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Hollow Waveguide Arrays as Quarter- and
Half-Wave Plates

Stefan Belle

Abstract—We present hollow waveguide arrays acting like
quarter- and half-wave plates. Approximately 2000 x 2500 individ-
ual rectangular hollow waveguides filled with air and surrounded
by a gold cladding form the basis of the wave plates. The hollow
waveguides fabricated by combining femtosecond 3D direct laser
writing with electroplating have sub-micron dimensions of less than
500 nm in the cladding area. Both wave plates show the char-
acteristic properties of quarter- and half-wave plates converting
a linear polarized input field into a circular (quarter-wave plate)
and a linear 180 ° phase shifted polarized output field (half-wave
plate). This is confirmed experimentally by measuring the angle-
dependent phase shift, the Stokes vectors and polarization ellipses
for both wave plates.

Index Terms—Three-dimensional direct laser writing, hollow
waveguide array, metallic sub-wavelength structures, quarter- and
half-wave plates, polarization optics.

1. INTRODUCTION

OLARIZATION states define a fundamental property of
P optical radiation and are essential in many areas of both,
field industrial applications and scientific research to realize var-
ious optical implementations. For example, in optical tweezers
the polarization state influences the stability of trapping different
nanoparticles in 3-dimensions [1], [2]. The polarization state in
laser material processing has a strong influence to the absorption
behavior in materials [3], [4]. Further sophisticated applications
in which the polarization state is decisive can be found in, e.g.,
bio imaging [5], [6], acousto-optics [7] or microscopy [8], [9].
In all of these applications, the polarization state is influenced
by polarization converters, which transform an optical input
beam with a polarization state P; into an output polarization
state P2. Any polarization converter is based on an optical
anisotropy, its optical properties depending on the propagation
direction in the anisotropic material. In natural materials, the
molecular structure determines the anisotropy of the material.
In artificially manufactured polarization converters, however,
only the design or the geometry determines the anisotropy rather
than the molecular structure of the material. Known examples
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of artificially produced polarization elements are dielectric sub-
wavelength gratings [10]-[12], photonic crystals [13], [14] and
metamaterials [15], [16]. All of the above mentioned artificially
fabricated polarization converters have structural dimensions in
the sub-wavelength range. Such components with structural di-
mensions of less than 500 nm require demanding manufacturing
methods.

In recent years, additive manufacturing has developed into
a versatile manufacturing method in science as well as for
a fabrication method in industry. The technology allows for
novel 3-dimensional manufacturing of objects directly from a
computer-aided design [17]. Among other more exotic technolo-
gies, the use of an ultra-short pulse laser enables additive man-
ufacturing to be transferred into the sub-micrometer range [18].
Multiphoton lithography or also known as 3-dimensional direct
laser writing (3D DLW) uses a multiphoton absorption excited
by tightly focus a beam of an ultra-short pulse laser into the
volume of a transparent photosensitive material (photoresist).
By moving the beam focus in 3-dimensions inside the photosen-
sitive material, complex 3D structures can be fabricated in a pin-
point writing process [19], [20]. Structures with a line width of
less than 100 nm were shown in the past with 3D DLW [21]-[23].
Beside high lateral resolution also the versatile usage in a variety
of scientific areas has already been shown, such as biology [24],
[25], life sciences [26], [27] and optics [28], [29]. 3D direct
laser writing can also be combined with other manufacturing
methods in order to add further functionalities to the components
produced or to enable their functionality [30]-[32].

II. POLARIZATION CONVERSION AND POLARIZATION ROTATION
A. Basic Theory of a Hollow Waveguide

In contrast to the previously presented approaches transform-
ing the polarization from one state into another polarization state,
here we follow a different approach predicated on the theoretical
work of Helfert ef al. [33], [34]. The approach used in this work
is based on polarization conversion using hollow waveguides.
Fig. 1 shows a schematic drawing of a single hollow waveguide
element. The hollow waveguide has an air-filled rectangular
cross section and the surrounding sidewalls are made of a metal,
in this work gold is used. An incident field propagates through
the air-filled hollow waveguide and the gold sidewalls act as
a mirror. The sidewalls have a high reflectivity and guide the
incident field through the hollow waveguide. The birefringence
is generated in this component purely geometrically. The two
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Fig. 1. Schematic drawing of a single hollow waveguide element. Fig. 1(a))
shows a side view and Fig. 1(b)) a top view of one hollow waveguide. The
yellow-colored structure are the surrounding gold sidewalls. The bright area in
between is the air-filled hollow waveguide.

lowest eigenmodes (TE10 horizontal eigenmode and TEO1 ver-
tical eigenmode) have different propagation constants and asso-
ciated different effective refractive indices. For an ideal metal
and a rectangular cross section, (1)—(2) describe the effective
refractive indices for the horizontal and vertical propagation
constant [33]

n =4/1— —A% 1

eff1,0 — dw? ( )
)\.2

Nego,1 = 4|1 — 471((1)2' 2

In (1)-(2), Ag is the free space wavelength and w, , the
dimensions of the horizontal and vertical opening of the hol-
low waveguide. Apparently, the effective refractive indices and
therefore the polarization conversion depends purely on the ge-
ometry of the hollow waveguide. Thus, by choosing appropriate
dimensions w, , and height / the desired phase difference

AP = ko(neﬁz,o - neﬁo,J)h (3)

can be engineered.

B. Stokes Parameters and Mueller Calculus

The relations derived in this section describe the measured
polarization shift shown in Figs. 6 and 7 for both the quarter-
and the half-wave plate. To explain the measurement results
shown in Section IV, the Stokes parameters are calculated for
the light passing the hollow waveguide array and the analyzer.
The Stokes parameters Sy, S1, S2 & S5 completely describe the
polarization state of light. Parameter S is the total intensity of
the light, the parameters S; and S5 express the tendency towards
linear polarization (.S; = 1 for horizontal polarization, 51 = —1
for vertical polarization, Sy = 1 for 45 ° linearly polarized light
and Sy = —1 for -45 ° linearly polarized light). Parameter S
indicates the tendency towards circular polarization (S5 = 1
for left circularly polarized light and S5 = —1 for right cir-
cularly polarized light). For the calculation as well as for the
measurements, the input beam is horizontal linear polarized. An
incident polarized beam S;,, interacts with polarizing optical
elements, and the emerging beam is characterized by a new
Stokes column S,,;. The polarizing optical elements can be
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described by a 4x4 matrix which is characteristic of the used
devices and known as the Mueller matrix. To calculate the Stokes
column of the emerging beam S,,;, all optical elements, both
HWA waveplates and the analyzer, must be indicated with their
characteristic matrices [35]. Multiplying the Mueller matrices
with S;,, results in the emerging Stokes column S,,,;:

Sout = MA/4;A/2MpolSin 4

To calculate the Stokes column of the emerging beam over a
full rotation, from O ° to 360 °, matrices with variable angles of
the HWA and the analyzer are necessary. Both angles are shown
in the measurement setup in Fig. 3, « is the rotation angle of the
hollow waveguide array and -y the rotation angle of the polarizer/
analyzer. The rotation-dependent shift of the maximum or min-
imum of the intensity caused by rotating the HWA by a value of
Ac« can be calculated using the Stokes parameter Sy from the
Stokes column S,,;. As the analyzer is rotated, -y is altered and
so the Stokes parameter Sy, which is equivalent to the intensity
of the transmitted beam. By differentiating Sy with respect to
v, the maximum or minimum of the intensity occur whenever
dSp/dy = dI/dy = 0. This results for a quarter-wave plate in:

s, ar 1
TVO = @ =3 (— cos? 2a - 2sin 2+
+ cos2a - sin2a - 2cos2v) =0 )

By simplifying (5), the rotation-dependent shift of the maxi-
mum or minimum of the intensity occur at:

v =Aa (6)

Thus, rotating the HWA (quarter-wave plate) by an angle A«
causes a rotation-dependent shift of the angle v by the same
value. The rotation of a half-wave plate leads to a different result.
Differentiating Sy with respect to  results in:

d dr 1
di; = % =3 (— cosda - 2sin 2v+
+sinda - 2cos2v) =0 7

Here, by simplifying (7) the angle-depended shift of the maxi-
mum or minimum occur at:

v =2A« ®)

Summarizing (8), a rotation-dependent shift of the maximum
or minimum of the intensity by the angle - is caused by rotating
the hollow waveguide array (half-wave plate) by an amount
twice of «. The resulting rotation-dependent polarization is
examined in detail in Section IV-A when discussing the mea-
surement results.

III. FABRICATION

The polarization converter is based on the concept of hollow
waveguides, as they are also known from in microwave technol-
ogy [36]. A rectangular hollow waveguide consists of a dielectric
medium surrounded by a metallic cladding. The anisotropy of
propagation constants and therefore a phase shift between the
horizontal and vertical field components is achieved by the
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rectangular geometry of the hollow waveguide. The geometry
of the hollow waveguide array (HWA) is mainly defined by
the structure height. With a height of the photoresist pillars
of > 3 pm, the pillars tend to stick together due to the small
distance between them. In order to avoid overgrowth during the
electrochemical deposition, the height of the freestanding pillars
should be about 1.4 times higher than the deposited height.
Both, the maximum height of the pillars and the factor to avoid
overgrowing results to a final height of the HWA of 2 ym. The
remaining geometry w, and w, of a hollow waveguide can be
calculated with (1)—(3).

The complete fabrication of a hollow waveguide array can
be divided into two sub-processes. First, the fabrication of a
negative structure of the HWA. For this process step, an adhesion
promotor TiPrime (MicroChemicals GmbH, Germany) is spin
coated onto a cleaned indium tin oxide (ITO) coated quartz glass
substrate (Zeiss AG, Germany). The rotational speed for this
process step is 3000 rpm and the adhesion promotor is activated
in a subsequent baking step at 120 °C for 2 min. Subsequently,
the positive tone photoresist AZ3027 (MicroChemicals GmbH,
Germany) is applied by spin coating with a rotational speed of
2800 rpm. For mechanical and chemical stabilization of the spin
coated layer, the sample is baked on a hotplate at 100 °C to reduce
the solvent content of the photoresist. Following, the photoresist
is exposed with a 3D LDW-setup Photonic Professional GT
(Nanoscribe GmbH, Germany). The average laser power behind
the microscope objective, with a numerical aperture of NA =
1.4, is 12.5 mW and the writing speed is 15 mm/s. Using a
microscope objective with a high numerical aperture results in
generating exposed areas with a width of about 200 nm and
height of about 800 nm. For this the polymerized focal volume
(voxel) is not large enough for an exposure of the entire height
of the photoresist. Therefore, the photoresist must be exposed
several times in different levels. One writing field has an area
of 100 um x 100 pm and the writing fields are stitched together
to get the entire array with a total area of about 4 mm x 4 mm.
Immediately after exposure, the resist film is baked at 110 °C
for 1 min and developed in a ready to use developer AZ726MIF
(MicroChemicals GmbH, Germany) for 1 min. The developed
photoresist layer is thoroughly rinsed with deionized water. The
resulting freestanding photoresist pillars are shown in Fig. 2(a)).

In the second sub-process, gold is electrochemically deposited
into the dissolved areas. For this sub-process, the ITO coated
glass substrate with the freestanding photoresist pillars is built
into an electrochemical deposition chamber and is placed onto a
heating plate at 60 °C. To achieve a smooth cladding surface and
a good mechanical stability, the electrochemical deposition is
performed by alternating pulsed and constant current. The total
time for electrochemical deposition is about 18 min, resulting
in a gold height of 2 pum. In order to enhance the adhesion of
the gold layer on top of the ITO, a EpoCore5 negative tone
photoresist (MicroResist GmbH, Germany) is spin coated with
a rotational speed of 3000 rpm over the entire structure and
softbaked at 90 °C for 5 min. Subsequently, the photoresist is
exposed by UV-light of a mask aligner EVG620 (EVG GmbH,
Austria) at a dose of 220 mJ/cm?. After exposure, a hardbake is
done at 85 °C for 5 min and the sample is developed in a ready to
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Fig. 2. Scanning electron microscope images of a) freestanding photoresist
pillars after the 3D DLW process and development and of b) the final gold
structure of the hollow waveguide array.

use developer mr-Dev 600 (MicroResist GmbH, Germany) for
50 s. With this last developing step, a circular area of 2 mm
in diameter is opened and within this circular area also the
freestanding pillars are completely removed by the developer.
The final hollow waveguide array is shown in Fig. 2(b)). A more
detailed description of the fabrication process can be found in
Belle et al. [37].

With the advanced fabrication process presented in this work,
the dimensions of the hollow waveguides can be changed in a
targeted manner and thus any phase delay can be engineered.
Furthermore, it is possible to change the dimension of the
geometry down to individual hollow waveguides. With correct
parameters for the fabrication and for the geometry of the hollow
waveguides are established, the throughput is around 95 %.

IV. EXPERIMENTAL SECTION

The average height of the HWAs are determined using
a Dektak XT tactile surface profilometer (Bruker GmbH,
Germany), whereas the waveguide dimensions (w, & wy)
and the width of the metal side walls (d, & d,) are measured
using a MAIA3 scanning electron microscope (Tescan GmbH,
Germany). The average height h is determined at three positions,
to the left of the sample center approx. 500 pm from the edge, in
the middle of the sample and to the right of the sample center also
approx. 500 m from the edge. The measurements at these points
extend over the entire sample and are repeated ten times at each
position. Statistical evaluation yields an average height of h =
1967 + 121 nm. To determine the waveguide geometry, a total of
25 waveguides are measured at random positions over the entire
HWA. For the quarter-wave plate, the dimensions of the hollow
waveguides are w, = 1551 £ 4 nm and w, = 1034 &= 3 nm. The
half-wave plate has the same dimension w, = 1550 £ 5 nm in
the x-direction as the quarter-wave plate. Only in the y-direction
wy = 870 &£ 4 nm both polarization converters differ. For both
polarization converters, the dimensions of the metal sidewalls
are d, = 396 = 6 nm and d, = 421 £ 7 nm. The waveguide
geometries from the fabricated HWA show excellent agreement
with the targeted values of w, = 1550 nm and w, = 1034 nm
(quarter-wave plate) as well as w,, = 1550 nm and w,, = 872 nm
(half-wave plate) at a height of h = 2000 nm. The width of the
metal sidewalls, however, does not influence the polarization
behavior of the polarization converters, only the transmission
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Fig. 3. Setup for measuring polarization degree and polarization rotation

(top) and setup for measuring the Stokes parameter and the polarization ellipse
(bottom). The input laser beam is polarized horizontally.

depends on the width of the sidewalls. While the trans-
mission of the quarter-wave plate is 62.3 + 0.18 %, the
transmission of the half-wave plate amounts to 56.8 £ 0.13 %.
This difference can be assigned by the different waveguide
dimensions of w, ;4 > w, ;2. Due to the smaller waveguide
width w, of the half-wave plate, the proportionate higher
amount of metal sidewalls on the same square area reduces
the transmission. The reproducibility of different polarization
converters is high, the measured geometries are all within the
ranges given here.

The setups shown in Fig. 3 are used to characterize the polar-
ization dependent behaviour of the quarter- and half-wave plate.
The two setups consist of a laser diode emitting in constant mode
at a wavelength of A = 1550 nm, a beam collimation and the
hollow waveguide (both the laser and the beam collimation are
not shown in the top and bottom figure). For the determination
of the polarization rotation, the setup is expanded with a linear
polarizer/ analyzer and a detector (see upper figure), for the
measurement of the Stokes parameters and the polarization
ellipses only a polarimeter PAX1000IR2/M (Thorlabs GmbH,
Germany) replaces the analyzer and detector in the setup.

A. Rotation-Dependent Polarization Shift

The rotation-dependent polarization shift is theoretically de-
scribed in Section II-B. Based on the calculation performed
with the Mueller calculus, it can be shown that rotating the
HWA (quarter-wave plate) by an angle A shifts the intensity
transmitted by the analyzer and thus the polarization at the output
by the same amount. By rotating the half-wave plate by an angle
Aaq, the polarization at the output shifts twice the value. The
polarization shifts and the principle operation of the quarter- and
half-wave plate are experimentally demonstrated and quantified
in the following. The setup shown in Fig. 3 (top) is used here for
the characterization. For the measurements, the angle « of the
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Fig. 4. Normalized transmitted power as a function of the analyzer angle for
different angular positions of the HWA operating as a quarter-wave plate. Top,
Normalized power over one full rotation of the analyzer and bottom a zoomed
view of the rectangular area. Please note that since the measurement errors here
are small, no error bars are included in this figure.

hollow waveguide array is set to a fixed value and the angle  of
the analyzer is changed stepwise from 0 ° to 360 ° by increments
of 5 ° and the transmitted power is measured for each angle of
the analyzer.

Fig. 4 summarizes the results for the quarter- and Fig. 5 for
the half-wave plate over the complete angular range from 0 °
to 360 ° of the analyzer (top) and, in addition, a more detailed
view at a region of interest (bottom). The angular positions of
the quarter wave plate is selected to show linear polarization,
circular polarization and two elliptical polarization states. The
dark gray line from Fig. 4 (top) shows the typical curve through
an analyzer transmitted power of a linearly polarized beam.
The field components parallel to the transmission axis of the
analyzer correspond to a normalized power value of P = 1,
the field components perpendicular to the transmission axis
of the analyzer are completely blocked and correspond to a
power value of P = 0. Changing the angular position « of the
hollow waveguide array from linear polarization to elliptical
polarization, changes also the distribution of the excited field
components in the hollow waveguides. For elliptical polarization
both modes are excited with different weightings, therefore the
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Fig. 5. Normalized transmitted power as a function of the analyzer angle for
different angular positions of the HWA operating as a half-wave plate. Top,
Normalized power over one full rotation of the analyzer and bottom a zoomed
view of the rectangular area. Please note that since the measurement errors here
are small, no error bars are included in this figure.

maximum and minimum transmitted power of P = 1 and P
= 0 are not reached and the curves becomes flatter (red and
blue curve). Two equally excited field components results in a
maximum phase difference of AP = 7/2 and the HWA converts
the linear polarization of the input beam into a circular output
polarization. Due to the identical field components, there is no
preferred direction and the transmitted power corresponds to PP
~ 0.5 (green curve) over the entire angular range of the analyzer.
The hollow waveguide array as a half-wave plate changes
only the direction of polarization. Therefore, a linearly polarized
input beam remains linearly polarized at the output and only
changes the angle of the polarization direction. Fig. 5 (top) shows
the optical power transmitted through the analyzer as a function
of a complete analyzer rotation of 360 ° for various positions
of the HWA. Independent of the angle position « of the HWA,
only one field component is excited and the field component
perpendicular to the excited one is blocked by the analyzer.
These results are comparable to results from the quarter-wave
plate at the angular position o = 75 °. In contrast to the HWA
acting as a quarter-wave plate, however, the intensity curves does
not change its profile because the output field remains linearly
polarized for every position of the hollow waveguide array.
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Fig. 6. Normalized Stokes parameters of a quarter-wave plate and the corre-
sponding polarization ellipse.

The diagrams at the bottom of Figs. 4 and 5 show a zoomed
section of the above diagrams, as indicated by a dashed rect-
angular area. For the quarter-wave plate it can be clearly seen,
that the maximum positions of the transmitted power changes
by the same value as the rotated angle A« of HWA. If the HWA
is rotated by 15 °, the position of the maximum also rotates
by 15 ° (dark gray to red curve, in the bottom of Fig. 4). For
a further changing from 90 ° to 110 ° of the HWA (red to blue
curve), there is also a polarization rotation of the same value. For
a half-wave plate the polarisation rotation is different, here the
rotation angle doubles. By changing the angular position of the
HWA comparable to the quarter wave plate by 15 °, the direction
of the output polarization rotates by 30 ° (gray to red curve, in
the bottom of Fig. 5). For a further changing from 90 ° to 110 ° of
the HWA, the polarization direction rotates accordingly by 40 °
(red to blue curve). This corresponds exactly to the calculated
values from Section II-B for the polarization shift of a quarter-
and half-wave plate ((6) and (8)).

Smaller deviations of the measured values from theoretical
values can be explained by the spectral width of the laser diode of
A\ =4 nm at the full width at half maximum, the slight deviation
from the targeted dimensions of the hollow waveguides and a
slight rounding of the hollow waveguides through the fabrication
process, as can be seen in Fig. 2. This rounding occurs during
the exposure by 3D DLW, in which all lines are exposed in
x-direction first and secondly in y-direction over the entire
writing field. The crossing of the lines in x- and y-direction
are therefore double exposed. Due to the higher energy input,
there 1is a slight diffusion of photo acids and the corners are
rounded [38]. Therefore, the cross section of the waveguide do
not exactly match with the actual dimensions of the fabricated
hollow waveguides. In this case, the two eigenmodes are not
exactly orthogonal in their polarization and a deviation appears
at the sides and corners of the HWA.

B. Stokes Vectors

In addition to the previous measurement, the measurement of
rotation-dependent polarization shift, the polarization conver-
sion of the two waveplates is to be confirmed by a polarimeter.
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The setup shown in Fig. 3 (bottom) is used for this measure-
ment. In the setup the analyzer and detector are replaced by
a polarimeter. Both hollow waveguide arrays are measured for
different angular positions and the results are shown in Fig. 6
for the quarter-wave plate and in Fig. 7 for the half-wave plate.

As described in Section II-B, the Stokes vectors Sg, S1, S
& S35 completely describe the polarization state of light. While
the parameter Sy corresponds to the total intensity of the light,
the parameters S1, So & S3 describe the polarization state. For
abeam that is completely polarized S2 = S? + S3 + SZ. In the
measurements the total intensity is normalized to 1, thus Sy, So
& S5 can have values between — 1 and 1. For both measurements,
the input beam is horizontal linear polarized. The Stokes vectors
for horizontal linear polarized light are S; = 1 and S = S5 =
0. The polarization ellipse below the Stokes vectors shows also
this orientation, the azimuth ¥ = 0 ° and the ellipticity x =0 °
corresponding for a linear horizontal polarization. If the quarter-
wave plate is rotated from linear to elliptical polarization, the
Stokes vectors change accordingly, S7 becomes less than 1, .S,
increases due to the polarization rotation and S5 also increases
because the circular weighting increases. For the polarization
ellipses, the azimuth changes according to the angular rotation
A« by the same value and the ellipticity increases because of
exciting both field components in x- and y-direction. By rotating
the HWA further to the maximum phase difference of AP =
7 /2, the two Stokes vectors 51 & S2 become 0, because these
only describe the linear polarization, and S increase to 1 for
left circularly polarized light. The ellipticity of the polarization
ellipse is at its maximum and the azimuth angle, again, rotates at
the same value as the rotating angle o of the HWA, like calculated
in (6).

For the half-wave plate shown in Fig. 7, the Stokes vector
S35 = 0 does not change over the entire measurement. Because
the half-wave plate does not change the polarization state, only
the polarization direction is changed and the output field remains
linearly polarized. For this S becomes close to 0 and S changes
according to the diagonal direction of polarization from S
= 0 at the input to Sy = -0.83 by changing the direction of
polarization by —15 °. A further changing of the polarization

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

direction from —15 ° to 20 ° leads to a value of Sy ~ 1. Due
to the linear polarization, the ellipticity remains constant at 0 °,
only the position of the azimuth changes twice to the rotation of
the HWA, as calculated in (8). Except of small deviations of the
measurement values from the optimum values, all results clearly
highlight the possibilities of the hollow waveguide array as to
be used as a quarter- and half-wave plate.

V. CONCLUSION

We have shown full functional operability of a hollow wave-
guide array, fabricated by femtosecond direct laser writing, as
quarter- and half-wave plates for optical radiation at 1550 nm.
The polarization conversion of these wave plates is based on
the geometric conditions of a hollow waveguide array. Through
measurements of the polarization shift, the Stokes vectors and
the polarization ellipse it is demonstrated that the polarization
converters exhibit, in general, the predicted properties compara-
ble to commercially available quarter- and half-wave plates. The
approach pursued here, spotlights the possibility of manipulating
polarization states.
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