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We discuss the efficiency of an electro-optic (EO) polymer sensor with interdigitated coplanar electrodes.
The developed EO sensor is used to detect terahertz radiation via EO sampling. Results show that the
sensor improves more significantly detection sensitivity than does a sensor with sandwich configurations.
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All-optical techniques are often used to realize the gener-
ation and detection of terahertz (THz) radiation in THz
applications. In such techniques, optical rectification!!]
is used on electro-optic (EO) materials to generate THz
radiation, and EO sampling!? is carried out to detect
THz radiation. Although this method presents good
sensitivity and large bandwidths, strong dispersion and
absorption gaps associated with the lattice resonance in
crystalline EO materials constantly occur. Therefore, a
smooth frequency response is difficult to obtain. If such
THz sources and detectors are employed in spectroscopic
studies, spectral information in the gaps cannot be ex-
tracted. Given that EO polymers are used to generate
and detect THz radiation!®, the organic EO polymer
family has become an ideal alternative to crystalline EO
materials for application in THz systems. These materi-
als exhibit higher EO coefficients!*%!, greater coherence
length, and more variable processing techniques!®? than
do their crystalline counterparts. The greatest advantage
of using amorphous EO polymer films as THz emitters
and sensors is the absence of dispersion or absorption
that results from the lattice resonance effect; conse-
quently, a gap-free THz spectrum is created!®].

In using an EO polymer sensor to detect THz radia-
tion, a polymer film is sandwiched between two poling
electrodes, which consist of either evaporated gold or
a transparent conducting oxide (TCO), such as indium
tin oxide (ITO) or TCO-TCO. In an EO polymer sen-
sor with sandwich configurations, the poling direction
is normal to the polymer plane. Therefore, the poling
direction must be rotated with respect to the incident
THz beam, so that an appreciable component of the THz
electric field can be aligned with the poled axis of the
polymer film. The sensitivity of sandwich configurations
generally acts as a function of the incident angle (#) of
THz and probe beams. In this letter, we present the use
of EO polymer devices with interdigitated coplanar elec-
trodes as THz radiation sensors. Such devices are ideal
because they allow optimal overlap between the THz
electric field and the poling direction of the polymer
film without an external slant angle. The configurations
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have been effectively used in other types of systems,
such as piezoelectric transducers!?) and photorefractive
polymers19.

EO polymer film sensors for detecting THz radiation
have two types of configurations: sandwich configuration
and interdigitated coplanar configuration. The former
has been described in Ref. [11]. Therefore, only the
preparation of the latter is introduced in the current
work. The schematic of an EO polymer sensor with
interdigitated coplanar electrodes is shown in Fig. 1.
The copper-clad printed circuit board includes an em-
bedded interdigitated electrode chip, which is carved
on an aluminum evaporated glass substrate by laser
micromachining!'?. The electrode area of the sensor has
dimensions of 14x 14 (mm). Rounded electrode edges re-
duce high-field fringing effects, consequently minimizing
the occurrence of polymer dielectric breakdown during
poling.

The EO polymer material used in this study is a
poly(methyl methacrylate) (PMMA) with disperse red 1
(DR1) dye attached as a side chain at a concentration
of 10 mol%. The EO polymer (PMMA-DR1) has a glass
transition temperature () of approximately 83 °C, and
the UV absorption (Amax) is 467 nm. The chloroform
solution of this polymer is first filtrated through a 0.2
pm syringe filter and then spin coated onto the glass sub-
strate with the interdigitated coplanar electrodes. The

O J— ®)
/// \\\\
// aluminum-based \\ 7 mi
// copper-clad plate \\
[polymer Tosid
| lead terminal 1|
‘Fe inal 2 J 14 mm
\ o) (C) 100 um 450 um polymer 30 um
\\\ B Epey // l
\1\nterd1g1ta1 electrodes // glass
=

chip > substrate

Fig. 1. (Color online) Schematic of the electro-optic poly-
mer sensor with interdigitated coplanar electrodes; (a) and (c)
top-down view and cross-section of the sensor, respectively;
(b) expanded view of the interdigitated chip (space: 100 pm;
width: 450 pm; length: 7 mm; thickness: 30 pm).
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devices are then baked in a vacuum oven at 70 °C for 12
h to remove residual solvents. The thickness of the resul-
tant film is controlled at 30 to 100 um by using appropri-
ate polyimide spacers. The EO polymer sensors on both
sandwich and interdigitated coplanar configurations are
poled under a unified condition by an applied field of 100
V/pm at Ty. After poling, we carry out ellipsometry!!?]
to measure the EO coefficients of the films. The EO
coefficient (y33) of PMMA-DRI is 10.5 pm/V at 1064
nm. We do not observe significant degradation of the
performance of these EO polymer films over the next
few weeks.

A schematic of the experimental setup is shown in Fig.
2(a). We used a mode-locked Ti:sapphire laser (Spectra-
Physics) as the optical source for generating and detect-
ing THz pulses. The laser oscillator operated at a central
wavelength of 800 nm with a repetition rate of 82 MHz
produces transform-limited optical pulses at a duration
of 50 fs. The optical pump beam, with an average power
of 350 mW, is focused onto a 1-mm-thick < 110 > ZnTe
crystal at normal incidence. THz pulses are generated by
optical rectification and transmitted through the crystal.
The pulses are then collected and focused onto the EO
polymer sensor by a pair of off-axis parabolic mirrors. A
200-pym HDPE film is used to block any residual pump
beam after THz generation. The polarization state of
the 15-mW probe beam is altered from its initial 45°
polarization. For THz pulse detection, we employ trans-
mission geometry, as shown schematically in Figs. 2(b)
and (c). The corresponding phase retardation is mea-
sured with balanced photodiodes in a differential detec-
tion schemel.

The sensitivity of the EO sampling sensors is directly
proportional to the phase retardation induced by an ex-
ternal electric field. When EO sampling is used to detect
THz radiation, the external electric field generated by the
THz pulses causes a proportional change in the refrac-
tive index of the EO medium. A linearly polarized probe
beam that simultaneously passes through this medium
experiences phase retardation along any component par-
allel to the THz electric field. This retardation!!! be-
tween the s- and p-polarizations of the optical probe
beam should be determined. As shown in Fig.2(b),
both the probe beam and THz pulses are incident upon
the polymer at an external angle §. The THz field-
induced phase retardation between the two polarizations
of the optical probe beam in the sensor with sandwich
configurations is expressed by!'f]

2mdyn’yzs  sinf
3A (n? —sinf)z

Al = By, (1)

where d,, is the polymer film thickness, 733 is the EO
coefficient of the polymer, n is the refractive index,
and A is the wavelength of the probe beam. The pol-
ing direction of the sensor with interdigitated coplanar
configurations is parallel to the polymer surface (Fig.
2(c)). This parallelity enables the THz electric field to
be fully projected onto the poling axis under normal in-
cidence. If the electrode spacing (ds) is assumed to be
constant, then the optical path difference of the probe
beam in the proposed sensor is

Iy — s = ds(ne — no). (2)

The s- and p-polarizations are chosen arbitrarily to align
with the extraordinary (z-axis) and ordinary axes, re-
spectively, within the poled polymer. The change in op-
tical path difference is given by

A(l, —15) = ds(Ane — An,). (3)

For simplicity, the values of the components are approx-
imated as follows: n = n. =~ n, and 733 = 3713, where
33 and 13 are the components of the EO tensor. Thus,
the field-induced retardation in the proposed sensor can
be expressed as follows.

We compare the proposed sensor (sensor 1) with the
sensor with sandwich configurations (sensor 2) in terms
of THz detection by EO sampling. The film of sensor 1
has a thickness of ~75 pm, whereas that of sensor 2 has a
thickness of ~90 pm. The angle of incidence of sensor 2 is
60°, which is the Brewster’s angle for PMMA-DRI1 film.
This angle is used because it provides the greatest probe
beam transmission without significantly diminishing sen-
sor efficiency. Using the theory developed (Egs. (1), (4))
and the experimentally measured thicknesses (d,, ds), we
obtain a measured refractive index of the optical probe
beam with PMMA-DRI1 of ~1.6 at a wavelength of 800
nm and an incident angle of 60°. Thus, the ratio of the
signal for the two sensors employed in our experiment
should be g AT

2 2
) x N 1.67. (4)
Figure 3 shows the THz electric field traces and the corre-
sponding Fourier transforms using sensors 1 and 2. Over
the detectable THz range, the measured ratios of the two
sensors is only 70% of the predicted ratio of 1.67 because
the electric field is assumed to be uniform throughout
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Fig. 2. (Color online) (a) Schematic of the experimental setup
used in all-optical techniques. ZnTe is used to generate THz
radiation by optical rectification and to detect THz radiation
by EO sampling. PBS is a 2 pum pellicle beam splitter; (b)
and (c) expanded view of the sensor on both sandwich and
interdigitated coplanar configurations, respectively.
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Fig. 3. (Color online) (a) Terahertz electric field traces for
two sensors and (b) corresponding Fourier transforms. Sen-
sor 2 is placed at an angle of 60°. A 1-mm ZnTe emitter is
used in both cases. Data are obtained using the experimental
setup described in Fig. 2(a).
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both sensors when calculating the EO coefficient (7y33).
However, the electric field of sensor 1 is in fact non-
uniform during the poling, resulting in a phase retar-
dation (AT'2) larger than the true value.

In conclusion, we report the application of EO poly-
mers for THz sensing. Two configurations of EO poly-
mer sensors are studied and compared in terms of their
sensitivity as EO sensors. The proposed EO sensor with
interdigitated coplanar electrodes more significantly im-
proves sensitivity than does the sensor with sandwich
configurations. Further studies should be conducted to
elucidate the fundamental physics that governs the pro-
posed sensor.
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