, including ITO nanomateri-
als and several types of bulk TCO thin films, e.g., AZO and AYZO. Performance of THz
phase shifters with ITO nanomaterials as transparent electrodes and liquid crystals for
functionalities is presented.

Keywords: terahertz, spectroscopy, transparent conducting oxides, indium tin oxide,
nanostructures, nanorods, nanowhiskers, liquid crystals, far-infrared, millimeter wave,
sub-millimeter wave, phase shifter, optoelectonics, ITO, AZO, AYZO

1. Introduction

Materials that exhibit good electrical conductivity and high optical transmittance are impor-
tant in many applications. An interesting group of materials with these properties is known as
transparent conducting oxides (TCOs) [1]. Among the TCOs, indium tin oxide (ITO) is one of
the most frequently investigated. It is widely used as transparent electrodes in optoelectronic
devices such as solar cells 2, 3]. Zinc oxide (ZnO), a well-known TCO, is a semiconductor with
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wide band gap of about 3.3 eV at room temperature. Even after careful deposition procedure,
the intrinsically doped ZnO films are still not well suited for applications because of their
relatively high resistivity of about 102-10 () cm and their instability at high temperature.
Therefore, the extrinsic doping is necessary for lowering the resistivity. Zinc oxide films can
be doped with metal ions such as aluminum (Al), chromium (Cr), gallium (Ga), and indium
(In). Among these dopants, Al is relatively cheap, abundant and nontoxic. Thus, Al-doped
ZnO (AZO) films are considered as low-cost substitutes for ITO films as transparent conduct-
ing films. AZO film has transparency higher than 80% and resistivity lower than 7 x 10 Q
cm and is comparable with the ITO film. Further, AZO films show high stability in hydrogen
plasma during the fabrication process of amorphous silicon solar cells. In order to solve the
degradation problem of AZO thin films, Al and ytterbium-doped ZnO (AYZO) is developed.

In view of emerging applications of terahertz (THz) technology, it is interesting to compare
the THz performance of these TCO films and explore their potential use in THz optoelectronic
devices. In the terahertz (THz) or far-infrared (FIR) frequency range, however, ITO exhibits
high reflectance and strong absorption [2]. Recently, ITO nanocolumns have attracted a lot
of attentions, because of its excellent optoelectronic and antireflection characteristics in the
visible and near-infrared range [2, 3]. The successful development of ITO nanostructures as
functional transparent electrodes relies on the clear understanding of their optical and electri-
cal properties, which are linked to the structural properties. Unfortunately, previous studies
mainly focused on preparation techniques and optical properties [4], except for our studies
on mid- and far-infrared studies of the electrical characteristics of ITO thin films [5]. It was
confirmed that this material is a good dichroic mirror for the FIR.

On the other hand, nanostructures of TCOs have attracted much attention. Recently, our
group has confirmed that ITO nanomaterials, e.g., nanocolumn, nanorods, nanowires, and
nanowhiskers (NWhs), exhibit superhydrophilicity as well as omnidirectional, broadband
antireflective (AR) characteristics in the near-infrared and visible frequency range [6, 7]. These
novel nanostructured TCOs have been employed successfully in devices such as light-emitting
diodes (LEDs) and solar cells [8, 9]. Further, we showed that ITO NWhs are good conductors
and highly transparent in the THz frequency range. The dielectric and conductive properties
of these nanomaterials were investigated using THz time-domain spectroscopy (THz-TDS),
which has been widely used to study the characteristics of novel materials, including metal
thin films [10], nanostructure of ZnO [11] and CdSe quantum dots of various sizes [12].

In this chapter, we survey the frequency-dependent complex refractive indices and conduc-
tivities of several TCOs for their potential applications in the THz devices. TCOs studied
include ITO nanomaterials, ITO sputtering films, AZO, and AYZO thin films. Besides, we will
describe THz phase shifters employing ITO nanomaterials as transparent electrodes.

2. Preparation and characteristics of the transparent conducting oxides

2.1. ITO nanomaterials

Indium tin-oxide (ITO) nanorods and nanowhiskers were deposited on the high resistivity sili-
con substrate (499 um) using glancing-angle electron-beam evaporation, and the nanostructures
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were deposited on the microgrooved surface. The double-side-polished silicon substrate was
attached to a holder, which was tilted at a deposition angle of 70° with respect to the incident
vapor flux. There were seven holders which circle around the center of the chamber at a speed of
10 rpm during the deposition. The target source contained 5 wt % SnO, and 95 wt % In,O,. The
chamber was first pumped down to a residue pressure of about 10 torr. Nitrogen gas is then
injected at a flow rate at 1 sccm. This results in an oxygen-deficient atmosphere in the growth
chamber. The working condition of the growth chamber was ~10™* torr and 260°C. The tilted top
view and cross-sectional scanning electron microscopy (SEM) images of the ITO nanorods are
given in Figure 1) and those of nanowhiskers are given in Figure 2.

2.2. ITO sputtering thin films

Indium tin-oxide (ITO) thin films were grown on the high-resistivity silicon substrate at
a temperature of 250°C using DC reactive magnetron sputtering. The target source com-
posed of 5 wt.% SnO, and 95 wt.% In,O,. The magnetron operated at a power setting of
about 300 W. While the film was being grown, argon and oxygen gas at flow rates of 20
and 0.4 sccm were injected such that the total pressure in the chamber was ~6 mtorr. All the
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Figure 1. Tilted top view and cross-sectional scanning electron micrographs of ITO nanorods grown on silicon wafer
with different lengths (a and b) 621.1 nm and (c and d) 991.6 nm. The scalar bars are 200 nm in length. Adapted from
Ref. [13].
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Figure 2. Tilted top view and cross-sectional scanning electron micrographs of ITO nanowhiskers grown on silicon
wafer with different lengths (a and b) 802.6 nm and (c and d) 1169.5 nm. The scalar bars are 200 nm in length. Adapted
from Ref. [13].

ITO thin films we studied were as-grown, not subject to further annealing. The thin films
we studied were 333, 345, 615, and 1062 nm in thickness, as measured by an n&k Analyzer,
model 1280.

2.3. AZO and AYZO thin films

All the AZO and AYZO films were deposited on undoped Si substrates by using the RF sput-
tering system. During the AZO process, the AZO target was composed of 98 wt.% ZnO and 2
wt.% Al The chamber pressure and RF plasma power were controlled at 3 mtorr and 0.8 W/
cm?, respectively. The argon (Ar) fluence was fixed at 30 sccm during deposition. The AYZO
target, on the other hand, was composed of 98 wt.% ZnO, 1 wt.% Al, and 1 wt.% Yb. The
chamber pressure and magnetron plasma power were controlled at 3 mtorr and 0.896 W/cm?,
respectively. The chamber pressure and magnetron plasma power were set at 3 mtorr and
0.231 W/cm?, respectively. The Ar and oxygen fluences were fixed at 12 and 1 sccm, respec-
tively, during deposition process.
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3. Experimental and analytical methods

3.1. Broadband THz time-domain spectroscopy (THz-TDS)

We employed several THz-TDS systems, including transmission and reflection types, among
which the broadband system is shown in Figure 3 as an example. In this system, we employed
a commercial femtosecond Ti: sapphire laser system (Spectra Physics, Spitfire) as the light
source, which provides 50 fs pulse duration at 815 nm central wavelength and 1.6 m] pulse
energy at 1 kHz. In the experimental setup, the incident beam is divided into the pump beam
and probe beam by the beam splitter. Then, the collimated fundamental wave of the pump
beam is focused on the focal point by the convex lens (with a focal length of f=15 cm), and
the intensity must be high enough to produce the plasma in the air. On the other hand, we use
the 100-um-thick p-barium-borate (BBO) crystal, which is cut so as to achieve type-I phase-
matching for second-harmonic generation (SHG) of the 815 nm fundamental light, and the
fundamental and second harmonic wave will form the asymmetric laser field. In other words,
it means that electron is ionized by the fundamental and second-harmonic wave in the focal
point. The ionized electrons in the plasma region are accelerated by the asymmetric laser
field, which induces the electron oscillation. Subsequently, the THz wave is generated by the
oscillation electron. The emitted THz radiation is collimated by an off-axis parabolic mirror
with an effective focal length of f=50.8 mm and then focused with a second one (also with f
=100.16 mm) onto the sample.The pump laser beam transmitted through the plasma region
is blocked by the silicon wafer which has high transmissivity in the THz frequency region,
while strongly absorbing the pump laser photons. Another pair of off-axis parabolic mirrors
with the same focal length as that of the previous pair focus the THz signal into the detector.
The resulting THz field was measured using an electro-optic sampling technique employing
a 0.3-mm-thick GaP<110> crystal. The pellicle beam splitter which is transparent in THz fre-
quency and the reflection is 40% in the 800 nm. In order to increase the signal-to-noise ratio
(SNR), the chopper and lock-in amplifier are used. The frequency of chopper is about 500 Hz
which is the most stable condition in our system. The translation stage scans the THz wave
with 5 um and total of 1024 steps. An antenna-based THz-TDS, as described in our previous
works [2, 14, 15], was also employed. The spectroscopic characteristics of both systems are
illustrated in Figure 2. Clearly, the two systems would allow us to study material properties
in the band of 0.15-9.00 THz.

3.2. Extraction of optical parameters by THz-TDS

We extract the optical parameters of different kinds of materials by analyzing the THz wave-
form obtained from the THz-TDS. In this section, the method of extracting the frequency-
dependent complex refractive index will be introduced. The process is achieved through the
Fresnel equations and the multireflection approximation while numerical calculation is also
applied.

The thin sample is grown on its substrate and its thickness is usually several micrometers or
even several hundred nanometers. The time delays for thin samples whose thicknesses are of
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Figure 3. (a) Experimental setup of THz-TDS based on laser-induced gas plasma. (b) Typical performance of the THz-
TDS systems based on laser-induced gaseous plasma (blue solid line) and PC antenna (red dash line) is shown. Adapted
from Ref. [13].

the order of nanometers are smaller than 1 ps. Therefore, we are not able to distinguish the
multireflected signal from the main signal. Figure 4 shows that the main peak includes all
multireflected signals which come from the thin sample layer and the second signal is caused
by the reflection of the relatively thick substrate. In cases like this, we have to take multiple
reflections into account in our analysis [5].

Schematic diagrams of electromagnetic model are shown in Figure 5. E; () is the incident THz
field, and E; (w) is the field which has passed through the substrate only. Ej, (w) is the field
which has transmitted through the thin film sample including thin film layer and substrate
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Figure 4. Transmitted THz waveform of 273 nm ITO thin film which is grown on fused silica substrate. The reflection
signal appears behind the main signal for about 12 ps. The thickness of the substrate is 941 pm.
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Figure 5. Schematic diagrams of electromagnetic model for reference and thin sample, respectively.

while the effect of multireflection is not considered here. n; = 1, n; = n,+ix, and n; are the
refractive indices of air, thin film, and substrate, respectively. D is the thickness of the sub-
strate and d is the sample layer. ¢, is the speed of light.

In our experimental setup, the THz pulse normally incidents the sample. Therefore, the
well-known Fresnel equations of reflectance coefficient and transmittance coefficient can be
expressed as the following equations:

2 n;
by = wvnr (1)
j o
ni* - n].*
'y = )

From Eq. (1) and (2), E:ef(a)) can be determined as the following equation.
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n;wd+n;wD

Er*ef(a)) = E(w) t t, e = 3)

With the thin film layer, multireflection effect must be considered. The field which has passed
through the thin film layer and is going to pass substrate layer can be noted as E:ample(a))' The
field Es*ample(a)) therefore has the relationship with E;, (w) expressed as

nywD

* — * —
Eﬁlm(w) Esample(w) t31 e e (4)
njwd 3nwd 2 5 Snywd
* — * = * — * —
Esample(a)) EO (Cl)) t12 t23 A EO (C()) t12 7’23 r21 t23 e” Jr EO(a)) t12 7/'23 7"21 t23 e« 5
. q q (2q+1)n;w0d ( )
N i -
+ +EO (CL)) t12 723 r21 t23 e ‘

Here g is the number of multiple reflections. Assuming the number of multiple reflections is
infinite (g > o), the field E? __ (w) can be simplified as

mple

M3
i~

E* — E* t]Z t23 e
sample(w) - O(w) T med (6)
L1, rye™

From Egs. (3), (4), and (6), the theoretical complex transmittance can be determined.

(m-1)wd
E; () Lot e
T* (a)) — fil — 12 23 (7)

theo E* (w) ( XM)
el t\l—7, 767"

Here t , t . t., t, r,, and r,, are the Fresnel transmission and reflection coefficients which
come from the Fresnel equations and are shown below.

2n: 2n: 2n: n:-n’ ni—-n’
_ 1 _ 2 _ 1 _n 3 _ 1
t12 - n;+mn,’ t23 n;+mny’ t13 n;+ny’ Ty n;+n;’ and T n;+n; (8)

From the above-mentioned formulas, the theoretical complex transmittance can be deter-
mined. This model is utilized for extractions of complex refractive index for thin film grown
on thick substrate.

In order to avoid the effect of difference of substrate thickness D between reference and sam-
ple, we have to modify the equations we use in the theoretical model. The concept of thickness
correction is described in Figure 6. By modifying Eqs. (4) and (6), the transmitted field of the
sample E} (@) (Eq. 9) can be derived when thickness correction is taken into account. While
the transmitted field of reference Er*ef(a)) is the same, we can conclude the theoretical complex
transmittance T; (w) (Eq. (10) by combining Eq. (3) and Eq. (9).

mwd
t ot .t e~ n:wAd+niw(D-Ad)
N _ - 12 23 31 JeddiniotD-Ad)
Eﬁlm(a)) EO (w) _ iz,l{-md e ¢ (9)
1-r,r,e

(3 L)wd
E; () tot. et e
T (w) = 22 nfne w0
" nied\  (m-l)wAd
theo Em/(a)) t13(1 . elz 2 d) A

21°23
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Figure 6. Schematic diagram of thickness correction.

We obtain the experimental data from THz time-domain spectroscopy. The experimental
complex transmittance T:Xp(a)) can be therefore derived.

E' (w)
T* (C()) — film

exp E:ej‘w) (1 1)

Here the complex fields E;, (w) and E:ef(a)) are obtained from experimental data which are
the results of transmitted THz pulse for sample and reference respectively. By comparing
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the complex transmittance of theoretical and experimental results, the unknown frequency-
dependent complex refractive index 7, of the thin film can be extracted. First of all, the error
function between the theoretical and experimental complex transmittance is defined as Eq.
(12). Because of the unknown refractive index n,, the transmittance is dependent both on
frequency and n,.

Error(w, n;) = (12)

T‘:xp( 4 ) Tt;eo( { ;)

Find Minimum = [Error(w, ;)] (13)

With the help of mathematical program, we may make the theoretical transmittance match
the experimental transmittance to a minimum difference value by finding a suitable complex
refractive index n,. The index n; = n,+ix, therefore can be extracted.

3.3. Terahertz conductivity

For a nonmagnetic medium, the frequency-dependent dielectric constant is the square of the
complex refractive index. In the following equations, ¢"is the complex dielectric constant with
real and imaginary parts, i.e., €, n and ¢, k are the real and imaginary parts of the refractive
index, respectively, all functions of frequency.

¢ = ¢ +ie, = (n+ix)? (14)

e =n*-x?,¢e = 2nx (15)

From the relationship mentioned above, the real and imaginary parts of dielectric constant are
derived. Furthermore, the dielectric constant is related to the optical conductivity which will
be fully described by the following paragraph.

Secondly, with several approximations, the Maxwell’s equation can be modified into the form
related to conductivity. We assume that the flowing current density has the form of ] - o'F
(Ohrn_)s law) wgere o* is com_E)lex conductivity. Also, the harmonic assumption for electric
field E(w,t) = E e™, where E, is the amplitude and w and t represent freﬂuency a_r>1d time
is applied. And the relation between displacement field and electric field D = ¢ ¢_E is also

used. N
- =2 0D -, -
VxHs= J+357 =] -iwe e E
o B o* =4
=—iw eo[ew we, E (16)
. -
=-iweé e'E

e = e tig (17)
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Here ¢, = 8.854 x 10™"* (F/m) is the free-space permittivity. 0* is complex conductivity, and &*
and ¢_ are the complex dielectric function and the dielectric constant, respectively. From Eq.
(17), the complex conductivity can be derived:

o' (w) = (0,+10) = iwee, — &) (18)

By substituting Egs. (14) and (15) into Eq. (18), the complex conductivity’s real and imaginary
parts can be determined:

0, = weENE = 2NKW E, (19)

0, = weye—€) = wee.—n?+i?) (20)

The nanostructured ITO was considered as a composite material of ITO and air. The effective
medium approximation (EMA) [16, 17] was assumed to be valid. We write the equivalent
dielectric function of the nanostructured material of interest as

g;quivalent = fx gr; + (1 _f) x S; (21)

In Eq. (21), ¢, and ¢, are the dielectric constants of materials such as ITO and air, respectively,
whereas f is the filling factor, i.e., the volume fraction of the nanomaterial in the composite.
Similarly, the real (¢,,) and imaginary (¢, ) parts of the dielectric constants of pure nanostruc-
tured material can be written as

ey = [P -k (1-f)[f (22)

€l I [2-n-1<]/f (23)

Finally, the real (¢,) and imaginary (0,) parts of the complex conductivities of pure ITO nano-
structures can be expressed in terms of the filling factors as

0, =we," (ZnK)/f (24)

0, = wele —[n*-x2-(1 —j)]/f] (25)

Consequently, the complex conductivity can be acquired by THz-TDS and the analysis is just
based on the most fundamental Fresnel equations and Maxwell’s equation without any other
complicated model.
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3.4. Non-Drude behavior in terahertz conductivity

The Drude model was often used to analyze conductive properties of metals and bulk semi-
conductors. In the model, the conductivity is given by o'(w) = ¢, a); 7 [(1-iwT) [18]. In this
expression, 7 and w, are scattering times of carriers in the material and plasma frequency,
respectively. According to the model, the real part of conductivity, Re{c}, reaches its highest
value when 7 =0. This is the so-called DC conductivity. At higher frequencies, Re{c} decreases
because of the 1/t dependence. On the other hand, the value of Im{c} is always positive. Its
maximum occurs when the frequency is in the vicinity of the inverse of the scattering rate [18].
The THz conductivities of ITO nanostructures, however, exhibit non-Drude-like behavior,
e.g., depressed values of DC conductivity and negative values for Im{c}.

Therefore, the Drude-Smith model, which takes into account the carrier localization effect,
is applied to fit the experimentally deduced conductivity of the ITO material [19, 20]. In this
model, we write

ol(w) = g, a)s T-[1+ )//(1 - ia)T)]/(l —iwT) (26)

where w_and 7 are defined as plasma frequency and scattering time, respectively. Also in Eq.
(26), the parameter y is equal to the expectation value of cosine of carrier scattering angle.
It gauges the persistence of velocity of carriers. The values of y vary from 0 to 1. If y = 0, the
material shows Drude-like behavior. That is, the scattering of carriers is isotropic. In the limit
of y = -1, on the other hand, the carriers fully backscattered. The carrier localization effect
is strong. We have conducted a simulation study of the complex conductivity of ITO nano-
structures based on Drude-Smith model. The plasma frequency (w,) and scattering time (7)
are fitting parameters. The best fitted values for these two are found to be equal to 363 rad
THz and 49 fs, respectively. The cases of y =0, y =-0.25, y =-0.75, and y = -1 are shown in
Figure 7(a—d), respectively. If y = 0, see Figure 7(a), the Drude-Smith model reduces to the
Drude-like model, which has been described previously. In short, the curves for Re{o} and
Im{o} versus frequency exhibit maxima. Further, the value of Re{c} decreases with increas-
ing frequency. For the case of y = - 0.25 (see Figure 7(b)), both maximum values will show
a little shift toward higher frequency. For the cases of y = —0.75 and -1 (see Figure 7(c and
d)), the complex conductivities of the nanometer exhibit other features, e.g., a minimum for
Im{o}. Further, there is an angular frequency at which Im{c} crosses zero. As a result, the
Im{o} is negative from DC to the zero-crossing frequency. The maxima of Re{o} now occurs
at a nonzero frequency. There are some studies that attribute the non-Drude-like behavior
to backscattering of carriers by grain boundaries [21-25]. In addition, after releasing free
electrons, the dopants in n-type TCOs will become positive ions. Due to the Coulomb inter-
action between free electrons and dopant ions, the latter will also act as scattering centers.
Consequently, movement of the electrons will be further impeded [26, 27].

Armed with knowledge of w and 7, the mobility (1), carrier concentration (N,), and DC con-
ductivity (o,) of the material can then be calculated using the relations, u = (1+y)et/m’, N_ =
g, mfe?, and o, =€ w *t (1+y), respectively. In these expressions, e = 1.602 x 107 C, is the
electronic charge; the electron effective mass is given by m" = 0.3m, [28], where m = 9.1094 x
10" kg, is the electron’s mass.
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Figure 7. Simulation of the complex conductivities of ITO nanostructures using the Drude-Smith model for the cases of
(@) y =0, (b) y =-0.25, (c) y =-0.75, and (d) y = —1. From the fitting, the plasma frequency (a)P) and scattering time (7) are
determined to be 363 rad THz and 49 fs, respectively.

4. THz optical constants and conductivities of selected TCOs

We have studied several TCOs using Fourier transform infrared spectroscopic (FTIR) and
THz-TDS. First of all, the average transmittance of 100 nm thick ITO, AZO, and AYZO in
the millimeter wave to submillimeter wave range was determined to be ~21%, ~48%, and
~28%, respectively. In Figure 8(c), following the procedure detailed in Section 3 of the
chapter, we found that the DC conductivity (o,.) and DC mobility (u) for ITO thin films
are 1.18-1.65 x 10° Q"' cm™ and 96-120 cm? V' s7/, respectively. In Figure 8(a) and 8(b),
similarly, for AZO and AYZO thin films, 6. and u are 0.41-1.06 x 10° Q™" cm™ and 7-84
cm? V7 s versus 0.91-1.12 x 10° Q' ecm™ and 26-85 cm? V' s, respectively. Examining
X-ray diffraction (XRD) data of these samples, we can immediately conclude that mobility
of a particular sample is higher if the film exhibits larger grain size. On the other hand, if
the carrier concentration (N) in the sample is high, the mobility of the sample would be
lower as a result of the smaller distance between impurity ions. Our studies of these bulk
TCO films to date thus indicate that AYZO has reasonable THz transmittance and electrical
properties. Within this class, it may be the material of choice than ITO (lower THz trans-
mittance) and AZO (lower mobilities) thin films for optoelectronic applications in the THz
frequency range.

279



280 Terahertz Spectroscopy - A Cutting Edge Technology

— 3000 ~ 3000
= T
g 20| (@) AZO 300 nm o g 20} (b) AYZO 300 nm B
] r [ ¥} T
. 2000} = = Fit g, T 2000 - "
g —Fit o g _FMr
1500 F 1500 |
Q ';1 aaas UGQSGGOQW———D.
= @) = e
= 1000} & 1000}
< ~ r\r‘\o__e < OC
S 500 PROSRec00e000trPeTSoToT” 4 S s}
= £
S IPAAAAAAAAAAA A . S  PAAAAMAAN ABAAAAA . . - A
- Y YN TN e 3 Y y
2 s00f o 500t
= =3
E -1000 L 1 L L 1 L L 1 1 L e E -1000 1 n L 1 1 L n 1 1 1 1
5 02 04 06 08 1.0 12 14 1.6 18 20 22 24 26 8 02 04 06 08 10 12 14 16 18 20 22 24 26
Frequency (THz) Frequency (THz)

—~ 3000

b A o

= 2s00f () ITO 300 nm i

o %

ki 2000 k - = Tho

S Q0O OOOOO@UD-FHJ:r

2 1s00F

=

-2 1000} 0

< AN Ape 6 &

= s} P e RO

2 Laaanatane

< oF

a»e

o so0f

e

T I P D T SN I TP B

(3 02 04 06 08 1.0 1.2 14 16 18 2.0 22 24 26

Frequency (THz)

Figure 8. Real (blue circles) and imaginary (red triangles) parts of conductivity of (a) AZO, (b) AYZO, and (c) ITO thin
films with thickness of 300 nm. Solid and dashed line corresponds to the fitting results based on the Drude-Smith model.
Adapted from Ref. [29].

3.0x10° T T T T T T T 1.5x10° T 7 ; T r T .
©  Short NRs © Short NRs
—— Short NRs (Fitting) Short NRs (Fitting)
2.5x10° f 7 LomenRe (a) . gl = o (b)
K = = Long NRs (Fitting) ;| = = LongNRs (Fitting)
i # 1.ox10° | Short NWhs
Rt = - = Short NWhs (Fitting)
~2.0x10° | Shmm e 4 ~ * Long NWhs
e Long " = Long NWhs (Fitting)
=) Long NWhs (Fitting) = 2 Thin film 345 nm
9 Thin film 345 nm _95.0x10" - Thin film 345 nm (Fitting) o2 7
C1.5x10° f Thin film 345 nm (Fitting) 4 ¢ O Thin film 1062 nm . Sa¥
Yot ) Thin film 1062 nm Sy - = - Thin film 1062 nm (Fitting) o5 1
B - = = Thin film 1062 nm (Fitting) S v o JiS)
- 3 - 00 Y
S 10x10 E :
=
5.0x10° .
i -5.0x10
0.0 L
0.5 1.0 15 2.0 25 3.0 3.5 4.0
Frequency (THz)

Figure 9. (a) Real and (b) imaginary conductivities of ITO nanomaterials (nanorods or NRs and nanowhiskers or NWhs)
and thin films are plotted as a function of frequency (adapted from [13]). The symbols correspond to conductivities of
samples extracted from THz-TDS measurements. The solid, dashed, dotted, and broken lines are fitting curves.

In Figure 9, we present complex conductivities of ITO nanomaterials and films studied by
our group, reproduced from Ref. 13 by permission. The values of Re{c} of both nanomaterials
show a decreasing trend with frequencies in the THz band we studied. Regions of negative
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values of Im{c} are also observed. These are typical features associated with the materials that
exhibit characteristics of carrier localization [2]. That is, the Drude-Smith model would likely
be the model of choice. Indeed, Re{c} and Im{c} of ITO nanomaterials can be fitted well by this
model (see Figure 9). From the fit, we determine that, for NRs with heights of 621.1 and 991.6
nm, the carrier scattering times are 31.7 and 13.5 fs; the plasma frequencies are 561 and 1006
rad THz; while the parameters y are —0.71 and —0.88, respectively. Similarly, for the NWhs with
heights of 802.6 and 1169.5 nm, we find that the carrier scattering times are 39.6 and 13.2 fs; the
plasma frequencies are 751 and 853 rad THz; the parameters y are —0.60 versus —0.74, respec-
tively. All y values of nanostructured ITO studied by our group are nearly —1.00. Such values
of y indicate that carrier localization effects in ITO NRs and NWhs are very important [13].

5. Liquid crystal terahertz phase shifters with functional ITO
Nanomaterials

5.1. Introduction

By now, the potential of THz science and technology to a host of applications ranging from
fundamental sciences to national security is well known [30]. Consequently, key components,
such as phase shifters, modulators, filters, and polarizers, need to be developed. Liquid crys-
tals (LCs) can be used to add functionalities to various THz optical and optoelectronic com-
ponents [31-33]. We have previously shown that phase shifts exceeding 27t at 1 THz can be
achieved by using electrically controlled birefringence in a homeotropically aligned LC (E7,
Merck) cell, 1.83 mm in thickness and biased at 100 V__ [33]. As ITO films are opaque in the
THz frequency range [2, 13], we employed two copper pieces separated by ~11 mm at two
sides of LCs’ cell as electrodes for biasing and spacers [33].

As we illustrated in previous sections, the ITO NWhs can be used as transparent electrodes
for THz applications [2, 13]. Indeed, we demonstrated THz phase shifters with a phase shift
of around 7/2 at 1.0 THz with ITO NWhs used as transparent electrodes [34, 35]. Significantly,
ITO NWhs can also be used to align the liquid crystal molecules. Therefore, traditional align-
ment layers and procedures are not required.

In this section of the chapter, we present several designs of THz phase shifters with maximum
phase shifts exceeding 27t or 360°. This is significant for applications such as phased array
radar in the submillimeter band. ITO nanomaterials described in this work were employed
as transparent electrodes. These devices can be operated at relatively low voltage and exhibit
outstanding transmittance in the THz frequency region.

5.2. Construction of the THz phase shifters

Three possible designs are presented in Figure 10. In all, the LC (MDA-00-3461 by Merck)
layers were sandwiched between fused silica substrates that have the inner surface (facing
the LC layer) either deposited with or without ITO NWhs. Polyimides were deposited and
rubbed for LC alignment. Before turning on the voltage biasing the ITO NWhs, the LC mol-
ecules are aligned parallel to the substrates. As the bias is increased beyond the threshold
field due to the Fréedericksz transition, LC molecules will be reoriented toward the direction
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Figure 10. Schematic diagram of ITO NWhs 27t THz phase shifters in the (a) four-layer, (b) three-layer, and (c) two-layer
design.

of the applied electric field. The threshold field is given by E, = m(k /(¢,A¢))"?/d, where the
free-space permittivity ¢, = 8.854 x 10" F m and d is thickness of a single cell or the distance
between two electrodes as shown in Figure 10. The threshold field also depends on the splay
elastic constant k, =12.6 x 10> N and dielectric anisotropy, Ae = ¢ =€, =112 for this LC. After
numerically finding the maximum tilt angle existing at every layer due to the weak boundary
of substrates for LCs molecules, due to the effective birefringence, the phase shift can be given
by 6 =2mnfdAn . /c, where f and c are the THz frequency and the speed of light in vacuum,
respectively.

5.3. Results and discussions

All the three designs are found to be successful as THz phase shifters. In Figure 11(a), we
showed measured phase shifts of the devices as a function of the driving voltage. Phase shift
exceeding 2 was demonstrated for all devices at 1.05 THz. The driving voltage needed is as
low as5V__ . Recalling performance of our previous work [33], the required voltage is lower
by 20 times. Examining Figure 1, one immediately see that the threshold voltage is also quite
low, less than 2 V__ . Transmittance of all three phase shifters in the range of 0.2-1.2 THz is
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Figure 11. (a) Voltage-controlled phase shifts at 1 THz and (b) transmittance for three different 2t THz phase shifters
based on multilayer ITO NWhs.
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presented in Figure 11(b). Note that the design with four layers of ITO NWhs exhibits the
lowest threshold voltage and the lowest driving voltage needed to achieve 360° of phase shift.
In contrast, the THz transmittance of the phase shifter with just two layers of ITO NWhes is
significantly higher than others two. Although the loss of ITO NWhs is not so high in the THz
frequency band, the accumulated loss of the device with the employment of more layers of
electrodes is significant.

6. Summary

We have studied the frequency-dependent complex conductivities of several TCOs which
have the potential in the THz applications. These include ITO nanomaterials, ITO sputter-
ing films, AZO, and AYZO thin films. Methods for fabrication and characterization of these
technologically important materials are described in detail. It is shown that ITO nanomateri-
als exhibit non-Drude-like electrical characteristics. Among the bulk films, AYZO has accept-
able THz transmittance and good electrical properties such that it may be the better choice
than the ITO and AZO thin films for optoelectronic applications in the THz band. Correlating
with X-ray diffraction studies, we understood that the characteristics mentioned above can
be explained by the extent of carrier localization in these materials. In comparison with the
bulk films, ITO nanowhiskers are shown to be the material of choice as transparent electrodes
in the THz band. To demonstrate, we show that the phase shifter using ITO NWhs exhibits
transmittance as high as ~78% in the millimeter and submillimeter band. Several designs of
the phase shifter using liquid crystal for tuning were demonstrated. Over 2m of phase shifts
were realized at driving voltages that are over twenty times lower than previous designs.
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