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Abstract—We compare design and measurements for a single-
layer meanderline quarter-wave phase retarder, operating across
the wavelength range from 8 to 12 micrometers (25 to 37.5 THz)
in the infrared. The structure was fabricated using direct-write
electron-beam lithography. With measured frequency-dependent
material properties incorporated into a periodic-moment-method
model, reasonable agreement is obtained for the spectral depen-
dence of axial ratio and phase delay. As expected from theory,
the single-layer meanderline design has relatively low throughput
(23%), but with extension to multiple-layer designs, the meander-
line approach offers significant potential benefits as compared to
conventional birefringent crystalline waveplates in terms of spec-
tral bandwidth, angular bandwidth, and cost. Simple changes in
the lithographic geometry will allow designs to be developed for
specific phase retardations over specified frequency ranges in the
infrared, terahertz, or millimeter-wave bands, where custom-de-
signed waveplates are not commercially available.

Index Terms—Frequency selective surfaces, infrared measure-
ments, polarization.

I. INTRODUCTION

EANDERLINE wave plates [1]-[5] have been tra-

ditionally used in the radio frequency (RF) portion
of the spectrum to convert linearly polarized radiation into
circularly polarized radiation. The meanderline structure acts
as a phase retarder for the two orthogonal wave components
that are polarized along and perpendicular to the meander axis.
The meanderline acts primarily as an inductive element along
the meander axis and as a capacitive element perpendicular
to the meander axis, creating the relative phase delay for the
orthogonal polarization components. Use of electron-beam
lithography has made fabrication of such structures feasible at
much higher frequencies, up into the infrared (IR) portion of
the spectrum. The ease of fabrication, low fabrication costs,
and compact construction may provide a potentially impor-
tant alternative to birefringent crystals in the IR, THz, and
millimeter-wave bands. An especially attractive characteristic
of meanderline waveplates is the ability to define designs for
specific frequencies and phase delays by simple changes in the
lithography. This flexibility offers the primary benefit as com-
pared to birefringent crystals. This is because the wavelength
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of operation for a birefringent crystal quarter-wave plate is
determined by the thickness of a given material and its optical
properties. The current wavelengths common for commercial
retarders is from visible to ~2.1 pm, though they can be found
at 10.6 pum, i.e., Zn(SO,). In the range of interest (§—12 pm)
there are very few alternatives as it is difficult to find materials in
this range that have both birefringence and transparency for the
entire band. In the THz, there are essentially no alternatives as
of yet since material characterization in the THz spectral region
is in relative infancy as compared to the long-wave IR (LWIR)
and visible. Therefore, meanderlines are a potential substitute as
they are broadband and the center wavelength can be tuned by
changing the geometry. Advantages are expected in the areas of
spectral and angular bandwidth as well, compared to traditional
birefringent crystal waveplates. The bandwidth of the best
single-order quarter-wave plate theoretically is fairly broad and
is limited to the 1/ dependence of the optical path difference.
The typical range is £15% of the central wavelength with an
axial ratio (AR), the ratio of the electric field magnitude along
the major axis to the minor axis of the polarization ellipse, less
than 1.5 for a true single-order quarter-wave plate. The more
common and cheaper multi-order quarter-wave plates have
much narrower bandwidths performing with an axial ratio less
than 1.5 for a range of £0.5% of the central wavelength. The
multi-order retarders are so narrow banded because the change
in phase delay with respect to the wavelength is proportional
to the phase delay itself. The typical multi-order quarter-wave
plate in the visible is ~0.7 mm thick quartz which corresponds
to a retardation of 11.25 waves. A single-order quarter-wave
plate has a retardance of 0.25 waves and is therefore almost 50
times less sensitive to dispersion.

In this paper, we present a design for a broadband quarter-
wave plate (QWP), which operates over the 8 to 12-microm-
eter wavelength band in the IR. We analyze the structure with a
method-of-moments technique, using measured frequency-de-
pendent material characteristics for the dielectric and metallic
layers. Relatively good agreement is obtained between mod-
eling and measurements for the spectral dependence of axial
ratio and relative phase delay for the fabricated meanderline,
with better modeling accuracy at the long-wavelength end of the
measured band. Finally, we discuss ways to improve the power
throughput of such structures.

The present proof-of-concept demonstration is significant be-
cause it shows that meanderline structures can be fabricated for
IR operation using available lithographic techniques. Further-
more, although the high-frequency properties of metals are not
as ideal as in the RF band, potentially useful devices can be de-
veloped with viable performance levels.
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Fig. 1. Electron micrograph of a fabricated Au meanderline structure on a high-
resistivity Si substrate showing the definition of the geometrical variables.

II. MODELING

The meanderline phase retarder was designed using of Ohio
State’s Periodic Method of Moments (PMM) software package.
The method solved for the excited currents by representing the
meander structure as a series of connected dipoles and applying
periodic boundary conditions. The periodic boundary condi-
tions allowed for an infinite array of structures to be represented
as a unit cell of finite geometry. The geometrical variables, as
shown in Fig. 1, were: pulse width (pw), pulse height (ph), width
(w), and periodicity (dz). When defining the unit cell for PMM,
we extended one arm of the meanderline outside of the periodic
boundary to simulate continuity.

Frequency-dependent material parameters were measured in
the IR band of interest using a commercial infrared variable-
angle spectroscopic ellipsometer (IR-VASE), capable of mea-
surements over a 1-um to 30-um range. The substrate mate-
rial was characterized using a complex permittivity function,
and the metallic meanders were modeled using a sheet-resis-
tance function developed using measured frequency-dependent
conductivity and material thickness. These material characteris-
tics were read in to PMM with an external MATLAB interface
code [6].

The meanderline has an equivalent complex wave impedance
that the incident field experiences for each polarization, both
along and perpendicular to the meander axis. The mismatch
between the meanderline layer impedance and that of the sur-
rounding dielectric causes reflections that affect both the magni-
tude and phase of the transmitted and reflected fields. The differ-
ence in phase that is induced in the transmitted fields gives the
retarder its function. With perfectly conducting meanderlines,
this impedance is completely imaginary since there is no loss
in the resonant currents. This implies that an ideal meanderline
will only increase the impedance mismatch at a two dielectric
interface while not changing the real part of the impedance mis-
match between the meanderline/dielectric combination, thereby
increasing the reflection. However, in the IR metals tend to be
more resistive and thus will contribute a minor real part to the
impedance.

With this frequency-dependent PMM model, we were able
to compute the power transmission coefficients along and per-
pendicular to the meander axis, T and Ty, along with the
phases of the respective transmitted fields, 6 and éy;. From
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Fig. 2. Diagram of the auxiliary angle with respect to the polarization ellipse.

these outputs we can compute the polarimetric parameters of
interest. A meanderline acts as a phase retarder for radiation
linearly polarized at an angle of 45° to the meander axis. To
simplify the computation of AR using direct output variables
from PMM, we used the angle along the diagonal of a rectangle
circumscribing the polarization ellipse as the auxiliary angle («
shown in Fig. 2) and the relative phase delay (6) between the
orthogonal transmitted field components

1 /TTe
Trwm

o =tan~ and 6 = 6Tt — 6TM- )

The AR is then given as [7]
AR = tan[1/2sin~" (sin 2asin §)] . @)

In these variables, for example, circular polarized radiation
would have an AR = 1, = 45°, and § = £90°.

The performance of a meanderline is governed both by the
geometric variables and the material parameters. The overall
size scale of the geometric variables is determined through the
effective permittivity of the substrate (value intermediate be-
tween that of the substrate and of air). The dimensions of the
structure variations should be smaller than the free-space wave-
length divided by the square root of the effective permittivity
to avoid generation of grating lobes from the periodic struc-
ture. In addition, the closer the structures are to one another,
i.e., smaller dx or larger w, the larger the impedance mismatch
that contributes to a larger phase delay.

Another variable that governs the performance of the mean-
derline structure is the angle of incidence of impinging radi-
ation. This would be of particular interest if the meanderline
retarder is placed in an optical system. The angle-of-incidence
performance was modeled for the meanderline structure that
was to operate as a quarter-wave retarder. The model was run
for the incident angles of 0°, 5°, 10°, and 15° with the plane
of incidence both along and perpendicular to the meanderline
axis. The resulting modeled AR and phase delay is shown in
Fig. 3. The modeled data shows the AR minimum shifting to
lower wavelengths and the phase delay decreasing as the inci-
dent angle is increased. Future work will involve measuring the
fabricated structure at these angles.

The design goal for the meanderline that functions as a
quarter-wave plate was to have an axial ratio that remained
less than 1.5 over the 8um to 12 ym band at normal incidence.
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Fig. 3. Plots of the modeled phase delay and axial ratio for the quarter-wave
plate meanderline design for incident angles of 0°, 5°, 10°, and 15° for radia-
tion incident from (a) along the meanderline axis and (b) perpendicular to the
meanderline axis

This goal was to demonstrate the broad bandwidth potential
as compared to the best performance for a birefringent crystal
operating at 10.6 pym.
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III. FABRICATION AND MEASUREMENTS

The minimum dimensions of the desired meander structures
were less than half a micrometer, so electron-beam lithography
processes were used for fabrication. The resolution limit of the
Leica 5000+ electron-beam writer was on the order of 25-nm
line widths allowing for a high-fidelity reproduction of our de-
sign geometry. The substrate for the structure was chosen to be a
high-resistivity (3-5 k € cm) Si wafer, because of the necessity
for a high degree of electrical insulation between closely-adja-
cent structures. In addition, high-resistivity Si exhibits minimal
material attenuation over the 8—12 pm band of interest. How-
ever, high reflection losses are expected since Si has a relative
permittivity of 11.5 over this band. The final fabricated struc-
tures had an overall dimension of 1cm?.

Performance characterization of the meanderline structures
used the IR-VASE to measure tan(«) and § over the 8-12 pum
wavelength range of interest. From the tan(«) and 6 data, AR
values were computed as a function of wavelength using (2).
In addition, the percentage of the transmitted radiation in the
desired polarization state, the degree of polarization, was also
measured using the IR-VASE.

IV. RESULTS AND DISCUSSION

Our overall design goal was to develop a meanderline quarter-
wave plate (QWP), which would operate over the 8—12 um
wavelength band. To begin the development process, we first de-
signed an IR meanderline structure simply to change the trans-
mitted polarization with respect to its initial state as a proof-of-
concept. The design geometry for the first structure (shown in
Fig. 1) was: pw = 1.0 ym, ph = 1.0 pm, w = 0.4 um,
and dr = 2.3 pm. This design was modeled, fabricated, and
then characterized using the IR-VASE. A comparison between
the modeled and measured spectral dependence of 6 and AR is
shown in Fig. 4(a) and (b), along with the modeled spectral de-
pendence of Ty and Tty in Fig. 4 (c). The large short-wave-
length AR showed that the transmitted radiation was nearly lin-
early polarized. This was consistent with the large short-wave-
length difference between Ttg and Try;. For longer wave-
lengths, these transmissions become closer, reducing the AR.
Within the band of interest, an AR of 1 was not achieved in
this design. At longer wavelengths, the measured and modeled
values for AR agreed quite well, and the transmitted radiation
approached an elliptical polarization state with an AR less than
2 from 10 to 12 pm. The modeled and measured spectral values
of § agreed within 15° from 9 to 11 pm, with significant di-
vergence only at the short-wavelength end of the band. It is of
interest to note that the measured phase delay was quite broad-
band, showing a near-constant value around 60° from 9 to 12
pm. The modeled power throughput of the design was 41%
at 10.6 pm, which compared well to the CO»-laser measured
throughput of 38% at 10.6 pm, and the degree of polarization
was measured to be 88%.

The reasonable agreement between PMM modeling and mea-
surements for this initial design encouraged us to attempt a de-
sign for a broadband QWP over the 8—12 ;sm band. To function
as a QWP, we needed to increase 6 to 90° and to make Ttg and
Trum equal, yielding an AR = 1. Due to the inherent spectral
dispersion of the structure, our design goal was to have an AR
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Fig. 4. Plots of modeled and measured spectral quantities for the proof-of-con-
cept meanderline design for: (a) relative phase delay, (b) axial ratio, and (c) plot
of modeled orthogonal power transmission coefficients.

as close to 1 as possible at a near central wavelength of 9.2 ym
while having the spectral AR remain less than 2 over §—12 pm.
This structure would have a retarding performance approaching
that of a true single-order crystal waveplate. The materials that
were used were the same as in the first design, so the only differ-
ences in the design were the geometric parameters. To increase
0, we increased the line widths and decreased the periodicity and
in that fashion we varied the design until our goals were met in
the PMM-computed results. Our optimization proceeded toward
the design goals under the constraint that each of the parameters
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Fig. 5. Electron micrograph image of the fabricated quarter-wave plate design.

had to be a multiple of 0.05 ;zm to remain within the fabrication
tolerances. The optimized single-layer QWP design, shown in
Fig. 5, used pw = 0.9 pm, ph = 0.7 pm, w = 0.6 pm, and
dz = 1.6 ym. The comparison between the computed and mea-
sured spectral values of § and AR for this structure, along with
computed spectral dependence of Tt and Ty, are shown in
Fig. 6. The uncertainty in the measurement of ¢ is +0.5° and «
is £0.25° and remained constant over the 8—12 pm band. This
leads to a measurement error in the AR of +0.01at the ¢ and
« values corresponding to an AR ~1 with the maximum error
occurring near 8 and 12 ym with the AR error of +0.03.

Once again, the PMM models agree fairly well to the mea-
sured values for AR and the relative phase delays, and the de-
sign goals for a broadband QWP were nearly met over most of
the band. The measurements show an AR <2 over the entire
8—12 pm spectral range and a relative phase delay of 90° & 9°
from 9.5-12 pym. The PMM-computed power throughput was
24% at 10.6 pm, while the CO5 -laser-measured throughput at
this wavelength was 23%. The correlation between the modeled
and measured values of § is similar to the proof-of-concept de-
sign in that the agreement is better in the longer wavelengths.
The AR shows good agreement, except that the wavelength for
AR = 1 is at about 10.5 pm rather than the design wavelength
of 9.2 pm. The design wavelength for AR = 1 is determined
by the wavelength where Trg and Tty are equal in magni-
tude since, as seen in Fig. 6(a), the relative phase delay was ex-
pected to be fairly constant and near 90°. The deviation in the
measured AR = 1 design wavelength from the modeled one
could be caused by the rapid variation with wavelength for Tt
and Try;. The orthogonal transmission coefficients vary greatly
over the entire band, shown in Fig. 6(c), and the gradient of the
spectral variation is very sensitive to the impedance of the me-
anderline structure.

The throughput of the single-layer meanderline QWP was
23%, which was low compared to commercially available
QWPs that typically have a throughput of around 98% at the
design wavelength. We are presently involved in research aimed
at improving the transmittance of IR meanderline structures.

The transmitted power budget as measured included an
expected 45% dielectric reflection loss from the two surfaces of
the Si substrate as measured using a Fourier transform IR spec-
trometer (FTIR). The Si wafer used was 380 pum in thickness.
In the Fourier transform setup used in the measurement, the
Fabry—Perot resonances are so close together that no interfer-
ence effects were observed. The meanderline retarder primarily
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Fig. 6. Plots of modeled and measured spectral quantities for the quarter-wave
plate meanderline design for (a) relative phase delay, (b) axial ratio, and (c) plot
of modeled orthogonal power transmission coefficients.

has an imaginary impedance and therefore it will only increase
the impedance mismatch at the silicon/air interface. Therefore
the mismatch in wave impedance due to the interaction at the
Si/meanderline/air boundary causes a large reflection loss.
There are also minor losses that are going to be due to the
resistive nature of the gold at these frequencies.

The reflection losses can be reduced by use of lower per-
mittivity substrates, or perhaps by implementation of antireflec-
tion coatings on the substrate. However, any such coating on a
surface that is in contact with the meanderlines will influence
the effective permittivity and therefore change the geometry of
the meanderline for a particular design performance. Reflection
losses may be lowered somewhat by optimization of the metal
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thickness, which has the potential to change the impedance of
the meanderlines via the sheet resistance. These losses can also
be reduced by the use of multiple meanderline layers to improve
impedance matching by reducing the mismatch at each layer [5].

Ifitindeed proves possible to increase the throughput, the me-
anderline-retarder approach stands to have some significant ad-
vantages compared to crystalline waveplates. There are no com-
mericially available crystal waveplates for the THz and mmW
bands, so a meanderline retarder would be an enabling tech-
nology in these bands. The meanderline can be easily designed
and fabricated to operate at any arbitrary wavelength of interest
by varying the geometry and surrounding dielectric materials.
The material requirements for the meanderline are also more
forgiving than for crystal waveplates since the only requirement
is that the substrate is transparent, rather than transparent and
birefringent, to the incident radiation. The meanderline also has
advantages of weight and compactness, reduced optical path,
and simplicity of fabrication within the performance limits of
lithography.

V. CONCLUSION

Two IR meander designs fabricated and tested, with reason-
ably good agreement between results of the frequency-dependent
PMM model and measurements of AR, § and throughput. The
performance of the quarter-wave plate design (AR < 2 over 8 to
12 pmand 6 = 90° + 10% over 9.5 to 12 um) verifies the possi-
bility of broadband retarders in the IR. The current quarter-wave
plate design shows low throughput (23%) as compared to other
technologies, however the loss mechanisms have been iden-
tified and research is ongoing to increase the throughput. The
ongoing research includes the investigation of lower permittivity
substrate materials and the implementation of multiple-layer
meanderlines for reduction of re-radiation loss. Work will also
commence on characterizing the meanderline for non-normal
angles of incidence to determine the correlation to the modeled
expectations as the change is expected to be fairly minor.

The meanderline is a potentially significant technology for
IR, THz and mmW bands where commercial waveplates are
not available. The feasibility of custom tailored phase retarders
will offer an ability to extend polarimetric analysis and material
characterizations to these new bands of interest.
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