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Abstract: A reflectarray is designed and demonstrated experimentally for
polarization-dependent beam splitting at 1 THz. This reflective component
is composed of two sets of orthogonal strip dipoles arranged into interlaced
triangular lattices over a ground plane. By varying the length and width of
the dipoles a polarization-dependent localized phase change is achieved
on reflection, alowing periodic subarrays with a desired progressive phase
distribution. Both the simulated field distributions and the measurement
results from a fabricated sample verify the validity of the proposed con-
cept. The designed terahertz reflectarray can efficiently separate the two
polarization components of a normally incident wave towards different
predesigned directions of +30°. Furthermore, the measured radiation
patterns show excellent polarization purity, with a cross-polarization level
below -27 dB. The designed reflectarray could be applied as a polarizing
beam splitter for polarization-sensitive terahertz imaging or for emerging
terahertz communications.
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1. Introduction

For centuries, controlling the propagation of electromagnetic waves has been one of the in-
tensively researched topics in science and engineering. From conventional optical lenses to
the exotic artificially patterned structures of today, scientists and engineers have progressively
introduced more degrees of freedom in both theoretical and experimental aspects of beam ma-
nipulation for increasingly sophisticated applications [1-10]. Beam splitters with polarization-
dependent properties can play an important role in applications requiring high polarization pu-
rity or polarization-dependent multiplexing/demultiplexing. In the optical range, coupled plas-
monic waveguide arrays[11], an asymmetrical directional coupler [12], and a 34-layer polymer
thin-film [13] have been proposed for polarizing beam splitters. Further concepts inspired by
metamaterials have been introduced for designing or realizing beam splitters across different
spectral ranges[14,15].

In the terahertz regime, due to lack of suitable naturally birefringent materials and because
of high intrinsic material 10ss, devices that can separate the incident waves with polarization-
dependent properties till remain challenging to realize. Implementations include a magneti-
cally tunable liquid crystal phase grating used for tuning the ratio of the zeroth and first-order
diffracted terahertz waves [16]. This fabricated terahertz beam splitter achieved modest effi-
ciency of around 40%, although it was shown to provide high extinction ratio and tunability
across a wide frequency range. To improve the efficiency, Berry et. al. [17] demonstrated the
potential of a subwavelength silver grating fabricated on a high-density polymer substrate for
constructing aterahertz polarizing beam splitter in awide frequency band. In[18], ametamate-
rial structure based on circular split rings was used to control the characteristics of transmitted
terahertz waves, with effects strongly dependent on the incident polarization. One aspect wor-
thy to mention here is that these designs mainly focus on polarization beam-splitting in trans-
mission, with emphasis on frequency tunability. Beam splitting operation in reflection mode
remains to the best of our knowledge relatively unexplored.

One feasible pathway for beam splitting in reflection is offered by the concept of reflectar-
rays. Owing to their high efficiency and flat profile, reflectarrays have been adopted widely in
the microwave and millimeter-wave regions [19-21], and implementations have been extended
across the electromagnetic spectrum to the terahertz [22—-24] and optical regimes [25-28] with
various functionalities such as beam deflection, focussing and beam shaping. Among the ver-
satile functions of reflectarrays, steering reflected waves with polarization-dependent proper-
ties can find applications in areas such as signal transmission, polarization-sensitive measure-
ments, and discrimination of incident polarizations. For example in the microwave regime,
multilayer elements with rectangular patches [29] and cross-shaped microstrip loops [30] have
been used as unit cells for constructing dual-polarization reflectarrays. Those realizations can
achieve polarization-dependent beamforming functions, i.e., to scatter orthogonal polarization
components into different directions. The scaled implementation of similar configurations with
stacked multilayer structuresin the terahertz and optical rangesis presently very challenging or
even impossible to manufacture with the required precision.

In this work, a design of a polarizing beam splitter operating at 1 THz is proposed and
experimentally validated. The device is based on the reflectarray concept and demonstrates the
capability to separate the orthogonal polarization components of an incident beam and deflect
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theminto different directions. Two sets of orthogonally orientated dipole resonators arranged in
interlaced triangular lattices are used for composing the unit cell, and the corresponding local
reflection response is achieved by varying the length and width of the dipoles. A subarray is
then constructed from the unit cells with the desired progressive phase distributions to respond
to incident waves with polarization-dependent properties. By taking micro-fabrication tolerance
into design consideration, the reflectarray is then fabricated for experimental validation. Both
simulation and measurement are employed to verify the concept and assess the efficiency and
polarization purity of the device.

2. Design and simulation

This section introduces the configuration of the reflectarray. The unit cell is described first,
followed by the design of subarrays with the desired operation as a polarizing beam splitter.

2.1. Theunit cell

Fig. 1. Single unit cell of the proposed reflectarray. Each unit cell contains four dipoles
with a= 100 um and h = 20 um. The lengths and widths of the dipoles are varied to obtain
anearly full cycle of phase response. (a) 3D view of the unit cell. (b) Top view of the unit
cell indicating the interlaced triangular |attices.

Reflectarrays with polarization-dependent beam shaping ability can be in principle imple-
mented using different approaches. For example, crossed dipoleswith variable arm lengths [31,
32] or arrangements of orthogonal linear dipoles with variable dimensions [15, 30] can be em-
ployed. It was however observed that cross-talk between crossed dipolesin anon-uniform array
can induce cross-polarized currents on the connected orthogonal arms, thereby degrading the
polarization purity. Therefore, the approach considering interlaced arrays of orthogonal linear
dipolesis preferred.

A unit cell for a uniform reflectarray is shown in Fig. 1. The structure is composed of two
sets of orthogonal dipole resonators arranged in a compact layout, with each set corresponding
to a particular polarization. The arrangement of the interlaced triangular-lattice is chosen for
reducing the mutual coupling between the two sets of dipoles, while a compact layout signif-
icantly increases the efficiency of reflection compared to a loose arrangement of dipoles [33].
The unit cell is made of three layers: dipoles made of gold as the top layer, a polydimethyl-
siloxane (PDMS) dielectric spacer as the substrate and a platinum ground plane. The different
metals provide etching selectivity during the micro-fabrication process, while PDMS exhibits
acceptable loss in the terahertz range. The surface impedance model used in [23] is adopted
for these metals with Za, = 0.287+ j 0.335 Q for gold and Zp; = 0.628 + j 0.667 Q for plat-
inum, while the relative permittivity 2.35 and loss tangent 0.06 of PDMS are determined from
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independent measurement. For operation at 1 THz, the size of the unit cell and the thickness
of the PDMS substrate are selected at fixed values 2a = 200 um and h = 20 um, respectively.
Different phase responses for a particular polarization can be achieved by varying the length
and width of the active strip dipoles.

The phase response profile is simulated by using uniform infinite arrays in a commercial
software package, Ansys HFSS, with periodic boundary conditions, and Floquet port excita-
tion is applied. Based on numerical analysis, it is first confirmed that the effect of a dipole is
negligible for the incident wave with polarization orthogonal to its axis. Therefore, in optimiza-
tion of the unit cell shown in Fig. 1, the dipoles perpendicular to a given polarization are fixed
at the dimension of 40 um x 80 um, while the length of the dipoles parallel to the polarization
isvaried from 40 um to 140 um. In order to achieve a smoother phase curve with less stringent
tolerances, a strategy based on variation of both length and width is found to be more efficient
than variation of length only [28]. As shown in Fig. 2, narrower strip dipoles introduce a wider
dynamic phase range but at the cost of a steeper phase change and reduced efficiency around
resonance. In contrast, widening the dipoles decreases the dynamic range but smooths the tran-
sition of the phase curve around resonance. Based on this trade-off, we strategically adapt the
dipole width for a wide enough dynamic range and relatively smooth phase change response
for higher efficiency. We start the length variation with the shorter dipoleswith a narrow width,
to maximize the starting phase. With an increase in the dipole length, the width is linearly
increased for a smoother phase response and low absorption around the resonance. After the
resonance, the width of the dipolesis gradually decreased with further increasing length for a
wider phase range. Away from resonance, the phase response is not sensitive to the width of the
dipoles, and therefore a change in the width is not necessary. Based on these considerations,
the length 11 2 and width wy 2 of the gold dipoles are varied according to the piecewise linear
function relation:

32um+0.2I1,2 if 40pum < |172 <90 um,
Wi 2 = < 230um— 2|1_’2 if 90um < |1_’2 < 105pum, D
20pum if 105um< |1,2 < 140 um.

These linear functions are illustrated as the solid linein Fig. 2.

The numerically resolved reflection phase and magnitude responses obtained as a function
of the dipole length with the described width variation are given in Figs. 3(a) and 3(b), respec-
tively. From the results, it is observed that a phase change of over 300° is achieved, while the
highest loss on resonance is around 5.5 dB for a substrate loss tangent of 0.06. Since narrower
strips have lower reflection efficiency on resonance (Fig. 2(b)), the maximum loss on reso-
nance of the dipole is higher than the maximum loss of 1.2 dB observed in the square patch
unit cell with similar material properties [23]. Nevertheless, considering that most dipoles in
the reflectarray will be operating detuned from resonance, these results indicate that the pro-
posed structure can offer a sufficient phase range for designing a reflectarray with reasonable
reflection efficiency.

2.2. Subarray arrangement for terahertz beam splitting

The phase response data shown as blue solid linein Fig. 3(a) is applied for constructing subar-
rays composed of several unit cells. The full reflectarray will then consist of a periodic arrange-
ment of such identical subarrays. In the present case, subarrays containing two orthogonal sets
of dipoles, each composed of 6 elements are designed for deflecting a normally incident wave
into two different directions. By following the design procedure of [23], at the operating fre-
guency of 1 THz, i.e. Ao = 300 um and a = 100 um, a progressive phase change of A¢ = +60°
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Fig. 2. Simulated reflection phase and magnitude responses as a function of the dipole
length and width. The graphs show the strategy for determining the relation of the length
and width of the dipoles to achieve a smooth and wide phase response with high efficiency.
The lines correspond to the length and width relation given in Eqg. 1.

between adjacent dipoles with the same orientation resultsin a beam deflection of

Bzarcsin%:iiaoo, ()]
2ra
where 0 isthe deflection angle off the specular reflection in the incident plane.

The layout of the subarray obtained from this design procedureis shown in Fig. 4. By taking
the fabrication tolerance into account, the length and the width of each dipole in the subarray
are rounded to the next discrete value in micrometer. Due to different mutual coupling in the
uniform and non-uniform arrays, the dimensions of the dipoles for constructing subarrays se-
lected from the phase curve shown in Fig. 3(a) require fine tuning to achieve more accurate
local phase response in the array. The corresponding optimized dimensions of the 12 dipoles
aregivenin Table 1.

Instantaneous field distributions depicting the response of the reflectarray illuminated by a
normally incident plane wave at 1 THz are shown in Fig. 5. The incident field is shown in
Fig. 5(b) whereas the scattered fields for the TE and TM polarizations are demonstrated in
Figs. 5(a) and 5(c), respectively. The scattered fields clearly illustrate that the normally incident
plane wave is deflected into predefined directions according to the polarization. The relatively
strong amplitude suggests good efficiency for the deflection. Due to the attenuation and the dis-
crete resolution of the dipoles, the uniformity of the deflected wavefront is slightly degraded.
This phenomenon is more obvious for the TE polarization than for the TM polarization. Sim-
ilar observations have been reported in [23, 34], with a possible cause being the imbalanced
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Fig. 3. Simulated complex reflection coefficients for uniform infinite dipole arrays. (a) Re-
flection phase response in degrees. (b) Reflection magnitude in dB at 1 THz as a function
of the dipole size. The solid and dash lines are for configurations with the substrate loss
tangent of O (lossless) and 0.06 (lossy), respectively. Six points on the phase curve with
different widths and lengths indicate the required phase for constructing the beam-splitting
reflectarray.
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Fig. 4. Structure of one subarray made of 12 dipoles. The dimensions of the subarray are
initially based on the phase response for a uniform array shown in Fig. 3. An iterative
fine tuning of the dimensions s required to compensate for the variations of actual mutual
coupling between dipoles in the non-uniform subarray.

response of each dipolein the TE polarization. It is noteworthy that, if the incident polarization
is45° inthe xy plane, the normally incident beam will be split into two deflected beams of equal
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Table 1. Dimensions of the dipoles for the optimized subarray. The unitsarein um.

Dipole 1 2 3 4 5 6 7 8 9 10 11 12
Length 55 75 8 91 100 122 120 97 88 82 76 55
Width 38 48 49 50 30 24 20 34 45 52 48 43

IO

(d) ‘ (ei -- o \JsurféA/m)
E,y—u— [y = e mm 0.05
¢h -E-I e Imlm|
e e 0 gy p——

0

Fig. 5. Instantaneous incident and scattered field distributions from the reflectarray in TE
and TM polarizations at 1 THz. When the incident wave (b) isimpinging normally to the
surface of the reflectarray, the TE and TM polarized wave are deflected into two different
directions with the angles of —30° and +30° as shown in (&) and (c), respectively. The
corresponding magnitude of the surface current density on the dipolesis shown in (d) and

(©).

power with the sign of the deflection angle being determined according to the linear polariza-
tion component. The magnitudes of the surface current density plotted in Figs. 5(d) and 5(e)
confirm that the two sets of dipoles are selectively excited by the corresponding polarization.

3. Reflectarray fabrication

In order to validate the reflectarray designed for beam splitting, we fabricate a reflectarray that
contains a periodic arrangement of 252 x 84 subarrays shown in Fig. 4. This corresponds to a
total sample size of 50.4mm x 50.4 mm, which fits a standard 3 inch wafer and is sufficient to
cover acollimated beam in the measurement. The details of the fabrication process and sample
are given in this section.

A 3inch silicon (100) oriented wafer was cleaned with solvents, dried with high purity com-
pressed nitrogen, and coated with the metallic ground plane. The ground plane was composed
of @200 nm platinum thin film, with a 20 nm titanium thin film utilized to promote adhesion to
silicon, deposited at room temperature by electron beam evaporation. A two-part, high purity,
silicone elastomer — PDM S — was prepared as amixture of curing agent and pre-polymer ina
1:10 weight ratio [35,36]. This PDMS is used to define the controlled thickness dielectric layer
of 20 um in the reflectarray. To attain 20 um, the polymer is spin-coated at 1,950 rpm, with an
acceleration of 1,000 rpm/s? for a 30 s duration. The layer is then cured at 72°C for 1 h. The
attained thickness was verified experimentally by surface profilometry. The metalic dipoles
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Fig. 6. Optical micrograph of asmall part of the reflectarray. The dashed rectangle encloses
one of the subarrays.

were defined using 200 nm thick gold films, with a 20 nm thick adhesion layer of chromium.
This metallic bilayer is patterned using photolithography and wet etching, with the choice of
platinum for the ground plane ensuring selectivity. The residual photoresist is cleaned with sol-
vents, in preparation for terahertz measurements. A micrograph of a small region of the fina
sampleis shown in Fig. 6, with one subarray highlighted.

4. Resultsand discussion

The sample has been measured using a commercia terahertz time-domain spectroscopy (THz-
TDS) measurement system, namely, Tera K15 developed by Menlo Systems GmbH. The
measurement setup and experimental results are given in this section.

4.1. Measurement system

A photograph of the measurement setup is shown in Fig. 7(a) with a corresponding schematic
representation in Fig. 7(b). The two identical lenses with an effective focal length of 54 mm
are used for obtaining a collimated beam. The emitter and lens #1 are mounted on afixed rail.
The sample is mounted on a platform with angular scale that can be rotated for adjustment of
the incidence angle. Particular care is necessary to ensure that the surface of the sample has
its center located on the rotation axis. A femtosecond optical pulse from a near-infrared laser
sourceis guided by afiber to the terahertz emitter. The generated broadband terahertz radiation
guided from the emitter is collimated by lens #1 before impinging the reflectarray. The detec-
tion part of the system comprises|ens#2 that focuses the scattered fields onto the detector. Both
of the components are mounted on arotation arm pivoting around the sample center point. This
arrangement allows convenient scanning the radiation pattern in awide angular range. For the
reference, a gold-coated mirror replaces the reflectarray, and the incident and reflected angles
are set to 15°. For each polarization, two measurements are carried out on the sample. Firstly,
the incidence angle is set to 15° for measuring the specular reflection off the reflectarray sam-
ple. Secondly, the sampleisilluminated at normal incidence in a given polarization, while the
detection arm isrotated to scan the scattered terahertz waves at different angles. In the measure-
ment of the radiation patterns, the scanning ranges for both the TE and TM polarizations are
limited to the ranges, —48° to —22° and 22° to 48°, because the minimum clearance between
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Fig. 7. Measurement system. (@) Photograph of the measurement system. (b) Correspond-
ing schematic. The beam from the emitter is collimated by lens #1, and incident on the
surface of the sample. Lens #2 collects and focuses the scattered wave onto the detector.
Lens #2 and the detector are fixed on a rotating arm pivoting around the location of the
sample center. This arrangement allows awide angular range to be scanned.

the lens #1 and lens #2 precludes measurements around the specular direction. Measurements
are not carried out beyond 48° or —48° because the deflection becomes negligible. A measure-
ment angular resolution of 0.5° is sufficient for resolving the main features of the deflected
beams. For measurements in the other polarization, both the emitter and detector are rotated by
90°, and the measurement procedure is repeated. All the measurements of the reflectarray are
normalized using the mirror reference to remove any system dependency.

4.2. Measurement results

For the TE polarized incident wave, the normalized spectra for specular reflection and —30°
deflection are shown in Fig. 8(a). A distinct notch at around 1 THz can be observed from
the sample specular reflection. This is because considerable energy around this frequency is
deflected away from the specular direction. At the predesigned deflection direction of —30°,
the strong deflection peak appears close to the design frequency of 1 THz as shown in Fig. 8(a)
with the red solid line. It is observed that, for the TE polarized incident wave, 75% of the
incident magnitude is deflected into the designed direction. Similar results are obtained for
the TM polarization, however with the difference that the deflection direction is on the other
side of theincident direction. The corresponding measured results are given in Fig. 8(b). Strong
deflection can be observed at around 1 THz in the designed deflection of +30° with adeflection
magnitude of around 80%, thus showing slightly higher deflection efficiency compared to the
TE polarization.

In order to characterize the angular behavior of the deflected beams for normal incidence,
the radiation patterns of the reflectarray for both of the TE and TM polarizations are simu-
lated and measured as shown in Fig. 9. In the HFSS simulations, the radiation pattern of the
TE and TM polarizations can be numerically obtained using an approach based on the array
factor, but neglecting edge effects. The results shown in Figs. 9(a) and 9(b) demonstrate the
predicted polarization-dependent deflections. A specular reflection component, i.e. afeed im-

#211499 - $15.00 USD Received 8 May 2014; revised 15 Jun 2014; accepted 16 Jun 2014; published 23 Jun 2014
(C) 2014 OSA 30 June 2014 | Vol. 22, No. 13 | DOI:10.1364/OE.22.016148 | OPTICS EXPRESS 16157



(@)

- - - TE Specular Reflection
— TE -30° Deflection

I o o
IS ) ©
T T T

|

Normalized Amplitude

o
)
T

Q — A |

1
Frequency (THz)
(b)

- - - - TM Specular Reflection
L . —— TM 30° Deflection

o o
[e2] [o2]
T T

Normalized Amplitude
o
=

o
N
T

. N | 1
%.4 0.6 0.8 1 1.2 1.4 1.6
Frequency (THz)

Fig. 8. Measured normalized amplitude spectra for specular reflection (blue dashed line)
and deflection (red solid line). The 15° incident waves with TE (a) and TM (b) polarizations
are specularly reflected and distinct notches at around 1 THz are observed in the spectra,
whereas the normally incident TE and TM waves are efficiently deflected into —30° and
+30°, respectively.

age lobe [37], exists but is around 10 dB lower than the maximum deflection. This specular
component can also be interpreted as imperfectly suppressed zeroth-order spatial harmonics
associated with the subarray periodicity. The measured radiation patternsat 1 THz are givenin
Figs. 9(c) and 9(d) for the TE (red line) and TM (blue ling) polarizations, respectively. Because
of different excitations, plane waves for ssimulations and Gaussian beams for measurements,
wider deflection beams and lower side lobes are observed in measured radiation patterns when
compared with the smulated patterns. The measured cross-polarized components caused by
grating lobes in the deflected beams are —27 dB for the TE polarization and —29 dB for the
TM polarization. However, it is noted that those values are most likely limited by the measure-
ment system dynamic range.

Asfor the spectral characteristics of thereflectarray, the normalized scattered wave amplitude
isshown in Fig. 10. The magnitude is plotted in linear scale as afunction of frequency and scan
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Sample aple
Fig. 9. Radiation patternsat 1 THz for TE and TM polarized incident waves on alogarith-
mic scale. The normally incident wave with the TE or TM polarization can be efficiently
deflected into the direction of —30° or +-30°. (a) and (b) Simulated radiation patterns for
the TE and TM polarized incident plane wave, respectively. (c) and (d) Measured results
for the TE and TM polarized incident Gaussian beam, respectively.

angle. It is again demonstrated that the strongest deflection take places around the specified
frequency in the designed directions for both of the TE and TM polarizations. Off the optimum,
the deflection efficiency degrades gradually. Away from the predesigned main lobesfor both the
TE and TM polarizations, grating lobes introduced by the periodic configuration in subarrays
are apparent in Fig. 10 beyond 1.4 THz.

The above measurement results demonstrate promising prospects for the designed reflectar-
ray for terahertz beam splitting. However, there are two aspects that could be improved for
further enhancing the performance of the reflectarray. Firstly, the angle for the maximum de-
flection amplitude of the TE and TM polarized incident waves shifts from the designed 30° at
1 THz to measured —28° at 1.04 THz and +29° at 1.03 THz, respectively. This slight disparity
is caused by fabrication tolerance. In particular, the substrate thickness of the fabricated sam-
ple has been estimated to be 17 um, rather than the target thickness of 20 um. The fabrication
tolerance moves the frequency for the maximum deflection slightly off the designed optimal
frequency, which tranglates in a shift of the angle for the maximum deflections, i.e. through the
phenomenon of beam squint with frequency [38]. Secondly, the deflection efficiency for the TE
and TM polarizations could be improved by using dielectric substrates with lower |oss tangent.

5. Conclusion

A terahertz reflectarray with orthogonal strip dipoles in an interlaced triangular-lattice con-
figuration has been proposed and designed for operation as polarization beam splitter. The
performance of the fabricated prototype has been measured with a THz-TDS system. Both
the simulation and measurement results successfully verify that the designed reflectarray can
efficiently deflect the incident waves into different directions depending on the incident linear
polarization with an efficiency of over 60% and polarization purity of at least -27 dB. For higher
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Fig. 10. The normalized deflection magnitudesin linear scale as afunction of the frequency
and scan angle for TE (a) and TM (b) polarizations.

deflection efficiency, alower loss material could be applied as the substrate. As the reflectarray
construction is based on resonant elements, the -3 dB bandwidth of the designed beam splitter is
limited at about 3% in the present case. The limited bandwidth behaviour of the terahertz beam
splitter could be improved by considering multi-layer approaches developed in the microwave
regime [39]. The challenging adaption of these techniques to the terahertz regime will be the
topic of future investigations. These reflectarrays could be applied as optical components for
polarization discrimination or as polarization demultiplexers for terahertz communications.
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