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The composition of glass and polymers, and the density and viscosity of lubricating oil,

can be determined from the THz spectrographs of these materials.

By MiRA NAFTALY AND ROBERT E. MILES, Member IEEE

ABSTRACT | Terahertz time-domain spectroscopy is used to
study properties of nonpolar amorphous materials. Terahertz
absorption spectra and refractive indices were measured in a
number of glasses, lubricating oils, and polymers, and the
results were correlated with material properties.
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I. INTRODUCTION

Coherent time-domain spectroscopy (TDS) using terahertz
radiation [1]-[3] has been employed to look at a wide
variety of materials, including ceramics [4], semiconduc-
tors [5], environmental pollutants [6], chemical mixtures
[7], and gases [8]. Many of these materials were previously
studied using far-infrared Fourier transform spectroscopy
(FTS) in transmission and reflection modes. THz TDS
differs from FTS in a number of important aspects [1]-[5]
which give it some significant advantages. THz TDS uses
coherent pulsed sources, typically of 1-2 ps duration;
while FTS wuses continuous-wave (CW) noncoherent
sources. The TDS measurement is carried out in a
pump-probe configuration, with the short probe pulse
(< 0.1 ps) sweeping out the transient field of the THz
pulse, giving a direct measurement of the field amplitude
and phase. The THz spectrum is then obtained from the
data by a Fourier transform. Since the absorption
coefficient and the refractive index of the material studied
are directly related to the amplitude and phase respec-
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tively of the transmitted field, both parts of the complex
permittivity can be obtained by THz TDS. By contrast, FTS
measures only the field intensity, and therefore provides
only the absorption coefficient. Although the refractive
index can be calculated from the FTS data by using
Kramers—Kronig relations, the calculation is not straight-
forward and has many potential sources of error. As a
further consequence of its coherent pump-probe detec-
tion scheme, TDS has a very high signal-to-noise ratio
(SNR): typically > 10° in power, compared to ~300 for
FTS [5].

Moreover, the high-brightness, short-pulse sources
used in THz TDS have peak optical intensities several
orders of magnitude higher than the CW sources employed
in FTS [5], allowing transmission studies to be carried out
on materials with relatively high absorption coefficients.
The frequency resolution of THz TDS can be as fine as
~1 GHz, which is as good as the best of FTS instru-
ments. However, the bandwidth of THz emitters is
typically less than 5 THz, while that of FTS systems can
extend into the near-infrared.

Terahertz spectroscopy studies fall into two categories:
those aiming to identify or differentiate substances on the
basis of their THz transmission spectra, and those focusing
on the optical and dielectric properties of materials at
terahertz frequencies. In the present paper we attempt
to relate the data obtained by terahertz spectroscopy to
the material properties. Nonpolar materials were chosen
for the study, because of their relatively good transmis-
sion at THz frequencies enabling good quality data to be
obtained. We describe the application of THz TDS to
glasses, lubricating oils, and polymers. The measured
terahertz absorption and refractive indices were corre-
lated with material properties, and some relationships
were identified. The results show the potential of
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terahertz spectroscopy as an experimental technique for
material characterization.

ITI. EXPERIMENTAL

The THz TDS system, shown in Fig. 1, uses a 60 fs Ti-
sapphire laser (Spectra-Physics Tsunami), employing a
conventional configuration [1]-[3] for free-space THz
generation and detection. The average power of the laser
was 1.2 W, of which approximately 1.1 W was used for
terahertz generation from a biased GaAs emitter. Electro-
optic (EO) detection with balanced photodiodes was
employed to observe the THz signal. The EO detector
was a 1.5 mm thick ZnTe crystal cut so that the beam
propagation was along its (110) axis. The use of a relatively
thick ZnTe crystal increases the measured signal, although
the obtainable bandwidth is reduced owing to crystal
absorption and phase mismatch. However, this was not a
problem, since the type of emitter employed was incapable
of producing a significant amount of radiation at frequen-
cies above 3 THz where the crystal absorption becomes
significant. The dynamic range of the THz spectroscopy
system was around 2000 in amplitude, and the usable
bandwidth was from 100 GHz to 3 THz. The optical
configuration was designed to provide a focused THz beam
for imaging and a parallel beam for spectroscopy.

The emitter was fabricated on semi-insulating GaAs
with an attached silicon hyperhemispherical lens [9]. It
had parallel electrodes with a gap of 0.5 mm, and the
applied bias was 200 Vpc. The average THz power,
measured by a calibrated Golay detector, was approxi-
mately 50 pW. The emitted THz spectrum was obtained
independently using a lamellar-mirror FTIR with a
Golay detector, described in detail elsewhere [10]. The
spectral profile obtained by the FTIR and the frequen-
cies of the water absorption lines were found to agree
with those measured by electrooptic detection, as shown
in Fig. 2.

Absorption coefficients a(r) and refractive indices
n(v) were calculated as a function of THz frequency v

THz emitter

pump beam

probe beam

* parabolic mirrogs

to ZnTe

THz beam [ A
i ><@ i\ f gold-coated prism
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* parabolic mirrors -

Fig. 1. A schematic drawing of the THz TDS system.

Normalised spectrum

Frequency (THz)

Fig. 2. Comparison of the source THz spectra obtained using an
FTIR and the TDS system (adjusted for losses in the ZnTe crystal).
The TDS amplitude was squared in order to compare with the power
spectrum from the FTIR. The sharp absorption peaks are due to
water vapor, and provide a check of frequency accuracy.

from the sample and reference spectral data using equa-
tions [1]-[5]

a(v) = —In [T(I/)Esample( V) /Ereference (V) ] (1)
(V) 1+ C[¢sample( ) ¢Y6ference v ] [27TVd (2)
T(w) =1-R=1-[() -1/ +1*  3)

where E and ¢ refer respectively to the THz amplitude
and phase, d is the sample thickness, and R the Fresnel
loss at the air-sample interface.

III. THz SPECTROSCOPY OF GLASSES

Glasses have infrared absorption spectra in the region
stretching from around 10* cm™! down to below 10 cm ™.
Over the years near- and far-infrared vibrational spectra of
glasses have attracted a great deal of research interest,
because they provide an insight into the glass structure and
are closely related to the optical and mechanical proper-
ties. Vibrational modes in glasses have been investigated
primarily by the techniques of Raman scattering [11],
far-infrared transmission [12]-[14] and reflection spec-
troscopy [15], [16]. More recently THz absorption spectra
and refractive indices have been obtained in a number of
glasses and glass-ceramics [17], [18], demonstrating the
potential usefulness of THz TDS for glass studies.
Commercially available optical flats were used in the
study (Esco Products). The glasses were: polycrystalline
fused quartz; amorphous fused silica; Pyrex (81% SiOg,
13% BzOg, 4% NaZO, 2% Aleg); and BK7 (70% Si02,
11.5% B,03, 9.5% Na,O, 7.5% K,0, 1.5 BaO). Absorption
coefficients («) and refractive indices (n) were obtained
for each sample using (1)-(3). The values are plotted in
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Fig. 3. Absorption coefficients of the glasses studied,
calculated using (1)-(3).

Figs. 3 and 4. The spectral range of frequencies is narrower
for Pyrex and BK7 glasses than it is for quartz and silica.
This is because the dynamic range of the system limits
measurement to the frequency band where transmission
is 1072 or higher. It is seen that THz absorption and
refractive index in silica and quartz are identical, while
those in Pyrex and BK7 differ significantly.

Figs. 3 and 4 show that THz absorption and refractive
index in silica and quartz are relatively low, while the more
ionic and highly disordered Pyrex and BK7 glasses have
much stronger absorptions as well as higher refractive
indices.

In simple terms, the increased THz absorption can be
ascribed to the presence in Pyrex and BK7 glasses of ionic
network modifiers (i.e., components which break up and
modify the structure of the glass network) [19]. Of these,
ionic alkali oxides especially increase the microscopic
polarizability. This is confirmed by the fact that absorption
in the high-alkali BK7 glass is much stronger than in low-
alkali Pyrex.
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Fig. 4. Refractive indices of the glasses studied,
calculated using (1)-(3).
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Fig. 5. Frequency dependence of the product no for the glasses
studied, together with a fit to (4) (dashed line).

Quantitatively, the effect of glass composition on THz
transmission can be understood in the light of the relations
[20], [21]:

n(v)a(v) = K(h)” (4)

where h is the Plank constant and 3 is an exponent which
is approximately two in glassy materials. K is a factor
which increases with the density of charge fluctuations in
the material and with the refractive index. To verify this
relationship, and to obtain the K and /3 parameters, Fig. 5
plots the product na against frequency on a log-log scale;
the dotted lines denote the fits to (4).

Fig. 5 shows the agreement between the data and the
power relationship given by (4). The values of Kh? and 3
are listed in Table 1 (Kh? is given instead of K for easier
comparison with Fig. 5). The value of (3 is 2.0 for quartz
and silica, in agreement with the literature [20], [21]. In
Pyrex the value of 8 is 1.9 and in BK7 it is 2.6, i.e.,
deviating from the theoretical value for amorphous
materials. It is notable that the deviation from 3 =2 is
larger in the more disordered BK7 glass. The value of Kh?
obtained for silica is 5 cm's?, which is higher by a factor
of two than that found by Strom et al. [20], [21]. However,
the absorption coefficients (as shown in Fig. 3) agree with
those quoted by other authors [12]-[14], [17], [18], while
those given in [20] and [21] are smaller by a factor of 2.
Thus the low value of absorption found in [20], [21]
explains the discrepancy in the value of Kh?.

Table 1 indicates two trends: that the values of both
THz refractive index and of Kh? increase with the fraction
of ionic network modifiers in the glass. Indeed Kh? is
expected to increase with the refractive index [20], [21];
the relationship is shown in Fig. 6. Furthermore, the fact
that Kh? increases with the proportion of alkali oxides
indicates that it may be inversely related to the bonding
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Table 1 THz Refractive Indices, and Kh? and B Parameters of Glasses

Fraction of Refractive 2 y;
Glass network index K_hl 2

modifiers (average) IS
Polycrystalline quartz 0 1.9610.01 5+1 2.0+0.1
Amorphoussilica 0 1.9610.01 5+1 2.0+0.1
Pyrex 6% 2.1140.01 60+10 | 1.940.1
BK7 18.5% 2.5240.01 190430 | 2.6+0.1

strength in the glass. An indication of the bonding strength
is provided by Ty, the glass melting temperature [22]. Such
a relationship is indeed observed in Fig. 7, which plots Kh?
against Ty, (where the T,, values were obtained from the
published data sheets).

It is of interest to note that the THz refractive indices
of glasses are higher than in the visible, as shown in Fig. 8.
That is because ionic polarizibility contributes to the
dielectric constant of glasses at THz frequencies and below
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50 | § 1
,Q quariz/silica
0 o I I I L I
1.9 2.0 241 2.2 23 2.4 25 2.6

THz refractive index (average)

Fig. 6. The relationship between the THz absorption coefficient Kh?
and the average THz refractive index in the glasses studied.

[23]. However, near the bandgap absorption in the UV,
and in the mid-IR in the vicinity of phonon resonances, the
refractive index increases on approaching an absorption
edge or a resonance owing to anomalous dispersion [16].
An interesting feature of the data in Fig. 8 is that for these
silicate glasses the THz refractive index appears to be
linearly related to the visible refractive index.

IV. THz SPECTROSCOPY OF
LUBRICATING OILS

Infrared FTS has for many years been employed in the
study of lubricating oils, their properties, and their
interactions with surfaces [24]-[27]. Lubricating oils are
also particularly suitable for study by THz TDS, since their
absorbances in the far-infrared are relatively low and they
also possess characteristic absorption features.

Two types of study were carried out. In the first, seven
Shell lubricating oils, chosen so as to cover a wide range of
types and properties, were examined. Information about
the oils was provided by Shell UK; Table 2 lists the oils and
some of their properties. The second study looked at
changes in the transmission of car engine oil arising from
prolonged use.

The sample cell employed in both studies had an
optical path length of 3 cm, and was made of high-density
polyethylene (HDPE) with a refractive index close to that
of the oils (1.45).
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Fig. 7. The relationship between the coefficient Kh?> and the melting
temperature T, of the glasses studied.
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Fig. 8. Comparison of refractive indices at THz and in the visible.
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Table 2 shell Oils and Their Properties

Shell Oil Pour Density Viscosity THz

(n/a= no additives point @ 15°C @ 40°C refractive
w/a = with additives) e g/em® cSt index
HVI 160, n/a, C20-C50 9 0.893 30.8 1.486
HVI 650, n/a, >C25 9 0.910 492 1.496
MVI140, n/a, C15-C30 -39 0.873 8.6 1.475
Tellus RS, w/a -40 0.850 5 1.467
Tellus 46, w/a -30 0.870 46 1.481
Tonna S68, w/a -30 0.885 68 1.484
Risella MH, refined - 0.865 68 1.478

Fig. 9 plots THz absorption in the Shell oils: the
additive-free oils are shown in Fig. 9(a); the additive-

containing oils are shown in Fig. 9(b); and Fig. 9(c)
compares different types of oil. It is seen that all seven oils ] HVI 650
show a steep rise in absorption with frequency. This HVI 160
behavior, seen in many amorphous materials, can be PR
caused by the coupling of radiation into the acoustic
phonon modes of the material [8]. In Fig. 9(a) and 9(b)
pairs of similar type of oil (HVI 160 & 650; Tellus R5 & 46)
are seen to have similar THz absorption curves, i.e., THz
absorption is only weakly affected by the length of
hydrocarbon chains in the oil or by its viscosity. By

contrast, oils with different compositions, due either to o0 ; f 2.0

Absorption coefficient (cm™)

additives or to a different refining process, have markedly
different absorption curves. Fig. 9(c) compares three light
oils of different compositions (HVI 160, Tellus R5, MVI
40) and the highly purified Risella MH oil. It is seen that
variations in oil compositions give rise to changes in the

Tonna S68
Tellus 46
Tellus R5

20}
THz absorption spectra. Notably the purified Risella oil has 15[
the lowest and most featureless absorption curve. These
results suggest that lubricating oil compositions can be 10
analyzed and/or monitored by THz spectroscopy.

The THz refractive indices of oils are listed in Table 2;

Absorption coefficient (cm")

0.5

since all oils exhibit negligible dispersion, a single value is
given. It can be observed that the THz refractive indices T ST EE—

correlate with both the density and viscosity of the oil. This Frequency (THz)
is shown in Fig. 10, where different symbols are used to
denote oils with and without additives and the purified oil
Risella. It is seen that for both additive-containing and

2.5 — —T— A

HVI 160
Tellus R5
MVI 40
Risella MH

additive-free oils, a nearly linear relationship appears to
exist between the THz refractive index and: i) the density
[Fig. 10(a)] and ii) the logarithm of viscosity [Fig. 10(b)].
However, Risella oil deviates significantly from the com-
mon trend. It may be revealing to consider that both the

Absorption coefficient (cm™)

density and viscosity of oils increase with the length of the
hydrocarbon chains, and that therefore their THz refrac-
tive index may be related to the chain length or molecular
weight.

It is of interest to note that THz transmission data

provide information on both the composition and me- Fig. 9. THz absorption in the Shell oils. (a) Additive-free oils.
chanical properties of oils: the absorption spectra are  (b) Additive-containing oils. (c) Comparison of different types of oil.

0.0 0.5 1.0 1.5 2.0
Frequency (THz)
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Fig. 10. THz refractive indices versus: (a) oil density and
(b) oil viscosity.

dependent on oil composition; while the refractive indices
correlate with density and viscosity.

In another set of experiments, THz transmission of a
car engine oil was examined at different stages of use:
clean unused oil; oil after six months of use; and overused
oil after three years of use. The transmission spectra are
shown in Fig. 11; the refractive index remained constant at
1.5. But it is seen that THz absorption increases with the
extent of oil use, possibly indicating oil deterioration and/
or contamination, and offering a useful tool for oil testing.
Scattering is unlikely to have contributed to the increased
loss, since the oil was free of sufficiently large particles.

V. THz SPECTROSCOPY OF POLYMERS

Far-infrared transmission in polymers has long been of
interest both to materials research and for applications in
submillimeter-wave technologies. Numerous studies have
been carried out using FTS [28]-[31], and more recently
THz TDS [32]-[35]. Here we look at two types of polymer
studies: i) observing changes in THz transmission which
occur during the polymerization process and ii) examining
different types of polymers both for characterization pur-
poses and in order to relate THz transmission to mate-
rial properties.

The first study examined cross linking in SU8, which is
a three-component curable epoxy resin widely used as an

12 T T T T T

overused

Absorption coefficient (cm™)

0.0 0.2

04 0.6 0.8 1.0 1.2
Frequency (THz)

Fig. 11. THz transmission of a car engine oil at various stages of use.

ultrathick negative photoresist [32]. The resin is usually
deposited by spin-coating onto a substrate, which for this
work was chosen to be TPX owing to its good THz trans-
parency [29]. The resin is cured by exposure to UV light,
causing formation of cross-linkages.

An SUS8 sample was prepared by spin-coating a 1-mm-
thick layer onto a TPX substrate. The transmission prop-
erties of the uncured sample were measured immediately
following deposition. The sample was then fully cured,
and its transmission properties were measured again.

The results, seen in Figs. 12 and 13, show that there is a
significant decrease in both THz absorption and refractive
index resulting from the curing process. Since SUS8 is
optically transparent, the difference cannot be attributed to
scattering. It is also of interest that, unlike other amorphous
materials studied here, SU8 exhibits strong dispersion.

Four types of polymer sheets, obtained from commer-
cial suppliers, were studied, all of which are highly
transparent in the THz range. These were HDPE (high-
density polyethylene), polystyrene, polycarbonate, and

50 T T T T

as deposited
40 B

30 B

cross-linked

Absorption coefficient (cm'1)

0 PRI R S S T | 1o 0

0.0 0.5 1.0 15 2.0
Frequency (THz)

25

Fig. 12. THz absorption in uncured and cured Sus.
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Fig. 14. THz absorption in HDPE, polystyrene,
polycarbonate and Perspex.

Perspex (polymethyl methacrylate or PMMA). Figs. 14 and
15 show respectively the THz transmission spectra and
refractive indices of the samples. The values for HDPE,
polycarbonate, and Perspex are similar to those reported in
[35]. It is seen that polymers are strongly differentiated by
their THz absorption and refractive indices. Table 3 lists
the average refractive indices and the Kh? and 3 absorption
parameters.

Considering the data in Table 3, it is seen that the four
polymer sheets conform to the power law dependence of
absorption on frequency, as described by (4). The ex-
ponent (3 in these polymers is close to 2, confirming their
glassy nature. In this they contrast with SU8, where THz
absorption in both uncured and cured samples exhibits a
near-linear frequency dependence. The value of § in
Perspex (PMMA) agrees with that given in [20], [21];
however, the value of Kh? is larger by a factor of two than
that in [20], [21], which may be explained similarly as in
the case of silica (Section III). Unlike in glasses, there is no
correlation between the absorption parameter Kh? and the
THz refractive index. This may be attributed to the fact

1664 PROCEEDINGS OF THE IEEE | Vol. 95, No. 8, August 2007

T T T T B
21F, ]
20| 3

S ° HDPE

° 19} ® polystyrene .

© polycarbonate |  {

= ® Perspex 1

g 18} P ]

o

ko)

o 17F —
16 .
15 .

i i 1 H a |

0.0 0.5 1.0 1.5 2.0 25

Frequency (THz)

Fig. 15. THz refractive index in HDPE, polystyrene,
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Table 3 THz Refractive Indices and Kh? and B Parameters of Polymers

Polymer Refractive index Ki? B
(average) om’'s?

HDPE 1.54+0.01 0.20+£0.05 | 1.9+0.1
polystyrene 2.08+0.01 1.540.3 1.7+0.1
polycarbonate 1.63+0.01 1943 1.9£0.1
Perspex 1.61+0.01 2343 1.940.1
SU8 uncured 1.87+0.1 40+4 1.0+0.1
SU8 cured 1.7940.1 2643 0.9+0.1

that the four polymers studied have very different
chemical compositions and properties, unlike the three
glasses studied in Section III, which all belong to the
silicate family.

VI. CONCLUSION

THz TDS was used to study glasses, lubricating oils, and
polymers. Relationships were observed between the
composition and structure of the studied materials and
their THz absorption spectra and refractive indices. THz
absorption in glasses was seen to conform to the square law
behavior, and to increase with the fraction of network
modifiers in the composition. In lubricating oils, the THz
refractive index was found to increase with oil density and
viscosity; while THz absorption was related to the oil
composition, and was seen to increase with use in car
engine oil. In an epoxy resin THz absorption was seen to
decrease following polymerization; whilst in four polymers
THz absorption and refractive index were found to be
strongly differentiated. THz TDS was therefore shown to
be a valuable tool in the study of materials. B
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