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Indium–tin–oxide nanowhiskers were employed as transparent electrodes in a liquid-crystal terahertz phase shifter.
Transmittance of the device was as high as ∼75%. Phase shift exceeding π∕2 at 1.0 THz is achieved in a∼500 μm-thick
cell. The driving voltage required for the device operating as a quarter-wave plate was as low as 17.68 V (rms), an
improvement of nearly an order of magnitude over previous work. © 2014 Optical Society of America
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Nanomaterials; (300.6495) Spectroscopy, terahertz; (310.7005) Transparent conductive coatings.
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During the last three decades, remarkable progress has
been made in submillimeter or terahertz technology,
which has made significant inroads to applications in
fields ranging from biomedicine, three-dimensional imag-
ing, tomography, and characterization of materials [1].
Subterahertz radio-over-fiber communication at data
rates exceeding 20 Gb∕s over a 25-km fiber link was also
demonstrated [2]. To meet the demands of the exploding
terahertz field, many novel quasi-optic components, such
as phase shifters [3–6], gratings [7], modulators [8], polar-
izers [9,10], and filters [11–14], have been developed. In
particular, a number of tunable terahertz devices employ-
ing liquid crystals (LCs) have attracted considerable
attention [3–6,14]. In our previous work, phase shift ex-
ceeding π∕2 at 1 THz was achieved by using electrically
controlled birefringence in a 570-μm-thick homeotropi-
cally aligned (E7) LC cell, biased at a root-mean-square
(rms) voltage of 125 V [4]. Sputtered indium–tin–oxide
(ITO) films, widely used as electrodes in the visible
range, are opaque in the terahertz frequency range
[15,16]. Therefore, two copper pieces separated by
∼11 mm on two sides of the LC cell were used as spacers
and electrodes [4]. Later, Lin et al. demonstrated a π∕3
phase shifter by using subwavelength metallic gratings
as the transparent electrodes. Its operative voltage was
as high as 130 V (rms) [6].
Recently, ITO nanomaterials, such as nanocolumns,

nanorods, nanowires, and nanowhiskers (NWhs), were
reported to have omnidirectional, broadband antireflec-
tive (AR) characteristics in the visible and near-infrared,
as well as superhydrophilicity. These nanomaterials are
thus useful as electrodes in solar cells [17], light emitting
diodes (LEDs) [18], and displays [19]. In the terahertz
band, we showed that ITO NWhs also exhibit superb
transparency (∼82%). Meanwhile, their DC mobility
(∼92 cm2 V−1 s−1) and conductivities (∼245 Ω−1 cm−1)

are comparable to sputtered ITO thin films [15,16,20].
In this Letter, we report an electrically tunable terahertz
LC phase shifter using ITO NWhs as transparent
electrodes. The device can be operated at relatively
low voltage and exhibits high transmittance in the tera-
hertz frequency region. The operation of the device as a
terahertz quarter-wave plate is verified. The voltage- and
frequency-dependent characteristics of the terahertz
phase shifter are discussed in detail. Experimental re-
sults are in good agreement with theoretical predictions
by considering the minimum free energy condition.

The configurations of the two devices being investi-
gated are shown in Fig. 1. The cells were constructed
by sandwiching the LC (E7 by Merck) layer between
two fused silica substrates which were deposited
with either ITO NWhs or sputtered ITO thin films as
electrodes. The latter were fabricated by DC reactive
magnetron sputtering while the former were prepared
by the electron-beam glancing-angle deposition (GLAD)
method. Details of sample preparation can be found in
our previous work [15,16]. For the phase shifter using
ITO NWhs, the thickness of the substrate and the E7 layer

Fig. 1. Schematic diagrams of (a) ITO NWhs and (b) thin
film-based LC phase shifter at terahertz frequency.
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were 1008� 8 and 509� 12 μm, respectively. The
reference cell, coated with 200-nm-thick ITO sputtered
thin film, employed substrates with thickness of
973� 8 μm, and a 524� 10 μm-thick LC layer. Inner
faces of substrates deposited with ITO films or NWhs
were further coated with polyimide for alignment of
the LC molecules by the rubbing process. The cells were
biased with sinusoidal signals at 1 kHz.
Before turning on the voltage, the E7 molecules are in

the initially stable state and parallel to the substrates, as
we illustrated in Fig. 1. Due to the Fréedericksz transi-
tion, E7 molecules will be reoriented toward the applied
electric field as the bias is increased beyond the thresh-
old field given by Eth � π�k1∕�ε0 × Δε��1∕2∕d [21], where
ε0 � 8.854 × 10−12 F · m−1, Δε � ε‖ − ε⊥ � 13.8 [4], k1 �
11.1 × 10−12 N [4], and d are free-space permittivity,
dielectric anisotropy, splay elastic constants, and the
distance between two electrodes, respectively. Here, ε‖
and ε⊥ are the dielectric constants along the preferred
axis and perpendicular to this axis, respectively. The ap-
plied voltages quoted in this Letter were all rms values.
The boundary condition on the internal surfaces of

substrates for the LC cell requires that the tilt angle of
the director θ�0� � θ�d� � 0. Further, LC molecules
are assumed to be originally aligned along the y direc-
tion. The condition for minimum free energy (δU � 0)
can be written as [21]
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where k3, θ, and, Dz are the bend elastic constant, tilt an-
gle, and z component of the displacement field vector,
respectively. Assuming the maximum tilt angle, θmax,
occurs at the center of the cell, the dependence of
θmax on the applied voltage is given by [21]
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where ζ � �k3 − k1�∕k1, ρ � �ε‖ − ε⊥�∕ε⊥, and V is the ap-
plied voltage, whereas sin α � sin θmax. In addition, V th is
the threshold voltage and is equal to Ethd. After finding
the θmax at every applied voltage, the effective birefrin-
gence experienced by the terahertz wave transmitting
through the LC cell can be written as [4]
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where ne and no are extraordinary and ordinary indices of
refraction of the LC, respectively. Due to weak anchoring
of the∼500 μm-thick cell, we canwrite the phase shift due
to the effective birefringence as δ � 2πf d × Δneff:Max∕c
[4], where f and c are the frequency and speed of propa-
gation of the terahertzwave in vacuum.Here, the values of
ne and no for E7 are 1.690–1.704 and 1.557–1.581 at 26°C,

respectively, giving rise to a birefringence of 0.130–0.148
in this frequency range [22].

A photoconductive antenna-based terahertz time-
domain spectroscopy (TDS), as described in our pre-
vious works, was used to characterize the terahertz
phase shifters [15]. A pair of parallel wire-grid polarizers
was placed before and after the devices under test to
ensure the polarization of the terahertz beam. In Fig. 2,
we have plotted experimentally measured transmittance
of the two types of phase shifters. Transmission charac-
teristics of ITO sputtered thin film and NWhs are shown
as a reference. Transmittance of the substrate with ITO
NWhs (∼91.48%) is much higher than that with sputtered
ITO thin films (∼8.62%). The underlying basic physics for
the huge difference is that terahertz radiation can more
easily propagate through the air space among NWhs
[15,16]. As a result, the transmittance of the phase shifter
using ITO NWhs as electrodes (≥75%) is much higher
than that using thin film (≤0.92%).

Recalling the relationship of phase shift and frequency,
larger phase shift can be expected at higher frequencies.
This is confirmed in Fig. 3, in which we plot the phase
shifts from 0.2 to 1.2 THz by varying the applied voltages.
For a given voltage, in general, the measured phase shift
varied linearly with frequency. For the phase shifter
based on NWhs, the slope of linear fit varies from
7.12/THz to 92.14/THz as the applied voltage is ramped
from 1.48 to 17.68 V (rms).

In Fig. 4, we plotted the phase shift as a function of
driving voltage. The fitting curves in Fig. 4 are theoretical
predictions according to Eqs. (1)–(3). Far above thresh-
old, the LC molecules are essentially aligned with the
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Fig. 2. Transmittance of ITO thin film, NWhs, phase shifter
based on ITO NWhs, and thin film.
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Fig. 3. Phase shift as a function of terahertz frequency for four
driving voltages of phase shifter based on ITO NWhs.
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electric field. Here, the theoretical curves are in good
agreements with the experiments. The thresholds for
voltage and electric field, Eth and V th, are determined
to be 0.95 V (rms) and 18.60 V∕cm, respectively. In the
previous work [4], the threshold voltage and correspond-
ing field were 27 V (rms), and 22.6 V∕cm, respectively.
Over 90° of phase shift were achieved at 1.05 THz when
the phase shifter using ITO NWhs was driven at 17.68 V
(rms) versus 125 V (rms) reported in previous work [4].
Therefore, the phase shifter using ITO NWhs can achieve
the threshold of driving molecules and operate as a quar-
ter-wave plate at much lower voltage—more than six
times lower. The threshold electric fields are nearly
the same, which is reasonable.
In summary, by applying the ITO NWhs obliquely

evaporated by electron-beam GLAD as transparent con-
ductors, we have demonstrated a tunable LC terahertz
phase shifter and quarter-wave plate that exhibit desir-
able characteristics of high transmittance and low-
operation-voltage. The transmittance of the device is
as high as ∼75%. Phase shift of more than π∕2 at 1.0 THz
is achieved in a -∼509-μm-thick cell with low driving
voltage, 17.68 V (rms). ITO NWhs are thus expected to
be excellent choices as transparent conductors for opto-
electronic devices not only in the visible but also in the
terahertz band.

This work was funded by a grant of the National Sci-
ence Council 101-2221-E-007-103-MY3 and the Academic
Top University Program of the Ministry of Education.
The authors would also like to thank Dr. Jia-Min Shieh
for providing the ITO thin films.

References

1. X.-C. Zhang and J. Xu, Introduction to THz Wave Photonics
(Springer, 2010).

2. J.-W. Shi, C.-B. Huang, and C.-L. Pan, NPG Asia Mater. 3, 41
(2011).

3. C.-Y. Chen, C.-F. Hsieh, Y.-F. Lin, R.-P. Pan, and C.-L.
Pan, Opt. Express 12, 2625 (2004).

4. C.-F. Hsieh, R.-P. Pan, T.-T. Tang, H.-L. Chen, and C.-L. Pan,
Opt. Lett. 31, 1112 (2006).

5. H.-Y. Wu, C.-F. Hsieh, T.-T. Tang, R.-P. Pan, and C.-L. Pan,
IEEE Photon. Technol. Lett. 18, 1488 (2006).

6. X.-W. Lin, J.-B. Wu, W. Hu, Z.-G. Zheng, and Z.-J. Wu, AIP
Adv. 1, 032133 (2011).

7. I. Chatzakis, P. Tassin, L. Luo, N.-H. Shen, L. Zhang, J. Wang,
T. Koschny, and C. M. Soukoulis, Appl. Phys. Lett. 103,
043101 (2013).

8. H.-T. Chen, W. J. Padilla, M. J. Cich, A. K. Azad, R. D. Averitt,
and A. J. Taylor, Nat. Photonics 3, 148 (2009).

9. Z. Huang, H. Park, E. P. J. Parrott, H. P. Chan, and E. P.
MacPherson, IEEE Photon. Technol. Lett. 25, 81
(2013).

10. L. Ren, C. L. Pint, L. G. Booshehri, W. D. Rice, X. Wang, D. J.
Hilton, K. Takeya, I. Kawayama, M. Tonouchi, R. H. Hauge,
and J. Kono, Nano Lett. 9, 2610 (2009).

11. O. Paul, R. Beigang, and M. Rahm, Opt. Express 17, 18590
(2009).

12. E. S. Lee and T.-I. Jeon, Opt. Express 20, 29605
(2012).

13. Y.-J. Chiang, C.-S. Yang, Y.-H. Yang, C.-L. Pan, and T.-J. Yen,
Appl. Phys. Lett. 99, 191909 (2011).

14. N. Vieweg, N. Born, I. Al-Naib, and M. Koch, J. InfraredMilli.
Terahz Waves 33, 327 (2012).

15. C.-S. Yang, M.-H. Lin, C.-H. Chang, P. Yu, J.-M. Shieh, C.-H.
Shen, O. Wada, and C.-L. Pan, IEEE J. Quantum Electron.
49, 677 (2013).

16. C.-S. Yang, C.-M. Chang, P.-H. Chen, P. Yu, and C.-L. Pan,
Opt. Express 21, 16670 (2013).

17. C.-H. Chang, P. Yu, M.-H. Hsu, P.-C. Tseng, W.-L. Chang,
W.-C. Sun, W.-C. Hsu, S.-H. Hsu, and Y.-C. Chang, Nanotech-
nology 22, 095201 (2011).

18. C. H. Chiu, P. Yu, C. H. Chang, C. S. Yang, M. H. Hsu,
H. C. Kuo, and M. A. Tsai, Opt. Express 17, 21250
(2009).

19. S. H. Lee and N. Y. Ha, Opt. Express 19, 21803 (2011).
20. C.-S. Yang, C.-H. Chang, M.-H. Lin, P. Yu, O. Wada, and C.-L.

Pan, Opt. Express 20, A441 (2012).
21. P. Yeh and C. Gu, Optics of Liquid Crystal Displays (Wiley,

1999).
22. C.-S. Yang, C.-J. Lin, R.-P. Pan, C.-T. Que, K. Yamamoto, M.

Tani, and C.-L. Pan, J. Opt. Soc. Am. B 27, 1866
(2010).

0 2 4 6 8 10 12 14 16 18 20

0

20

40

60

80

100

120

140

Ph
as

e 
sh

if
t (

de
gr

ee
)

Driving voltage (Vrms)

 0.32 THz    Fitting curve at 0.32 THz

 0.61 THz    Fitting curve at 0.61 THz

 0.82 THz    Fitting curve at 0.82 THz

 1.05 THz    Fitting curve at 0.82 THz

Fig. 4. Phase shift as a function of driving voltage for four
frequencies of phase shifter based on ITO NWhs.
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