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We have developed a Stokes polarimeter system which can be used at an arbitrary, wide terahertz frequency region by using a wave plate and
difference frequency generation system with DAST crystal (DAST-DFG). Conventional wave plates made of dielectric materials with intrinsic
birefringence at optical wavelengths cannot be applied directly to terahertz frequencies because of the large absorption loss. High resistivity
silicon, which remains transparent even at the higher terahertz frequency region, was selected as the wave plate material. Although the silicon has
intrinsic birefringence hardly, large form birefringence can be successfully induced by fabricating a one-dimensional grating structure of sub-
wavelength scale on its surface and proper operation as wave plate can be confirmed. By using the wave plate with a polarizer on DAST-DFG
system, Stokes polarimeter system can be also successfully developed. Our approach can be extended to an arbitrary, wide terahertz frequency
region and open many terahertz-wave applications associated with polarization physics at there. © 2014 The Japan Society of Applied Physics

1. Introduction

Over the last decade, terahertz-wave research has become
a hot topic owing to the successful development of many
useful terahertz-wave sources, detection devices, and imaging
and spectroscopic systems.1–4) However, advanced com-
ponents relevant to terahertz-wave control such as wave
plates, amplitude and frequency modulators, various types
of filters, waveguide devices, and so on have received less
study. In particular, polarization states emitted from coherent
terahertz-wave sources on the basis of nonlinear optical
effects5–8) are regulated owing to the interaction between a
specific crystallographic axis in nonlinear optical crystals
and a specific polarization direction of pump beams. There-
fore, development of components to control the polariza-
tion states of terahertz waves is still an important topic
for many applications. Not only controlling the polarization
of terahertz waves but also measuring it correctly is also
important to the investigation of several polarization proper-
ties such as birefringence, optical rotation, linear dichroism,
circular dichroism, depolarization effects, and so on.

For the optical to infrared radiation region, several good
wave plates have already been developed and are available
commercially. In particular, crystalline quartz is commonly
used on account of its outstanding intrinsic birefringence,
transparency, and wide availability.9) Since crystalline quartz
has moderate transparency at low-terahertz frequency regions
(i.e., below 3THz), it has been used as a wave plate at
the terahertz frequency region.10) However, the drastically
increasing absorption loss for terahertz waves in crystalline
quartz makes it difficult to employ as a wave plate at
higher terahertz frequencies.11,12) Liquid crystals have also
been used for wave plate application at the low-terahertz
frequency region.13–15) Disadvantages of liquid crystals
are their low transmittance and very slow response time.
Moreover, the liquid crystal layer needs to be much thicker
for terahertz waves than for optical region use. This means
that much higher electric or magnetic fields are necessary
to control the molecular orientations in liquid crystal at the
terahertz frequency region. Metamaterials have also been
applied as wave plates at the terahertz frequency region,16,17)

but their design and fabrication are not easy for non-
specialists. Most recently, development of a wave plate

composed of stacked parallel metal plates have been also
reported.18)

In this paper, we focus on a new wave plate made of
high resistivity silicon, which is well known as one of the
rare transparent materials at the wide terahertz frequency
region.11,12) Actually, wave plates that can perform effectively
at the higher terahertz frequency region have never been
reported owing to the lack of transparent materials with
intrinsic birefringence. Although silicon has intrinsic bi-
refringence hardly, form birefringence can be induced by
fabricating an anisotropic structure of sub-wavelength scale
on its surface, based on the theory of birefringence in an
artificial dielectric.19–21) Besides, Stokes polarimeter system
can be developed with the wave plates. Our system can be
easily expanded to other terahertz frequency regions.

2. Form birefringence induced by a grating structure
of sub-wavelength scale

The Form birefringence can be given rise to by fabricating a
one-dimensional (1D) grating structure of sub-wavelength
scale on the surface of a dielectric material. Especially, in the
higher terahertz frequency region (i.e., above 3THz), there are
few transparent materials except for high resistivity silicon.
Silicon has natural birefringence hardly; nevertheless, we
can use the silicon as a wave plate by making use of form
birefringence. The 1D grating structure of sub-wavelength
scale acts as a wave plate because orthogonal electric fields of
terahertz waves, parallel or perpendicular to the grating direc-
tion, meet different effective refractive indices as follows:21)
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Here, n, f, ª, and  represent refractive index, volumetric
fraction, pitch, and wavelength, respectively, as shown in
Fig. 1. Subscripts 1 and 2 denote materials 1 and 2, which are
air and silicon in the case of using silicon grating. Alternating
layers consist of materials with different dielectric constants of
sub-wavelength scale against electromagnetic waves, giving
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rise to anisotropic permittivity depending on the direction
of polarization. The alternating layers can easily be realized
by fabricating a grating structure. The technology for micro-
fabrication on silicon is mature, and fabricating a grating
structure of sub-wavelength scale against terahertz frequency
is even easier. Figure 2 shows an example of the calculation
results for form birefringence in high resistivity silicon
as a function of terahertz frequency. Here, f1 = f2 = 0.5,
ª = 10 μm, n1 = 1, and n2 = 3.4 are assumed, and form
birefringence is defined as nTE ¹ nTM in the calculation. From
1 to 10THz, form birefringence of>1 can be obtained, a value
much larger than that of conventional crystalline quartz at the
terahertz frequency region.22) Thanks to this large value of
form birefringence, a thin silicon wafer is sufficient for wave
plate application. Actual phase retardation ¤ can be estimated
by considering grating depth, d based on the relationship
of ¤ = 2³d(nTE ¹ nTM)/. Figure 3 shows calculated phase
retardation dependence on terahertz frequency when the depth
is 10 μm. Here, effect of multiple reflections is not considered.
Under these grating parameters, phase retardation almost
linearly increases with terahertz frequency, and 90° retarda-
tion, which promises quarter-wave plate behavior, can be
expected at ³5.7 THz.

We actually manufactured several grating structures of
varying pitch and depth on high resistivity silicon wafers by

ion beam lithography technology. Figure 4 shows an example
photograph and scanning electron microscope (SEM) image
of a grating structure with pitch and depth of several microns.
Several samples with same designed values of pitch and depth
were fabricated per a production process. According to SEM
image inspection of a sample among them, the fabricated
grating structure on the high resistivity silicon wafer roughly
agree with designed ones within «0.5 μm error.

3. Experimental results for grated silicon wave plates

Performance of the silicon wave plates based on form
birefringence was investigated experimentally by use of a
difference frequency generation system with DAST crystal
(DAST-DFG).23) First we checked the degree of polarization
of probe terahertz waves generated from the DAST-DFG
system. In the DFG process, exclusive interaction between a
particular optical axis in the DAST crystal and linearized
polarization of the dual pump beam resulted in highly linearly
polarized terahertz-wave generation. A commercial wiregrid
polarizer was installed in front of the pyrodetector, and
transmitted intensities of terahertz waves from the DAST-
DFG were measured as a function of wiregrid polarizer angle.
Figure 5 shows transmitted terahertz-wave intensity depend-
ence on wiregrid polarizer angle and terahertz frequency. The
red line shows original terahertz-wave intensity from DAST-
DFG in the case of no wiregrid polarizer. The blue and green

Fig. 1. Structure of the form birefringence wave plate made of high
resistivity silicon wafer.
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Fig. 2. (Color online) Comparison of the magnitudes of form and natural
birefringence at the terahertz frequency region. Here, the data for crystalline
quartz is extracted from Ref. 21. An advantage of using form birefringence is
that magnitude and dispersion can be controlled by proper design of the
grating structure.

0

45

90

135

180

depth=10μm

1 2 3 4 5 6 7 8 9 10

p
h

as
e 

re
ta

rd
at

io
n

 (
d

eg
)

THz

Fig. 3. Expected phase retardation between TE and TM polarization in a
silicon grating at 10 μm depth. In this case, phase retardation increased
almost linearly with frequency. Different materials, grating structures, and
depth give totally different phase retardation.

Fig. 4. (Color online) (a) Photograph of the fabricated silicon grating
wave plate. High resistivity silicon wafer having a 20-mm-square area and
500μm thickness is used. 1D gratings were fabricated on an 18-mm-square
area with depth of roughly 10 μm. (b) SEM image of the silicon grating.
Orderly grating structures can be fabricated by use of ion beam lithography.
Accurate measurement of grating depth is not easy without sample
destruction.
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lines show intensity when the wiregrid polarizer angle was
set at 0 and 90°, respectively. Here, the 0° wiregrid polarizer
angle corresponds to maximum transmittance of linearly
polarized terahertz waves. From the data, degree of polar-
ization (DOP) of the DAST-DFG system can be evaluated
as shown in Fig. 6. A high degree of polarization can be
confirmed at the region above 2.5 THz. Thus, the DAST-DFG
system can emit highly polarized terahertz waves and is
suitable for tests to evaluate wave plate performance.

The performance of one of the grated silicon wave plate
with roughly f1 = f2 = 0.5 and ª = 6μm was investigated in
the DAST-DFG system with a wiregrid polarizer as shown in
Fig. 7. Here, grating depth of this sample was not measured
because the depth measurement requires the sample destruc-
tion. The original direction of the linearly polarized terahertz
waves from DAST-DFG is horizontal. The grated silicon
wave plate was installed between the DAST-DFG source and
the wiregrid polarizer. Here, the angle of grating direction
for the silicon wave plate was tilted 45° with respect to
the horizontal direction and fixed during the experiment.
In this case, quarter-wave plate behavior can be expected for
a certain terahertz frequency. Transmitted terahertz-wave
intensities were recorded as a function of terahertz frequency
by changing the angle of rotation of the wiregrid polarizer, as
shown in Fig. 8. If the grated silicon wave plate works as if it

were a quarter-wave plate, the intensity ratios among them
should be 1 because the transmitted intensity of circularly
polarized waves has no dependence on the rotation angles of
the wiregrid polarizer. Intensity ratios are shown in Fig. 9.
The ratios gradually decrease from low-terahertz frequency
and pass thorough 1 at ³5THz, then reach 0 at ³8 THz and
gradually increase toward the high frequency region. From
the result, proper operation of this grated silicon wave plate
as quarter- and half-wave plates at around 5 and 8THz,
respectively, can be expected.
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Fig. 5. (Color online) Output power dependences as a function of
terahertz frequency in the experimental system. The extinction ratio of the
wiregrid polarizer can be maintained at >20 dB in this terahertz frequency
range.
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Fig. 6. DOP of the DAST-DFG system with the wiregrid polarizer.
The DOP is defined as I0/(I0 + I90). Here, I0 and I90 represent intensities
when the angle of the wiregrid polarizer is 0 and 90°, respectively.

Fig. 7. (Color online) Experimental setup for the evaluation of grated
silicon wave plate performance. The direction of polarization of terahertz
waves from the DAST-DFG system is horizontal with high DOP. Angle of
grating direction is fixed at 45° from the horizontal direction and the wiregrid
polarizer angles were changed four times, from ¹45 to 90° in 45° steps.

0

0.1

-45 deg
0 deg
45 deg
90 deg

In
te

ns
it

y 
(a

rb
. u

n
it

)

THz

angle of wiregrid polarizer

2.00 4.00 6.00 8.00 10.0

Fig. 8. (Color online) Transmitted intensities as functions of terahertz
frequency and angle of wiregrid polarizer. Here, the 0° wiregrid polarizer
angle corresponds to the case of maximal transmittance of linearly polarized
terahertz waves in the horizontal direction.
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Fig. 9. (Color online) Transmitted intensity ratios for different angles of
wire grid polarizer. Here, I0, I¹45, I45, and I90 represent transmitted intensities
when the wiregrid polarizer angle is 0, ¹45, 45, and 90°, respectively. When
the ratio becomes 1 and 0, quarter- and half-wave plate-like behaviors can be
expected.
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As for this grated silicon wave plate, performance as a
quarter-wave plate at 5 THz was investigated experimentally
in more detail. In this experiment, the wiregrid polarizer
angle in front of the detector was fixed at 0°, and the grated
silicon wave plate was rotated from 0 to 180° in 15° steps.
Figure 10 shows transmitted intensity change as a function of
rotation angles of the grated silicon wave plate. The experi-
mental result agrees well with theoretical calculation. Hence,
quarter-wave plate behavior can be demonstrated success-
fully by use of form birefringence. Finally, we checked
polarization-dependent loss in the grated silicon wave plate
in the same experimental setup. Transmitted intensities as
a function of terahertz frequency were measured when the
wave plate was rotated 0 and 90°; that is, grating direction is
parallel and perpendicular to the terahertz-wave polarization.
The ratio between them is shown in Fig. 11. In Fig. 11, there
is a fringe pattern due to grating silicon wafer and absorber
coating in the detector. Since the grating pitch scale of
6 μm is much smaller than wavelengths of incident terahertz
waves, there was no clear polarization-dependent loss within
the measured terahertz frequency range, but it will become an
issue when the grating structure scales close to the wave-
length of operating terahertz frequency.

If the grating structures and depth are changed, grated
silicon wave plates that give arbitrary phase retardation and
that work at arbitrary terahertz frequency can be manufac-
tured. Thus polarization control at arbitrary terahertz frequen-
cy is possible by utilizing form birefringence. Since conven-
tional wave plates have generally strong frequency depend-
ence on phase retardation, wideband achromatic operation is
very difficult. We are now also trying to add achromatic func-
tionality into the form birefringence silicon wave plate by
optimizing the grating structure design for effective spec-
troscopy use.

4. Development of Stokes polarimeter

Both polarization control and polarization measurement are
important topics at the terahertz-wave research region. By use
of the developed quarter-wave plate, measurement of the
polarization state for terahertz waves become also possible.
We have developed a Stokes polarimeter system using the
quarter-wave plate and a wiregrid polarizer with the DAST-
DFG whose terahertz frequency tunability is very wideband.
Stokes polarimeter system is very simple and shown in
Fig. 12. The original polarization state of terahertz waves
from DAST-DFG is linear along the horizontal direction,
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Fig. 10. Comparison between experimental and simulation results of
transmitted intensity as a function of rotation angles of the quarter-wave plate
at 5 THz. Here, the grated silicon wave plate is rotated every 15° and the
angle of the wiregrid polarizer in front of the detector is fixed at 0°.
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Fig. 11. Result of measured polarization-dependent loss in the grated
silicon wave plate. Checking the polarization-dependent loss in the wave
plate was important as an ideal wave plate should have no loss. As long as
the scale of the grating structure is smaller than the wavelength, polarization-
dependent loss should be negligible.

Fig. 12. (Color online) Experimental setup for the polarization control and measurement system with DAST-DFG. A wiregrid polarizer with fixed angle is
necessary for polarization measurement. Some polarization properties of materials can be measured by using only the second quarter-wave plate and the
wiregrid polarizer.
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which corresponds to ð1; 1; 0; 0Þ in Stokes parameter notation.
The initial polarization state ð1; 1; 0; 0Þ is controlled by using
the first quarter-wave plate, and the changed Stokes parame-
ter of the polarization state can be expressed generally as
ðI; Q; U; VÞ. To diagnose the polarization state of ðI; Q; U; VÞ,
one form birefringence quarter-wave plate and one wiregrid
polarizer are sufficient. They should be installed between
incident terahertz waves with polarization state of ðI; Q; U; VÞ
and a detector. In the configuration shown in Fig. 12, the

arbitrary polarization state of ðI; Q; U; VÞ undergoes polar-
ization change further due to the quarter-wave plate and
wiregrid polarizer as described in the following matrix
equation. Here, matrixes describing the functions of the wave
plate and wiregrid polarizer are described by Mwð�; �Þ and
Mp(¯), respectively. In general, these functions depend on
their rotation angles ª and ¯ and the phase retardation ¤ of the
wave plate, respectively. When the wave plate is a quarter-
wave plate, ¤ in the matrix equation should be ³/4:
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Here, ðI0; Q0; U0; V 0Þ is the final Stokes parameter in front of the detector. However, all we have to know is I A for the different
rotation angles of the quarter-wave plate. When the quarter-wave plate is rotated four times at four different angles, we can
obtain the relationship between four intensity data points I01I

0
4 and the incident polarization state ðI; Q; U; VÞ according to the

four different angles ª1–ª4 of the quarter-wave plate because the first element of the Stokes parameter represents intensity:24)
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By solving this matrix equation inversely with four measured
intensity data points I01I

0
4, arbitrary incident polarization

state ðI; Q; U; VÞ can be deduced experimentally.
Based on this algorithm, we actually measured polarization

state change at 5 THz. In the measurement, ª1 = ¹45°,
ª2 = 0, ª3 = 30°, and ª4 = 60° were employed as the four
rotation angles of the quarter-wave plate, and the correspond-
ing intensities from I01 to I04 were recorded. For example,
when the rotation angle of the first quarter-wave plate © to
control polarization state in Fig. 12 was 0°, the four
intensities corresponding to four different angles ª1–ª4 of
the second quarter-wave plate were 0.49, 1, 0.69, and 0.64,
respectively. From these data, polarization state ðI; Q; U; VÞ
can be deduced based on the matrix equation of (3) as
ð1:03; 0:97; 0:09; 0:05Þ. These values are quite reasonable
compared with the ideal value of the incident Stokes
parameter ð1; 1; 0; 0Þ. In the normalized Stokes param-
eter notation, degree of polarization, DOP, and normalized
Stokes parameter ðs1; s2; s3Þ are related to ðI; Q; U; VÞ as
follows:

DOP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ U2 þ V2

p
=I;
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
; U=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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Q2 þ U2 þ V2

p
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Based on normalized Stokes parameter notation, the nor-
malized Stokes parameter and the DOP become ðs1; s2; s3Þ ¼
ð0:99; 0:09; 0:06Þ and 0.98, respectively, in this experiment.

Polarization measurements at 5 THz for various other
incident polarization states were also conducted by changing
the rotation angles © of the first quarter-wave plate in order to
change the incident polarization state. A comparison of experi-
mental and calculated results is shown in Fig. 13. Reasonable
agreement between measurement and calculation for polar-
ization state can also be demonstrated for various polarization
states. In this way, by using the silicon quarter-wave plate
based on form birefringence, appropriate control and measure-
ment of the polarization state of terahertz waves, even at higher
terahertz frequencies, can be demonstrated successfully.

5. Summary

We have developed a wave plate that can perform effectively
wide terahertz frequency region, at which few transparent
materials have intrinsic birefringence. Form birefringence
can be induced by fabricating a 1D grating structure in high
resistivity silicon, which is a rare transparent material at
the higher terahertz frequency region. Silicon fabrication is a
mature technology and is relatively easy compared with that
for the optical wavelength range, where nanoscale accuracy
is necessary. Polarization control with the fabricated grated
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silicon quarter-wave plate was demonstrated successfully.
Moreover, Stokes polarimeter was developed and proper
measurement of polarization state was demonstrated by using
the quarter-wave plate with the DAST-DFG system. This
technology opens up new applications related to polarization
at wider and higher terahertz frequency regions.
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