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Abstract—The properties of optical materials usable in the terahertz (THz) spectral range, which is the
boundary between the optical and radio ranges, are examined. The relevance of the research field associated
with the optics of THz devices is largely governed by intensified activity on creating lasers operating in the
THz range and the discovery of substantial problems in the use of optical materials for these applications in
general. The present study is devoted to analyzing the properties—especially optical properties—of the THz
materials used. The characteristics are given, and the physical, chemical, and optical properties of conven-
tional and new materials, including crystalline (silicon, sapphire, quartz, diamond, germanium, and silicon
carbide), as well as a number of polymers (polymethylpentene, polyethylene, and polytetrafluoroethylene),

are discussed and compared.
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INTRODUCTION

Electromagnetic waves in the spectral range of 0.1—
10 THz (3 mm—30 um, 3—300 cm™'), lying between
the microwave and far infrared ranges, are commonly
referred to as terahertz (THz) radiation.

The boundaries between types of radiation are
defined differently in different sources. The maximum
allowable THz frequency range is 10"'—10" Hz and,
accordingly, the wavelength range is A = 3.0—
0.03 mm. If the wavelength is in the range of 1—
0.1 mm, then such waves are also called submillimeter
waves or 7-waves. The THz range is the boundary
between the optical and radio ranges. Many applica-
tions of the THz range noticeably lag behind the appli-
cations of neighboring regions of the electromagnetic
spectrum, i.e., the microwave and optical ranges. If
the methods of studying the high-frequency part of the
THz range are closer to those used for the optical and
infrared ranges, then the low-frequency part of this
range is usually investigated by the radiophysics meth-
ods [1—4]. The radiation spectra of astronomical
objects and the spectra of complex organic molecules
(such as proteins, DNA, some explosives, hazardous
substances, air pollutants, etc.) lie in the THz region.

In comparison with visible or infrared waves, THz
radiation can better penetrate turbid and finely dis-
persed media, for example, leather, plastics, clothes,
or paper, as a result of the drastic suppression of
Rayleigh scattering (1/A*). Due to the low photon
energy, it does not cause damage characteristic of ion-

izing radiation (such as X-rays). Therefore, the possi-
bility of replacing X-ray machines by THz sources is
actively sought in medicine. 7-waves do not penetrate
metals. These properties can be used in current pro-
duction control (for example, in drug production),
quality control of finished products, and THz thermal
imaging. The development of THz spectroscopy to
characterize semiconductor materials and devices,
chemical composition analysis, biochemical studies,
remote detection of explosives, toxic substances, and
addictive drugs, etc., is of great interest [5—7]. The
development of THz radio detection is significantly
constrained by the lack of powerful THz radiation
sources with satisfactory weight-size characteristics
[1-4].

Until recently, laser technology has hardly been
used to produce THz radiation, although the possibil-
ity of creating a THz laser was demonstrated for the
first time in 1970 [8]. There are a number of reasons
for such a limited scope, in particular, inadequate
understanding of the advantages of this range over
other ranges, low efficiency of the designed lasers,
underdevelopment of the instrumental and metrolog-
ical base for this range, the absence of good optical
materials, and high absorption of THz radiation in the
atmosphere. Nevertheless, comparatively conve-
nient—albeit narrow—transmission regions are cur-
rently found in a more detailed study of the propaga-
tion of THz radiation in the atmosphere. Relatively
high atmospheric attenuation even in transparency
windows nonetheless leaves sufficient possibilities for
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various applications of THz radiation not only in vac-
uum, but also under atmospheric air pressure [1].

Compact THz radiation sources are low-powered
(in the yWW—mW range) [9]. For example, quantum-
cascade lasers based on AlGaAs/GaAs heterostruc-
tures, the Gunn diode, avalanche-transit diodes, res-
onant-tunneling diodes, etc. It is reported in [10] that
laser radiation with A = 750 um is obtained in a p-type
Ge crystal at the temperature of liquid helium. The
sources that use the electrooptical effect in photocon-
ducting materials with picosecond charge carrier
relaxation times, for example, in semiconductor crys-
tals, require the use of femtosecond pulse lasers, which
cannot be called compact lasers.

Long-wavelength THz radiation (about 3 mm)
with an average power of about 1 MW is obtained in
gyrotrons. Gyrotrons were designed in the 1960s, used
in tokamaks, and are actively used now in an interna-
tional project to construct a thermonuclear experi-
mental reactor (ITER project). They are electric vac-
uum microwave devices in which the flow of electrons
rotating in a uniform external magnetic field at fre-
quencies close to the cyclotron frequency or its har-
monics generates THz radiation [11].

The principal studies of powerful coherent 7-waves
are carried out in the area of lasers with optical pump-
ing. The theoretical limit of the efficiency of this kind
of THz lasers obeys the Manley—Rowe relation [12].
Theoretical assumptions are reported in [13] that the
Manley—Rowe conversion limit,

Y
g = ~EFIR
2Vir

where € is the efficiency of pumping radiation conver-
sion in THz, vy is the THz radiation frequency, and
Vg iS the frequency of pumping photons, can be sub-
stantially exceeded through cascade processes when
the dispersion of group velocities of optical pulses is
small. The typical efficiency values are around 10~4—
1073

As is seen from the Manley—Rowe law, as much as
possible long-wave radiation is energetically most
advantageous to use for pumping the THz media.
Among the most common pumping sources, these are
CO, lasers, which have an efficiency of about 10% [12,
14]. There are two major ways of using optical pump-
ing to generate relatively powerful THz laser radiation:
pumping of gas media, among which several hundred
media have been studied and from which several thou-
sand lines have been obtained [15], and generation of
waves with a difference frequency in nonlinear crystals
[14, 16—18].

The allocation of waves with a difference frequency
in nonlinear crystals is accompanied, owing to the
nonlinearity of the electrical properties of the crystal,
by generation of electromagnetic waves with frequency
; equal to frequency differential ®; — ®, of waves
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incident on the sample [14, 16—19]. Lasers based on a
difference frequency of two CO, lasers emitting at
A =10.6 and 10.3 um upon mixing in GaAs reach
10°—10° W in a picosecond pulse [14, 16—18].

One method of generating relatively high-energy
(millijoule) pulses in the THz range is optical rectifi-
cation of ultrashort optical laser pulses in nonlinear
crystals, which occurs when an intense nonlinearly
polarized laser pulse mimicking the shape of the opti-
cal pulse envelope is transmitted through the crystal
[2]. The arising current spike can be an effective
source of THz radiation.

Relatively high-energy THz laser radiation is also
obtained by generation in a free-electron laser. The
Novosibirsk free-electron laser emits up to 400 W in
the short-wavelength THz range (A = 120—240 um;
the pulse duration 7 is about 100 ps; and the pulse rep-
etition frequency is f= 5.6 MHz) [20].

High-quality optical materials capable of operating
efficiently under such radiation exposure are required
to deal with such radiation. It should be taken into
account that the interaction of radiation with optical
materials in the THz region differs from interaction in
the traditional visible and IR ranges [5, 21, 22]. The
present study analyzes the properties of optical mate-
rials usable in the THz range.

1. CRYSTALS

Crystals, such as silica, crystalline quartz, and sap-
phire are normally used for the THz optics [23]. Poly-
crystalline diamond (PD) is used in powerful THz
sources, the use of which can overcome, at least par-
tially, a backlog in the application of the THz range in
comparison with the other traditionally used ranges of
electromagnetic radiation [24, 25].

Radiation losses in crystals occur for two main rea-
sons. These are the absorption on the lattice oscilla-
tions (phonon absorption) and the absorption on free
charge carriers. The structure of diamond, in which
germanium and silicon also crystallize, is considered
to be the best lattice for THz crystals. The concentra-
tion of free charge carriers generally can be evaluated
by the value of bandgap AE,. However, it should be
taken into account that the absorption cross-section of
carriers in different materials can differ markedly.
Nevertheless, it is clear why diamond with AE, =
5.5¢eV is the best THz crystal [25]. But since dia-
monds—even polycrystalline ones—are still signifi-
cantly more expensive than other THz crystals, they
are used only in powerful sources.

A significant loss from Fresnel reflection, caused
by a large value of the refractive index, is a problem in
the application of THz-range crystal optics. Due to
the large wavelengths, the traditional methods for
applying an antireflection coating to optics are inef-
fective in the THz region. Company Tydex offers the
application of a parylene coating [23]. The technology
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Table 1. Main physical properties of crystals [9, 23—25, 34, 40—46]
Crystal Ge Si SiC Crystal quartz Sapphire Diamond
Refractive index (A = 10.6 um) 4.0 3.4 3.12 ny = 1.535 1.75 2.38
n, = 1.544 (A=1.06 um)
(A=1.0 um)

Density, g/cm? 5.33 2.33 3.21 2.65 3.97 3.51
Harness (Mohs scale) 6.0 7.0 9.5 7.0 9.0 10
Melting point, °C 936 1412 2830 1470 2040 700*
Young’s modulus (GPa) 138 189 392 97.2 (|| to Z axis) 335 883
Thermal conductivity 10.7 (|| to Z axis)

(300 K, Wm~' K-) 59 152 490 27.21 2000
Specific heat (J cm™—3 K1) 1.652 4.79 2.1 2.68 1.66 1.561
Coefficient of inear 5.75 2.33 45 8.0 5.6 (| to C axis) 1.0
expansion (107 K™)

*The temperature of conversion of diamond into graphite.

of applying parylene to flat surfaces is well known in
microelectronics. By improving it, high-quality appli-
cation of an antireflection coating to both flat and
spherical optical surfaces was achieved. But the losses
in precision silicon lenses designed for submillimeter
astronomy applications were up to 6%, which proved
to be too much [26].

In [26], other methods for obtaining an antireflec-
tion coating for the THz range on the surface of silicon
are also analyzed. The methods of production of an
antireflection layer by means of creating a diffraction
pattern on the surface by the mechanical treatment, as
well as creating thin etched layers of silicon by deep
reactive ion etching for subsequent gluing with lenses
are examined in detail. It is shown that the diffraction
methods of producing an antireflection layer are more
efficient and allow one to achieve a loss rate of less
than 1% from reflection on each interface in the range
from 0.787 to 0.908 THz. Physical effects arising upon
creating periodic relief structures on the optical sur-
face with a high degree of regularity and a period of
less than the radiation wavelength are described in
detail in monographs [27, 28]. This method also
makes it possible to create planar lenses.

Diamond, germanium, and silicon are isotropic
crystals, so their transmittance does not depend on the
crystal orientation. Silicon carbide, crystalline quartz,
and sapphire are anisotropic crystals, which should be
taken into consideration when using.

Germanium and silicon are well processable,
which allows one to fabricate high-precision optical
components from them. However, since silicon is
much more abundant in nature and significantly
cheaper, articles made of germanium are used only in
those cases when Ge has an apparent advantage over
silicon. Silicon is a material for various systems oper-
ating in the intermediate IR range (3—5 um), and ger-
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manium is used mainly in devices operating in atmo-
spheric window 8—14 um, because silicon shows sig-
nificant phonon absorption in this area. Due to the
high refractive index value and good physicochemical
properties, germanium and, especially, silicon are
widely used for manufacturing substrates of high-
quality interference mirrors with a reflection coeffi-
cient 0 99.5% and even higher, and narrowband inter-
ference filters for different regions of the IR spectral
range. Items that are made of Ge and Si are convenient
in operation, not interacting with atmospheric mois-
ture, non-toxic, durable, and possess good thermo-
physical properties. Major physical properties of crys-
tals for the THz range are given in Table 1.

1.1. High-Resistance Silicon Grown
by the Floating-Zone Method (HRFZ-Si)

The most commonly used material in THz optics is
high-resistance silicon grown by the floating-zone
technique, since this is the most studied material that
well transmits THz radiation. Silicon is one of the
most technologically advanced materials that allow
one to design on its base various optical components of
rapidly developing THz electronics. Compared to
other optical materials, it is cheaper for growing crys-
tals and processing, and also has significantly larger
sizes that allow one to diversify the range of manufac-
tured optical components.

High-resistance silicon is the main isotropic crys-
talline material suitable for the use in an extremely
wide range of wavelengths, from near-infrared
(1.2 um) to millimeter (1000 mm) or longer-wave-
length ranges (Figs. 1 and 2). But this material can be
used, in fact, in a much wider range of wavelengths.

High-resistance silicon shows relatively low losses
in the THz range. As is seen from Fig. 3, the shapes of
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Fig. 1. (Color online) Transmission and reflection of high-
resistance silicon with a thickness of 1 mm in the THz
range [29].
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Fig. 3. (Color online) THz signals passed through the air
and high-resistance silicon [23].

the THz signals transmitted through the air and trans-
mitted through high-resistance silicon are identical.
This indicates the absence of significant absorption in
silicon. Major transmission losses are largely caused
by Fresnel reflection. The absorption coefficient of
high-resistance silicon in terahertz range 0.25—2 THz
isless than 0.5 cm™.

High-resistance silicon grown by the floating-zone
method, which provides 50—54% transmittance in the
range of wavelengths from 50 to 1000 um (and longer,
up to 8000 um), is commonly used for the far-infrared
and THz regions. Normally, this kind of silicon has a
resistivity of about 10 kQ cm [2, 3, 29, 30]; the prepa-
ration of silicon with a resistivity up to 50 kQ cm is
reported in [31, 32]. In [30, 32], record-low losses are
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Fig. 2. (Color online) Transmission of silicon in the range
16—1000 pwm; the thickness of samples is 5 mm [29].
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Fig. 4. (Color online) The real (g, solid line) and imagi-
nary (€,, dashed line) parts of the dielectric permittivity of
silicon with different concentration of free carriers at a fre-
quency of 1 THz [23].

reported in silicon compensated by gold; thus, losses
in the millimeter range for the best samples were
recorded at a level of tand = 3 x 107°.

Complex dielectric permittivity of silicon depends
on its conductivity, i.e., on the concentration of free
carriers. A dependence of the dielectric permittivity of
silicon on the concentration of impurities ( f= 1 THz)
is given in Fig. 4. If concentration of free carriers is
low, then the dielectric permittivity is a real value and
is equivalent to the high-frequency permittivity.

With an increase in the concentration of free carri-
ers, the real part of the dielectric constant becomes
negative, and its imaginary part ceases to be negligible.
On account of this, the losses in silicon in the THz
range increase. The dielectric loss tangent can be cal-
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Fig. 5. Optical transmission of single crystals of
(I) undoped germanium and (2—4) germanium doped
with antimony; the resistivity values are as follows: (2) 46,
(3) 20, and (4) 5 Om cm [39].

culated using the following formula: tand
1/(we,g,R), where o is the angular frequency, €, is the
dielectric constant of vacuum (8.85 X 102 F/m), g, is
the dielectric permittivity of silicon (11.67), and R is
the resistivity. For example, the dielectric loss tangent
of high-resistance silicon with a resistivity of 10 kQ cm
at a frequency of 1 THz equals 1.54 x 107>,

1.2. Germanium (Ge)

Germanium is used in the infrared technologies
[33—36] for the manufacture of optical instruments
and devices for various purposes. These are articles in
the form of protective windows, lenses, acoustooptical
components (ground-based, sea-based, and air-based
optical instruments, and equipment for spacecrafts).
The main consumer of germanium in optics are man-
ufacturers of thermal imaging cameras operating in
wavelength range 8—14 wm, which are used in passive
thermal imaging systems, infrared guidance systems,
night vision devices, and fire protection systems. Ger-
manium is also used for the manufacture of high-per-
formance photovoltaic cells (solar panels) and in
detectors of the ionizing radiation and infrared sen-
sors. Monocrystalline germanium is normally used,
but if the absorption losses are not significant and
optics is not associated with the formation of images,
then the cheaper polycrystalline material is used.

The use of germanium for manufacturing active
components of acoustooptical devices operating in the
THz range is of interest [37]. Germanium can also be
used in multispectral thermal imaging devices operat-
ing in the infrared + THz ranges [33] and THz lasers
pumped with a CO, laser.

Unlike the infrared range, in which a minimum
absorption of about 0.02 cm™! (for A = 10.6 wm) is
observed in the n-type crystals with a conductivity of
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Fig. 6. (Color online) Frequency dependence of the tand
value for the crystal of polytype 6H-SiC [41].

5—10 Q cm, the minimum losses in the THz area are
observed in the own crystals (undoped or ultrapure).
With an increase in the wavelength, the losses increase
because of the absorption on free carriers (Fig. 5) [35,
37—39]. The attenuation coefficient of Ge in the range
160—220 um is about 0.5 cm~!, which is comparable to
Si [39]. Based on the measurements performed using a
free-electron laser, the attenuation coefficients of ger-
manium at a wavelength of 140 um are recorded in the
range 0.75—1.04 cm~' [37, 38].

1.3. Silicon Carbide (SiC)

Silicon carbide is a relatively new THz material, but
its use is impeded by the inaccessibility of high-quality
monocrystalline samples. This is a high-bandgap
semiconductor that has more than 200 polytypes, but
only three of them with a maximum width of the for-
bidden zone have real future in THz technological
applications. The most interesting materials are 3H-
SiC and 6H-SiC with a forbidden zone widths of
2.36 and 3.03 eV, respectively [40—42].

The main application area of SiC in the THz region
is the production of energy input/output windows
operating at a power level of 50—500 kW [40—42]. This
material is slightly inferior to diamond, but diamond is
considerably more expensive yet.

In [40—42], dielectric losses in monocrystalline sil-
icon carbide of the 6H-SiC polytype was investigated
in the frequency range from 6 to 380 GHz (Fig. 6) and
the temperature range from 20 to 550°C. At low fre-
quencies (f < 10 GHz), the dielectric loss tangent is
about 1/f. At f> 50 GHz, the losses increase with an
increase in the frequency. In the low-temperature
range (7 = 20—250°C), the loss tangent quasilinearly
increases with an increase in the temperature (Fig. 7).
At T > 300°C, the losses grow exponentially.
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Fig. 7. (Color online) Temperature dependence of the tand
value in the temperature range 20—350°C [41].

1.4. Crystalline Quartz

The range of optical transparency of crystalline
quartz in the visible and near-infrared regions of the
spectrum is quite broad and determined by the wave-
length range 0.15—4 um. The good transmittance of
the material, starting from 100 wm, allows one to use it
in the THz range as well.

Synthetic crystalline quartz is grown in autoclaves
by the method of hydrothermal synthesis on prelimi-
narily prepared and specially oriented nucleating
plates (seeds) [43, 44]. The growth cycle continues a
few months under a strictly maintained and around-
the-clock controlled temperature of about 400°C and
a pressure of up to 1000 bar. The orientation of seeds
determines the location of the crystallographic axes of
the grown crystal.

Crystalline quartz is an anisotropic uniaxial crystal
with the trigonal structure. The crystal structure is of a
framework type and built of silicon—oxygen tetrahe-
drons arranged helically (with the right-handed or
left-handed helices) in relation to the main axis of the
crystal. Depending on this, right and left structural-
morphological forms of quartz crystals are distin-
guished. The absence of the planes and center of sym-
metry determines the piezoelectric and pyroelectric
properties displayed by crystalline quartz. The mate-
rial exhibits pronounced birefringence and high bulk
homogeneity of the refractive index. The transmission
of a 1 mm thick quartz crystal in the THz range is
shown in Fig. 8.

Crystalline quartz is widely used in radio engineer-
ing, electronics, optoelectronics, and instrument
engineering to create high-precision optical compo-
nents for laser, polarization, and spectral optics,
because of the following characteristic properties:
(i) high optical homogeneity and internal crystallo-
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Fig. 8. (Color online) Transmission of a crystalline quartz
sample with a thickness of 1 mm [44].

graphic perfection; (ii) relatively high hardness, which
itself imparts good processability to the material and
wear resistance to operating surfaces during the
exploitation; (iii) high chemical resistance to the
influence of the environment; (iv) insolubility in water
and other solvents; (v) a low thermal expansion coef-
ficient; (vi) good dielectric characteristics, including
those in broad frequency and temperature ranges and
in strong electric fields; (vii) a wide range of optical
transmission; (viii) resistance to the influence of high-
power laser radiation (including UV radiation).

It should be mentioned separately that the above
properties, together with the high optical transmission
in the UV range, make crystalline quartz a unique
material for the creation of optical components for a
whole range of instruments, devices, and complex sys-
tems operating in the UV range.

Windows made of this kind of quartz exhibit
important properties, such as: the transparency in the
visible wavelength range, which makes it easy to align
an optical system by using a helium—neon laser; they
do not modify the state of linear polarization of a
beam; and they may be cooled below the lambda point
of liquid helium.

Due to rather large dispersion, lenses made of crys-
talline quartz will have different focal lengths in the
visible and THz ranges. This should be taken into
account when adjusting the optical systems with such
lenses.

Since the crystalline quartz is a birefringent mate-
rial, this fact should be taken into account when the
polarization of radiation is an important factor. The
X-cut material is used in the production of A/2 and A/4
waveplates for operating with 7-waves.
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Fig. 9. (Color online) Transmission of sapphire samples of
different thicknesses and crystallographic orientation [46].

1.5. Sapphire (Al,03)

Sapphire (corundum) is widely used in optics and
in electronic, optoelectronic, and laser technologies
[45, 46]. It is an anisotropic uniaxial crystal. This is
one of the most solid and durable synthetic materials.
It shows chemical inertness and a low coefficient of
friction. The wear resistance of corundum is 8 times
higher than that of steel. Being a dielectric and ther-
mally stable material up to 1600°C, sapphire also
shows excellent optical properties, in particular, the
optical transparency in the ultraviolet, visible, and
infrared regions in the range from 0.17 to 5.5 um. Sap-
phire is transparent in the THz region as well (Fig. 9).
One can see that the optical transmission of sapphire
does not depend on the crystal orientation within the
specified accuracy of measurements. For measured
samples with a thickness from 1 to 5 mm, the trans-
mission below 600 um strongly depends on the thick-
ness of the sample. The transmission for thinner sam-
ples approaches to saturation at shorter wavelengths.

The above listed features of sapphire make this
material indispensable for operation under harsh con-
ditions, such as high temperatures and/or pressures, in
acid or alkaline environments when chemical resis-
tance is required, and also at high mechanical loads.
Even under such severe conditions, sapphire does not
lose its optical properties.

Akin to high-resistance silicon, sapphire is used in
the production of photoconductive antennas operat-
ing in the THz range.

1.6. Polycrystalline Diamond

Diamond is a crystal has been known since ancient
times [24, 25] but started to be used in technological
applications relatively recently. Attempts to use dia-
monds in various technical devices were made a long
No. 6
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time ago, but natural diamonds are too expensive and
small in size, and have a significant discrepancy of
parameters because of differences in their process of
growth under natural conditions. The unique proper-
ties of diamond are determined by its crystalline struc-
ture—due to the lowest possible interatomic distance,
diamond has an extremely high value of the crystal lat-
tice energy.

The stable crystalline structure for carbon atoms is
a hexagonal structure and this modification is known
as graphite. Crystallization of carbon into the cubic
diamond structure in nature occurs at very high tem-
peratures (=2000°C) and pressures (=15 GPa). In the
middle of the 20th century, an industrial technology
for the preparation of synthetic diamond single crys-
tals was created, which reproduces the natural condi-
tions. These crystals have found so many applications
in different branches of engineering, that “the eco-
nomic potential of the most developed states largely
became associated with the use of diamonds in them.”
Unfortunately, the technology is so technically com-
plex that obtaining crystals over 8 carats (about 1.6 g)
is not cost-effective.

In 1956, Spitsyn and Deryagin offered a funda-
mentally new, technologically and ecologically viable,
technology for the synthesis of diamonds, namely,
plasma chemical vapor deposition at pressures of less
than 1 atm. This process is often referred to as the
CVD technology. The raw materials, i.e., methane
and hydrogen, are readily accessible [25, 47]. At the
present, plates of polycrystalline diamond (PD) with a
diameter of up to 300 mm have already been obtained.
Basic technical characteristics of PD correspond to
the properties of natural diamonds and, unlike the lat-
ter, they are technologically reproducible. As later
transpired, this method allows one to prepare even rel-
atively large single crystals of gem quality [48].

Diamond is a construction material for power
optics and electronics, which combines astonishing
physicochemical properties. Being transparent in the
range from the ultraviolet to the millimeter ranges
(except for the region of phonon absorption at 2—
6 um) (Fig. 10), it shows the unique thermal conduc-
tivity, which is 5 times higher than that of copper, and
a low thermal expansion coefficient comparable to
that for invar. These properties allow diamond to with-
stand radiation exposures that are noticeably larger
than the exposures that other materials can withstand
(5—10 MW/cm? at A = 1.07 um) [24, 49, 50]. For the
application in relatively low-powered sources, poly-
mer materials are typically used, but they cannot be
used in powerful emitters. Namely, PD is a sole mate-
rial used in the input/ouput windows of powerful elec-
trovacuum and gas-discharge radiation sources. A
J40 mm PD window with is used in the Novosibirsk
free-electron laser having an average power of 400 W
[20].
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Fig. 10. (Color online) Transmission spectrum of a | mm
thick PD plate [25].

Gyrotrons are widely used as high-power electro-
magnetic radiation emitters of the millimeter range
[25, 50]. The output window between the operating
area of the device and atmosphere is an integral part of
their design, which forced to pay considerable atten-
tion to the study of optical materials transparent in this
range during the development of gyrotrons. As it
turned out [25, 50], diamond has minimal losses in
this region. The loss tangent (at a frequency of v =
170 GHz) is tand = 10~>, which corresponds to an
absorption coefficient of about 103 cm~', and this
value is three to four orders of magnitude lower than
the theoretical value [51]. The record-breaking ther-
mal conductivity of diamond, which is about
2000 W/m grad, allows one to cool the window at
megawatt exposure levels [25, 50]. In gyrotrons with
an average power of about 1 MW (A = 3 mm),
@100 mm PD windows with a thickness of 1.2 mm
are used.

1.7. Cesium lodide (Csl) and Thallium
Bromoiodide (KRS-5)

Instruments operating in the range 2.5—50 wm are
commonly used in IR spectroscopy. Dielectric crystals
Csl and KRS-5 are used in them, since only these
crystals are transparent in the range 30—50 um. The
industry produces large-sized single crystals of TIBr—
TII (KRS-5) solid solutions and CslI crystals. Due to
the high plasticity and low hardness, these crystals are
very complicated in use.

Csl crystals are characterized by low hardness, high
hygroscopicity, and poor thermophysical properties.
They are fairly plastic. The industry produces large
Csl crystals for optics operating in the far-IR range
and for the production of scintillation detectors for
high-energy particles.

KRS-5 is mainly identical to CsI by its physico-
chemical properties, but is more often used in optics
because of somewhat better mechanical and climatic
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Fig. 11. (Color online) Optical transmission of halides at
temperatures of 4.1 and 300 K [2].

properties. Owing to the relatively high photoelastic
constants, crystals of KRS-5 are used in the manufac-
ture of acoustooptical components. Their use is lim-
ited by high toxicity, plasticity, and poor mechanical
and thermophysical properties.

These crystals are transparent in the THz region
(Fig. 11). Their advantage is a low refractive index (n =
1.74 for Csl and n = 2.35 for KRS-5; the data are given
for L= 10.6 um) and, consequently, high optical trans-
mission. However, it is necessary to use much thicker
parts because of low mechanical characteristics.

2. POLYMERS

Among the large variety of polymers, there are
some of them that show excellent transparency for
THz waves. The low refractive index (n = 1.4—1.5) isa
great advantage of polymers, owing to which they have
significantly fewer losses from reflection, unlike the
crystals. Polymethylpentene (TPX), polyethylene
(PE), and polytetrafluoroethylene (PTFE or Teflon)
are the best materials in this sense [23, 52].

Main physical properties of polymers are given in
Table 2.

Table 2. Main properties of polymers [23, 52]

Material TPX Polyethylene| Teflon

Density, g/cm? 0.83—1.08 | 0.91—0.925 2.2
Refractive index 1.46 1.54 1.43
Melting point, °C 235-240 327
Thermal stability, °C | —60—180 | Upto 110 |—73—204
Elastic modulus 690—1700 | 118—350 |480—628
(at 23°C), MPa
Tensile yield strength | 14—25 8§—13 14—-30
(at 23°C), MPa
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Fig. 12. (Color online) Transmission of a TPX window
with a thickness of 2 mm in the THz range [23].

At large wavelengths, the optical transmission of
these polymers weakly depends on the wavelength and
the absorption bands are absent. At short wavelengths,
characteristic absorption bands, for the most part
below 200 um, associated with their own vibrations are
observed, as well as scattering on different kinds of
inhomogeneities increases. In the range of shorter
wavelengths, the transmission of radiation by poly-
mers typically decreases, although TPX is the excep-
tion.

2.1. Polymethylpentene (TPX)

Polymethylpentene is a semicrystalline polymer
with very good electrical insulating properties.

Polymethylpentene (more precisely, poly-4-meth-
ylpentene-1) is a crystallizing material with high trans-
parency—its optical transmission reaches 94% and
haze is from 0.7%. Unlike its closest “relative” poly-
propylene, whose transparency is achieved by reduc-
ing the sizes of crystal formations when adding a
nucleator, polymethylpentene remains transparent
even with larger sizes of crystallites. This is due to the
fact that the density and refractive index of its amor-
phous and crystalline phases are very close. Polymeth-
ylpentene is a very lightweight material; TPX has the
lowest density among all plastics. It has a very low
water absorption rate and is dimensionally stable. It
shows good resistance to alcohols and most organic
and inorganic solvents, is water-resistant, and can be
sterilized. TPX possesses good toughness, hardness,
and impact strength. TPX is resistant to cracking and
can be easily processed mechanically and polished.
Most frequently, this material is recommended to use
in the case when a combination of properties, such as
the excellent transparency and good mechanical prop-
erties are imperative. It is mainly used in mechanical
engineering, medical technologies, instrument engi-
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Fig. 13. Temperature dependence of the refractive index of
TPX [23].

neering, including precision instrument engineering,
electrical engineering, and food industry. It is widely
used in the automotive industry, in the manufacture of
household appliances, microwave technologies, and
optical technologies. TPX exhibits good thermal sta-
bility, resistance to creep, and good resistance against
gamma radiation and X-rays. TPX shows excellent
heat resistance and resistance to most organic and
inorganic commercial chemicals.

Optical properties of TPX are given in Figs. 12—14.

TPX is transparent in the ultraviolet, visible, and
infrared ranges, which allows one, for example, to use
a red laser beam for the alignment of optical systems.
Optical losses in this material are very low even for
millimeter waves. The refractive index of polymer
practically does not depend on the wavelength.

100
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Fig. 14. (Color online) Transmission of samples of TPX,
picarin, and HDPE (high density polyethylene) [23].
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Fig. 15. (Color online) Transmission of a HDPE window
with a thickness of 2 mm in the THz range [23].

TPX is a solid strong material that can be mechan-
ically converted into various optical components such
as lenses and windows. TPX can serve as windows in
gas molecular lasers optically pumped by a CO, laser,
on account of transparency in the entire THz range
and absolute suppression of pumping radiation
around 10 um. TPX windows can also be used in cryo-
stats as “cold” windows. The transmission of TPX in
the THz range does not depend on temperature. The
temperature coefficient of the refractive index of TPX
is 3.0 x 10~* K~! (for the temperature range 8—120 K).

Compared to other materials used for the operation
in the THz range, TPX exhibits excellent optical prop-
erties and can serve as a good replacement for the new
THz material known as picarin (tsurupica) in the
manufacture of lenses. The latter is commercially less
accessible and substantially more expensive.

2.2. Polyethylene (PE)

Polyethylene is used in the production of films and
various film items, such as the thermoplastic films and
the packages. Food wrap PE has excellent dielectric
characteristics. One of its advantages is chemical resis-
tance, except for fats and oils, which dissolve PE.
Externally, it is an almost completely transparent and
weakly plastic material, which is an excellent electrical
insulator, frost-resistant, not vulnerable to radiation,
moisture-resistant, and gas-tight. Items made of PE
are used in electrical engineering, chemical and food
industry, automotive industry, construction, etc.

The refractive index of PE weakly varies in a wide
range of wavelengths. Optical properties of PE are
given in Figs. 15 and 16. Typically, high-density poly-
ethylene (HDPE) is used for the production of optical
components. Thin films of HDPE used in THz polar-
izers. HDPE is also used in the production of windows
for the Golay cells.
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Unfortunately, the transmission of HDPE in the
visible range is very low, so one needs to use IR radia-
tion to adjust the optical systems.

It should be noted that the transmission of HDPE
in the THz range does not depend on the temperature,
which allows one to use the material in cryostats. The
temperature coefficient of the refractive index of
HDPE is 6.2 x 10~* K~! (for the temperature range 8—
120 K).

2.3. Polytetrafluoroethylene
(PTFE, Teflon, Fluoroplast)

Polytetrafluoroethylene is a white, hard, and heavy
plastic. Optical properties of Teflon are given in
Fig. 17. PTFE is a white—transparent in a thin layer—
substance resembling paraffin wax or polyethylene in
appearance. It possesses high heat resistance and frost
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Fig. 17. (Color online) Transmission of a PTFE film with
a thickness of about 0.1 mm in the THz range [23]
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resistance and is an excellent insulation material. Tef-
lon has a very low surface tension and adhesion and is
moistened with neither water nor fat, nor the majority
of organic solvents.

PTFE is an electrical insulator, excellent antifric-
tion material, and fairly heat-resistant polymer, which
enables its use in friction units without additional
lubrication. Teflon is also used to make gaskets and
washers, and joined components are never seized up.
Parts made of Teflon are glued only if the surfaces are
treated with special compositions, but even in that
case the adhesion quality is not very high.

CONCLUSIONS

The selected organic materials, i.e., TPX, PE, and
PTFE, demonstrate homogeneous and stable trans-
mission of approximately 80—90% in the range start-
ing from about 200 pm and extending up to 1000—
2000 um. Indeed, they also superbly transmit at higher
wavelengths as well. However, the optical resistance of
polymeric materials is usually lower than that of
crystals.

Crystalline materials, such as silicon, germanium,
quartz, and sapphire have lower transmittance values
in the THz range because of losses from reflection.
For samples that are 1—2 mm in thickness, these val-
ues are as follows: 35—40% for germanium (in the
range 80—300 um); 70—71% for diamond; 50—54%
for silicon, starting from 50 wm; more than 70% for
quartz, starting from about 120 um; and more than
50% for sapphire, starting from about 350 um. More-
over, the absorption coefficient in these materials
(except for diamond) is at a level of o = 0.5 cm™!. The
absorption coefficient in diamond is o0 = 1073 cm™!,
which is three to four orders of magnitudes higher than
the theoretical limit.

The above materials possess a significant, in terms
of laser technology, absorption of about 0.5 cm~' or
higher, which limits their use in high-power laser sys-
tems. In low-power systems, they can be used in the
form of thin plates or films. However, interference
effects must be taken into account in this case, since
the thickness of the optical element can be comparable
with the wavelength.

All instruments can be practically divided into two
groups according to the output radiation energy (less
than a millijoule or more than a millijoule). For the
first group of emitters, it is possible to use not just
crystals, but also polymers. For more powerful emit-
ters, it is recommended to use crystalline materials.

The application of crystalline materials with high
refractive indices is complicated by significant Fresnel
reflection. Its reduction by applying interference coat-
ings, which is traditionally used in optics, is nearly
inapplicable in the THz range, because layers with
thicknesses that are multiples of A/4 are necessary in
order to apply an antireflection coating, which is tech-
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nologically possible only in the case of deposition of
organic film materials that are not yet widely used.
However, it is possible to apply an antireflection coat-
ing for the THz region by creating periodic surface
relief structures with a high degree of regularity and a
period smaller than the radiation wavelength. In this
case, a long wavelength significantly reduces techno-
logical fabrication problems.

A relatively new optical material, polycrystalline
diamond, has recently become available. This material
shows good optical properties and is irreplaceable for
powerful sources operating in the THz range [24, 25,
50]. In the THz range, two types of powerful radiation
sources using a diamond window are currently known.
In a short-wavelength part of the range, this is a free-
electron laser, which emits frequency-pulse radiation
with an average power of 400 W at wavelengths of 120—
240 um; in a long-wavelength part of the THz range,
this is the gyrotron [20, 50]. These two very different
devices have one thing in common: the radiation exits
from them through a diamond window. Power dia-
mond optical components can be used in nonlinear
optical devices operating via isolation of a wave with a
difference frequency. Silicon carbide can be recom-
mended for use in less powerful sources.

ACKNOWLEDGMENTS

This study was performed using resources of the Col-
lective Use Center of Twersky State University within
Government research contract no. 3.5786.2017/8.9.

REFERENCES

1. Xi-Cheng Zhang and Jingzhou Xu, Introduction to THz
Wave Photonics (Springer, New York, 2010). doi
10.1007/978-1-4419-0978-7

2. E. Brundermann, H. W. Hubers, and M. F. Kimmit,
Terahertz Techniques (Springer, Heidelberg, 2012).

3. Y.S. Lee, Principles of Terahertz Science and Technology
(Springer, New York, 2009).

4. R.A. Lewis, Terahertz Physics (Cambridge Univ. Press,
Cambridge, 2012).

5. V. L. Malevich, G. V. Sinitsyn, G. B. Sochilin, and
N. N. Rosanov, Opt. Spectrosc. 124, 889 (2018).

6. N. N. Rosanov, M. V. Arkhipov, R. M. Arkhipov,
A. V. Pakhomov, and I. V. Babushkin, Opt. Spectrosc.
123, 100 (2017).

7. N. N. Rosanov, Opt. Spectrosc. 107, 651 (2009).

8. T.Y. Chang, T. J. Bridges, and E. G. Burkhardt, Appl.
Phys. Lett. 17, 249 (1970).

9. R. E. Miles, P. Harrison, and D. Lippens, 7erahertz
Sources and Systems, Vol. 27 of NATO Science Series 11
(Kluwer Academic, Dordrecht, 2001).

A. A. Andronov, I. V. Zverev, V. A. Kozlov,
Yu. N. Nozdrin, S. A. Pavlov, and V. N. Shastin, JETP
Lett. 40, 804 (1984).

11. V. V. Parshin, Int. J. Infrared Millim. Waves 15, 339

(1994).

10.



1064

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

M. J. Weber, Gas Lasers. Handbook of Lasers (CRC,
Boca Raton, FL, 2001).

K. L. Vodopyanov, Opt. Express 14, 2263 (2006).

B. G. Bravy, Yu. A. Chernyshev, V. M. Gordienko,
E. F. Makarov, V. Ya. Panchenko, V. T. Platonenko,
and G. K. Vasil’ev, Opt. Express 20, 25536 (2012).

A. A. Vedenov, G. D. Myl’nikov, and D. N. Sobolenko,
Sov. Phys. Usp. 25, 833 (1982).

S. Ya. Tochitsky, C. Sung, S. E. Trubnick, C. Joshi, and
K. L. Vodopyanov, J. Opt. Soc. Am. B 24, 2509 (2007).
S. Ya. Tochitsky, J. E. Ralph, C. Sung, and C. Joshi,
J. Appl. Phys. 98, 26101 (2005).

D. Haberberger, S. Tochitsky, and C. Joshi, Opt.
Express 18, 17865 (2010).

A. S. Abramov, 1. O. Zolotovskii, R. N. Minvaliev, and
D. 1. Sementsov, Opt. Spectrosc. 117, 96 (2014).

N. A. Vinokurov and O. A. Shevchenko, Phys. Usp. 61,
435 (2018).

N. V. Chernomyrdin, A. O. Shchadko, S. P. Lebedev,
I. E. Spektor, V. L. Tolstoguzov, A. S. Kucheryavenko,
K. M. Malakhov, G. A. Komandin, V. S. Gorelik, and
K. 1. Zaitsev, Opt. Spectrosc. 124, 428 (2018).

N. N. Rozanov, G. B. Sochilin, S. V. Fedorov,
A. N. Shatsev, V. L. Malevich, and G. V. Sinitsyn, Opt.
Spectrosc. 123, 146 (2017).

THz Materials. http://www.tydexoptics.com/ru/prod-
ucts/thz_optics/thz_materials/.

V. E. Rogalin and S. M. Aranchii, Integral, No. 5, 7
(2012).

V. G. Ral’chenko and A. P. Bol’shakov, in Carbon Pho-
tonics, Ed. by V. 1. Konov (Nauka, Moscow, 2017) [in
Russian].

J. D. Wheeler, B. Koopman, P. Gallardo, P. R. Malo-
ney, S. Brugge, G. Cortes-Medellin, R. Datta, C. Dar-
ren Dowell, J. Glenn, S. Golwala, C. McKenney,
J.J. McMahon, Ch. D. Munson, M. Niemack, and
S. G. Parshley, in Millimeter, Submillimeter, and Far-Infia-
red Detectors and Instrumentation for Astronomy VII, Ed. by
W. S. Holland and J. Zmuidzinas, Proc. SPIE 9153,
915327 (2014). doi 10.1117/12.2057011

D. L. Golovashkin, L. L. Doskolovich, N. L. Kazan-
skii, V. V. Kotlyar, V. S. Pavel’ev, R. V. Skidanov,
V. A. Soifer, and S. N. Khonina, Diffraction Computer
Optics (Fizmatlit, Moscow, 2007) [in Russian].

V. A. Soifer, Computer Design of Diffractive Optics
(Cambridge Int. Sci., Woodhead, Cambridge, 2012).
Tydex Silicon. http://www.tydexoptics.com/ru/mate-
rials/for_transmission_optics/silicon/.

B. A. Andreev, T. V. Kotereva, V. V. Parshin, V. B. Shma-
gin, and R. Heidinger, Inorg. Mater. 33, 1100 (1997).
D. Grischkowsky, S. Keiding, M. van Exter, and
C. Fattinger, J. Opt. Soc. Am. B 7, 2006 (1990).

B. M. Garin, A. N. Kopnin, M. P. Parkhomenko,
A. A. Izyneev, and V. A. Sablikov, Tech. Phys. Lett. 20,
878 (1994).

V. V. Korotaev, G. S. Mel’nikov, S. V. Mikheev,
V. M. Samkov, and Yu. I. Soldatov, Principles of Heat
Vision (ITMO, St. Petersburg, 2012) [in Russian].

OPTICS AND SPECTROSCOPY  Vol. 125

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

ROGALIN et al.

Tydex Germanium. http://www.tydexop-
tics.com/ru/materials/for_transmission_optics/ger-
manium/.

R. E. Rovinskii, V. E. Rogalin, and V. A. Shershel’, Izv.
Akad. Nauk SSSR, Ser. Fiz. 47, 406 (1983).

L. Claeys and E. Simoen, Germanium-Based Technolo-
gies: From Materials to Devices (Elsevier, Berlin, 2007).

V. B. Voloshinov, P. A. Nikitin, V. V. Gerasimov,
B. A. Knyazev, and Yu. Yu. Choporova, Quantum
Electron. 43, 1139 (2013).

I. A. Kaplunov, P. A. Nikitin, V. B. Voloshinov, A. I. Ko-
lesnikov, and B. A. Knyazev, J. Phys.: Conf. Ser. 737,
012021 (2016).

I. A. Kaplunov, A. 1. Kolesnikov, G. I. Kropotov, and
V. E. Rogalin, Opt. Spektrosk. 126, 271 (2019).

E. E. Chigryai, B. M. Garin, R. N. Denisyuk,
D. S. Kalenov, and I. Nikitin, Zh. Radioelektron.,
No. 11, 18 (2016).

V. V. Parshin, E. A. Serov, G. G. Denisov, B. M. Garin,
V. N. V’yuginov, V. A. Klevtsov, and N. K. Travin,
Elektron. Mikroelektron. SVCh 1 (1), 45 (2017).

V. V. Parshin, E. A. Serov, G. G. Denisov, B. M. Garin,
V. N. V’yuginov, V. A. Klevtsov, and N. K. Travin, in
Proceedings of the 27th International Crimean Confer-
ence on Microwave Engineering and Telecommunication
Technologies KryMiKo’2017, Sevastopol, 2017, p. 920.

A. N. Lobachev, Hydrothermal Crystal Synthesis
(Nauka, Moscow, 1968) [in Russian].

Tydex Crystal Quartz. http://www.tydexop-
tics.com/ru/materials/for_transmission_optics/crys-
tal_quartz/.

M. 1. Musatov, Technique and Technology of Growing
Sapphire Crystals by the SOI Method (Politekh. Univ.,
St. Petersburg, 2013) [in Russian].

Tydex Sapphire. http://www.tydexop-
tics.com/ru/materials/for_transmission_optics/syn-
thetic_sapphire/.

B. V. Spitsyn and B. V. Deryagin, USSR Inventor’s
Certificate No. 339134 (1956).

S. Ho, C.S. Yan, Z. Liu, H. K. Mao, and R. J. Hemley,
Ind. Diamond Rev. 66, 28 (2006).

V. E. Rogalin, E. E. Ashkenazi, A. F. Popovich,
V. G. Ral’chenko, V. I. Konov, S. M. Aranchii,
M. V. Ruzin, and S. A. Uspenskii, Russ. Microelec-
tron. 41, 464 (2012).

B. M. Garin, V. 1. Polyakov, A. I. Rukovishnikov,
V. V. Parshin, E. A. Serov, O. S. Mocheneva,
Ch. Ch. Jia, W. Z. Tang, and F. X. Lu, NATO Sci.
Peace Security, Ser. B: Phys. Biophys., 79 (2013).

B. M. Garin, A. N. Kopnin, V. V. Parshin, V. G. Ral’-
chenko, E. E. Chigryai, V. 1. Konov, A. B. Mazur, and
M. P. Parkhomenko, Tech. Phys. Lett. 25, 288 (1999).

Plastics Technology, Ed. by V. V. Korshak (Khimiya,
Moscow, 1985) [in Russian].

Translated by O. Kadkin

No. 6 2018



	INTRODUCTION
	1. CRYSTALS
	1.1. High-Resistance Silicon Grown by the Floating-Zone Method (HRFZ-Si)
	1.2. Germanium (Ge)
	1.3. Silicon Carbide (SiC)
	1.4. Crystalline Quartz
	1.5. Sapphire (Al2O3)
	1.6. Polycrystalline Diamond
	1.7. Cesium Iodide (CsI) and Thallium Bromoiodide (KRS-5)

	2. POLYMERS
	2.1. Polymethylpentene (TPX)
	2.2. Polyethylene (PE)
	2.3. Polytetrafluoroethylene (PTFE, Teflon, Fluoroplast)

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

